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Abstract

Introduction: Low back pain (LBP) is a global health issue and the primary cause of disability. The majority of LBP cases are associated
with intervertebral disc degeneration and aberrant nerve growth into the discs. The correlation between presence of nerve fibers in
degenerated discs and disc-associated LBP suggests that fiber removal could reverse the pain. Due to the neurodegenerative effects of
pyridoxine and vincristine, we hypothesized that these compounds can be repurposed to induce local axonal dieback within the disc and
alleviate pain. Methods: Two studies were conducted to test the safety and efficacy of these compounds. A safety study involved injecting
pyridoxine and vincristine directly into rat L5-L6 lumbar discs and revealed no adverse effects on the animals’ general health. Using
a female rat model of disc-associated LBP, the efficacy of pyridoxine and vincristine was assessed through pain-like behavior assays.
Results: Disc scrape injury induced disc degeneration, axial hypersensitivity, and aberrant nerve sprouting, but did not significantly
impact open field test behaviors and gait. While both compounds partially alleviated axial hypersensitivity, only pyridoxine reduced nerve
fiber staining in the disc. The amount of nerve fibers in the disc were correlated significantly with the degree of axial hypersensitivity.
Gene expression analysis of dorsal root ganglia indicated upregulation of nociceptive ion channels and proinflammatory mediators after
disc injury, and only vincristine reduced neural sensitization and inflammation. Conclusions: The findings suggest that pyridoxine and
vincristine are safe for intradiscal use and may hold potential as treatments for disc-associated LBP, offering a promising avenue for
treatment.
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Introduction oids, which are the most commonly prescribed drug among
Low back pain (LBP) is a widespread condition af- LBP patients [14]. Despite the increasing trends of opioid

fecting around 84 % of adults at some points in their lives 5% there 'is no evidenge ,S“ggeSFi“S the 1ong—te@ safety
[1] and is a leading cause for disability [2]. Chronic LBP, and effectiveness of opioid medications for chronic LBP
[15]. Further, there is a concern for potential misuse, ad-

diction, tolerance and death due to overdose when using
opioids [16]. Fusion surgery, as a last resort, is invasive,
costly, and can exacerbate adjacent level disc degeneration
[17]. Due to the widespread prevalence of LBP, the sub-
stantial economic and workplace impact, and the limited
success of existing treatments, there is a critical need for
more effective, long-term solutions to treat LBP.

experienced by 10 to 15 % of LBP [1], severely impacts
quality of life and increases risk of unemployment [3] and
comorbidities like depression, anxiety, and sleep disorders
[4]. Current treatments mainly rely on pain medications,
but they offer short-term relief [5] and may have side ef-
fects [6]. Non-steroidal anti-inflammatory drugs (NSAIDs)
have become a widely accepted class of pain medication for
LBP patients due to its therapeutic ability to alleviate pain

and inflammation [7]. However, prolonged use of NSAIDs Intervertebral disc degeneration is closely associated
could lead to complications such as gastrointestinal bleed- to most LBP diagnoses [18-20]. Healthy discs are pri-
ing, stomach ulcers [8—10], kidney dysfunction [11]orheart =~ marily aneural, but due to injury and/or aging, discs can
failure [12,13]. Another class of pain medication is opi- degenerate causing breakdown of disc matrix and loss of
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neuro-inhibitory proteoglycans which promote nerve fiber
ingrowth [21,22]. Nerve fiber presence in degenerated
discs is highly correlated to disc-associated LBP [18-20].
Immunohistochemical analysis of discs from LBP patients
revealed that all the painful degenerated discs exhibited
nerve ingrowth and 75 % of the disc samples had C-fiber
nociceptors [23]. Stimulation of these nociceptors, or pain-
sensing neurons, induces pain sensation [24-26]. There-
fore, it is hypothesized that removing the aberrant nerves in
degenerated discs may mitigate pain.

Axonal dieback compounds that specifically induce
nerve fiber degeneration have the potential to treat pain
by ablating nerve fiber endings. Capsaicin, found in chili
peppers, binds to the Transient receptor potential vanil-
loid 1 (TRPV1) receptor, leading to nerve fiber degenera-
tion of C-fibers and is associated with pain relief [27-30].
Capsaicin patches are approved by the United States Food
and Drug Administration (FDA) for various painful con-
ditions [31-33], and clinical trials show promise in using
local capsaicin injections for pain associated with aberrant
nerve growth such as in Morton’s neuroma [34] and knee
osteoarthritis [35,36]. However, the effectiveness of cap-
saicin treatments is short-lived, lasting only 18 weeks in a
human clinical study of knee pain [35] and intense burning
pain is a commonly reported adverse effect after capsaicin
application [34,35]. For disc-associated LBP, methylene
blue injection has been explored as a potential treatment
by claiming to damage nerve fibers in the disc. Methylene
blue is neurotoxic [37] and has anti-nociceptive and anti-
inflammatory [38,39] properties, but the efficacy of treat-
ing disc-associated LBP is low and remains controversial
due to conflicting results in clinical studies [40,41]. Fur-
ther, in vitro studies have demonstrated that methylene blue
is highly toxic to viability of primary rat nucleus pulpo-
sus (NP) [42] and annulus fibrosus (AF) cells [43]. Hence,
there is still a need in the field to identify compounds that
can safely and consistently induce axonal dieback without
off target effects, to advance the development of treatments
for disc-associated LBP.

Pyridoxine (Pyr), commonly known as vitamin B6, is
used as a dietary supplement and to treat seizures [44], pre-
menstrual syndrome [45], and peripheral neuropathy [46].
A clinical report [47] and in vivo studies have shown that
high levels of Pyr consumption lead to sensory neuropa-
thy and axonal degeneration, with subcutaneous Pyr injec-
tions in larger animals causing similar axon damage [48]
and altered neuronal cytoskeleton in nerve fibers [49]. Re-
search behind the mechanism of Pyr-induced axonal de-
generation is still ongoing, but one potential mechanism
for Pyr-induced axon degeneration is the disruption of
gamma-aminobutyric acid (GABA) signaling causing ex-
cess depolarization of neurons and calcium release which
can lead to axonal degeneration [50]. Vincristine (Vcr)
is used as a chemotherapeutic to treat acute lymphoblas-
tic leukemia, lymphomas, sarcomas and neuroblastomas
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[51]. Ver binds to S-tubulin, disrupting microtubules and
impairing axonal transport [52,53], which leads to nerve
fiber degeneration and damage to Schwann cells [54—56].
This axon degeneration is mediated by sterile alpha and
toll/interleukin-1 receptor motif-containing 1 (SARM1) ac-
tivation and the mitogen-activated protein kinase (MAPK)
pathway [57]. At high and prolonged doses, both Pyr and
Ver can lead to neurodegeneration [47—49,58] and develop-
ment of numbness and tingling sensations in the extremities
[47,51,59,60]. Previous work in our lab has identified Pyr
and Vcr as suitable axonal dieback compounds by demon-
strating robust axonal degeneration without dorsal root gan-
glion (DRG) cytotoxicity in an in vitro rat DRG explant
culture platform [61]. We also determined that these com-
pounds are cytocompatible human NP cells [61].

The objective of this work is to assess the safety and
pain alleviation efficacy of intradiscal Pyr and Ver injec-
tions in our in vivo model of disc-associated LBP [62], by
disc denervation. Herein we conducted a safety evaluation
by administering intradiscal injections of either Pyr or Ver
into healthy rat lumbar discs. Assessment of safety was
based on the observation of factors such as animal weight,
behaviors, and disc histology. After determining each com-
pound’s safety, the efficacy of Pyr and Vcr at alleviating
axial hypersensitivity was evaluated in our established rat
model of disc-associated LBP [62]. Grip strength, open
field test and gait measurements were performed to deter-
mine evoked and movement-evoked pain-like behaviors,
and micro-computed tomography (uCT) to assess longitu-
dinal progression of disc degeneration. Immunohistochem-
ical and histological analysis of the disc was employed to
label nerves in the disc and study the effect on disc degener-
ation post-intervention. The results from this study suggest
that intradiscal Pyr and Vcr injections are safe and lead to
partial alleviation of axial hypersensitivity.

Methods
Animals

Sixty female Sprague Dawley rats (Envigo, Indi-
anapolis, IN, USA) were housed with a 12-hour light/dark
cycle and ad libitum access to food and water. All animals
were acclimated to handling and behavior equipment for 6
weeks. All animals were weighed daily in the safety study
and on a bi-weekly basis in the efficacy study to monitor the
animal’s general well-being. Weight loss greater than 10 %
from the previous recording was flagged, veterinary con-
sultation was conducted, and the animal’s behavioral data
were excluded from analysis as stated below.

Axonal Dieback Compound Preparation

Pyr and Ver concentrations were selected based on
previous work screening compounds for axonal dieback in
rat DRG explants and cytotoxicity in DRGs and human NP
cells [61]. Pyr above 500 M and Vcr above 100 nM in-
duced robust axonal dieback within 3 days in vitro with
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Fig. 1. Overview of studies. Animal cohort and timeline of (a) safety study and (b) efficacy study. Created with https://www.bior
ender.com. PBS, phosphate-buffered saline; Pyr, pyridoxine; Vcr, vincristine; H&E, hematoxylin and eosin; pCT, micro-computed

tomography.

limited cytotoxicity [61]. Therefore, Pyr (1 mM) and Vcr
(100 nM, 500 nM) were selected for the in vivo safety study.
To prepare the injectable drug solutions, pyridoxine hy-
drochloride (Sigma Aldrich, P6280-10G) and vincristine
sulfate (Sigma Aldrich, V8879-5MQG) were weighed, dis-
solved, and diluted in 1X sterile phosphate-buffered saline
(PBS) to 1.66X the desired concentration, so that the final
concentration in the disc reaches 1 mM Pyr, 100 nM Ver
and 500 nM Vecr, respectively. Calculations consider the
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injection volume set to 2.5 uL and the approximated disc
volume to be 4.15 uL as determined using uCT analysis.
Solutions were prepared fresh and used on the same day.

Safety Study

Special consideration was given to develop a safe in-
tradiscal injection procedure without leakage or extrusion
of the axonal dieback compounds from the disc given the
proximity of the disc to major nerve roots and the spinal
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cord. Accidental injection of Vcr into the intrathecal space
should be avoided as it can lead to paralysis or death
[63,64]. Therefore, the safety and potential risks of intradis-
cal injection of axonal dieback compounds were assessed
first. Twelve animals, 15-week-old female Sprague Daw-
ley rats, were included in the safety study and randomly
assigned into four groups of equal size (n = 3): 1X PBS, 1
mM Pyr, 100 nM Ver and 500 nM Ver (Fig. 1a). The an-
imals in each group of the safety study were triple housed
in the same cage.

Surgical Procedure and Intradiscal Axonal Dieback
Compound Injection

On the day of surgery, rats were anesthetized with
2-3 % isoflurane in oxygen and administered subcuta-
neously with Buprenorphine SR (0.75 mg/kg) once for post-
operative (op) pain. Dissection and visualization of the disc
was performed as previously detailed [62]. Briefly, the iliac
crest was used as a landmark to identify the level of the L5—
L6 disc. The abdominal skin was shaved and cleaned with
betadine and iodine solution. A midline incision was made
along the ventral surface of the abdomen perpendicular to
the level of the iliac crest, using a scalpel. The incision was
continued through the skin, subcutaneous tissue, and fascia,
with care taken to avoid any major blood vessels to expose
the abdominal cavity and retroperitoneum. The L5-L6 disc
was visualized and injected with 2.5 uL of either PBS or ax-
onal dieback compounds (1 mM Pyr, 100 nM Ver, 500 nM
Ver) using a 33 G needle (Air-Tite, Virginia Beach, VA,
USA, TSK3313) with depth set to 2.5 mm and GasTight
1700 microsyringe (Hamilton, Reno, NV, USA, 80001) for
55 to 60 seconds (0.04-0.05 pL/second) to minimize dam-
age, leakage, and pressurization of the disc. To ensure that
the solution was fully expelled, the microsyringe remained
within the disc for an extra 30 seconds before being slowly
withdrawn. A dot of VetBond Tissue Adhesive (3M, St.
Paul, MN, USA, sc-361931) was applied on the disc at the
injection site after retracting the needle to prevent extrava-
sation. A continuous subcuticular suture closure pattern
was employed to close the abdominal wall and skin inci-
sion. Animals were monitored for 1 hour post-operatively.

General Health and Pain Assessments

To monitor the effect of axonal dieback compound in-
jections on the rat’s general health and pain in the safety
study, the animals’ activity and wound healing were mon-
itored every 12 hours post-op for 3 days and observational
behavioral patterns such as activity levels, gait, grimace,
puffing, porphyrin staining and pain-like features (back
arching, writhing, and twitching) were assessed daily for 10
days after surgery (Fig. 1a). During behavior assessment,
the animals from each group were removed from their cage
and placed on a clean contained surface under red fluores-
cent light and allowed to explore and roam. Exploration
activity levels were rated as normal, low, or high. Gait
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was assessed by observing toe scrunching, delay in foot
lifts, high stance, and back arching behavior during walk-
ing. Any abnormalities as stated above were recorded. Ab-
dominal pain-like features such as back arching, writhing,
and twitching were analyzed and marked as present or ab-
sent according to the criteria outlined by the University of
Michigan Unit of Laboratory Animal Medicine (ULAM)
[65]. Puffing of the fur and lack of grooming was marked as
pronounced, if the animal had a rough hair coat with fur fac-
ing outwards. At the end of behavioral assessment, grimace
and porphyrin staining was analyzed under white, fluores-
cent light. To analyze grimace, each animal was held by an
experimenter and frontal photos of each animal were taken.
Photos were scored for orbital tightening, nose/cheek flat-
tening, ear changes and whisker changes based on the cri-
teria outlined by ULAM with “0” being not present, “1”
being present and “2” being pronounced [65]. Porphyrin
staining and pigment on hair coats are also indicators of
lack of grooming which may be an indicator of pain and
or stress [65]. The coverage and amount porphyrin stain-
ing around the top and sides of neck, head, cheeks, back,
left side of flank, right eye, left eye, both eyes, and shoul-
ders were scored by two observers with “0” being no por-
phyrin staining to “4” being intense brown staining, then
summed for the total score. Porphyrin scores in all regions
were summed and the maximum score is 40, with higher
scores indicating a lack of grooming, an indirect indicator
of animal distress.

Motion Segment Processing

At the conclusion of the safety study, the animals were
humanely euthanized via CO5 inhalation as the primary
euthanasia method and bilateral pneumothorax as the sec-
ondary euthanasia method. The L5-L6 motion segments
from each animal were resected and cleaned using a saw,
bone cutters and a scalpel. Then, each motion segment
was fixed in 3 mL of 4 % paraformaldehyde (PFA) (Sigma
Aldrich, St. Louis, MO, USA, 441244-1KG) in 12-well
plates at room temperature for 24 hours with constant agita-
tion (180 rpm) on an orbital shaker. After fixation, the sam-
ples were washed 3 x 15 minutes with 1X PBS and decal-
cified in 3 mL of Immunocal (Fisher Scientific, Waltham,
MA, USA, NC9044643) for 18 hours at room temperature
under constant agitation (180 rpm) on an orbital shaker. De-
calcified samples were washed 3 x 15 minutes with 1X
PBS, then cryopreserved in 30 % wt/v sucrose solution pre-
pared in 1X PBS for 24 hours at 4 °C. Finally, the sec-
tions were cryoembedded in Optimal Cutting Temperature
Compound (Scigen 4586) and subsequently sectioned in the
sagittal plane at 15 and 40 pm thicknesses.

Histological Processing

Hematoxylin and eosin (H&E) is a widely used col-
orimetric staining method to identify different tissues in the
disc and assess the degree of degeneration [66]. Hema-
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toxylin stains cell nuclei dark purple while eosin stains the
extracellular matrix and cytoplasm pink. An acid alcohol
solution was prepared by combining 70 % Ethanol (De-
con Labs, King of Prussia, PA, USA, 2701) and 1 % Hy-
drochloric acid (11.9 M, Sigma Aldrich, H1758) in ultra-
pure MilliQ water (MQH2O) for the differentiation process
to remove background staining. A sodium acetate solution
was prepared by dissolving 1 % wt/v sodium acetate (Sigma
Aldrich, W302406) in MQH50O and pH was adjusted be-
tween 8.5 to 9.0 using HCI or NaOH. The sodium acetate
solution was used for the bluing step in H&E staining pro-
cess, where it will convert the initial red color of the hema-
toxylin nuclei stain to blue.

To begin the staining process, sequentially, 15 pm
thick motion segment sections on glass slides were post-
fixed in 4 % PFA for 10 minutes, washed 3 x 5 minutes in
1X PBS and 1 minute in MQH-O, then stained in Ehrlich’s
Hematoxylin (EMS, Hatfield, PA, USA, 26753-01) for 3
minutes, washed 4 x 30 seconds in MQH-O, dipped 12
times repeatedly in acid alcohol solution, washed 2 x 1
minute in MQH-O, blued in sodium acetate solution for
2 minutes, washed 3 x 1 minute in MQH>O, dehydrated
with 70 % Ethanol for 1 minute, counterstained with Eosin
Y solution (EMS, 26762-01) for 20 seconds, rinsed in 70
% Ethanol twice for 2 seconds, and dehydrated in 95 % and
100 % Ethanol for 2 x 2 minutes each. Finally, the sections
were dehydrated in xylene (Sigma Aldrich, 214736) for
1 minute and mounted using Permount mounting medium
(Fisher Scientific, SP15-100).

Brightfield images of the H&E-stained motion seg-
ments were captured using an Axiocam 305 microscope,
0.63X camera adapter, and 5X objective (Carl Zeiss Mi-
croscopy), then stitched on Imagel] (Version 1.54, FIJI)
[67]. H&E images study were scored by three blinded ob-
servers according to the standardized histopathology scor-
ing system for rat discs [62,66].

Efficacy Study

The overarching goal of the second study was to test
the efficacy of Pyr and Vcr at alleviating pain in our pre-
viously established disc injury rat model of disc-associated
LBP. This model was selected because it exhibits similar
characteristics to human degenerated disc pathology such
as extracellular matrix breakdown, hypocellularity, inflam-
mation, aberrant nerve sprouting and axial hypersensitiv-
ity, thereby increasing potential translation of treatment ef-
ficacy to the human disease state [62].

Forty-eight female Sprague Dawley rats (16-week-
old) were included in the efficacy study and randomly as-
signed to four groups of equal size (n = 12): Sham, Injured
+ PBS, Injured + Pyr, and Injured + Vcr (Fig. 1b). The
animals from the same group in the efficacy study were co-
housed in pairs within the same cage. Sample sizes were
calculated to ensure sufficient power (8 = 0.8) and 95 %
confidence (o = 0.05) to detect a 50 % recovery in grip
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strength in treated animals compared to injured animals as-
suming a standard deviation that was 11 % of the mean.
Two animals from the Sham group were excluded from grip
strength and gait analysis on week 13 because of animal’s
weight loss greater than 10 %. At the study conclusion, one
animal from Injured + Pyr group was excluded from the
study due to unrelated surgery complications, and one ani-
mal from Injured + Ver group was excluded from the study
due to mis-puncture confirmed by disc volume and histo-
logical analysis.

Surgical Procedure and Disc Injury

The surgical procedure and approach to expose the
L5-L6 disc were performed as described above. Once the
L5-L6 disc was located, the disc injury procedure was per-
formed as described in our previous work [62]. Briefly, the
L5-L6 disc was punctured bilaterally with a strong point
dissecting needle (Roboz, Gaithersburg, MD, USA, RS-
6066) set to 3 mm depth, then swept back and forth along a
90° arc six times in the transverse plane [62]. A continuous
subcuticular suture closure pattern was used to close the ab-
dominal wall and skin incision. All animals were injected
subcutaneously with Buprenorphine SR (0.75 mg/kg) and
monitored 1 hour post-operatively and then every 12 hours
for 3 days after surgery for signs of pain or distress and
wound closure. Animals were allowed to heal for two
weeks after surgery before beginning behavioral data col-
lection.

Pain Assessments

Grip Strength Axial Hypersensitivity. To assess whether
the animals display signs of axial LBP, a grip strength as-
say was performed. The grip strength assay is particularly
useful in studying evoked pain-like behavior in rodents as
lower strengths are suggestive of axial hypersensitivity as-
sociated with disc degeneration [62,68,69]. Prior to data
collection, animals were acclimated to the grip hold and
grip strength apparatus (Columbus Instruments, Columbus,
OH, USA, 1027SR) for six days and at least two minutes
per day. For data collection, the animals were positioned to
allow the forepaw to naturally grip onto a metal wire mesh,
and then the animal was gently stretched in the caudal di-
rection by the tail until its grip was released [62]. The out-
puts on a force sensor attached to the wire mesh show the
maximum grip strength per trial. Three readings were col-
lected with a 1-minute break between trials to increase the
reliability of the measures. The average max force (N) of
the three trials was calculated and reported as grip strength
threshold. According to the Weber-Fechner law [70], the re-
lationship between stimulus and perception is logarithmic.
Hence, all grip strength thresholds were log base 2 trans-
formed to achieve normality and then normalized to the ani-
mal’s own baseline value. Grip strength was assessed every
2 weeks after disc injury surgery (weeks 2, 4, 6, 8, 10) and
every week after intradiscal injection surgery (weeks 13, 14,
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15) (Fig. 1b). The number of animals per group was split
equally into two sets and the grip assay was performed by
two blinded female experimenters with each experimenter
performing the assay on one set of animals throughout the
study.

Open Field Test. Non-stimulus dependent assays reduce
subjectivity in detecting pain-like behavior in rodents.
Movement-evoked pain-like and anxiety-like behavior can
be observed without experimenter manipulation through the
animal’s exploration in a novel environment, such as an
open field, within a short time frame [71]. The open field
test was conducted by placing each animal in a custom-built
acrylic 2’ x 2’ x 2’ (L x W x H) black opaque arena [72].
The animals were not acclimated to the arena prior to data
collection to maintain the novelty effect [73]. Three sep-
arate open field test recording sessions were conducted in
week 0 (baseline), week 10 and 15 (Fig. 1b) in a dark room
illuminated with red fluorescent lighting and draped with
diffuser fabric over the arenas to avoid glares and shadows
on the arena floor. Thirty-minute video recordings of indi-
vidual animals in each arena were recorded using an over-
head low-light camera (ALPCAM, Amazon, Seatle, WA,
USA). At the end of each test, the arena was cleaned with
Ethanol-soaked paper towels before placing the next ani-
mal in the arena. The middle 20 minutes of the videos were
analyzed using EthoVision (Version 16, Noldus, Leesburg,
VA, USA) for total distance traveled, maximum velocity,
acceleration, mean turn angle and the total duration of un-
supported rearing, supported reading, grooming, and fre-
quency in the center zone (20 cm x 20 cm).

Gait Analysis. Gait analysis is another surrogate measure
of stimulus-independent pain-like behavior and can be used
to assess the progression of pain and disability longitudi-
nally [74]. A number of techniques have been developed
to analyze rodent gait, but The Gait Analysis Instrumen-
tation and Technology Optimized for Rodents (GAITOR)
Suite is an open source code for rodent gait analysis [72].
The GAITOR suite consists of a custom-built acrylic arena
with a black acrylic back and lid, three transparent acrylic
sides, and a transparent floor with a 45° mounted mirror
underneath [72]. The detailed arena and lighting setup of
the system are described elsewhere [72,75]. Eight animals
from each group were acclimated twice for 10 minutes in
the arena, 5 days apart, and once for 30 minutes two weeks
before disc injury surgery. Gait trial collection was per-
formed on weeks 3, 5,7, 9, 13 and 14 post-disc injury (Fig.
1b). During the day of the experiment, the animals were re-
moved from their home cage, weighed, and placed on one
end of the arena. Video clips of the animal walking across
the arena were recorded using a high-speed camera (Phan-
tom, Wayne, NJ, USA, Miro C321) and Phantom Camera
Control Version 3.8 software (Phantom) using the follow-
ing settings: 1280 x 720 resolution, 500 fps sample rate
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and 300 us exposure. Each animal remained in the arena
for up to 30 minutes or until a minimum of nine success-
ful trials containing at least two complete gait cycles were
obtained. At the end of each test, the arena was cleaned
with water soaked KimWipes before placing the next ani-
mal in the arena. Videos were analyzed to determine spa-
tiotemporal gait patterns using a video processing software
called Automated Gait Analysis Through Hues and Ar-
eas (AGATHA) [72,76]. Temporal symmetry, spatial sym-
metry, and duty factor imbalance are velocity-independent
measurements. Duty factor, stride length, and step width
are velocity-dependent measurements, and thus were plot-
ted against trial velocity for each week and group.

Computed Tomography and Disc Volume Analysis

1CT scans of the L5-L6 disc were collected at weeks
0, 10, and 15 using a Quantum GX2 pCT Imaging System.
Briefly, the rat was anesthetized and placed in the scanner
in the supine position. Animals were scanned for 2 min-
utes with 90 kV power, 88 A tube current, 45 mm field
of view (FOV), 90 mm voxel size, and a Cu 0.06 + Al 0.5
x-ray filter. Following collection, data were exported as a
VOX file and transferred to Analyze 14.0 (Analyze Direct,
Overland Park, KS, USA) for disc volume analysis. Disc
volume quantification was performed using a method previ-
ously developed in our lab [77]. In short, a 700 Hounsfield
units (HU) threshold was used for each scan to identify bony
objects [78,79]. The bony objects were then locked to pre-
vent modification, and the L5-L6 disc space was colored
in with the manual drawing tool beginning with the ven-
tral most slice. Coronal smoothing and propagating objects,
two semi-automatic tools, were used after the drawing was
complete to reduce variability between each slice. When
completed, drawings were saved as an object map. Disc
volume was quantified using built-in software to analyze
the object maps, and the volume of the object correspond-
ing to the disc space was recorded.

Intervention Surgery and Intradiscal Axonal Dieback
Compound Injection

On week 11 post-injury, the intradiscal injection pro-
cedure was performed and the injured animals were injected
with 2.5 uL of either IX PBS, 1 mM Pyr or 500 nM Vcr ex-
actly as described above in the safety study. For the Sham
animals, the L5-L6 disc was visualized and then abdom-
inal cavity was closed. All animals were injected subcu-
taneously with Buprenorphine SR (0.75 mg/kg) and moni-
tored post-operatively for 1 hour and every 12 hours for 3
days after surgery for signs of pain or distress and wound
closure. Animals were allowed to heal for two weeks after
surgery before beginning behavioral data collection.

Post-Processing of Tissue Samples

Necropsy and Tissue Processing: At the conclusion of
the efficacy study (week 15), the animals were humanely
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Ventral

Fig. 2. Regions of the L5-L6 disc. Brightfield images of L5-L6 motion segments were used to outline the (a) dorsal ligament, (b) dorsal

annulus fibrosis, (c) nucleus pulposus, (d) inner 2/3 of ventral annulus fibrosus, (e) outer 1/3 of ventral annulus fibrosus, (f) granulation

tissue, and (g) ventral ligament. Scale bar = 1 mm.

euthanized via COs inhalation as the primary euthanasia
method and bilateral pneumothorax as the secondary eu-
thanasia method. The L5-L6 motion segments from each
animal were resected and processed as described above in
the safety study to yield 15 and 40 pm sections of the mo-
tion segment. Additionally, the right T13 to L2 DRGs were
removed, placed into individual microcentrifuge tubes, im-
mediately flash frozen in liquid nitrogen, and stored in the
—80 °C freezer until further analysis.

Histological Processing: Three 15 pum thick L5-L6
motion segment sections from each animal were processed
and stained with H&E as outlined above in the safety study.
Brightfield images of the H&E-stained motion segments
were captured using an Axioscan 7 slide scanner with a
5X objective (Carl Zeiss Microscopy, Oberkochen, Ger-
many). H&E images were randomly ordered and scored
by three blinded observers according to the standardized
histopathology scoring system for rat discs [62,66].

Immunohistochemistry (IHC): To understand the ef-
fects of axonal dieback compounds to nerves in the discs,
the nerve fibers in the discs were stained using immuno-
histochemical methods to specifically locate the nerves and
calculate the area of nerve fibers in the disc. Based on pre-
vious evidence showing positive protein gene product 9.5
(PGP9.5) and peptidergic C-fiber marker, calcitonin gene-
related peptide (CGRP) staining in the disc [23,62,80,81],
these two markers were selected to identify different nerve
fiber types in the disc. Three 40 pym thick L5-L6 motion
segment sections with 40 pm intervals were post-fixed in
4 % PFA for 15 minutes at room temperature, then washed
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2 x 5 minutes in 1X PBS and 1 x 5 minutes in 1X PBST
(1X PBS + 0.1 % Tween20). Immediately after washes, in
a humidified slide tray, the sections were blocked and per-
meabilized with blocking buffer (1X PBS + 0.3 % TritonX-
100 + 3 % goat serum) for 1 hour at room temperature, then
incubated with blocking buffer containing primary antibod-
ies: 1:100 mouse-derived anti-CGRP (Abcam, Cambridge,
UK, ab81887) and 1:100 rabbit-derived anti-PGP9.5 (Ab-
cam, ab108896) for 14 hours at 4 °C. After primary anti-
body incubation, the slides were washed 3 x 15 minutes in
1X PBST followed by incubation with secondary antibod-
ies: 1:500 goat-derived anti-mouse AlexaFluor 488 (Ab-
cam, ab150117) and 1:100 goat-derived anti-rabbit Alex-
aFluor555 (Abcam, ab150086) for 2 hours at room temper-
ature in a humidified slide tray. Finally, the sections were
washed 3 x 15 minutes in 1X PBST, stained for 10 minutes
with 4',6-diamidino-2-phenylindole (DAPI) diluted 1:1000
in 1X PBS, washed 3 x 5 minutes in 1X PBS and mounted
with ProLong Gold Antifade Mountant (Thermo Fisher,
Waltham, MA, USA, P36930) and glass coverslips (Globe
Scientific, Mahwah, NJ, USA, 1415-15). Tiled Z-stack flu-
orescent and transmitted light images of the entire section
(3 sections/motion segment) were acquired using a Zeiss
LSM 800 Confocal Microscope (Carl Zeiss Microscopy)
with a 10X objective and tiling features. The respective ex-
citation and detection wavelengths (nm): DAPI (405, 400—
450), AF488 (488, 450-564), and AF555 (561, 564-700)
were used to acquire these images.

Z-stack projections of the motion segment images
were created using ZENBlue (Version 2.5, Carl Zeiss Mi-
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Table 1. List of genes and sequences for quantitative polymerase chain reaction.

Gene name  Target Forward sequence Reverse sequence

ACTB [B-Actin GCTATGAGCTGCCTGACGGT  GTTTCATGGATGCCACAGGA
TRPV1 Transient receptor potential vanilloid 1 CTCGGTTCTGGAGGTGATCG  AGTCGGTTCAAGGGTTCCAC
TRPAI Transient receptor potential ankyrin 1 GCAGCATTTTCAGGTGCCAA  CGCTGTCCAGGCACATCTTA
Piezo?2 Piezo type mechanosensitive ion channel component2 ~ CCTGTGGCAAAACATGACCG  GACCTTGGCATGGCTGTAGA
Scn9a Voltage-gated sodium channel Nav1.7 TCTCCGACTAAGCCATCAGG  GCGCTAGAAAAAGGGACAGG
CHRNA3 Cholinergic receptor nicotinic alpha 3 subunit CGCCTGTTCCAGTACCTGTT TTCTCTGCAGGAACACGCAT
PTGER2 Receptor for prostaglandin E2 GACCACCTCATTCTCCTGGC CTCGGAGGTCCCACTTTTCC
Bdkrbl Bradykinin receptor bl CAACAGCTGCTTGAACCCAC CTGGGTATCTTTGTGGGCTGT
NGF Nerve growth factor AGGCTTTGCCAAGGACG CCAGTGGGCTTCAGGGA

Table 2. Number of DRGs with detectable and non-detectable readings per group for gPCR (number of animals
(detect/non-detect)).

Gene Sham  Injured + PBS  Injured + Pyr  Injured + Ver cDNA dilution
TRPV1 12/0 12/0 11/0 12/0 1:10
TRPAI 12/0 12/0 11/0 12/0 1:20
Piezo2 12/0 12/0 11/0 12/0 1:10
Scn9a 12/0 11/1 11/0 12/0 1:10
CHRNA3 12/0 10/2 10/1 12/0 1:10
PTGER?2 12/0 12/0 12/0 11/1 1:20
Bdkrbl 12/0 12/0 11/0 10/2 1:10
NGF 11/1 12/0 11/0 12/0 1:20

DRGs, dorsal root ganglia; qPCR, quantitative polymerase chain reaction; PBS, phosphate-buffered saline;

Pyr, pyridoxine; Vcr, vincristine; cDNA, complementary DNA.

croscopy) and saved as .czi files. The .czi files were im-
ported into QuPath v 0.4.4 [82] for region-specific quan-
tification and analysis. For each section, the annotations
for dorsal ligament, dorsal AF, NP, inner 2/3 of the ven-
tral AF, outer 1/3 of the ventral AF, granulation tissue, and
ventral ligament regions were manually outlined using the
wand tool (Fig. 2). Once the regions were drawn, the
“Pixel Classifier” tool was used to set a threshold above 30
and 40 to identify PGP9.5 and CGRP positive area stain-
ing, respectively. A minimum pixel area of 60 um? was
set to minimize the inclusion of background fluorescence
and noise. The percentage of positively stained protein
gene product (PGP) and CGRP areas in each region were
calculated and compared between groups. Usable sections
without excessive non-specific background staining from
11 Sham, 12 Injured + PBS, 8 Injured + Pyr, and 10 Injured
+ Ver animals were analyzed for PGP staining, while sec-
tions from 11 Sham, 12 Injured + PBS, 10 Injured + Pyr, and
10 Injured + Ver animals were analyzed for CGRP staining
(Supplemental Fig. 1).

Hypocellular tissue is a common trait of degenerated
discs due to cell apoptosis [83]. To quantify disc cellularity,
the “Cell detection” tool in QuPath was used to outline each
nucleus in the DAPI images. The number of cell detections
in each region divided over the region area were reported
as nuclei/mm? and compared between groups.
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DRG Quantitative Polymerase Chain Reaction (qPCR)
Analysis

DRGs are a cluster of neuronal cell bodies connect-
ing the peripheral nervous system to the central nervous
system. Injury can alter gene transcription in the DRG
which contributes to nervous system plasticity [84]. Gene
expression levels of ion channels, nociceptors, inflamma-
tory mediators, and neuronal injury were examined to de-
termine changes in transcription of DRGs post-injury and
post-treatment.  Quantitative polymerase chain reaction
(qPCR) was used to assess gene expression in right T13,
L1 and L2 DRGs combined per animal. These DRG lev-
els were selected since L1 and L2 DRG neurons primar-
ily innervate the L5-L6 disc in rats [85,86]. Prior to all
gPCR experiments, all equipment was cleaned with a sur-
face decontaminant RNAse AWAY (Thermo Fisher, 21-
402-178). DRG tissue was uniformly homogenized us-
ing sterile homogenizer probes (USA Scientific, Ocala, FL,
USA, 1415-5390) and spring scissors (Fine Science Tools,
Foster City, CA, USA, 15024-10). Cells were lysed us-
ing TRI reagent (Sigma Aldrich, T2924) and 1-Bromo-
3-chloropropane (Sigma Aldrich, B9673) prior to phase
separation. A high salt solution with 2-Propanol (Sigma
Aldrich, 19516) was used to precipitate ribonucleic acid
(RNA) before purification with RNAsecure resuspension
solution (Thermo Fisher, AM7010). RNA was synthesized
into complementary DNA (cDNA) using iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA, 1708890) ac-
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Fig. 3. Pyridoxine and vincristine intradiscal injection did not affect animals general health and showed normal disc morphology.
(a) Animal weight significantly decreased over time, as expected, but did not differ between groups. (b) Porphyrin staining score was low

indicating low animal distress, which was not significant between groups. (¢) Brightfield images did not show signs of disc degeneration.

Scale bar = 1000 pm. (d) Total H&E score of motion segments was not significantly different between groups (n = 3 per group). Bsl,

baseline. *p < 0.05.

cording to manufacturer’s protocol for a target of 1 ug/uL
of cDNA per animal. qPCR primer pairs (Table 1) were
designed using National Institutes of Health (NIH) Primer-
Blast tool. All primer pairs were validated and determined
to have primer efficiencies between 90-110 %. For each
primer pair, cDNA samples from each animal were run in
duplicate at 1:10 to 1:20 cDNA dilution in nuclease-free
water (VWR, Randor, PA, USA, 82007-336). Experiments
were run on an Azure Biosystems (Azure Cielo, Azure
Biosystems, Dublin, CA, USA) machine using SYBR green
reagents (Bio-Rad, ge-0794) with a maximum of 40 poly-
merase chain reaction (PCR) cycles. Relative gene ex-
pression for each group was calculated using the 2724¢
method by using the average of ACTB (3-Actin) levels as
the normalization gene per animal. If results were non-
detected, a Cq value of 40 was assigned for the respective
gene [87]. The number of detected and non-detected ani-
mals per gene for each group and cDNA dilution are dis-
played in Table 2.

Statistical Analysis

Normality of data was assessed using Shapiro-Wilks
test. Normally distributed data were analyzed using one-
way Analysis of Variance (ANOVA) when comparing more
than two groups or 2-way ANOVA when comparing groups
across time. For non-normal data, Kruskal-Wallis test was
applied to compare groups within each week and Fried-
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man test to compare between weeks or days within each
group. Table 3 summarizes the data analyzed with their cor-
responding normality and tests. Alpha value was set to 0.05
and all asterisk symbols reported on graphs represent p <
0.05. Generated plots show the mean and standard devi-
ation error bars. Gait data show the mean and 95 % con-
fidence intervals. For nerve fiber staining and DRG tran-
scription level correlation analysis with grip strength, the
data were not normally distributed, so nonparametric Spear-
man correlation coefficients were calculated.

Results
Safety Study

Intradiscal Injection of Axonal Dieback Compounds are
Safe

No health concerns or signs of animal distress were
observed up to 10 days after intradiscal injection of either
Pyr (1 mM), Ver (100 nM, 500 nM) or vehicle (PBS). Af-
ter surgery, all animals exhibited a temporary tendency for
mild pica behavior, which resolved within two days. This
behavior is a common side effect of buprenorphine-induced
nausea, and thus, not concerning [88]. All animals had
significant decrease in weight over time (p < 0.0001), but
the animal weights were not significantly different between
groups (Fig. 3a). The animal weights decreased similarly in
all groups at no more than 9 % weight loss from baseline,
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Table 3. List of data and methods used for statistical analysis.

Data Normality Statistical analysis method

Safety study (n = 3/group)
Animal weights (raw data, normalized) Yes 2-way ANOVA with repeated measures (Tukey’s post-hoc)
Total porphyrin score No Kruskal-Wallis test (Dunn’s post-hoc)
H&E score Yes One-way ANOVA (Tukey’s post-hoc)

Efficacy study (n = 11-12/group)
Animal weights (% of baseline) No Kruskal-Wallis test (Dunn’s post-hoc)
Grip strength (logz) (normalized) Yes 2-way ANOVA with repeated measures (Tukey’s post-hoc)
Comparing grip strength pre-treat and post-treat (logz) (normalized) Yes Multiple paired ¢-tests
Disc volume (raw data, normalized) Yes 2-way ANOVA with repeated measures (Tukey’s post-hoc)
H&E score No Kruskal-Wallis test (Dunn’s post-hoc)

Open field test (n = 11-12/group)
Distance travelled Yes 2-way ANOVA with repeated measures (Tukey’s post-hoc)
In center zone (frequency) Yes 2-way ANOVA with repeated measure (Tukey’s post-hoc)
Grooming (duration) No Kruskal-Wallis test (Dunn’s post-hoc)
Turn angle Yes 2-way ANOVA with repeated measure (Tukey’s post-hoc)
Supported rearing (duration) No Kruskal-Wallis test (Dunn’s post-hoc)
Unsupported rearing (duration) No Kruskal-Wallis test (Dunn’s post-hoc)

Gait measurements (n = 10/group)

Step width, stride length, duty factor, duty factor imbalance, temporal

symmetry, spatial symmetry
Immunostaining (n = 8—11/group)
PGP area (%) in DL
PGP area (%) in all regions (except DL) and combined disc regions
CGRP area (%) in all regions and combined disc regions
DAPI cell counts in all regions
DAPI cell counts in combined disc regions
DRG PCR (n = 11-12/group)
Fold change: TRPV1
Fold change: TRPAI, Piezo2, CHRNA3, PTGER2, Bdkrbl, Scn9a

Correlations

Normality verified

via density plot treated as fixed effects and animals as random effects
Yes One-way ANOVA
No Kruskal-Wallis test (Dunn’s post-hoc)
No Kruskal-Wallis test (Dunn’s post-hoc)
No Kruskal-Wallis test (Dunn’s post-hoc)
Yes One-way ANOVA
Yes One-way ANOVA (Sidak’s post-hoc)
No Kruskal-Wallis (Dunn’s post-hoc)
No Spearman

ANOVA, Analysis of Variance; H&E, hematoxylin and eosin; PGP, protein gene product; DL, dorsal ligament; CGRP, calcitonin gene-related peptide;

DAPI, 4',6-diamidino-2-phenylindole; PCR, polymerase chain reaction.

demonstrating that the general health of the animals was
not affected by the intradiscal injection of axonal dieback
compounds. On day 7, the percentage of weight loss from
baseline was significantly greater in the 1 mM Pyr group
compared to the 100 nM Ver group, but the 1 mM Pyr ani-
mals quickly gained weight afterward injection and reached
similar weights to other groups from day 8 onwards (Fig.
3a). All animals displayed normal activity levels through-
out the time course. No changes in rat grimace were ob-
served throughout the study. For gait, two out of three rats
in the 500 nM Ver group had visibly higher stance while
walking by day 7 post-injection. Pain-like features such as
back arching, writhing, and twitching were absent except
for two out of the three rats in the 500 nM Ver group that
had mild to moderate back arching by day 6 post-injection.
These observations lasted until day 10 (end of study) but did
not affect the animal’s activity level. The average total por-
phyrin staining score had significant changes over time but
not between groups (Fig. 3b). Histological staining with
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H&E shows signs of healthy discs without any tissue dis-
ruption or loss of shape and cellularity (Fig. 3c,d). H&E
scores did not differ significantly between groups suggest-
ing that intradiscal injection of PBS, Pyr or Ver did not af-
fect disc matrix or lead to disc degeneration in the 10-day
time course (Fig. 3¢). The results from the safety study ver-
ified the safety of injecting Pyr (1 mM) and Vcer (100, 500
nM) locally into L5-L6 discs.

Efficacy Study

Axonal Dieback Compounds did not Alter Disc
Degeneration

After determining the safety of axonal dieback com-
pounds in the disc, an efficacy study using the highest
doses of Pyr and Vcr as axonal dieback compounds (1 mM
Pyr, 500 nM Vcr) was conducted to test the effectiveness
of the compound in alleviating pain-like behavior. Ani-
mal weights increased over time and did not differ signif-
icantly between groups during the efficacy study, which
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Fig. 4. Disc scrape injury induced disc degeneration and axonal dieback compounds did not alter disc degeneration. (a) Overall,
animal weights increased over time and did not differ between groups at any time point. Small declines in weight were observed in all
groups post-surgically. (b) Injured animals disc volume as a fraction of baseline decreased and was significantly lower compared to Sham
at week 10; however, significance was lost by week 15. (¢) Brightfield images of H&E-stained L5-L6 motion segments showed disrupted
AF tissue, and loss of NP shape and cellularity in all injured and treated discs. Scale bar =500 um. (d) H&E scores in injured and treated
groups were significantly higher than Sham for all categories. (e) Sum of H&E scores across all categories were significantly higher in
injured and treated groups compared to Sham. *p < 0.05. Inj, Injured; AF, annulus fibrosus; NP, nucleus pulposus; org., organization.
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Fig. 5. DAPI staining in L5-L6 disc reduced after disc scrape injury but was not aggravated by treatment. (a) Fluorescent images
of DAPI staining showed reduced cell number and cell clustering in NP of injured discs. Scale bar =500 pm or 100 um. (b) Cell nucleus
counts normalized to region area were significantly lower in all injured and treated discs compared to Sham. (¢) Total cell nucleus counts
in the disc were significantly lower in all injured groups compared to Sham. No differences in cell nucleus count between injured groups
suggested that axonal dieback compounds did not induce additional cell death. *p < 0.05. DAPI, 4',6-diamidino-2-phenylindole; DL,
dorsal ligament; dAF, dorsal annulus fibrosus; VAF, ventral annulus fibrosus; Gran, granulation tissue; VL, ventral ligament.
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Fig. 6. Axial hypersensitivity measured by grip strength assay was evident after disc injury and was partially alleviated after
intervention with axonal dieback compounds. (a) Grip strength normalized to baseline decreased in all injured groups over time and
Injured + Pyr and Injured + Vcr groups became significantly reduced compared to Sham by week 10. After intervention surgery, Injured
+ Pyr and Injured + Ver groups had partial recovery towards baseline but did not reach significance compared to Injured + PBS group,
whereas Injured + PBS group remained decreased although not significant compared to Sham. Statistical analysis was performed using
repeated measures 2-way ANOVA excluding baseline data (week 0). (b) Change in normalized grip strength values before (black circle)
and after (red triangle) intervention showed increasing trends in most of the animals in Injured + Pyr and Injured + Vcr groups as compared

to Sham and Injured + PBS. Normalized grip strength in Injured + Ver group significantly increased from week 10 (pre-treatment) to

week 13 (2 weeks post-treatment). *p < 0.05. ANOVA, Analysis of Variance.

again proves the safety of the injection procedure and ax-
onal dieback compounds tested (Fig. 4a).

Disc volume analysis showed the progression of disc
degeneration as a result of the 6-scrape disc injury with a
16 %, 14.6 % and 12.3 % loss of disc volume from base-
line in PBS, Pyr and Vcr injured groups in week 10, respec-
tively. There was a significant and substantial reduction in
disc volume at week 10 compared to baseline in all injured
groups (p =0.0001 for PBS, p = 0.0004 for Pyr, p = 0.0001
for Ver). At week 10, the Injured + PBS (p = 0.0042) and
Injured + Pyr groups (p = 0.0212) experienced significant
loss of disc volume compared to Sham, while Injured + Ver
group approached significance (p = 0.135) (Fig. 4b). Be-
tween weeks 10 and 15, the average disc volume in all in-
jured groups increased from 84.0-88.4 % to 91.5-93.4 %.
Disc volume for Sham group also increased closer to base-
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line from 94.4 % in week 10 to 97.1 % in week 15 which is
consistent with our previous findings [62]. No significant
differences in disc volume were detected between groups in
week 15 (Fig. 4b).

The L5-L6 discs of the Sham animals were healthy
with no signs of degeneration while there are obvious signs
of degeneration in the injured discs, including AF tears and
disruption and changes in NP morphology (Fig. 4¢). H&E
scores used to assess the degree of disc degeneration re-
vealed that the discs of the injured group were significantly
more degenerated than the discs in Sham animals in all in-
dividual categories as well as in the total score (p = 0.0002—
0.002) (Fig. 4d,e). No significant differences were ob-
served between the injured groups indicating that the in-
jection of Pyr and Vcr did not impact or alter disc degener-
ation (Supplemental Fig. 2). Concurrent with disc degen-
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eration, the cells in the disc undergo apoptosis and the disc
becomes hypocellular [89]. Therefore, it is not surprising
that the disc cellularity quantified from DAPI staining in the
disc in all injured groups was significantly lower compared
to Sham (p < 0.0001) (Fig. 5b,c). All injured groups have
similar levels of disc cellularity with no significant losses in
the Injured + Pyr and Injured + Ver groups compared to the
Injured + PBS group suggesting that there was no additional
cell death due to Pyr and Ver injection in the discs.

Axial Hypersensitivity did not Significantly Recover after
Axonal Dieback Compound Injection in a Female Rodent
Disc-Associated LBP Model

In the efficacy study, injured animals in Injured + Pyr
(»p = 0.0131) and Injured + Vcr groups (p = 0.0445) had
significantly reduced normalized grip strength thresholds
while Injured + PBS group (p = 0.0993) approached sig-
nificance compared to Sham (Fig. 6a). After intradiscal in-
jection of compounds, Pyr- and Vcr-treated groups had in-
creased normalized grip strength, recovering towards base-
line values that were maintained up until week 15 (4 weeks
post-injection); however, values did not rise to a level of
significance compared to the Injured + PBS (Fig. 6a).
When comparing the individual normalized grip strength
values immediately pre- and post-intervention from weeks
10 to 13, respectively, more animals in Injured + Pyr and
Injured + Ver groups had increasing grip strength values
compared to Sham and Injured + PBS, but only the In-
jured + Ver group values reached a level of significance
(p = 0.031) (Fig. 6b). As expected, the Injured + PBS
group had no effect on axial hypersensitivity as the nor-
malized grip strength values remained significantly lower
compared to Sham at both weeks 14 and 15 (2 and 3 weeks
post-injection) (Fig. 6a).

Disc Injury and Axonal Dieback Compound Injection did
not Result in Movement-Evoked Pain-Like Behaviors in a
Female Rodent Disc-Associated LBP Model

In the open field test, the total distance travelled, fre-
quency in center zone, and duration spent rearing both sup-
ported and unsupported significantly decreased over time
for all groups (p < 0.0001) (Fig. 7a,b,e,f), while the mean
turn angle significantly increased over weeks in all groups
(» < 0.0001) (Fig. 7d). Time spent grooming did not
change significantly over time or between groups (Fig. 7¢).
All the activities measured in open field test did not differ
significantly between groups (Fig. 7). These data demon-
strate that neither the disc injury or intradiscal injection with
PBS or axonal dieback compounds influenced the animals’
exploratory behavior in the open field test. However, as
animals were increasingly exposed in the arena and as the
animals age across weeks, there is a significant effect on
some of the animals’ exploratory behavior over time.
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Disc Injury or Axonal Dieback Compound Injections did
not Affect Velocity-Dependent Spatiotemporal Gait
Patterns in a Female Rodent Disc-Associated LBP Model

The average walking velocity for all animals was be-
tween 58 to 66 cm/second over time and did not differ sig-
nificantly between groups or over time. Step width and
stride length are velocity-dependent gait measures that as-
sess the animal’s spatial gait patterns, while duty factor is a
velocity-dependent gait measure that describes the gait tem-
poral sequence. The linear model results showed that all
animals in all groups displayed normal trends in velocity-
dependent gait patterns, with step width and duty factor de-
creasing with velocity, and stride length increasing with ve-
locity in both fore and hind limbs (Figs. 8,9). Statistical
analysis between groups showed that hindlimb step width,
hindlimb stride length and both right and left hindlimb duty
factor were not significantly altered between groups over
all timepoints (Fig. 8). These findings were consistent in
forelimb gait analysis (Fig. 9). Therefore, these data sug-
gest that disc injury and PBS or axonal dieback compound
injections did not produce movement-evoked pain-like be-
haviors or impact spatiotemporal gait up to 9 weeks post-
injury and 3 weeks post-intervention.

Disc Injury or Axonal Dieback Compound Injections did
not Affect Symmetrical Gait Patterns in a Female Rodent
Disc-Associated LBP Model

The symmetry of a gait pattern describes the distance
in space or time between the left and right limbs, such that
a left limb should land at halfway (50 %) between two right
limb foot strikes. Hence, spatial symmetry describes the
spacing of left and right footprints, where temporal symme-
try describes the timing of left and right foot strikes. Hind
duty factor imbalance describes the amount of time spent on
the left and right limbs, where 0 % indicates that an equal
amount of time is spent on both limbs. Our analysis re-
vealed that animals walked with balanced stance times and
a temporally and spatially symmetric gait across all groups
and weeks (Fig. 10a,c,e). These findings were consistent in
forelimb gait analysis (Fig. 10b,d,f). Overall, these results
suggest that the effects of disc injury surgery and interven-
tion with axonal dieback compounds were mild and did not
induce movement-evoked pain-like behaviors or gait im-
pairment.

PGP and CGRP Staining in the Disc Increased after Disc
Injury

PGP9.5 and CGRP areas in the L5-L6 discs of Sham
animals were minimal to none (Figs. 11,12, and Table 4).
Nerve fibers positively stained with PGP and CGRP lin-
ing the needle entry track were visually prominent in the
ventral AF in all injured discs (Figs. 11,12). PGP9.5 and
CGRP immunostaining in the inner two thirds of the ven-
tral AF increased significantly in the Injured + PBS com-
pared to Sham which indicates nerve infiltration after disc
injury (p = 0.0008, 0.0194) (Figs. 11b,12b). The Injured
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Fig. 7. Open field test behavior analysis did not reveal any significant differences between groups. No significant differences were
detected in (a) total distance travelled, (b) frequency in the center zone, (¢) grooming, (d) turn angle, (e) supported rearing, and (f)
unsupported rearing between Sham, Injured + PBS, Injured + Pyr and Injured + Vcr groups in all weeks.

+ PBS group had increased total PGP9.5 area to 2.732 %
from 0.095 % in Sham but did not reach significance com-
pared to Sham (Fig. 11¢ and Table 4). The total CGRP area
in the Injured + PBS group was 1.654 %, which was signif-
icantly higher compared to Sham at 0.493 % (p = 0.0014)
(Fig. 12¢ and Table 4). The data confirm the presence of
nerve fibers including peptidergic C-fiber nociceptors in-
nervating injury-induced degenerated discs.
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15

PGP and CGRP Staining in the Disc Reduced after Pyr
Injection, but not after Ver Injection

Pyr injection at 1 mM successfully induced axonal
dieback within the disc as evidenced by decreased PGP9.5
in regions of the disc from the dorsal AF to the ventral lig-
ament (Fig. 11b) and decreased CGRP in dorsal AF (Fig.
12b), although it did not reach significance compared to In-
jured + PBS. Only in the granulation tissue, Pyr injection
significantly reduced PGP9.5 and CGRP areas compared
to Injured + PBS (p = 0.0135, 0.0169) and Injured + Ver
groups (p = 0.0043, 0.0212) (Figs. 11b,12b). Overall, in
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Fig. 8. Velocity-dependent spatiotemporal gait analysis of the hindlimbs identified normal gait patterns in all groups over time.
(a) Step width, (b) stride length, (¢) right hindlimb duty factor, and (d) left hindlimb duty factor. The number in boxes at the top represents
the weeks for the graphs in each graph column. Lines are linear mixed effect models and bands represent the 95 % confidence intervals.

the disc, the percentage of total PGP9.5 and CGRP areas
in the combined disc regions were reduced to 1.198 % and
0.861 % in Injured + Pyr group compared to 2.732 % and
1.654 % in Injured + PBS but failed to reach significance
compared to Injured + PBS group (Figs. 1l¢,12¢ and Ta-
ble 4). A bolus injection of 1 mM Pyr significantly reduced
nerves in some parts of the disc.

On the other hand, Vcr injection did not have the same
effect as Pyr. The PGP9.5 and CGRP areas in the granu-
lation tissue, ligaments, and disc regions of the Injured +
Ver group were similar to the Injured + PBS group (Figs.

o
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11b,12b). Further, the total PGP9.5 area in the disc was
3.117 % comparable to 2.732 % in Injured + PBS group
and the total CGRP area in the disc was 1.463 % signifi-
cantly higher compared to Sham (p = 0.0034) and similar
to 1.654 % in Injured + PBS group indicating that the aber-
rant nerves were retained after Ver injection (Figs. 11¢,12¢
and Table 4). A bolus injection of Vcr at 500 nM did not
induce axonal dieback within the disc.
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Nerve Fiber Presence and Peptidergic C-Fiber Markers in
the Discs are Correlated with Axial Hypersensitivity

In correlation to the grip strength thresholds, total PGP
staining in the disc was significantly negatively correlated
to normalized grip strength (r =-0.3395, p = 0.0299) (Fig.
13a). Total CGRP staining in the disc was also signifi-
cantly negatively correlated to normalized grip strength (r
=-0.3298, p = 0.0308) (Fig. 13b). This indicates that in-
creased innervation of nerve fibers and small peptidergic C-
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fibers in the disc are correlated to lower grip strength values
and increased axial hypersensitivity.

Disc Injury Induced Significant Increase in DRG Gene
Expression Levels of Pro-Inflammatory Mediator, Bdkrb1
and Ion Channels of Mechanosensation and Nociception,
Piezo2 and Scn9a

Ion channel gene expression in DRGs such as TRPV1,
transient receptor potential ankyrin 1 (TRPAI), piezo type
mechanosensitive ion channel component 2 (Piezo2) and
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Table 4. Mean and standard deviation of total PGP- and CGRP-stained area in the combined NP, AF, and granulation tissue
regions of L5-L6 disc sections.

Group Total PGP9.5 area (%) Total CGRP area (%)
Sham 0.0947 (0.719) 0.493 (0.242)
Injured + PBS 2.732 (2.540) 1.654 (1.218)
Injured + Pyr 1.198 (0.390) 0.861 (0.545)

Injured + Ver 3.117 (2.566)

1.463 (0.835)

NP, nucleus pulposus; AF, annulus fibrosus; PGP9.5, protein gene product 9.5.

voltage-gated sodium channel Nav1.7 (Scn9a) was upregu-
lated in Injured + PBS group but only Piezo2 (p = 0.0264)
and Snc9a (p = 0.0053) reached significance, compared
to Sham (Fig. 14a). Gene expression of silent nocicep-
tor marker, cholinergic receptor nicotinic alpha 3 subunit
(CHRNA3), increased in Injured + PBS group but did not
significantly differ from Sham (Fig. 14b). Inflamma-
tory mediators-related genes such as bradykinin receptor
bl (Bdkrbl), receptor for prostaglandin E2 (PTGER2) and
nerve growth factor (NGF') were upregulated in Injured +
PBS group compared to Sham but only Bdkrbl reached
significance compared to Sham (p = 0.0015) (Fig. 14c¢).
These data suggest that disc scape injury in the L5-L6 disc
may be related to increased gene expression levels of pro-
inflammatory Bdkrbl and ion channels such as Piezo2 and
Scn9a in the T13 to L2 DRGs innervating the disc.

Since CGRP and PGP9.5 staining in the disc was in-
creased in Injured + PBS discs compared to Sham (Figs.
11¢c,12¢) and correlated significantly with grip strength
(Figs. 13,14d), similar correlation analyses were also per-
formed with DRG gene expression to further probe whether
the relationship between disc injury and transcription in
the DRG can be explained by increased innervation or
pain behavior. Specifically, correlations of CGRP and
PGP9.5 staining in the disc, DRG gene expression lev-
els, and normalized grip strength values were examined to
probe interactions between these factors. Fig. 14d delin-
eates all significant correlations. DRG gene expression in
pro-nociceptive ion channels, silent nociceptors and pro-
inflammatory mediators is all significantly correlated with
each other (Fig. 14d). Interestingly, none of the DRG genes
investigated in this study were significantly positively cor-
related with disc PGP or CGRP staining (Fig. 14d). Addi-
tionally, neither of the DRG genes were significantly cor-
related with normalized grip strength values (Fig. 14d).
These findings suggest that DRG gene transcription level
is not directly correlated with nerve fiber presence in the
disc or grip strength at week 15 post-injury.

Pyr Upregulated Gene Expression of DRG Nociceptive
Ion Channels and Inflammatory Mediators Whereas Vcr
Demonstrated a Downregulatory Effect

Differential gene expressions of ion channels and
pro-inflammatory mediators in response to axonal dieback
compounds were observed. Pyr significantly upregulated
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TRPVI (p = 0.0161), TRPAI (p = 0.0176), Piezo2 (p <
0.0001), Scn9a (p = 0.0006) ion channel gene expression
in DRGs compared to Sham (Fig. 14a). Further, pro-
inflammatory mediator Bdkrb! (p < 0.0001), PTGER2 (p =
0.0076) and NGF (p = 0.0091) gene expressions were also
significantly upregulated in Injured + Pyr group compared
to Sham (Fig. 14¢). Pyr injection did not have significant
effect on DRG gene expression analysis at four weeks post
injection.

On the other hand, Vcr injection into the disc had the
opposite effect. Vcr injection downregulated DRG gene ex-
pression level in all ion channels, silent nociceptor markers
and pro-inflammatory mediators to similar levels found in
Injured + PBS or restored levels similar to Sham group (Fig.
14a—c). TRPVI (p = 0.0013), TRPAI (p = 0.0132), Piezo?2
(» =0.0269), Scn9a (p < 0.0001) ion channel gene expres-
sion in DRGs was significantly lower compared to elevated
gene expression in Injured + Pyr group (Fig. 14a). The
same trend was observed in silent nociceptor marker and
pro-inflammatory mediator DRG gene expression where
CHRNA3 (p=0.0182), Bdkrbl (p < 0.0001), PTGER2 (p =
0.0002) and NGF (p < 0.0001) had significantly lower ex-
pression compared to Injured + Pyr group (Fig. 14b,c). In
addition, DRG gene expressions were also lower compared
to Injured + PBS group where significance was detected in
Scn9a (p = 0.0001), CHRNA3 (p = 0.0004), Bdkrbl (p =
0.0004), PTGER2 (p = 0.0088) and NGF' (p =0.0011) gene
expressions (Fig. 14a—c). Taken together, these data illus-
trate that Ver injection locally into injured discs has down-
regulatory effect on gene expression in DRGs four weeks
post-injection, but upregulation after Pyr injection.

Discussion

Recent studies have explored denervation as an al-
ternative treatment method to treat disc-associated LBP.
Clinical studies involving denervation procedures such as
radiofrequency electrodes [90-93], electrothermal energy
[94], and methylene blue injection [40,41,95-100] to ab-
late nerve fibers innervating the discs have shown some
promise of relieving pain short-term [96,97,99,101]. Nev-
ertheless, the low quality of evidence and the mixed success
rates in these studies [41,97,100—103] underscore the need
for further research into disc denervation as a viable treat-
ment method.
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Fig. 11. Nerve fiber presence in the disc was increased with disc injury, while Pyr injection reduced nerve fiber presence in the
disc, but Ver did not. (a) Images of fluorescent PGP9.5 nerves in the ventral AF of all injured discs, nearby the needle puncture track.
Boxes in image highlight the close-ups of regions of interest (ROIs) where positive PGP9.5 staining was observed in the ventral AF of
injured discs. Scale bar =500 pum or 100 um. (b) PGP9.5 area increased within the disc and ventral ligament in Injured + PBS discs and
PGP9.5 staining reduced after Pyr injection but not after Ver injection. PGP9.5 area in the granulation tissue region was significantly
lower after Pyr injection compared to Injured + PBS. (¢) Total PGP9.5 area over NP and all AF regions in the disc were reduced after Pyr
injection. Total PGP9.5 area did not reach significance in comparisons between groups. *p < 0.05. DL, dorsal ligament; dAF, dorsal
annulus fibrosus; NP, nucleus pulposus; vAF, ventral annulus fibrosus; Gran, granulation tissue; VL, ventral ligament; PGP9.5, protein

gene product 9.5; PGP, protein gene product.
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Fig. 12. C-fiber presence in the disc was increased in injured discs and decreased after Pyr injection but not Ver injection. (a)
Images of fluorescent CGRP nerves in the ventral AF of injured discs demonstrating innervation of injured discs after disc injury around
the needle puncture track. Boxes in image highlight the close-ups of regions of interest (ROIs) where positive CGRP staining were
observed in the ventral AF of injured discs. Scale bar = 500 yum or 100 yum. (b) CGRP area analysis in different regions of the disc
showed significant reduction in CGRP staining in the granulation tissue after Pyr injection compared to Injured + PBS. (¢) Total CGRP
area over NP and all AF regions in the disc were significantly increased in Injured + PBS discs suggesting increased nociceptor innervation
after disc injury. Similar to Injured + PBS group, Vcr-treated discs have significantly higher CGRP area in the disc which suggest that
Ver did not reduce nerve fiber in the disc after intervention. Pyr injection reduced CGRP staining but did not reach significance compared
to Injured + PBS. *p < 0.05. DL, dorsal ligament; dAF, dorsal annulus fibrosus; NP, nucleus pulposus; VAF, ventral annulus fibrosus;
Gran, granulation tissue; VL, ventral ligament; CGRP, calcitonin gene-related peptide; BF, bright field; +VE, postive.
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Fig. 13. Axial hypersensitivity is significantly correlated with the amount of nerve fiber present in the disc. (a) PGP9.5 area is
significantly correlated with grip strength. (b) CGRP area is significantly correlated with grip strength.

The results of this study revealed that axonal dieback
compounds Pyr and Ver can be safely injected into degen-
erated discs to potentially treat disc-associated LBP. Ani-
mals that received the compounds in either healthy or de-
generated discs in the safety study and efficacy study, re-
spectively, exhibited normal activity, good overall health
and did not suffer from any distress, severe pain, weight
loss or disc degeneration which provide strong evidence
that Pyr and Vcr are safe for intradiscal injection (Fig. 3).
Pyr and Ver did not induce acute disc damage in the safety
study and did not alter or accelerate disc degeneration in
the injured discs in the efficacy study (Figs. 3,4). Al-
though the role of the nerves in the disc in the progres-
sion of disc degeneration is still unclear, it is important that
the axonal dieback compounds do not cause further destabi-
lization of degenerated discs during denervation treatment.
Consistent with previous work, which demonstrated that
the 1 mM Pyr and 500 nM Vcr are not cytotoxic to NP
and AF cells in vitro [61], this study confirms the finding
that Pyr and Vcr are cytocompatible, and they do not re-
duce cell number in the disc compared to the PBS-treated
group (Fig. 5). Overall, these data suggest that Pyr and Ver
are safe to use for intradiscal injection into discs and do
not cause disc degeneration or animal stress and pain. To
identify LBP patients that may benefit from axonal dieback
intradiscal injections, novel imaging technologies to diag-
nose “painful” discs with nerve ingrowth are needed. In the
present-day, it is best to rule out other leading sources of
pain and highly recommended that computed tomography
(CT) or other imaging modalities such as magnetic reso-
nance imaging (MRI) are used to verify that the discs are
degenerated and thus may be symptomatic before interven-
ing with dieback compounds.

This study is the first to investigate the safety and effi-
cacy of Pyr and Ver intradiscal injection and to explore the
impact of disc denervation on pain-like behaviors in a ro-
dent model of disc-associated LBP while examining for the
presence of nerves in disc or lack thereof after denervation.
Increased grip strength threshold, indicative of reduced ax-
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ial hypersensitivity, was observed after intervention with
Pyr and Ver suggesting that the compounds partially allevi-
ate pain-like behavior for up to four weeks after intervention
(Fig. 6). However, the minor differences compared to In-
jured + PBS groups failed to reach significance suggesting
that the effect of Pyr and Vcr was mild, and that statistical
power was not sufficient to detect the differences. These
findings of partial pain alleviation could also be related to
the incomplete reduction of PGP9.5 and CGRP nerve fiber
staining in disc compared to Sham levels in the Injured +
Ver animals (Figs. 11,12 and Table 4) and signs of DRG
sensitization and inflammation in the Injured + Pyr group
(Fig. 14).

The disc scrape injury successfully induced nerve in-
growth as indicated by the significantly increased area of
both PGP and CGRP nerve fiber staining in Injured + PBS
discs compared to control (Figs. 11,12). This result is con-
sistent with our previous study describing the disc scrape
injury [62]. The occurrence and colocalization of CGRP,
C-fiber marker, with, PGP9.5, pan-neuronal marker in the
Injured + PBS discs confirms that the nerve fibers are C-
fiber type which concur with past immunohistochemical
analyses of painful degenerated discs from human LBP pa-
tients have also found that nerve fibers innervating the disc
are primarily C-fibers [20,23]. Pyr (1 mM) significantly
reduced total CGRP area in the disc to an average 0.861
% compared to 1.654 % in Injured + PBS and 0.493 %
in Sham, which marks a loss of small unmyelinated pep-
tidergic C-fibers due to Pyr-induced denervation (Fig. 12
and Table 4). The observed significant correlation between
total CGRP area and grip strength threshold provides ev-
idence that small unmyelinated peptidergic C-fibers may
play a key role in pain originating from the disc (Fig. 13).
These results corroborate the findings of a great deal of
previous work that identified the majority of nerves inner-
vating degenerated rat [104,105] and human [23] discs are
CGRP fibers which are related to the development of pain.
This work shows that the reduction in CGRP-positive fibers
could potentially reverse painful symptoms.
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Fig. 14. DRG gene expression of pro-nociceptive ion channels, silent nociceptor marker, and pro-inflammatory mediators are
not correlated with CGRP and PGP9.5 nerve fiber staining in the disc and pain-like behaviors at 15 weeks post-injury. Fold
changes in DRG gene expression of (a) ion channels, (b) silent nociceptor marker, and (¢) pro-inflammatory mediators between Sham,
injured, and dieback treated animals show increased expression of ion channel markers TRPV, TRPAI, Piezo2, and Scn9a between Sham
and Injured + Pyr animals. In addition, a significant increase in pro-inflammatory markers Bdkrbl, PTGER2, and NGF were observed
between Sham and Injured + Pyr animals suggesting an increase in inflammation in DRGs from animals receiving pyridoxine treatment.
p < 0.05, are indicated by black stars in (a), (b), and (¢). (d) Correlation matrix showing correlations between DRG gene expression,
PGP9.5 and CGRP nerve fiber staining in the disc, and normalized grip strength values shows significant correlations between DRG gene
expression of ion channel markers TRPV1, TRPA1, and Piezo2 with pro-inflammatory markers Bdkrb! and PTGER2 between all animals.
Significant correlations, p < 0.05, are indicated by yellow stars in the upper left corner within the matrix. DRGs, dorsal root ganglia;
TRPV1, transient receptor potential vanilloid 1; TRPA1, transient receptor potential ankyrin 1; Piezo2, piezo type mechanosensitive ion
channel component 2; Scn9a, voltage-gated sodium channel Nav1.7; CHRNA3, cholinergic receptor nicotinic alpha 3 subunit; PTGER?2,
receptor for prostaglandin E2; Bdkrb1, bradykinin receptor bl; NGF, nerve growth factor.
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Surprisingly, no differences were found in PGP and
CGRP staining in Vcr-treated discs even though the Injured
+ Ver group displayed similar outcomes in partially reliev-
ing axial hypersensitivity as the Injured + Pyr group (Figs.
6,11,12). A possible explanation for this might be the dif-
ferent mechanism of Pyr and Ver-induced axonal dieback.
In our previous work, screening axonal dieback compounds
in DRG explants in vitro with Pyr caused DRG axons to re-
tract towards the soma and forming a bulbed end whereas
Ver caused blebbing and neurite fragmentation [61]. The
positive staining of PGP9.5 and CGRP in Vcr-treated discs
could be fragmented nerve debris from Vcr-induced nerve
degeneration. Hence, these degenerated nerve fibers may
be defunctionalized and no longer able to transmit signals.
Therefore, nerve staining alone cannot be solely relied upon
to draw definitive conclusions regarding the effectiveness
of axonal dieback and pain alleviation. These results should
be carefully interpreted, and future work can include mark-
ers of degenerated nerves for nerve immunohistochemistry
(IHC) analysis.

Nerve ingrowth in injured discs can lead to neuronal
sensitization and neuroinflammation in the DRG which
is correlated to the induction and progression of disc-
associated LBP [106]. TRPV1, TRPAI, and Piezo2 are ion
channels that have been shown to mediate neuronal sensi-
tization in animal models of peripheral pain such as knee
osteoarthritis [107—110]. Previous studies have found in-
creased DRG macrophage activation and substance P pro-
duction as early as three days after disc injury in rats [111].
Inflammatory mediators including PTGER?2 [112], Bdkrbl
[113] and NGF [114] are commonly implicated in painful
degenerative joint diseases. Herein, DRG gene expres-
sions of pro-nociceptive ion channels, silent nociceptor
markers, and pro-inflammatory mediators were examined
to study the crosstalk between the disc and DRGs. In the
disc-associated LBP model described herein, DRG Piezo?2,
SCN9a, Bdkrbl were significantly upregulated in Injured
+ PBS groups compared to Sham which suggests that disc
injury may have a role in upregulating DRG sensitization
and inflammation (Fig. 14a,c¢). Our data also support find-
ings from a mouse model of disc-associated LBP that ob-
served nerve growth factor, neuropeptide, proinflammatory
mediator and ion channels were significantly upregulated
in DRGs from animals with injured discs at 12 weeks post-
injury [114]. Because DRG sensitization occurs in response
to disc degeneration, and axonal dieback compounds only
offer limited pain relief, studying DRG sensitization and
neuroinflammation were examined in axonal dieback com-
pound treated animals.

Our findings presented increased gene expression
levels of pro-nociceptive ion channels, silent nociceptor
marker and pro-inflammatory mediator in all injured groups
at 15 weeks post-injury except for Injured + Ver group,
where DRG gene expression levels were reversed and sig-
nificantly lower compared to Injured + PBS and Injured
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+ Pyr groups (Fig. 14a—c). These data demonstrate
that Pyr injection did not exacerbate DRG sensitization
while Ver injection may exhibit anti-nociceptive and anti-
inflammatory properties in the connecting DRGs that lasts
at least four weeks post-injury. The anti-nociceptive anti-
inflammatory effects with Vcr have not been previously
seen since Vcr is highly associated with chemotherapy-
induced neuropathic pain and increased inflammatory cy-
tokine production in the peripheral and central nervous sys-
tem [115]. A key differentiator in the opposite effects
shown here is the microdosing of Vcr locally in the disc
versus a systemic prolonged exposure to the drug during
chemotherapy. The data further suggest that Vcr and Pyr
could have different mechanisms in alleviating axial hyper-
sensitivity after intradiscal injection. The lack of full alle-
viation in axial hypersensitivity could be due to the pres-
ence of DRG inflammation and sensitization in Injured +
Pyr group compared to Sham (Fig. 14a,b). Thus, it may
be worth considering treatment at the DRG level to offer a
more comprehensive pain relief when using Pyr as axonal
dieback compound to treat disc-associated LBP. A limita-
tion of this study is the end-point analysis for DRG gene
expression analysis which limits our understanding of the
temporal changes in DRG gene expression level after disc
injury and axonal dieback compound injection.

It is also important to consider that the DRG contains
various neuron types such as C-fibers, A-6 and A-( fibers.
Using qPCR for gene expression analysis is effective for
screening multiple genes of interest but limiting because it
examines the entire DRG, potentially diluting the effects
of nociceptors which are just a subset of the neuron types.
Therefore, the effects of disc injury and axonal dieback
compounds on DRG sensitization within nociceptors may
potentially be diluted or undetected here. Additional char-
acterization of pro-nociceptive and pro-inflammatory me-
diators expression in DRGs and discs using more precise
techniques such as in situ hybridization methods is needed
to fully understand the crosstalk between these tissues in
contributing to pain-signaling modulation.

In addition to neural inflammation and sensitization,
it can also be argued that the incomplete recovery of grip
strength to baseline is due to the lack of robust disc dener-
vation in all regions of the disc because there is still posi-
tive staining for PGP and CGRP in the dorsal AF and the
outer 1/3 ventral AF, especially after Vcr injection (Figs.
11,12). This could be that axonal dieback compounds may
not be fully penetrating throughout the disc into all regions
and therefore, not all nerve fibers were destroyed in the disc.
Because only three 40 m motion segments were processed
and analyzed from each animal in this study, these find-
ings should also be interpreted with caution. Further anal-
yses into more motion segment sections will be conducted
to provide a more complete representation of how Pyr and
Ver impact nerves throughout the disc.
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Reflexive pain behavior from evoked pain assays may
not be clinically relevant since most patients with patho-
logical pain conditions frequently report spontaneous pain
[116,117]. Hence, movement-evoked pain behavior assays
without experimenter control such as open field test and gait
analysis were investigated in this study to potentially in-
crease clinical transability of this model of disc-associated
LBP. Open field test analysis did not detect significant dif-
ferences in distance travelled, frequency in the center zone,
turn angle, and rearing and grooming behavior between
Sham and Injured animals at all timepoints in this study,
suggesting the animals did not exhibit movement-evoked
pain-like behavior due to disc injury or injections with ax-
onal dieback compounds (Fig. 7). Interestingly, the dis-
tance travelled in open field test significantly decreased
over time (p < 0.0001) which is consistent with previous
work by Millecamps et al. [118] where they observed re-
duction in activity and distance travelled of SPARC-null
mice with disc-associated pain in open field test [119]. The
decline in activity over time, rather than differences be-
tween groups, suggests that the age of the rats could influ-
ence their exploratory behavior in the open field test.

Another finding is that spatiotemporal gait for both
hind and forelimbs are unaltered between Sham and all In-
jured groups across all weeks (Figs. 8,9,10). Our results
align with another model of disc-associated LBP in male
rats indicating no changes in base of support gait measure-
ment after 7 weeks post-injury [120]. Gait asymmetry is
commonly observed with disc herniation or nerve injury
models where there is radiating pain down the limb [121-
124]. The absence of these gait abnormalities is a posi-
tive sign that the axonal dieback compounds did not induce
nerve injury around the disc or cause radiating pain.

This work possesses some limitations that can be ad-
dressed in future research. In this study, the in vivo studies
were exclusively examined in female Sprague Dawley rats,
raising the question of potential sex-based differences in the
involvement of axonal dieback compounds and denervation
in treating pain-like behavior. Without fully understand-
ing the mechanisms and compound interactions, distribu-
tion and duration in the disc, there may be challenges trans-
lating our findings in clinical research. The time course of
disc innervation post-disc injury remains unknown, under-
scoring the significance of accounting for the timing of in-
terventions in forthcoming studies. Future investigations
should also explore the impact of different doses and treat-
ment durations of axonal dieback compounds on axonal re-
traction and DRG gene expression. Characterization stud-
ies of drug distribution in degenerated discs after injection
and optimization of alternative drug delivery methods could
potentially enhance and prolong the pain alleviation effi-
cacy of axonal dieback compounds.
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Conclusions

This research lays the groundwork for investigating
axonal dieback compounds, such as Pyr and Vcr, as po-
tential alternative treatments for alleviating pain caused by
aberrant nerve growth in discs. In conclusion, the safety
of Pyr and Vcr as axonal dieback compounds is affirmed,
and these compounds partially alleviate pain in a disc-
associated LBP model, with Pyr demonstrating the removal
of nerve fibers in part of the discs and Vcr demonstrating
reduced DRG sensitization and inflammation. These early
findings suggest further research to fully uncover the po-
tential efficacy of Pyr and Vcr in treating disc-associated
LBP.
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