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Abstract

Background: Previous animal models of intervertebral disc degeneration (IDD) rely
on open surgical approaches, which confound the degenerative response and pain
behaviors due to injury to surrounding tissues during the surgical approach. To over-
come these challenges, we developed a minimally invasive percutaneous puncture
procedure to induce IDD in a rat model.

Methods: Ten Fischer 344 male rats underwent percutaneous annular puncture of
lumbar intervertebral discs (IVDs) at L2-3, L3-4, and L4-5. Ten unpunctured rats were
used as controls. Magnetic resonance imagings (MRIs), serum biomarkers, and behav-
ioral tests were performed at baseline and 6, 12, and 18 weeks post puncture. Rats
were sacrificed at 18 weeks and disc histology, immunohistochemistry, and glycos-
aminoglycan (GAG) assays were performed.

Results: Punctured IVDs exhibited significant reductions in MRI signal intensity and
disc volume. Disc histology, immunohistochemistry, and GAG assay results were con-
sistent with features of IDD. IVD-punctured rats demonstrated significant changes in
pain-related behaviors, including total distance moved, twitching frequency, and rea-
ring duration.

Conclusions: This is the first reported study of the successful establishment of a
reproducible rodent model of a percutaneous lumbar annular puncture resulting in
discogenic pain. This model will be useful to test therapeutics and elucidate the basic

mechanisms of IDD and discogenic pain.
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1 | INTRODUCTION determine measurable, pain-associated behavioral changes that will

Low back pain (LBP) is a leading cause of disability worldwide with 80%
of adults in the United States experiencing at least one episode within
their lifetime.? Low back pain is a heavy burden on global society, with
annual health-care costs exceeding 100 billion dollars in the United States
alone.®~” Discogenic back pain has been identified as the primary source
of pain in approximately 40% of LBP patients.®? Consequently, substan-
tial research has centered on characterizing the pathologic processes con-
tributing to intervertebral disc degeneration (IDD).1%1*

Various animal models of IDD have been described, with rodent
models commonly employed due to low cost, ease of genetic manipula-
tion, and abundant biological research resources.'?" In rats, both lum-
bar and caudal (tail) intervertebral discs (IVDs) have been used to model
IDD.*>2* While caudal discs are accessible without significant surgical
exposure, it is unclear whether they can reliably model the biologic
environment of the lumbar spine.?*>~*8 Current rat models of the lum-
bar spine rely on open surgical approaches to expose the vertebral
column.*?72¢ Although these techniques allow for direct visualization of
the VD, they require large incisions and extensive dissections through
the abdominal cavity or paraspinal musculature. These procedures can
also result in pain and inflammation of non-disc tissues at the surgical
site, which can confound IDD progression. It also makes it difficult to
correlate IDD with postoperative pain-related behaviors, which is nec-
essary to evaluate the effect of treatment and therapeutics.

The purpose of this study was to develop a minimally invasive

needle puncture procedure to induce lumbar IDD in rats and to

provide utility in the assessment of the efficacy of future therapeutics
in treating discogenic LBP. We hypothesized that this percutaneous
procedure would result in quantifiable lumbar IDD with pain-
associated behavioral changes while minimizing non-disc morbidity

associated with open approaches.

2 | METHODS
All procedures were approved by the Institutional Animal Care and

Use Committee of the University of Pittsburgh.

2.1 | Experimental animals

Twenty male Fischer 344 rats were housed, two rats per cage with
control and experimental rats housed in separate cages. Ten experi-
mental rats underwent a percutaneous puncture procedure of the
L2/L3, L3/L4, and L4/L5 IVDs. L1/L2, L5/L6, and L6/S1 IVDs
remained unpunctured as internal controls within the experimental
group. Ten rats remained unpunctured as a control group, with no
discs in these animals undergoing annular puncture (Figure 1). Seven
rats were included as sham surgery controls with the skin and soft-
tissue puncture with the needle abutting the vertebral body and then
withdrawing without puncturing any discs. The average age of the

experimental animals at the time of the procedure was
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FIGURE 2 Percutaneous lumbar annular puncture procedure (A) and comparison of MRI imaging of rat and human anatomy at the lumbar
region (B). (A.1) Starting point identified 3 cm left of the midline and 1.5 cm rostral to a line connecting the iliac crests. (A.2) AP (left) and lateral
(right) fluoroscopic images confirming needle puncture into intervertebral disc space. Following fluoroscopic confirmation of proper needle
placement, the needle tip is (A.3) rotated 360° around its longitudinal access, then swung 60 degrees in a (A.4) cranial-caudal and (A.5) anterior-
posterior direction. (B) Axial T2 MRI imaging of a rat at the level of the L3 vertebra (B.1) and a human at the level of the L2 vertebra (B.2)
demonstrating the location of the kidneys and aorta in relationship to the spine. The described path of the needle puncture is indicated by the

dotted line. AP, anteroposterior; MRI, magnetic resonance imaging

7.5 £ 0.2 months. Male rats were chosen due to less behavioral vari-
ability in response to stressors when compared to female counter-
parts.?” Animals were sacrificed 19-24 weeks post puncture, and
their entire spines were immediately dissected and flash frozen in lig-
uid nitrogen for storage at —80°C for later analyses (Figure 1).

2.2 | Percutaneous lumbar annular puncture

General anesthesia was induced by inhaled isoflurane, followed by an

intraperitoneal injection of 0.1 ml/100 g ketamine HCI (100 mg/ml

Ketamine HCIl; Henry Schein Animal Health). Following anesthesia, rats
were positioned prone and the hair over the dorsal aspect of the lumbar
spine and flanks was shaved. Using a marking pen, a line was drawn con-
necting the iliac crests, indicating the approximate level of the L5/L6 disc
space. A second line was drawn along the midline, connecting the spi-
nous processes. The starting point was marked 1.5 cm rostral to the line
connecting the iliac crests and 3 cm lateral to the midline (Figure 2A.1).
Punctures were made from the animals' left side to avoid injury to the
liver. Chloraprep (BD) was used to sterilize the surgical site.

A sterile 23-gauge needle was inserted through the marked
starting point and advanced toward the L4/L5 disc space until
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FIGURE 3 T2 MRI of rat spines. (A) The process used for quantifying disc signal intensity. Individual pixels of each NP were highlighted
(middle), and signal intensity was quantified using DSI Studio software. This process was repeated for each “phantom” marker isointense to water
(right), and average disc intensity values were standardized to the nearest average phantom intensity in order to account for spatial intensity
variability based on the location of the disc in relation to the MRI coil. (B) Representative mid-sagittal T2 MRI images from a control and
experimental animal at baseline and 6, 12, and 18 weeks post puncture. A decrease in disc signal intensity in the punctured discs (arrows) is

noted. Mean disc signal intensities after normalization to mean L6/S1 value are shown in the control and experimental groups at each timepoint.
Asterisks represent a significant difference (p < 0.05) in mean intensity at indicated timepoint when compared to baseline for a given disc. There
were no significant differences between groups at any timepoint in the unpunctured discs (L1/L2 and L5/L6), or baseline in the punctured discs
(L2/L3, L3/L4, and L4/L5). There was a significant difference between groups at all postoperative timepoints in the punctured discs (p < 0.001).
Error bars represent one standard error. (C) Sham control rats exhibited no MRI evidence of IDD. Representative mid-sagittal T2 MRI images from
a control and sham surgical animal at baseline, 12, and 24 weeks post surgery. L2-L3, L3-L4, and L4-L5 discs corresponding to the levels of
punctured discs in experimental rats are noted (arrows). Graphs represent the mean disc signal intensities after normalization to the mean L6/51
value in the control and experimental groups at each timepoint. There were no significant differences between groups at any timepoint in the
lumbar discs of control and sham rats. Error bars represent one standard error. IDD, intervertebral disc degeneration; MRI, magnetic resonance

imaging; NP, nucleus pulposus

increased resistance was encountered. At this point, an anteroposterior
(AP) fluoroscopic image was obtained using the Fluoroscan Premier
Mini C-arm imaging system (Hologic) to confirm that the needle abut-
ted the vertebral column at the L4/L5 disc space. Guided by fluoros-
copy, the needle was then advanced through the annulus fibrosus
(AF) into the nucleus pulposus (NP) until the needle tip abutted the
contralateral side of the AF. AP fluoroscopic images were obtained to
confirm that the needle tip abutted the contralateral AF, and lateral
fluoroscopic images were obtained to confirm that the needle did not
lie anterior or posterior to the L4/L5 disc space (Figure 2A.2). The nee-
dle was rotated 360° five times (Figure 2A.3). Without redirecting the
needle, the distal tip was swung 60° five times in a cranial-caudal direc-
tion (Figure 2A.4) and 60° five times in an anteroposterior direction

(Figure 2A.5) to induce disc injury. The needle was then removed from

the animal. The above procedure was repeated for the L3/L4 and
L2/L3 IVDs with each subsequent starting point approximately 1 cm
cranial to the previous starting point. Following the procedure, rats
were monitored for recovery from anesthesia. Rats were monitored
daily for postoperative complications. Sham surgery was also per-
formed in which the needle was inserted into the rat in the same man-
ner as described above until it abutted the vertebral body at the L4/L5
disc space, then the needle was withdrawn from the animal.

The lateral starting point avoids injury to major structures. Unlike
in humans, where paraspinal musculature is predominantly posterior to
the spine, the paraspinal musculature of rats circumferentially sur-
rounds the spine (Figure 2B). As a result, the intraperitoneal structures
and the kidneys are more anterior in rats than in humans and do not

obstruct access to the discs laterally. Furthermore, in humans, the aorta
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lies directly anterior to the vertebra, while in rats, the aorta is separated

from the vertebra by the anterior aspect of the paraspinal muscles.

2.3 | Magnetic resonance imaging

In vivo magnetic resonance imaging (MRI) was performed at preopera-
tive baseline as well as 6, 12, 18, and 24 weeks postoperatively. Rats
were anesthetized with 2% isoflurane in a mixture of 30% O, and
70% medical air and then positioned supine on an animal bed with a
custom Acrylonitrile Butadiene Styrene 3D-printed spine holder. The
holder anatomically cradled the spine in a linear orientation, with
water-filled polyethylene tubing PE160 (Becton Dickinson), at 1-cm
increments under the spine as an MRI reference. Anesthesia was
maintained by 1.5% isoflurane via a nose cone. Respiration and tem-
perature were monitored continuously, and the temperature was
maintained by a warm animal heating system (SA Instruments). Mag-
netic resonance imaging was performed on a 9.4 T/30-cm AVIIl HD
(Bruker

performance gradient set and using an 86-mm quadrature RF transmit

spectrometer Biospin) equipped with a 12-cm high-
volume coil and ParaVision 6.0.1. Following pilot scans, T2-weighted
images were acquired using a RARE (Rapid Acquisition with Relaxa-
tion Enhancement) sequence in the sagittal plane bisecting the spine,
with the following parameters: repetition time (TR)/echo time
(TE) = 4000/40 ms, field of view (FOV) = 51.2 x 51.2 mm, acquisi-
tion matrix = 256 x 256, five slices with a slice thickness of 0.8 mm,
eight averages, and a RARE factor = 8.2 DS| Studio (http://dsi-
studio.labsolver.org) was used to quantify voxel signal intensities
(Figure 3A). Regions of interest were manually drawn encompassing

each disc to determine the mean disc signal intensity. Disc intensity

JOR SPinuc M Mkaiad

values were normalized to the nearest reference water phantom to
account for any potential spatial intensity variability based on the
location of the disc in relation to the MRI coil. Normalized L1/L2,
L2/L3, L3/L4, L4L/5, and L5/L6 values were then indexed to the
L6/S1 disc value in the same scan and reported as a mean + standard
error. The average intensity measures for each disc at each timepoint
were compared to baseline values to evaluate for disc degeneration.
These values were also compared between groups at each timepoint
(i.e. puncture L2/L3 to control L2/L3 at 6 weeks).

24 | Behavioral assessments

Testing to assess pain-related behaviors was performed prior to annu-
lar puncture and at 1, 6, 12, and 18 weeks post puncture. All tests
were performed in a black 60 x 60 cm open-field enclosure. Prior to
the behavioral test at each timepoint, animals were placed individually
in the open-field enclosure for 10 min per day for five consecutive
days to acclimate to the testing environment. For the behavioral
test, animals were placed individually in the open-field enclosure
for a period of 10 min. A camera positioned 6 feet above the enclo-
sure continuously recorded animal movement from a bird's-eye
view, consistent with previous literature.?? Overhead lighting was
consistent between trials. All trials were conducted during the late
morning hours of the last day of the week at each timepoint. Inves-
tigators stood outside of the testing room to minimize external dis-
turbances. Ethovision XT Automated Behavior Recognition
software (Noldus Information Technology) tracked and analyzed
23 parameters of animal motion.3°~32? A principal component analy-

sis was used to identify distinct domains of related parameters with

TABLE 1 Behavioral parameters grouped based on the principal component analysis
Domain 1 Domain 2
Parameter included in Total distance Supported
regression moved rearing
duration
Associated parameter(s) with Mean distance Supported
correlation to parameter moved (1) rearing
included in regression probability (1)
Mean velocity (1) Sniffing
duration (0.4)
Walking Sniffing
duration (0.9) probability
(0.4)

Walking probability
(0.9)

Walking frequency
(0.9)

Maximum velocity
(0.5)

Jumping probability
(0.3

Domain 3 Domain 4 Domain 5 Domain 6
Unsupported Twitching Grooming Grooming
rearing duration frequency duration frequency
Unsupported Twitching Grooming
rearing probability (1) probability
probability (1) (1.0)
Unsupported Sniffing
rearing frequency
frequency (0.8) (0.8)
Resting Supported
probability (0.2) rearing
frequency
(0.6)
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one representative parameter selected from each domain based on
perceived clinical relevance to LBP. These behavioral tests and
analysis of behavioral data of experimental and control animals

were blinded to the investigators.

2.5 | Serum biomarker analysis

Venous blood samples were obtained from rats at baseline and 1, 6,
12, 18, and 24 weeks post puncture, and serum was immediately
isolated and frozen at —80°C until assay. The concentration of
serum pain biomarker Neuropeptide Y (NPY) and inflammatory bio-
marker Regulated on Activation Normal T Cell Expressed and

TABLE 2 Behavioral differences between puncture and control
groups using a linear mixed effects regression model

Difference in
experimental group

Behavioral parameter compared to controls  p-value
Total distance moved (cm) —333.57 0.013
Supported rearing duration (s) -14.6 0.009
Unsupported rearing duration (s) -3.7 0.027
Twitching frequency (per trial) -57 0.010
Grooming duration (s) 25.7 0.26
Grooming frequency (per trial) 2.3 0.34

Note: Bold values represent significance (p < 0.05).
Interpretation example: For each trial, individual rats in the experimental
group moved on average 333.5 cm less than individual rats in the control

group.

Presumably Secreted (RANTES) were quantified using ELISA (Cat #
EIAR-ProNPY, ELR-RANTES; RayBiotech). Data were reported as a
mean * standard error, and mean values were compared between
groups at each timepoint and within each group at each timepoint

to baseline.

2.6 | Histology

L2/L3 functional spine units were cut into 6-m thick coronal sections.
To maximize consistency, disc tissue sections close to the disc center
were stained with hematoxylin and eosin (H&E) by standard procedures
and photographed under 20x, 40x, and 100x magnification (Nikon
Eclipse E800). Histologic quantitative scoring for IDD was performed
by three blinded observers using a previously described scoring system

for rodent models.>3 Data were reported as a mean # standard error.

2.7 | Immunohistochemistry

Immunohistochemistry (IHC) was performed on L2/L3 discs using anti-
MMP13 (Cat # AB39012; Abcam) and anti-aggrecan (Cat # AB1031;
EMD Millipore) antibodies as previously described.** Discs were photo-
graphed under 20x and 40x magnification (Nikon Eclipse E800). For
quantification, all slides were visualized under 40x magnification, and a
calculation of the percentage of total NP area showing positive IHC
staining was performed using the color deconvolution plugin in Image J
software (NIH). Thresholds remained constant for each individual anti-

body. Data were reported as a mean * standard error.
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FIGURE 4 Rat behaviors assessed by Open Field Assay. Representative behavioral parameters from two separate sets of experiments
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28 | DMMB assay for total disc
glycosaminoglycan

L3/L4 discs were carefully dissected and isolated. NP and AF tissues from
each disc were carefully isolated, weighed, and digested using an extracellu-
lar matrix digestion buffer containing 1 M NaAcetate, 0.5 M EDTA, 1 M -
cystine, and 60 mg/ml papain dissolved in 55 mM citric acid/150 mM NaCl.
Total glycosaminoglycan (GAG) was measured by dimethylmethylene blue
(DMMB) assay and normalized to DNA and tissue weight as previously
described.>> Mean ratios were compared between experimental and control
groups. DNA/tissue mass ratios were also calculated for each sample and
means were compared between groups. Data were reported as a mean
+ standard error.

2.9 | Statistical analysis

All quantitative MRI, histologic, biochemical, and serum biomarker
data were compared using two-sided Student's t-test. A linear mixed
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effects regression model was used to compare behavioral parameters.

Statistical significance was defined as p < 0.05 for all tests.

3 | RESULTS

3.1 | Mortality and morbidity

Two of the 10 experimental rats (20%) unexpectedly died before
sacrifice on postoperative day (POD) 6. Death of one of these two
dead rats was likely caused by injury-induced intraabdominal bleed-
ing as blood was found in the abdomen at the time of death. Three
of the 10 experimental rats (30%) were noted to have gait abnor-
malities postoperatively. The first animal was noted to have bilat-
eral hindleg weakness on POD O with right hindleg weakness
resolving by POD 2, but left hindleg weakness continuing until its
death on POD 6. The second animal was noted to have left hindleg
weakness on POD 1 that resolved by POD 12. The third animal

Change in Serum RANTES Concentration
Following Percutaneous Annulotomy
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Serum concentrations of NPY and RANTES in control and experimental groups (A) and between control and sham groups (B).

Asterisks represent significant differences (p < 0.05) within groups when compared to baseline (indicated by the asterisks above and below the
plots) and between groups at the specified timepoint (indicated by the asterisks between the plots). Error bars represent one standard error. NPY,
neuropeptide Y; RANTES, Regulated on Activation Normal T Cell Expressed and Presumably Secreted
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developed evidence of slight left leg weakness on POD 5 that
resolved by POD 13. There was no permanent deficit noted in any
of the rats for behavioral tests at timepoints 6, 12, and 18 weeks

post puncture.

3.2 | Magnetic resonance imaging

Loss of MRI T2 disc signal intensity is consistent with a loss of NP
water content and disc degeneration.3%3” Significant decreases
from baseline in mean disc signal intensities were noted in punc-
tured discs in the experimental animals at 6, 12, and 18 weeks post
puncture (all p < 0.001) (Figure 3B). No significant changes in signal
intensities from baseline were noted in the control animals. In the
experimental group, statistically significant decreases from baseline
in mean disc signal intensities were also noted at L1/L2 at 6 weeks
(b = 0.008) and 12 weeks (p = 0.003), and at L5/L6 at 12 weeks
(b = 0.015) and 18 weeks (p = 0.03). Mean disc signal intensities of
the punctured discs in the experimental animals (L2/L3, L3/L4,
L4/L5) were significantly lower than their unpunctured counter-
parts in the control animals at all postoperative timepoints (all
p < 0.001). These MRI results indicate pronounced IDD in rats by
week 6 post puncture. No significant differences were noted in the
unpunctured discs (L1/L2, L5/L6) of the experimental animals when
compared to the same level in the control animals or sham animals
(Figure 3C).

3.3 | Behavioral assessments
The principal component analysis identified six distinct domains of
related parameters. The representative parameters for each domain
with associated parameters are seen in Table 1. The correlation
between associated parameters and representative parameters is indi-
cated in parentheses. Supported rearing occurred when the rat reared
with forepaw contact against arena walls. Unsupported rearing
occurred when the rat reared without forepaw contact against arena
walls.%8

During the 10-min open-field behavioral tests, experimental rats
traveled 333.5 cm less per animal per trial than control rats
(p = 0.013). Experimental rats spent on average 14.6 s less in a
supported rearing position per animal per trial (p = 0.004) and on
average 3.7 s less in an unsupported rearing position per animal per
trial (p = 0.027) than control rats. Experimental rats twitched on aver-
age 5.7 instances less per animal per trial than control rats (p = 0.017)
(Table 2). Experimental rats groomed on average 2.3 instances more
per animal per trial (p = 0.34) and spent on average an additional
25.7 s grooming per animal per trial (0.26) than control rats, although
these differences failed to reach statistical significance. Detailed
results of each representative behavioral parameter are displayed in
Figure 4A. Together, these findings suggest that rats which under-
went percutaneous lumbar annular puncture displayed greater pain-

related behaviors. Notably, sham animal data, which did not

demonstrate the same behavioral changes, were observed in the
experimental punctured rats, arguing against changes caused by the

needle puncture approach itself (Figure 4B).

3.4 | Serum biomarkers

Neuropeptide Y is a small peptide with known nociceptive functions in
the peripheral and central nervous systems, as well as associations with
multiple stress-related conditions.>’ RANTES is a chemokine that is
upregulated in response to inflammatory stimuli and leads to an increase
in catabolic activity.*® Assessment of these two serum biomarkers was
performed in this study because previous work demonstrated an associa-
tion between serum concentrations of these biomarkers and chronic LBP
in humans.** Serum NPY concentrations increased in rats post puncture
(Figure 5A), as evidenced by the significantly greater NPY levels at the
6-, 12-, and 18-week timepoints compared to baseline values (54.1
vs. 47.8 ng/ml, p = 0.026; 70.0 vs. 47.8 ng/ml, p < 0.001, and 72.5 ng/m,
p = 0.018, respectively). Experimental animals also exhibited higher
serum NPY concentrations than control animals at the 6-, 12-, and
18-week timepoints, though this difference only reached statistical sig-
nificance at the 12-week timepoint (70.0 vs. 55.7 ng/ml, p = 0.002). Of
note, serum NPY concentrations in the control group also modestly
increased at the 12- and 18-week timepoints compared to the baseline
value (55.7 vs. 47.1ng/ml, p = 0.048 and 63.6 vs. 47.1 ng/ml,
p = 0.031, respectively).

No significant differences were found in serum RANTES concen-
trations between experimental and control groups (Figure 5A). Experi-
serum RANTES
concentrations compared to baseline at the 18-week timepoint (4.5

mental animals displayed significantly lower
vs. 54 ng/ml, p = 0.012). Control animals displayed significantly lower
serum RANTES concentrations compared to baseline at the 6-week time-

point (5.1 vs. 6.4 ng/ml, p = 0.011). Compared to control rats, sham rats

TABLE 3 Histologic grading of intervertebral disc degeneration
Experimental group Control group
(h=3) (h=3)
NP shape* 2.0+0.00 0.3+0.50
NP area* 1.9 +£0.33 0.4 +0.53
Cell number 1.6+0.73 0.9 £0.60
Cell morphology* 2.0+ 0.00 0.8+0.44
NP/AF border appearance* 2.0 £ 0.00 0.4 +0.53
AF lamellar organization* 1.3+0.71 0.2+0.44
AF tears/fissures/disruptions™ 14+£053 0.4 +0.53
Endplate disruptions/ 1.9 +£0.33 04 +0.53
microfractures and
osteophytes/ossification*
Composite score* 141+ 1.27 40+ 245

Note: A higher score indicates a higher degree of disc degeneration.
Abbreviations: AF, annulus fibrosus; NP, nucleus pulposus.
*Indicate significant differences between experimental and control
groups (p < 0.05).
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(A) Control L2/L3 Disc Experimental L2/L3 Disc

(B)

20x

40x

100x

FIGURE 6 Effects of annular puncture on rat disc gross morphology and histological features. (A) Comparison of gross morphology in a
control (left) and experimental (right) L2/L3 disc. Punctured discs exhibited loss of hydration and structural organization. Representative 6-um
axial slices of control (left column) and experimental (right column) discs following H&E staining. Images shown at 20x (top row, black scale

bar = 500 mm), 40x (middle row, black scale bar = 200 mm), and 100x (bottom row, black scale bar = 60 mm) magnification. Experimental discs
show distinct changes in disc architecture, including the loss of a clear NP/AF boundary (black arrows), serpentine AF lamellae (yellow
arrowheads), and large fissures/clefts in the NP (red arrowheads). AF, annulus fibrosus; NP, nucleus pulposus
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(B) MMP-13 IHC

Control L2/L3 Disc
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IHC Quantification of Aggrecan and MMP-13
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0.0 —
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FIGURE 7

. .

MMP-13

Immunohistochemistry. (A) IHC staining for aggrecan (reddish brown) in control (left) and experimental (right) L2/L3 discs. Images

shown at 40 x (top, black scale bar = 600 mm) and 100x (bottom, black scale bar = 200 mm) magnification. (B) IHC staining for MMP-13 (reddish
brown) in control (left) and experimental (right) L2/L3 discs. Representative discs from four individual animals, two control (left) and two
experimental (right), are shown in this Figure. (C) Quantification of IHC staining revealed a smaller percentage of NP area positive for aggrecan
(left) and a greater percentage of NP area positive for MMP-13 (right) in the punctured discs. Error bars represent one standard error. IHC,

immunohistochemistry; NP, nucleus pulposus

also exhibited no significant differences between serum RANTES and
NPY concentrations at the different timepoints post surgery (Figure 5B).

3.5 | Gross appearance and histology

Gross evaluation of punctured L2/L3 discs in experimental rats rev-
ealed apparent dehydration and fibrosis of the NP when compared to
unpunctured L2/L3 discs in control rats (Figure 6A). Hematoxylin and
eosin staining revealed considerable degenerative changes (Figure
6B). These findings were confirmed by blinded scoring using the histo-
logical grading system developed by Lai et al.®® The experimental
group had significantly higher composite scores, which indicates
changes consistent with IDD (14.1 vs. 4.0) (Table 3). In the experimen-
tal group, there was a significant loss of NP shape (2.0 vs. 0.3,
p = 0.01) and area (1.9 vs. 0.4, p = 0.04) in the NP, significantly

greater disorganization (1.4 vs. 0.4, p = 0.03) in the AF, and a signifi-
cant loss of a clear NP/AF boundary (2.0 vs 0.4, p < 0.001).

3.6 | Immunohistochemistry

To confirm the loss of disc proteoglycan content and upregulation of
mediators of matrix degradation, we performed immunohistochemical
staining for disc aggrecan (Figure 7A) and MMP-13 (Figure 7B). Quan-
tification of IHC staining revealed a significantly greater percentage of
total NP area staining positive for MMP-13 in punctured discs (1.14%
vs. 0.01%, p = 0.008), and a lower percentage of total NP area posi-
tive for aggrecan in the punctured discs (0.36% vs. 6.80%, p = 0.12)
(Figure 7C). Thus, rats with annular puncture exhibited loss of proteo-
glycan and gain of the catabolic enzyme MMP-13 in their injury-
induced degenerative discs.
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(bottom). DNA content is also shown standardized to tissue mass (middle). Error bars represent one standard error. AF, annulus fibrosus; GAG,
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3.7 | GAG assay
Glycosaminoglycan analysis using DMMB assay revealed a signifi-
cantly higher GAG/DNA ratio in experimental NP when compared to
control NP (686.5 vs. 159.4, p = 0.022) in the L3/4 disc (Figure 8,
top). This finding was likely driven by lower concentrations of DNA in
the experimental NP due to cell loss rather than an increase in GAG in
experimental discs, as the DNA/Tissue Mass ratio in experimental NP
was appreciably lower than the ratio in the control NP (3.07 [ug/ml]/
mg vs. 18.23 [pg/ml]/mg, p = 0.065). Experimental NP also exhibited
a lower GAG/Tissue Mass ratio than control NP (1601.0 [ug/ml]/mg
vs. 2107.6 [pg/ml]/mg, p = 0.454). Overall, the DMMB result supports
evidence of loss of NP cells and proteoglycan matrix that is consistent
with disc degeneration.

In the AF, the experimental group exhibited a significantly lower
GAG/DNA ratio than controls (43.2 vs. 67.4, p = 0.015) (Figure 8,

bottom). There were no differences between groups in the

DNA/Tissue Mass ratio (3.4 [pg/ml]/mg vs. 3.1 [pg/ml]/mg, p = 0.59)
or the GAG/Tissue Mass ratio (146.5 [ug/ml]/mg vs. 183.5 [ug/ml]/
mg, p = 0.25).

4 | DISCUSSION
This study is the first to successfully induce IDD in the rat lumbar
spine through a purely percutaneous technique, which minimizes the
morbidity inherent to open exposures. Furthermore, rats exhibited
measurable differences in pain-related behaviors when compared to
control animals. The coexistence of these behaviors with IDD was val-
idated through a variety of independent assays, including imaging, his-
tologic, and biochemical data.

While open approaches facilitate lumbar disc puncture, there are
several associated complications. For ventral open approaches, retrac-

tion and extracorporeal reflection of the bowel has a high risk of
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gastrointestinal distress.'??* Additionally, dissection straying over
1.5 mm from the midline can result in neurologic complications in as
many as 70% of subjects.?” Li et al. hoped to avoid these issues by
using a posterior approach.?® Like the current model, they utilized
intraoperative fluoroscopy to guide needle punctures. However, the
technique still required an open incision and dissection of paraspinal
musculature to access the disc space.

Our procedure had a mortality rate of 20%, which is slightly
higher than the 11.6% reported by Damle et al.'? Of note, Damle
et al. initially had a comparable mortality rate of 19.6%, when remov-
ing the cecum and small intestine from the abdomen as originally
described.'??! After performing the procedure on a total of 258 rats,
they demonstrated marked improvement in their technique and mor-
tality rate. Although our incidence of postoperative neurologic deficit
(30%) is higher than that found by Damle et al. (10.9%), all deficits are
resolved by 2 weeks postoperatively.!? Thus, the observed behavioral
changes seen at 6-, 12-, and 18-week timepoints were not attribut-
able to neurologic deficits. The cause of our 20% mortality rate was
likely due to injury originating from the puncturing procedure which
was not fully refined in our initial batch of experimental rats. This per-
cutaneous technique requires a certain degree of technical skills and
optimization which we have since further refined to reduce mortality
and morbidity to 5%-10%. We continue to further refine our percuta-
neous annular puncture technique to decrease mortality and morbid-
ity to a minimum.

Various independent experiments were performed to confirm
IDD in our model. DSI fiber tracking software, which has previously
been used for neuronal mapping, accurately quantifies MRl NP signal
intensity and voxel count.*2~** Our results revealed NP signal loss in
experimental discs that were not present in controls. Previous studies
have correlated a decrease in MRI T2 signal intensity with an
increased histologic grade of disc degeneration.®4*°~#” These findings
provide in vivo evidence of IDD at the earliest measured timepoint
(6 weeks) that persisted throughout the 18-week duration of the
study. Though statistically significant decreases in MRI signal intensity
were also noted in the unpunctured L1/L2 and L5/Lé6 discs in the
experimental animals, the magnitude of these changes was substan-
tially smaller than those seen in the punctured discs and may repre-
sent accelerated age-related changes related to systemic effects of
the disc puncture or a local inflammatory process in paraspinal tissues
related to the needle puncture, as this was not observed in the control
animals.

Experimental animals had significantly higher histologic disc
degenerative grades than controls, showing distinct disruption of disc
architecture, a loss of hydration, loss of demarcation between the AF
and NP, and tissue discoloration in the experimental discs. These
gross and histological differences between experimental and control
discs were consistent with previous studies,'>*® Proteoglycan break-
down and upregulation of catabolic enzymes such as matrix
metalloproteinases (MMPs) are common features in IDD.1048-52 |y C
staining for aggrecan was considerably decreased in experimental NP,
consistent with prior studies showing decreased proteoglycan content
in degenerated discs.®>3* Additionally, IHC staining for MMP-13

was readily detectable in experimental NP, but was not apparent in
control NP, which is consistent with the findings of Le Maitre et al.,
who noted that MMP-13 expression was much more common in
degenerative discs, with cells expressing MMP-13 primarily located in
the NP.>?

Prior studies have noted that disc degeneration is associated with
decreased GAG content.*®3>°>56 When normalized to tissue mass,
our model shows a decrease in the GAG content of the NP and AF in
the experimental group, although these differences failed to reach sig-
nificance. When normalized to DNA content, the AF of the experi-
mental group showed a significantly lower GAG content than the
controls. Interestingly, the NP of the experimental group showed a
significantly higher GAG/DNA ratio, mainly due to loss of cellularity
as evidenced by a sizeable decrease in the DNA/tissue mass ratio in
the experimental group. Furthermore, a quantitative decrease in NP
DNA is consistent with our histologic findings showing a considerable
loss of NP cellularity in the experimental group. These findings are
consistent with disc degeneration as observed in other animal models
and humans.

In addition to biochemical changes within IVDs, prior studies have
identified relationships between serum biomarkers (including NPY and
RANTES) and musculoskeletal disorders, including back pain.4%>7-¢0
NPY and RANTES are both expressed by the IVD and are associated
with symptomatic LBP in humans.**41-%* Our results showed consis-
tently higher serum concentrations of NPY in the experimental group
compared to the control or sham groups beginning 6 weeks after the
annular puncture, consistent with prior research associating higher
levels of serum NPY with symptomatic back pain.** However, this dif-
ference only reached significance at the 12-week postoperative time-
point. There was an increase in serum NPY concentrations in the
control group at the 12- and 18-week timepoints compared to base-
line, which could be related to either aging or stress of other experi-
mental procedures (i.e. transport, MRIs, and behavioral tests). Serum
RANTES concentrations were similar between the experimental and
control groups and showed a relatively constant value over time until
the 18-week timepoint, which may suggest a lack of persistent sys-
temic inflammation in this model.

Characterizing pain in animal models is difficult, and numerous tech-
niques for measuring pain-related behaviors in animals have been devel-
oped.®®> Open-field testing has been utilized in prior studies to
characterize spontaneous pain behaviors.2?%¢=%? Historically, “explor-
atory” behavior was measured by calculating the number of unique areas
that an animal visited.® More recent advancements have found relation-
ships between other behaviors, including grooming and “wet-dog
shakes,” and IVD puncture.??” The behavioral changes found in the cur-
rent study are consistent with prior findings. Cho et al. found a decrease
in total distance moved and rearing behaviors in rats exposed to painful
stimuli, and Olmarker identified a significant increase in grooming behav-
iors following IVD puncture.??*? We observed a similar increase in both
the frequency and duration of grooming in experimental animals,
although this failed to reach statistical significance. Though Olmarker
identified an increase in “wet-dog shakes” in experimental animals, the

current study did not specifically track this behavior.?’ In the current
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study, a principal component analysis was utilized to identify groups of
highly correlated behaviors and thus focus on the most relevant compari-
sons between the experimental and control groups. Representative
behavioral parameters in each group were selected based upon per-
ceived relevance to discogenic LBP as supported by prior literature. To
minimize potential behavioral differences in sexes in response to LBP,
the current study included only male rats.”®

Our rat model has several limitations. First, it does not model
slow progressive IDD but rather mimics a rapid injury-induced disc
degeneration from the use of a relatively larger needle (23-gauge)
and extensive movement of the needle to maximize disc tissue dis-
ruption. The use of a smaller needle may facilitate the development
of a model of slower progressing IDD. Second, it is not possible to
ascertain whether the observed behavioral changes in our experi-
mental rats were due to discogenic back pain or neuropathic pain
secondary to iatrogenic nerve root injury. However, all postoperative
neurological deficits were resolved at the latest by POD 13.
Although meticulous attempts were made to control the depth of
puncture, fluoroscopy is unable to visualize the IVD and as a result,
the contralateral AF may have been damaged during the procedure.
Additionally, the L5/L6 and L6/S1 discs are obstructed by the iliac
crest, and therefore, this approach would not be feasible to puncture
all discs of the lumbar spine. Mechanisms driving pain in our rat
model were not explored as we did not assess DRG changes or disc
neoinnervation and neovascularization which might enhance sensiti-
zation of disc peripheral neurons. Importantly, it was the intent of
this study to evaluate the functional response to the injury-induced
degeneration, which informed the selection of the open-field mobil-
ity assessments.”*”2 Previous studies have validated and used mea-
sures of central sensitization, such as hind paw thermal and

7374 which were not measured in the current

mechanical sensitivity
study. Future studies would benefit from combining these types of
pain assessments to glean a more comprehensive view of LBP in
rodent models. Finally, only male rats were used, but future investi-
gation using both male and female rats is needed to identify any rel-
evant molecular and behavioral differences that may result from the
differences in IDD and functional healing responses between the
sexes, which have been reported.73 Nonetheless, this is the first
reported reproducible rodent model of IDD and back pain via percu-
taneous lumbar annular puncture with associated behavioral changes
that can be used to study the biology of IDD as well as test thera-
peutics to treat IDD.
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