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Abstract

Background: Intervertebral disk (IVD) degeneration affects both humans and canines

and is a major cause of low back pain (LBP). Mast cell (MC) and macrophage (MØ)

infiltration has been identified in the pathogenesis of IVD degeneration (IVDD) in the

human and rodent model but remains understudied in the canine. MC degranulation

in the IVD leads to a pro-inflammatory cascade and activates protease activated

receptor 2 (PAR2) on IVD cells. The objectives of the present study are to: (1) highlight

the pathophysiological changes observed in the degenerate canine IVD, (2) further

characterize the inflammatory effect of MCs co-cultured with canine nucleus pulpo-

sus (NP) cells, (3) evaluate the effect of construct stiffness on NP and MCs, and

(4) identify potential therapeutics to mitigate pathologic changes in the IVD

microenvironment.

Methods: Canine IVD tissue was isolated from healthy autopsy research dogs (bea-

gle) and pet dogs undergoing laminectomy for IVD herniation. Morphology, protein

content, and inflammatory markers were assessed. NP cells isolated from healthy

autopsy (Mongrel hounds) tissue were co-cultured with canine MCs within agarose

constructs and treated with cromolyn sodium (CS) and PAR2 antagonist (PAR2A).

Gene expression, sulfated glycosaminoglycan content, and stiffness of constructs

were assessed.

Results: CD 31+ blood vessels, mast cell tryptase, and macrophage CD 163+ were

increased in the degenerate surgical canine tissue compared to healthy autopsy. Pro-

inflammatory genes were upregulated when canine NP cells were co-cultured with
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MCs and the stiffer microenvironment enhanced these effects. Treatment with CS

and PAR2 inhibitors mediated key pro-inflammatory markers in canine NP cells.

Conclusion: There is increased MC, MØs, and vascular ingrowth in the degenerate

canine IVD tissue, similar to observations in the clinical population with IVDD and

LBP. MCs co-cultured with canine NP cells drive inflammation, and CS and PAR2A

are potential therapeutics that may mitigate the pathophysiology of IVDD in vitro.
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canine, cromolyn sodium, degeneration, intervertebral disk, low back pain, macrophage, mast
cell, protease activated receptor 2

1 | INTRODUCTION

Low back pain (LBP) is a significant global health concern, affecting

577 million people worldwide, and approximately 80% of people will

experience LBP at least once in their lifetime.1,2 According to The

Global Burden of Disease of 2017, LBP is the leading cause of years

lived with disability and is a significant contributor to healthcare

expenditure and socioeconomic burden in the United States.1,3 Addi-

tionally, discogenic back pain (DBP) is one of the most common rea-

sons for patients to obtain an opioid prescription and, consequently, a

precipitating factor in the opioid crisis.4 While many factors such as

age, lifestyle, and genetics have been implicated as a driving source

for LBP, the exact underlying pathophysiological mechanism remains

obscure.5 Intervertebral disk (IVD) degeneration (IVDD) has been

identified as a major cause of LBP in humans and is a common spinal

disorder in canines, affecting on average 2% of pet dogs.6,7 While

many cases remain asymptomatic in both dogs and humans, hernia-

tion is strongly associated with IVDD and clinical signs often results

from the encroachment of extruding disk tissue on surrounding neural

structures, causing pain and neurological dysfunction.8–10

The IVD in both dogs and humans is comprised of three distinct

regions: the nucleus pulposus (NP), annulus fibrosus (AF), and cartilag-

inous end plates (CEPs). The healthy NP is a highly hydrated gelati-

nous structure with notochordal-derived cells interwoven in a

proteoglycan- and collagen-rich matrix, predominantly aggrecan and

collagen type II, respectively.8,11 The proteoglycan-rich matrix pro-

duces swelling pressure inside the NP that is important to withstand

compressive forces due to axial loading.12 The innermost region of

the AF encapsulates the NP region and contains a mix of

chondrocyte-like cells (CLCs) and fibroblast-like cells (FLCs) in a loose

fibrous matrix (mainly collagen type II). The outer AF becomes increas-

ingly more organized with FLCs interspersed on concentric fibrocarti-

lage lamellae (mainly collagen type I).8,11 CEPs, comprised of CLCs,

anchor the IVD to the adjacent vertebral bodies and act as a semiper-

meable membrane that is important for regulating nutrient transport

to the IVD. The three regions of the IVD form a cohesive functional

unit that stabilizes the vertebral column and facilitates movement

while also transmitting loads.8,11,12

Pathophysiologic changes in the IVD can be observed as early as

3–4 months in chondrodystrophic dogs (CD) and 10 years of age in

humans.9,13,14 During maturation in CD dogs and humans, notochordal

cells in the NP are gradually replaced by mature cells that express chon-

drogenic markers, and proteoglycan content decreases concurrently

with an increase in collagen type I.8,9,11,15 Degeneration in the AF of

both CD dogs and humans is characterized by disruption of the orga-

nized lamellae in the outer region, CLC infiltration from the inner AF to

the outer AF, and extension of nerve fibers from the outer AF (OAF) to

the inner AF and NP regions of the disk.8,9,11 In degeneration, the CEPs

develop irregular thickness and eventually crack, affecting the selectiv-

ity of nutrient transport across the membrane.8,9,11

Current literature has implicated immune system mediators in the

pathogenesis of IVD degeneration and DBP in the clinical population

and rodent models while the canine model remains understudied.13,14

Both mast cells (MCs) and macrophages (MØs) are known to infiltrate

the human IVD in degeneration.16–18 Granulocytic MCs release pro-

inflammatory, angiogenic, pain-signaling, and catabolic factors. MCs

also stimulate the recruitment of MØs into the IVD, which synthesize

additional pro-inflammatory factors associated with IVD herniation

matrix remodeling and repair.17,18 MØs in the IVD mediate an immune

response, influenced by cytokine presence, that can induce or resolve

inflammation.19 While the exact mechanism of herniation resorption

is unknown, many studies have attributed this spontaneous phenome-

non to the presence of MØs in the IVD.19,20 However, the chronic

presence of pro-inflammatory cytokines and immune cells in the typi-

cally immune-privileged disk initiates and perpetuates the cycle of

degeneration by inducing cell death, extracellular matrix (ECM) degra-

dation, and catabolic activity.17,18,21,22 Previous work by our group

has demonstrated that MC-derived tryptase selectively activates pro-

tease activated receptor 2 (PAR2), a G-protein coupled receptor

located on a small subpopulation of IVD cells and dorsal root ganglion

(DRG) neurons.18 Persistent activation of PAR2 on IVD cells and DRG

neurons can induce sensitization of neuropeptide receptors and func-

tional changes in ion channels located on DRG nociceptors, enhancing

hyperalgesia and pain.18,23,24

In addition to immune cell infiltration, angiogenesis in the typically

avascular disk has been observed in painful degenerate human IVDs.

Angiogenic factors and MC-secreted cytokines foster an environment

conducive for pro-angiogenesis in the IVD.17,25 Inflammatory mediators

have been shown to play a major role in regulating angiogenic factors,

considered a precursor for neoinnervation, and pain transmission in the
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degenerate disk.26 However, further characterization of the immune

system and pro-angiogenic markers in the canine IVD is necessary to

understand the canine IVD in both health and disease.

The goals of this study were to: (1) characterize immune cell prev-

alence and pro-angiogenic pathology in the degenerated canine IVD,

(2) characterize canine disk cell-MC interactions, (3) determine the

effect of the canine degenerate mechanical environment on disk cell–

MC interactions, and (4) identify methods of mitigating pathology in

the canine in vitro model (Figure 1).

2 | MATERIALS AND METHODS

Unless otherwise stated, the reagents used in this study are from

ThermoFisher Scientific or Sigma Aldrich.

2.1 | Tissue acquisition

Surgical waste tissue (herniated NP ± AF) was collected from 16 cli-

ent-owned dogs at The Ohio State University Veterinary Medical

Center undergoing standard clinical hemilaminectomy without dis-

cectomy for the routine care of IVD herniation (IACUC

#2019A00000058). Breed information for the dogs can be found in

Table S1. Healthy thoracolumbar IVD's were isolated at the time of

autopsy from adult beagles (N = 6, 1–2 years old) and adult mixed-

breed Mongrel hounds from Oak Hill Genetics (N = 6, 1–2 years old)

that were euthanized in unrelated animal experiments through a tis-

sue sharing program at The Ohio State University Laboratory Animal

Resources (IACUC#2018A00000131).

2.2 | Cell isolation and expansion

Spines were collected from the mixed-breed Mongrel hounds

within 6 h post-euthanasia. Transverse cuts were made between

each thoracolumbar vertebra to separate individual motion seg-

ments. NP cells from each thoracolumbar motion segment were

isolated using previously published methods.27 Canine NP cells

were expanded in osmotically balanced disk cell complete (ob-DCC)

media (400 mOsm/kg, Dulbecco's Modified Eagle Medium (DMEM)

4.5 g/mL glucose, 10% fetal bovine serum (FBS), 1% penicillin

streptomycin (P/S), 0.5% amphotericin B, and 0.2% fresh ascorbic

acid) through three to four passages. A canine mastocytoma-

derived MC line (a gift from Dr. Joelle Fenger, DVM OSU Veteri-

nary Clinical Sciences) was expanded in suspension in mast cell

media composed of Roswell Park Memorial Institute (RPMI) 1640

Medium, 10% FBS, 0.02 mg/mL L-proline, 1% P/S, 0.5% 100 mM

sodium pyruvate, and 0.5% 1 M 4-(2-hydroxethyl)-

1-piperazineethanesulfonic acid (HEPES). Both MCs and NP cells

were cultured in standard normoxia conditions (5% CO2, 37�C) and

fed every 2–3 days until 80% confluent.

2.3 | Seeding NP cells and MCs in 3D agarose

Canine NP cells (P3 or P4) were washed with sterile 1� phosphate

buffer saline (PBS), trypsinized, and seeded with a final concentration

of 4 � 106 cells/mL in ob-DCC media. Canine MCs were seeded with

a final concentration of 5 � 105 cells/mL.18 Two percent or 8% bio-

logical grade 3D Agarose gel (SeaPlaque™ Agarose, catalog #: 50101)

was heated and cooled to 50�C. Canine NP cells and MCs were

seeded separately (NP only and MC only) or together (NP + MC) in a

1:1 ratio of cell suspension to agarose for a final concentration of

either 1% or 4% agarose-cell solution mixture. The agarose-cell solu-

tion mixture was homogenized, deposited into a silicone mold, and left

to cure for 10 min at room temperature. Cylinders (4 mm thick � 8Ø)

of agarose-cell constructs were created using an 8 mm diameter

biopsy punch and placed in a 24-well plate with 2 mL of ob-DCC

media. Well plates were incubated in standard normoxia conditions

(5% CO2, 37�C) and the media was changed every 2–3 days (see

Figure 1).

F IGURE 1 Schematic of research design Aims 1 and 2A–C. Figures created using BioRender.com. DMMB, dimethylmethylene blue; MC, mast
cell; NP, nucleus pulposus; RT-qPCR, real-time quantitative polymerase chain reaction.
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2.4 | PAR2 antagonist and cromolyn sodium

In addition to no treatment controls, canine MCs were pre-treated with

25 μM of cromolyn sodium (CS; Cayman Chemical 21 379), a mast cell

stabilizer, 48 h prior to seeding with canine NP cells in 3D agarose gel

(NP + MC + CS) as described above. To assess the anti-inflammatory

effects of PAR2A (Tocris Bioscience™ 47–51/1) on co-culture condi-

tions, 100 nM of PAR2A in ob-DCC media was added to NP + MC

constructs (NP + MC + P) for 48 h before removing and replacing with

fresh ob-DCC media. Both treatments were performed alone (NP +

MC + CS and NP + MC + P) or in combination (NP + MC + CS + P).

Table 1 provides a full list of the co-culture groups and Table 2 outlines

the experimental groups and their respective controls.

2.5 | Downstream assessments

2.5.1 | Proteoglycan/glycosaminoglycan content

Regular ob-DCC media was removed from each well 48 h prior to the

14- or 21-day timepoint and replaced with FBS-free DCC media. At

14 or 21 days, FBS-free DCC media was collected from each well and

stored at �80�C. A colorimetric dimethylmethylene blue assay was

used to quantify sulfated glycosaminoglycan (sGAG) content in the

media using chondroitin sulfate as the standard curve as described

previously.28

2.5.2 | Mechanical testing

After media collection, the dynamic mechanical properties of the

hydrogels were assessed. Hydrogels were washed and transferred to

the mechanical testing machine (Instron ElectroPuls E3000 LT) and

loaded in unconfined compression with an impermeable platen. The

mechanical test consisted of initially compressing to 10% strain at a

rate of 1%/s. After which, 20 cycles of sinusoidal axial compression

with an amplitude of ±2% (i.e., 10%–12%) were applied at 0.1 Hz. The

dynamic modulus for each hydrogel was calculated using MATLAB.

2.5.3 | Real-time quantitative polymerase chain
reaction

Constructs were assessed for gene expression using previously pub-

lished methods.27 TaqMan primers utilized are described in Table 3.

Gene expression data was normalized to the 18S reference gene; a

historically common gene used in vertebrate studies for real-time

quantitative polymerase chain reaction (RT-qPCR).29,30 The 1/ΔCt

values were used to analyze the effect of co-culture, NP + MC (1%

and 4%), to NP only and MC only controls. The comparative 2�ΔΔCt

method was used to analyze the gene expression for the effect of

stiffness and treatment, where the 1% condition and the NP + MC

culture served as the controls, respectively.

2.5.4 | Histology and immunohistochemistry

Thoracolumbar NP surgical tissue and individual IVD's isolated from

healthy beagles were fixed in 10% neutral buffered formalin (NBF),

processed in paraffin, and sectioned on slides for histological

TABLE 1 Culture groups.

Culture

NP NP cells only

MC MCs only

NP + MC NP cells co-cultured with MCs

NP + MC + CS Cromolyn sodium precultured MCs

co-cultured with NP cells

NP + MC + P NP and MCs co-cultured and treated

with PAR2A for 48 h

NP + MC + CS + P Cromolyn sodium precultured MCs

co-cultured with NP cells and treated with

PAR2A for 48 h

Abbreviations: CS, cromolyn sodium; MC, mast cell; NP, nucleus pulposus;

PAR2A, antagonist protease activated receptor 2.

TABLE 2 Experimental controls and comparisons.

Controls Comparisons

Effect of co-culture NP, MC NP + MC

Effect of stiffness 1% 4%

Effect of treatment NP + MC NP + MC + CS

NP + MC + P

NP + MC + CS + P

Abbreviations: CS, cromolyn sodium; MC, mast cell; NP, nucleus pulposus;

PAR2A, antagonist protease activated receptor 2.

TABLE 3 Taqman gene primers.

Primer

TaqMan

assay ID

18S 4333760F

Tryptase Cf02654863_m1

TAC1 Cf02656283_m1

MMP13 Cf02741638_m1

PAR2 Cf03811559_m1

Toll-like Receptor 4 (TLR4) Cf02622203_g1

IL-6 Cf02624153_m1

Vascular Endothelial Growth Factor alpha

(VEGFα)
Cf02623449_m1

KIT Ligand/Stem Cell Factor (KITLG/SCF) Cf02625672_m1

Tumor Necrosis Factor alpha (TNFα) Cf02628236_m1

Interleukin-1 Beta (IL1-B) Cf02671950_m1

Brachyury (T) Cf02624791_m1

Nerve Growth Factor (NGF) Cf02625041_s1

Abbreviation: PAR2, protease activated receptor 2.
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assessment. Beagle autopsy and surgical canine tissue sections were

stained with hematoxylin and eosin (H&E) and Picrosirius Red and

Alcian Blue (PR/AB). Using previously published methods, H&E was

used to visualize structural changes at the cellular and tissue level, and

PR/AB was used to qualitatively assess collagen and GAG con-

tent.17,31 Slides were imaged at 10� and 40� magnifications using a

Nikon TiE Inverted Microscope.

Immunohistochemistry (IHC) staining was performed on surgical

and beagle autopsy samples to determine protein expression for

endothelial/blood vessel marker CD 31 (1:100, Abcam ab28364),

macrophage marker CD 163 (1:25, Trans Genic Incorporated KT013),

and mast cell marker Tryptase (1:100, Santa Cruz Biotechnology sc-

59 587). Tissue slides were deparaffinized and rehydrated prior to

antigen retrieval via treatment with a Target Retrieval Solution (citrate

pH 6.0) for 25 min. The slides for Tryptase did not undergo antigen

retrieval. Next, endogenous peroxidase activity was blocked (3%

H2O2 in MeOH) and serum-free protein block (Agilent, #X0909) was

used to reduce non-specific staining. Slides were incubated with the

primary antibody in background reducing antibody diluent (DAKO

S3022) for 2.5 h for Tryptase, and 30 min for CD 31 and CD 163. The

primary antibody was omitted for negative controls performed on

the tissue. The slides were then incubated with the biotinylated sec-

ondary antibody (1:200, VectorLabs) for 30 min. Finally, the slides

were incubated in horseradish peroxidase streptavidin, followed by

incubation with 3,3-diaminobenizidine for 2 min (VectorLabs, SK-

4100). Gills No. 2 Hematoxylin (Electron Microscopy Sciences

26 030-20) was used as a counterstain, and slides were dehydrated

and mounted with coverslips. Slides were imaged at 20� magnifica-

tion using a Nikon TiE Inverted Microscope. Depending on the tissue

size and cell content, between 4 and 10 representative images were

taken for each stained slide.18 Canine lymph tissue was used as posi-

tive control tissue for CD 31 and CD 163, and mast cell tumor tissue

was used as a positive control for Tryptase. Positive control tissue

was imaged at 10� magnification.

The slides were blinded and randomized prior to quantification.

The total number of cells and positive-stained cells or blood vessels

per tissue region were counted from each image and tissue area was

calculated using the microscopes manual tool. The counts from each

image were then combined to get a total number for each sample.

Percent positivity per tissue area (+ cells/mm2) was calculated for the

cells in the NP tissue (surgical and autopsy), cells present in the granu-

lated tissue, and blood vessels for the surgical CD 31 slides (see

Figure 1).

2.6 | Statistical analysis

A Mann–Whitney test was used to compare CD 31 percent positivity

and the number of blood vessels in surgical and autopsy tissue (Aim

1). A Kruskal–Wallis's test was conducted to compare percent

positivity of CD 163 and Tryptase in surgical NP, surgical granulated

NP tissue, and autopsy (Aim 1). Linear mixed-effect models with

canine-level random intercepts were used to compare NP + MC to

NP and MC controls (Aim 2) and treated co-cultures (NP + MC + CS,

NP + MC + P, and NP + MC + CS + P) to NP + MC (Aims 3 and 4)

controls for mechanical testing, GAG, and RT-qPCR data. Each model

included fixed effects for day of measurement, co-culture, and gel.

GAG expressions were log transformed for analysis. The Benjamini–

Hochberg procedure was used to calculate false discovery rate (FDR)-

adjusted p-values among comparisons made within Aims 2–4. An

alpha level of 0.05 was chosen for statistical significance. Analyses

were conducted using R version 4.1.3 and the lme4 package (version

1.1-28).32

3 | RESULTS

3.1 | Histology and IHC

Picrosirius/alcian blue (PS/AB) staining on NP cells, their surrounding

pericellular matrices and ECM in healthy autopsy samples stained pre-

dominantly for proteoglycans with a minimal presence of collagen

(Figure 2A). Degenerate surgical NP tissue was positive for proteogly-

can content while most of the ECM was high in collagen content

(Figure 2B). H&E analysis in NP tissue from autopsy samples remained

largely intact and NP cells existed in larger clusters compared to surgi-

cal samples (Figure 2C). Surgical samples showed NP tissue sur-

rounded by granulation tissue containing FLCs and rays of

erythrocytes, consistent with the appearance of blood vessels. NP

cells were grouped in small clusters dispersed throughout the ECM

(Figure 2D). Granulation tissue, blood vessel structures, and CD

31 positive cells were significantly increased in surgical samples com-

pared to autopsy (Figure 3A–D). Tryptase expression was significantly

upregulated in the granulated regions of the NP surgical tissue com-

pared to non-granulated NP surgical tissue and the NP region of

healthy autopsy samples (Figure 4A–D). CD 163 was significantly

higher in both the NP and granulated regions of surgical samples com-

pared to autopsy (Figure 5A–D).

3.2 | Effect of co-culture

TAC1, IL1β, and PAR2 were not detected in the majority of samples.

IL-6 expression was significantly upregulated in 1% NP + MC co-

culture compared to MC control at both the 14- and 21-day time-

points (p = 0.01 and p = 0.03, respectively). VEGFα was significantly

increased in the 1% NP + MC co-culture compared to the MC control

at 14 days and the NP control at 21 days (p = 0.02 and p = 0.005,

respectively) (Figure 6A). For the 4% NP + MC co-culture, VEGFα

expression at Day 14 and TNFα expression at Day 21 was signifi-

cantly upregulated compared to the NP control (p = 0.01 and

p = 0.01, respectively) (Figure 6B). While not statistically significant,

NP + MC co-cultures contained less sGAG content (�2.15 μg/mL)

than the NP only control but more sGAG compared to the MC only

control (+0.14 μg/mL) at both timepoints (Figure S1A). Mechanical

testing demonstrated that the dynamic modulus of the NP + MC
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co-culture group was significantly increased compared to the MC con-

trol (p = 0.003), averaged across agarose mixture and time. No signifi-

cant differences were observed between the NP + MC co-culture

and NP only control (Figure S2).

3.3 | Effect of stiffness

For the NP control, significant upregulation of NGF on Day 14 and

KITLG on Day 21 was observed in the 4% stiffness compared to the

1% (p = 0.02 and p = 0.03, respectively) (Figure 7A). In the MC con-

trol at 14 days, KITLG and TNFα were highly expressed in the 4%

stiffness compared to the healthy 1% (p = 0.04 and p = 0.02, respec-

tively). VEGFα, IL6, and TNFα were significantly upregulated in the

stiffer 4% MC control compared to the 1% at Day 21 (p = 0.047,

p = 0.02, p < 0.001, respectively) (Figure 7B). The 4% NP + MC

co-culture demonstrated an increase in IL-6, VEGFα, and TNFα

expression at 21 days compared to the 1%, but this was not statisti-

cally significant at 14 days (p = 0.003, p = 0.02, and p = 0.001,

respectively) (Figure 7C). For NP + MC + P, IL-6, and TNFα were sig-

nificantly upregulated in the stiffer 4% environment compared to 1%

at 21 days (p = 0.008 and p = 0.005, respectively) (Figure 7D). While

not statistically significant, TNFα expression increased in the 4% stiff-

ness NP + MC + CS + P group compared to the 1% at 21 days

(p = 0.0631) (Figure 7D). The 4% stiffer environment had overall

decreased sGAG (�0.66 μg/mL) compared to the 1% condition, but

this was not statistically significant. As anticipated, the overall

dynamic modulus for the 4% groups significantly increased compared

to the 1% condition (p < 0.001).

3.4 | Effect of pharmacologic treatment

TNFα gene expression was significantly downregulated in the 4% NP

+MC + CS and NP + MC + CS + P treatment groups compared to the

4% NP +MC co-culture at 14 days (p = 0.04 and p = 0.01, respectively).

The 4% NP + MC + CS + P condition also significantly decreased TNFα

compared to the 4% NP + MC + P group at 14 days (p = 0.02)

(Figure 8). At 21 days, TNFα was significantly downregulated in the 4%

NP + MC + CS treatment group compared to both the 4% NP + MC

co-culture and NP + MC + P treatment group (p = 0.01 for both). The

NP + MC + CS + P treatment sGAG content significantly increased

(+3.13 μg/mL) compared to NP +MC + CS treatment (p = 0.045)

(Figure S1B). No statistically significant differences were observed in the

dynamic modulus between the treatment groups (Figure S2).

4 | DISCUSSION

IVD degeneration is a multifactorial process involving changes in

ECM, cellularity, inflammation, immune cell infiltration, angiogenesis,

and neoinnervation. This complex amalgamation of factors can lead to

structure and functional failure of the IVD and DBP.17,33 The overall

goal of this study was to further characterize the role of immune cells

F IGURE 2 Representative
images for PS/AB staining in
(A) healthy autopsy canine
nucleus pulposus (NP) tissue, and
(B) degenerate surgical canine NP
tissue. Representative
hematoxylin and eosin (H&E)
images of (C) healthy autopsy
canine NP tissue, and

(D) degenerate surgical NP tissue
with presence of erythrocytes
(arrows) in peripheral granulated
region. Magnification is 40�.
Scale bars are 100 μM.
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in canine IVD degeneration; an understudied yet clinically relevant

translational model for IVD degeneration and DBP.13 Granulation tis-

sue, a distinct pathologic characteristic in human patients with DBP,34

was present in the canine surgical tissue and absent in the healthy

autopsy samples. Granulation tissue is vascularized tissue that forms

due to chronic inflammation and plays an important role in wound

healing. Typically, MØs and fibroblasts are present, and capillaries in

the tissue give a granular appearance.35 We demonstrated an increase

in CD 31, Tryptase, and CD 163 positive cells in degenerate canine

surgical granulated tissue compared to healthy autopsy tissue, indicat-

ing increased MC and MØ infiltration and vascular ingrowth, respec-

tively. While CD 163 positivity indicates that MØs are present in the

canine NP tissue, these results alone do not indicate whether

the MØs are in a pro-inflammatory (M1) or an anti-inflammatory

(M2) state.36 In the human IVD, Nakazawa et al. found increased

expression of several macrophage markers, including CD 163, in

degenerate disks with significant accumulation in granulated tissue of

IVDs and our previous work has shown a 53.3% increase in tryptase

in the NP of painful surgical human IVDs compared to healthy autopsy

controls.16,17 In addition, blood vessels are native to the OAF and

CEPs in the healthy human IVD, but extension into other regions may

occur as the disk undergoes degenerative changes.37 A study per-

formed by Lama et al. concluded that blood vessel and nerve in

growth in the clinical population is largely consolidated to the physi-

cally disrupted and low-proteoglycan content areas of the disk.37

These findings in humans are consistent with our findings in the

canine model of IVDD. Histological evaluation of degenerate human

IVD's is marked by a decrease in proteoglycan content with a concur-

rent increase in collagen content within the NP region of the disk.

Similarly, proteoglycan content was largely conserved in the healthy

canine NP tissue while the surgical canine NP tissue transitioned to a

matrix dominated by collagen. The similar pathological changes

observed between dogs and humans further support the canine as a

translational model for IVD degeneration and LBP.11,13

In addition to characterizing the presence of immune cells and

vascularization within healthy and degenerate canine IVDs, this study

sought to further characterize the role of MCs in the pathogenesis of

IVD degeneration in the canine model. MCs have been identified in

many painful pathological conditions including post-fracture nocicep-

tion, cancer, and post-operative pain.38 MCs are ubiquitously present

F IGURE 3 (A) Positive CD 31 expression (arrows) in granulated surgical nucleus pulposus (NP). (B) No CD 31 present in autopsy canine NP
tissue. (C) Negative control on surgical NP tissue (20� magnification). (D) CD 31 staining on positive control lymph tissue (10� magnification).
(E) Quantification of blood vessel invasion. (F) Quantification of CD 31 percent positivity in degenerate surgical (N = 16) and healthy autopsy
(N = 6) canine NP tissue. Scale bars are 100 μM. *p value <0.05, **p value <0.005. All error bars indicate standard error mean. Statistics = Mann–
Whitney test.
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in connective tissue and mediate the maintenance of physiological

functions, including angiogenesis and homeostasis through degranula-

tion.39 Dysregulation of MC activation has been linked to sustained

inflammation and catabolic imbalance and is a significant contributor

to the pathophysiological changes observed in the degenerate human

IVD.17,18,40 Previous work by our group evaluated the effect of MC

conditioned media on bovine IVD cells and observed an increase in

gene expression of pro-inflammatory and angiogenic factors including,

IL6, ADAMTS5, and CCL2/MCP-1.17 In the present study, canine

MCs and NP cells were directly co-cultured in agarose to recapitulate

MC invasion in the native microenvironment. Agarose hydrogels have

been used in a variety of applications in drug delivery, tissue engineer-

ing, and diagnosing of disease. The stiffness properties of agarose

support cellular function and activity and are tunable to mimic the

environment of the tissue of interest.41 In humans and dogs,

the healthy NP has a high-water content, and this is essential to main-

tain intradiscal pressure. Loss of proteoglycan in the NP during degen-

eration leads to lower water content and a stiffer environment.8,11

Canine NP and MCs were cultured in 1% or 4% agarose mimicking a

softer or stiffer microenvironment representative of the healthy and

degenerate states, respectively. Direct co-culture of MCs with NP

cells led to an increase in inflammatory and pro-angiogenic mediators,

and these effects were maintained in a stiffer microenvironment

which was sustained at 14 and 21 days (Figure 7C).42

Treating the MCs with CS prior to culturing with NP cells led to a

decrease in key inflammatory mediators, including TNFα, VEGFα, and

KITLG, and some of these effects were observed at both the 14-

and 21-day timepoints (Figure 8). CS is a clinically available therapeu-

tic drug approved for use in a variety of different applications in which

MCs are important mediators, including asthma, rhinitis, conjunctivitis,

and mastocytosis. While the exact mechanism of action of CS is not

fully understood, it is hypothesized to stabilize the MC membrane and

inhibit the release of granules thereby attenuating the subsequent

inflammatory cascade precipitated by MC degranulation.42,43 Interest-

ingly, treatment of co-cultures with PAR2A alone did not mitigate the

inflammatory response of co-culturing canine MC with NP cells

(Figure 8). Previous work by our group evaluated the effects of

PAR2A supplemented media on cadaveric human IVD cells in vitro

and bovine motion segments ex vivo. In these studies, PAR2A signifi-

cantly downregulated VEGFα in the AF region, and enhanced tissue

regeneration of the whole bovine IVD. Additionally, PAR2A downre-

gulated an array of chemokine, inflammatory, and neurotrophic genes

F IGURE 4 (A) Tryptase expression in surgical non-granulated, (B) surgical granulated, and (C) autopsy canine nucleus pulposus (NP) tissue.
(D) Negative control for tryptase on surgical canine NP tissue (20� magnification). (E) Tryptase staining on positive control mast cell tumor tissue
(10� magnification). (F) Percent positivity in surgical NP (N = 16), surgical granulated (N = 16), and autopsy (N = 6) NP canine tissue normalized
to total tissue area. Scale bars are 100 μM. ***p value <0.0005. All error bars indicate standard error mean. Statistics = Kruskal–Wallis's test.
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F IGURE 5 (A) CD 163 expression in surgical non-granulated, (B) surgical granulated, and (C) autopsy. (D) Negative control for CD 163 on
surgical nucleus pulposus (NP) tissue (20� magnification). (E) CD 163 staining on positive control lymph tissue (10� magnification). (F) Percent
positivity of CD 163 in surgical NP (N = 16), surgical granulated (N = 16), and autopsy (N = 6) NP canine tissue normalized to total tissue area.
Scale bars are 100 μM. *p value <0.05, ***p value <0.0005. All error bars indicate standard error mean. Statistics = Kruskal–Wallis's test.

F IGURE 6 (A) Effect of co-
culture in 1% stiffness agarose on
gene expression at 14 and
21 days (N = 3–6). (B) Effect of
co-culture in 4% stiffness agarose
on gene expression at 14 and
21 days (N = 3–6). *p value
<0.05, **p value <0.005. All error
bars indicate standard error mean.
Statistics = linear mixed model
with Benjamini–Hochberg. MC,
mast cell; NP, nucleus pulposus.
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F IGURE 7 (A) Effect of stiffness (1% and 4%) on gene expression of nucleus pulposus (NP) cells at 14 days and 21 days (N = 3–6). (B) Effect
of stiffness (1% and 4%) on gene expression of mast cells (MCs) at 14 days and 21 days (N = 3–6). (C) Effect of stiffness (1% and 4%) on gene
expression in the NP + MC co-culture at 14 and 21 days (N = 3–6). (D) Effect of stiffness (1% and 4%) on gene expression in treatment groups
NP + MC + protease activated receptor 2 antagonist (PAR2A) and NP + MC + cromolyn sodium (CS) + P at 21 days (N = 3–6). *p value <0.05,
**p value <0.005. All error bars indicate standard error mean. Statistics = linear mixed model with Benjamini–Hochberg.
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in the human in vitro model with sex differences observed between

male and female samples.18 In the canine model, Kaji et al. and Kim

et al. identified a role for PAR2 in canine mammary carcinoma and

atopic dermatitis, respectively.44,45 However, outside of the present

study, little research has explored PAR2 effects on the inflammatory

response of canine IVD cells. An inability to account for sex differ-

ences due to our sample size or dose of PAR2A chosen may explain

why we did not see an effect of PAR2A on the canine immune modu-

latory pathway. Further characterization of PAR2A and CS is needed

to determine whether they are an effective immuno-modulatory ther-

apeutic for the canine model of IVDD and LBP.

While the results provide an understanding of the vascularization

and immune infiltration in canine health and disease, and the effect of

MCs cultured with NP cells in a 3D environment, there are some limi-

tations in this study. The degenerate canine NP tissue used in the his-

tological and IHC assessments was tissue obtained during a standard

surgical procedure for herniation, and it is possible that AF tissue

could have been isolated along with the NP tissue. Additionally, surgi-

cal tissue isolated from three of the dogs is of unknown breeds. For

the co-culture study, NP tissue from mixed-breed Mongrel hounds

was used to isolate NP cells, and it is unknown whether these dogs

are CD or non-CD. Another potential limitation for the co-culture

study is the culturing conditions used for the canine NP and MCs.

These cells were cultured in standard normoxia (5% CO2, 37�C), but

hypoxic conditions have been shown to better recapitulate the IVD

environment in vivo and differences therefore could impact out-

comes; this would be a recommendation for future studies building on

this work.46 In the current study, there were differences in the total

cell densities within the co-culture (NP + MC) and control gels

(NP only and MC only). To account for the differences in cell densities

between the co-culture and control groups, the ΔCt was used and

comparisons were normalized to 18 s values to evaluate the overall

change in gene expression between NP + MC and NP or MCs cul-

tured alone rather than direct fold change. However, there were no

appropriate methods to account for differences in cell density used

for the GAG and mechanics data; therefore, this can be regarded as a

potential limitation. Lastly, only GAG released into the media was

measured, but GAG could also be present in the agarose constructs,

which was not a measurement of the current study.

Altogether, the results of this study support the canine species as

a useful pre-clinical animal model to study IVDD as infiltration of

MCs, MØ, and blood vessels is conserved across humans and canine

and similar changes in histological pathologies were also observed

between the healthy and degenerate IVD of human and canine. The

results also support the canine IVD co-culture model as a useful tool

for screening immuno-modulatory biologics and investigating mecha-

nisms of IVDD and LBP, but future studies are needed to further eval-

uate these therapeutics in a clinical setting.
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