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Kevin G. Burt1,2 | Dan C. Viola1 | Lauren E. Lisiewski1,2 |

Joseph M. Lombardi1 | Louis F. Amorosa3 | Nadeen O. Chahine1,2

1Department of Orthopedic Surgery, Columbia

University, New York,

New York, USA

2Department of Biomedical Engineering,

Columbia University, New York, New

York, USA

3Ridgewood Orthopaedic Group, Ridgewood,

New Jersey, USA

Correspondence

Nadeen O. Chahine, Department of

Orthopedic Surgery, Columbia University, 650

West 168th St, 14-1408E, New York, NY

10032, USA.

Email: noc7@columbia.edu

Louis F. Amorosa, Ridgewood Orthopaedic

Group, 85S Maple Ave, Ridgewood, NJ 07450,

USA.

Email: lamorosa@ridgewoodortho.com

Funding information

National Institutes of Health, Grant/Award

Numbers: R01AR069668, R01AR077760,

R21AR080516; Orthopaedic Science and

Research Foundation (OSRF)

Abstract

Multi-joint disease pathologies in the lumbar spine, including ligamentum flavum

(LF) hypertrophy and intervertebral disc (IVD) bulging or herniation contribute to lum-

bar spinal stenosis (LSS), a highly prevalent condition characterized by symptomatic

narrowing of the spinal canal. Clinical hypertrophic LF is characterized by a loss of elas-

tic fibers and increase in collagen fibers, resulting in fibrotic thickening and scar forma-

tion. In this study, we created an injury model to test the hypothesis that LF needle

scrape injury in the rat will result in hypertrophy of the LF characterized by altered tis-

sue geometry, matrix organization, composition and inflammation. An initial pilot study

was conducted to evaluate effect of needle size. Results indicate that LF needle scrape

injury using a 22G needle produced upregulation of the pro-inflammatory cytokine Il6

at 1 week post injury, and increased expression of Ctgf and Tgfb1 at 8 weeks post

injury, along with persistent presence of infiltrating macrophages at 1, 3, and 8 weeks

post injury. LF integrity was also altered, evidenced by increases in LF tissue thickness

and loss of elastic tissue by 8 weeks post injury. Persistent LF injury also produced

multi-joint effects in the lumbar IVD, including disc height loss at the injury and adja-

cent to injury level, with degenerative IVD changes observed in the adjacent level.

These results demonstrate that LF scrape injury in the rat produces structural and

molecular features of LF hypertrophy and IVD height and histological changes, depen-

dent on level. This model may be useful for testing of therapeutic interventions for

treatment of LSS and IVD degeneration associated with LF hypertrophy.
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1 | INTRODUCTION

Degenerative lumbar spinal stenosis (LSS) is a common condition in

the aging population, estimated to affect almost half of those in the

60–69 year old age group.1 Narrowing of the spinal canal and the

resulting nerve root compression is responsible for lower back and leg

pain and numbness, common symptoms of LSS.2 Numerous patholo-

gies contribute to the onset of LSS, such as intervertebral disc (IVD)

bulging, facet joint degeneration, and ligamentum flavum

(LF) hypertrophy,3,4 which broadly alter the spinal geometry and

Received: 26 May 2022 Revised: 10 March 2023 Accepted: 25 April 2023

DOI: 10.1002/jsp2.1260

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2023 The Authors. JOR Spine published by Wiley Periodicals LLC on behalf of Orthopaedic Research Society.

JOR Spine. 2023;6:e1260. jorspine.com 1 of 13

https://doi.org/10.1002/jsp2.1260

https://orcid.org/0000-0001-8504-7980
https://orcid.org/0000-0002-6173-8004
https://orcid.org/0000-0001-9655-7839
https://orcid.org/0000-0002-0478-6042
mailto:noc7@columbia.edu
mailto:lamorosa@ridgewoodortho.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.jorspine.com
https://doi.org/10.1002/jsp2.1260


encroach on the spinal canal. Of these pathologies, LF hypertrophy is

a primary contributing factor to LSS and associated symptoms. This

contribution occurs as changes to the LF footprint directly imposes on

the natural geometry of the spinal canal, ultimately compressing nerve

roots.5-7 In imaging studies, load induced bulging of the LF has been

found to contribute 50%–85% of the total narrowing occurring in the

spinal canal.8 Based on these findings, it was concluded that the LF,

not the IVD, is the dominating structure leading to load induced nar-

rowing of the lumbar spinal canal.8

The LF is a series of spinal ligaments that connects the laminas of

vertebral bodies, bridging the interlaminar space and forming sections

of the dorsal border of the spinal canal. In its healthy state, the LF

matrix is comprised of 70% elastin fibers and 30% collagen fibers

organized in parallel layers, priming the tissue to maintain mechanical

stability throughout the spine.9,10 Alternatively, in severe diseased

patient samples, fibrosis of the entire LF area has been observed, and

is characterized by a loss of elastic fibers and increase in collagen

fibers.11 Furthering this characterization, fibrotic thickening and scar

tissue formation has been identified as the primary pathology of LF

hypertrophy,12 with severity of scarring found to be significantly cor-

related with LF thickness.13 The pathological deposition of extracellu-

lar matrix is thought to induce a change in LF geometry, leading to a

thickening of the ligament. This is supported by clinical observations

in LSS cases which exhibited significant changes in LF transverse area

and a near two-fold increase in tissue thickness compared to control

LF specimens collected from acute IVD herniation cases.14 Interest-

ingly, it remains a debate as to whether LF hypertrophy occurs in iso-

lation or as part of multi-joint spinal changes. For example, facet joint

changes (e.g., facet hypertrophy) or IVD changes (e.g., disc space nar-

rowing) have both been found to be associated with LF hypertrophy,

which is hypothesized to occur by buckling and thickening of the

LF.15 Morphological changes associated with LF hypertrophy can lead

to mechanical changes at the spinal level, with potential implications

to the integrity of the IVD and facet joint. A reduction in LF stiffness

and ultimate strength were found to be correlated with IVD degenera-

tion in human samples.16 While multi-joint changes consisting of cor-

relations between LF hypertrophy and IVD degeneration have been

observed in some studies,17 other studies do not observe such associ-

ations.18 Moreover, many studies examining LF patient samples

ex vivo do not address the potential for concomitant change in the

IVD. Thus, there remains a gap in knowledge as to whether LF hyper-

trophy can cause changes in IVD integrity.

While the pathogenesis and related mechanisms of LF hypertro-

phy are largely unknown, mechanisms involving fibrotic signaling and

recruitment of innate immune cells have been implicated. In human

hypertrophied LF tissue, inflammatory cell infiltration and increased

blood vessel formation is observed, and not evident in healthy human

LF control samples.19 In patient samples, levels of molecular mediators

associated with LF fibrosis such as transforming growth factor beta

1 (TGFB1), connective tissue growth factor (CTGF) and platelet derived

growth factor alpha (PDGFA), are increased in LF hypertrophy samples

compared to controls.20-22 Moreover, evaluation of human fibrotic LF

tissue revealed increased expression of pro-inflammatory cytokine

genes including cyclooxygenase-2 (Cox2), tumor necrosis factor-α

(Tnfa), and interleukin-6 (Il6).13 Though analysis of human LF patient

samples provides insight to the disease state, the inability to study

longitudinal changes in patient samples limits the scientific under-

standing of LF hypertrophy etiology. Further, 2D & 3D cultures pro-

vide potential for investigating responses of human LF cells to

inflammatory soluble factors or induced mechanical loading at the cel-

lular level,23,24 however in vitro studies do not fully recapitulate the

pathological in vivo tissue microenvironment, presenting a clear need

for animal models of LF hypertrophy.

Mechanical overuse has been used as a clinically relevant stimulus

to induce LF injury and hypertrophy in rodent models. Applied

flexion-extension overuse of the mouse lumbar spine was found to

increase LF thickness and collagen fiber area.25 However, in this

mechanical stress model, there was no evidence of macrophage infil-

tration, angiogenesis, or increase in the expression of transforming

growth factor beta 1 (Tgfb1), which are characteristic features of LF

hypertrophy in patient samples.25 Subsequent studies in the mouse

using needle micro-injury methods resulted in LF hypertrophy that

was dependent on early macrophage infiltration.25,26 However, limita-

tions in the mouse exist due to anatomical differences between

human and mouse LF footprint within the spinal canal.25 Alternatively,

larger rodent models, such as the rat, more closely represent the

human LF in terms of histological features, anatomical position, and

tissue composition, and may be more useful for evaluating therapeutic

interventions.27,28 In the rat, Sato et al found that posterior destabili-

zation of lumbar spine intended to increase flexion and thus cause

overloading on the LF, caused enlargement of the dorsal surface layer

of the LF. However, changes to the mid-substance of the LF ECM was

not investigated. Recent studies by Wang et al, tested the effect of

increased lumbar segment motion by resection of spinous process,

grinding of facet joints and removal of paraspinal muscle.27-29 This

approach resulted in LF hypertrophy, with increased LF thickness and

area, increased area of matrix containing collagen fibers, but no

change in area containing elastic fibers, suggesting that this model

simulated mild LF hypertrophic changes. Interestingly, this model also

increased gene expression of pro-inflammatory cytokines (Tnfa, inter-

leukin 1 beta: Il1b) and factors promoting fibrosis (Tgfb1), however,

longitudinal changes over time were not investigated. While the study

demonstrated increased motion with higher disc height ratio in the

experimental group compared to sham, the effects of increased

motion on IVD integrity was also not investigated.

The goal of this study is to investigate the effect of needle scrape

injury to rat lumbar LF on longitudinal changes in LF morphology,

ECM deposition, fibrosis and pro-inflammatory expression, and simu-

lating LF hypertrophy. It was hypothesized that structural disruption

of the LF via needle scrape will produce an observable early inflamma-

tory response and later stage tissue fibrosis, that simulate changes

observed in patient samples of LF hypertrophy. Initially, we evaluated

the response of LF to needle gauge size. We next performed longitu-

dinal analysis of the progression in injury response up to 8 weeks.

Lastly, we investigated concomitant changes in IVD integrity in the LF

injury model.
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2 | MATERIALS AND METHODS

2.1 | Pilot injury study

Institutional Animal Care and Use Committee approval was obtained

for all animal work prior to start of the study. Eighteen male Sprague

Dawley rats (3–4 months of age) were used during an initial pilot

study. Animals were housed in a temperature and humidity-controlled

environment subject to 12 h light/ 12 h dark cycles. Prior to surgical

procedures, an analgesic (Buprenorphine SR, 1.0 mg/kg) was adminis-

tered via intraperitoneal injection. During surgical procedures, animals

were subjected to inhalant anesthesia (Isoflurane, 2%–5%). A 2 cm

surgical incision in the midline was made over the spinous processes

of L3 and L4, and confirmed with lateral fluoroscopy (OEC Medical

Systems, MiniView 6800). While utilizing a surgical microscope (Zeiss

Model S5), muscles were subperiosteally dissected off the spinous

process and the lamina to expose the interlaminar space, while pre-

serving the midline interspinous and supraspinous ligaments. Animals

were randomized into either (1) 22G injury, (2) 30G injury, or (3) sham

group. Within injury groups, four passes were made with a 22G or

30G needle along the LF in the caudal to cranial direction, creating a

scrape injury. Within the control (sham surgery) group, animals

received analgesic, were anesthetized, and underwent a 2 cm surgical

incision with midline exposure before wound closure (no needle

scrape). Animals within the pilot study were returned to cage activity

for 1 week prior to euthanasia (N = 6 per group). To help ascertain a

potential effect of the sham surgery on histological outcomes, the

lumbar spine from age- and weight- matched rats that did not

undergo surgery (negative control, N = 2) was also collected for histo-

logical comparison.

2.2 | Longitudinal injury study

Twenty-four male Sprague Dawley rats (3–4 months of age) were

used for the longitudinal LF injury study. Animal housing and surgery

approval was obtained as described in the pilot study. Injury using the

22G needle and sham groups were performed as described above.

Following surgery, 22G injury and sham groups euthanized, via CO2

inhalation, at 3 or 8 weeks post injury (N = 6 per group and time

point).

2.3 | Disc height analysis

All animals underwent lateral fluoroscopic imaging of the lumbar spine

for radiographic measurements prior to surgery and at time of eutha-

nasia (N = 6 per group and time point). A disc height index (DHI) was

obtained from images in the sagittal plane, by averaging measure-

ments from anterior, middle and posterior portions of the IVD and

dividing the measurements by the average of adjacent vertebral body

heights.30 To achieve repeatable images in the lateral view animals

were positioned in lateral decubitus while keeping the physiological

lumbar spine in flexion. The iliac crest alignment and lumbar spinous

processes were used as anatomical landmarks to confirm lateral decu-

bitus. The x-ray was centered on the iliac crest and images were eval-

uated to ensure (1) iliac crest overlap, (2) spinous process with no

rotation, and (3) the lateral process of lumbar vertebras having an

ovoid shape. A ratio of post-surgery to presurgery DHI was calculated

at the injury level (L3-L4) and at immediate superior (L2-L3) and infe-

rior levels (L4-L5). Changes to DHI ratio allowed for evaluation of disc

height changes due to sham procedure or LF injury at 1, 3, and

8 weeks.

2.4 | LF histomorphology analysis

The L2-L5 spine segment containing the injured and immediate supe-

rior and inferior adjacent levels, were dissected out. Spine segments

(N = 3 per group and time point) were then fixed in 4% paraformalde-

hyde (PFA) for 48 h, decalcified in 14% ethylenediaminetetraacetic

acid (EDTA) for 1–2 weeks, and paraffin embedded. Lumbar spine

segments were then sectioned and stained for histological analyses

with H&E, Mason's Trichrome or elastin van Gieson (EVG), as

described below. Images were acquired with a digital imaging micro-

scope (Leica SCN400) capturing multiple bright field images at 40�
(0.25 μm/pixel) and stitched together to produce whole slide images.

LF geometric analysis was performed on H&E-stained sagittal histo-

logical sections taken through the midline using ImageJ software. LF

thickness was calculated as the average of three measurements taken

from the edge of the spinal canal in the dorsal direction towards the

opposite LF edge and interspinous ligament. Cross-sectional area was

measured as the region of interest outlining the LF footprint. H&E-

stained sections were also used for a grading of LF morphology,

structure, and degree of elastic fiber degradation, with higher scores

indicating more elastic fiber degradation (Figure S1).31 All histological

evaluations were done by a blinded trained researcher with expertise

in histological analysis of IVD and ligament tissue morphology.

2.5 | Fibrotic LF tissue analysis

Masson's Trichrome (MT: keratin, muscle, and collagen) staining was

utilized for analysis of the degree of fibrosis (range 0–4) evaluating

elastic fiber and collagen staining intensity throughout the LF, with

higher scores representing increased fibrosis (Figure S1) (N = 3 per

group and time point). MT stains were evaluated for fibrotic tissue

regions with “no fibrosis” assigned a grade of “0,” fibrosis in 25% the

observed area assigned a grade of “1,” 25%–50% assigned a grade of

“2,” 50%–75% assigned a grade of “3,” and >75% fibrosis observed in

tissue region assigned a grade of “4.”13 EVG (elastin) staining was uti-

lized for an elastin grading (range 0–4), assessing elastic tissue fiber

alignment, fragmentation, and abundance throughout the LF

(Figure S1). Higher elastin grading scores represented increased tissue

hypertrophy and elastic tissue degradation, where a grade of “0”
represented samples completely positive for elastin (black) with
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increasing grades being associated with gradual elastin loss. A grade

of “4” represented samples with minimal elastin staining.13

2.6 | LF gene expression

Whole LF tissue segments were dissected from the injury level or equiv-

alent level in sham animals (N = 3 per group and time point) immedi-

ately after euthanasia and were snap-frozen and stored at �80�C for

later RNA isolation. LF tissue was pulverized using a bead tissue homog-

enizer (Mikro-Dismembrator U, Sartorius). Total RNA was isolated using

TRIzol (Thermofisher) and chloroform phase separation with RNA

cleanup via spin columns (Qiagen) per manufacturer's instructions. RT-

QPCR was performed as follows, complementary DNA reverse tran-

scription using Iscript cDNA synthesis kit (Bio-rad) and real time PCR via

Itaq Universial SYBR kit (Bio-rad) per manufacturer's instructions. Rat

specific primers for hypertrophic markers, collagen type I alpha

1 (Col1α1, FWD: GCT TGA AGA CCT ATG TGG GTA TAA, REV: GGG

TGG AGA AAG GAA CAG AAA), collagen type III alpha 1 (Col3α1,

FWD: CAG GCC AAT GGC AAT GTA AAG, REV: GCC ATC CTC TAG

AAC TGT GTA AG), connective tissue growth factor (Ctgf, FWD: AGG

GAC ACG AAC TCA TTT AGA C, REV: CAG CAG TTA GGA ACC CAG

ATT), platelet derived growth factor alpha (Pdgfa, FWD: CCA GCG ACT

CTT GGA GAT AGA, REV: TTC TCC GGC ACA TGC TTA AC), trans-

forming growth factor beta 1(Tgfb1, FWD: CTG AAC CAA GGA GAC

GGA ATA C, REV: GTT TGG GAC TGA TCC CAT TGA), actin alpha

2 (Acta2, FWD: CCT CTT CCA GCC ATC TTT CAT, REV: CGA GAG

GAC GTT GTT AGC ATA G) and inflammatory markers, tumor necrosis

factor alpha (Tnfa, FWD: CCC AAT CTG TGT CCT TCT AAC T, REV:

CAG CGT CTC GTG TGT TTC T), interleukin-1 beta (Il1b, FWD: TCT

GAC AGG CAA CCA CTT AC, REV: CAT CCC ATA CAC ACG GAC AA),

and interleukin-6 (Il6, FWD: GAA GTT AGA GTC ACA GAA GGA GTG,

REV: GTT TGC CGA GTA GAC CTC ATA G) were used. Gene expres-

sion values were normalized to glyceraldehyde-3-phosphate dehydroge-

nase (Gapdh, FWD: GCA AGG ATA CTG AGA GCA AGA G, REV: GGA

TGG AAT TGT GAG GGA GAT G) relative to sham controls.

2.7 | Immunofluorescence microscopy

Paraffin embedded tissue sections were baked at 60�C for 30 min,

deparaffinized with xylene, and rehydrated using graded series of eth-

anol washes. Antigen retrieval was performed with hyaluronidase at

37�C for 12 min followed by 0.1% Triton-X at room temperature for

5 min. Tissue sections were blocked for nonspecific binding using

background buster (Innovex Biosciences) at room temperature for

45 min. Sections were then incubated overnight at 4�C with primary

antibodies for the general leukocyte marker, CD45 (Abcam, AB10558,

1:100) or the pan-monocyte/macrophage marker, CD68 (Abcam,

AB955, 1:100). The next day, sections were incubated for 1 h at room

temperature with secondary fluorescent antibodies goat anti-rabbit

Alexa Fluor (AF) 488 (Abcam, AB150081, 1:100) or goat anti-mouse

AF595 (Invitrogen, A-11005, 1:100). Sections were mounted with

VECTASHEILD DAPI anti-fade mounting medium (Vector, H-1200)

and allowed to set for 30 min before imaging with an Axio Observer

(Zeiss) using 20�/0.5 Plan-Neofluar or 10�/0.25 A-Plan objectives

(Axiocam 702 mono camera), and Zen software. Exposure settings

were fixed across all tissue sections during imaging.

2.8 | Intervertebral disc histological scoring

Histological grading of IVDs was performed at the injury level (L3-L4)

and at immediate proximal (L2-L3) and distal levels (L4-L5) (N = 3 per

group, level and time point). Histological grading evaluated changes in

cellularity and morphology of the AF, integrity of border between AF

and nucleus pulposus (NP), and cellularity and morphology of the NP,

with higher scores representing increased degeneration.30 Grading ran-

ged from 5 to 15, where a healthy grade was assigned to IVDs with an

AF comprising primarily of elongated fibroblast-like cells, well-organized

collagen AF lamellae, an uninterrupted AF-NP border, highly cellular

and evenly distributed NP comprising of at least half the IVD area in

midsagittal sections. Degenerated IVDs exhibited an AF containing pri-

marily chondrocyte-like cells, inward bulging and disorganized AF

lamella structure, interrupted AF-NP border, loss of NP cellularity with

increased cell clustering, and an irregularly NP shape comprising of less

than 25% of IVD area in midsagittal sections.

2.9 | Statistics

Differences between groups were analyzed with Student's t-test with

p < 0.05 considered significant. To assess (a) differences across time

points and group or (b) differences between spinal levels and group, a

two-way ANOVA was used with Fisher's LSD post hoc analysis with

p < 0.05 considered significant. To assess potential relationships

within LF related outcomes and their relationship to the IVD, study

outcomes were analyzed using Spearman correlation tests. Spearman

r correlation values (rs) between measured variables were interpreted

to be small (0.1 < rs < 0.29), medium (0.3 < rs < 0.49) or large (rs ≥ 0.5)

effect size correlations between the measured variables.32 Signifi-

cance was defined as correlations with p < 0.05. Statistical analyses

were performed using GraphPad Prism (V8.3.1).

3 | RESULTS

3.1 | Pilot study—Effect of needle size on early LF
injury

Initial analysis evaluating LF injury performed using 22G and 30G nee-

dles revealed an observable disruption of the LF footprint in both

lesion groups when compared to sham (Figure 1A–C). In geometric

analysis, 22G needle significantly increased LF thickness following

injury, when compared to sham (p = 0.020, Figure 1G). However, the

LF thickness of the 33G injured group was comparable to sham group
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(p = 0.51). Similarly, the LF cross-sectional area in 22G group signifi-

cantly increased compared to sham (p = 0.019, Figure 1H), with no

significant differences observed between the 30G and sham injury

groups (Figure 1H). There were no significant differences in LF thick-

ness or cross-sectional area when comparing 22G and 30G injury

groups (Figure 1G,H). In further histological analysis of elastin fiber

orientation, both 22G and 30G lesion groups had an altered pattern

and orientation of elastin fibers (Figure 1D–F). The increased severity

and footprint of needle injury in the 22G needle led to an increase in

EVG elastin grading, while no changes were observed in the 30G

group compared to sham (Figure 1I). The EVG staining pattern in sham

group was also comparable to the LF from negative control group

(Figure S3).

3.2 | Longitudinal analysis of needle injury

A longitudinal analysis of LF responses to 22G injury was performed

at 3 and 8 weeks post injury compared to sham. 22G injury produced

a disruption of LF tissue morphology, including changes in fiber align-

ment and cellularity in lesion groups compared to sham

(Figure 2A–D). In addition to the increase in LF thickness at 1wk, 22G

lesion increased LF thickness at 8 weeks (p = 0.0052) but not

3 weeks time point (Figure 2E). Regionally, significant increase in LF

thickness was observed at 3 weeks post injury in the adjacent lower

level, distal to the level of injury (Figure 2E). While LF cross sectional

area was significantly increased at the 1wk post injury, further

changes were not evident at later time points. Moreover, no changes

between lesion and sham groups were observed in the cross-sectional

area at the adjacent levels (Figure 2F).

LF tissue morphology and elastic tissue presence was assessed in

H&E-stained sections. In the H&E analysis, the appearance of LF tissue

in sham group was similar to that from uninjured animals (negative con-

trol, Figure S3). The 22G injury group exhibited unaligned and disrupted

LF fiber alignment at 1, 3, and 8 weeks, and a decrease in elastic fiber

(pink) stain intensity (white arrows) at 3 and 8 weeks (Figure 2A–D). An

infiltrating cell population, indicated by the nuclear counter stain, was

most notably observed in the 22G injury group 1 week following injury

(Figure 2B). Quantifying changes using histological grading showed that

the 22G injury group produced more degraded histological scores at

1 (p = 0.026), 3 (p = 0.047), and 8 weeks (p = 0.013), when compared

to sham (Figure 2G). No changes in LF morphology and associated histo-

logical scoring were observed between the injury and sham groups in

adjacent LF levels (Figure 2G). No major differences in LF morphology

was observed at levels adjacent to injury at 8 weeks when compared to

sham (Figure S2).

Histological staining specific for collagen and elastin fiber con-

tent in MT-stained sections was used to quantify the degree of

fibrosis following injury. A healthy LF was observed in the sham

groups with low levels of collagen (blue) and high levels of elastic

fiber (pink) staining (Figure 3A). At 1 week, a marked increase in cel-

lularity (nuclear counter stain: red), and slight changes to elastic

fiber and collagen staining were observed within the lesion group

compared to sham (Figure 3B). At 3 and 8 weeks time points,

F IGURE 1 Representative LF geometric analysis and calculation (Example): Cross-sectional area was measured within the dashed blue line
using ImageJ software analysis. LF thickness was calculated as the average taken across three measurements (labeled in Example as A, B, C). In
geometric analysis the 22G lesion group increased LF thickness (G) and cross sectional area (H) compared to sham (A). The 22G injury group
produced the greatest disruption of elastin presence and alignment when compared to 30G lesion and sham groups (D–F). The 22G lesion group
caused an increase in EVG elastin grading scores when compared to sham (I). Scale bar = 1 mm. *p < 0.05, Student's t-test.
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increases in collagen staining, and decreases in elastic fiber staining

intensity were observed (Figure 3C,D). In quantifying fibrotic scores,

no significant difference was observed between sham and lesion

groups across time points (Figure 3E). Further, no changes between

sham and lesion groups were observed in the adjacent LF levels

evaluated (Figure 3E, S2).

An evaluation of elastin morphology in EVG stained sections

revealed healthy aligned elastin fiber (brown-black) morphology

throughout the LF in the sham groups (Figure 4A), which was similar

to the morphology of LF in uninjured lumbar spines (negative control,

Figure S3). However, disruption of the LF was evident in the lesion

groups at 1, 3, and 8 weeks time points (Figure 4B–D). Disruption of

elastic fibers within the injury site was indicated by presence of short,

fragmented fiber length, unaligned fiber orientation, and an overall

decrease in elastin fiber presence (intensity) at the injury site

(Figure 4B–D). This disruption of LF morphology led to significantly

higher, more degenerated, histological scoring in the 1 week

(p = 0.025), 3 weeks (p = 0.0075), and 8 weeks (p = 0.0013) lesion

groups compared to their respective sham groups (Figure 4E). Again,

no significant changes in elastin fiber disruption was observed in the

adjacent LF levels of the injured groups at any time point, when com-

pared to sham (Figure 4E, S2).

3.3 | Gene expression analysis

Gene expression analysis within the injured and sham LF at the

injury level demonstrated changes in both inflammatory and fibrosis

genes at various time points. Needle lesion increased hypertrophic

markers, Ctgf (p = 0.008) and Tgfb1 (p = 0.036), at 8 weeks follow-

ing injury (Figure 5A). Evaluating inflammatory gene expression fol-

lowing injury, lesion increased Il6 (p = 0.030) expression at 1 week

F IGURE 2 Histological scoring of LF structure and morphology using H&E stained sections. Morphological analysis of the LF following lesion
revealed a disruption of LF fiber alignment and loss of elastic tissue staining (white arrows) at 1 (B), 3 (C), and 8 weeks (D) when compared to sham
(A). In geometric analysis, lesion increased LF thickness at 1 and 8 weeks time points at the injury level, and at 3 weeks in the distal to injury level
(E). Lesion increased LF area at 1 week when compared to sham, with no changes observed in the adjacent levels (F). At the injury level 1, 3, and
8 weeks lesion groups had higher histological scores when compared to sham within each time point (G). No changes in histological scoring was
observed in the adjacent LFs segments within lesion groups compared to sham. *p < 0.05 **p < 0.01, Student's t-test. Scale bars as indicated in (A).
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following injury, which was not observed following 3 and 8 weeks.

Expression of other inflammatory targets (Tnfa and Il1b) was

unchanged (Figure 5A).

3.4 | Inflammatory cell presence

To identify whether the observation of increased cellularity was asso-

ciated with immune cell infiltration, immunostaining for the common

leukocyte antigen, CD45, and pan-macrophage marker, CD68, was

performed. Results show the presence of cells positive for both

CD45+ and CD68+ within the injured LF samples, at 1, 3, and 8 weeks

following injury (Figure 5B, white arrows). Analysis of sham group

samples at all time points did not yield evidence of cells positive for

CD45 or CD68. Sections from both groups exhibited nonspecific fluo-

rescence outside the LF region, potentially indicative of bone marrow

or red blood cell autofluorescence.

3.5 | Regional IVD integrity following LF injury

Changes to IVD integrity was first assessed by changes to disc height

measured via fluoroscopy x-ray images. At the injury level, both sham

and lesion surgeries produced significant decreases across time within

groups, with a decrease in DHI ratio between 1 and 3 weeks (p = 0.042)

and 1 and 8 weeks (p = 0.014) in the sham group, and between 1 and

8 weeks in the lesion group (p = 0.014) (Figure 6G). Further, in compar-

ing across groups at the injury level, lesion surgery produced a decrease

in DHI ratio at 1 (p = 0.033), 3 (p = 0.04), and 8 weeks (p = 0.034) in

lesion compared to sham (Figure 6G). In the distal to injury adjacent level

(L4/5), lesion surgery produced a significant decrease in DHI ratio over

time, when comparing 1 and 3 weeks (p = 0.042) and 1 and 8 weeks

(p = 0.025) lesion groups. A significant decrease in DHI ratio was also

observed when comparing sham versus lesion groups at 8 weeks

(p = 0.017) at the level distal to injury (Figure 6G).

Structural IVD integrity was also evaluated via histological analy-

sis of MT-stained histological sections. Analysis of AF cellularity and

structure revealed minimal to no changes when comparing sham ver-

sus lesion groups across IVD level and time. Mild degeneration

changes within the NP were observed in proximal and injury level

lesion groups at 8 weeks, including a decrease in cellularity with

increased clustering and disruption to the relatively even cell distribu-

tion (Figure 7B,C). This led to a significant increase in histological scor-

ing when comparing proximal lesion to proximal sham groups at

8 weeks (p = 0.0067) (Figure 7E). No significance was observed

across any other comparisons.

p = 0.07
p = 0.10

F IGURE 3 Degree of fibrosis evaluation. Histological scoring of hypertrophy using MT stained histological sections of the LF at midline.
Lesion produced a noticeable increase in cellularity within the LF as observed through increased nuclear stain when compared to sham (A, B).
Lesion produced a loss of elastic tissue (pink) staining intensity and an increase in collagen (blue) staining intensity at 3 and 8 weeks when
compared to sham (A, C, D). No statistical significance was observed between groups. A p-value as indicated, Student's t-test. Scale bars as
indicated in (A).
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Correlation analyses were used to assess potential relationships

within varying LF outcome measures and their respective relationship

to the IVD. Among the LF histological analyses, medium to large posi-

tive correlations were observed between EVG elastin grading and

H&E morphological score (rs = 0.59, p < 0.0001), EVG elastin grading

and MT degree of fibrosis (rs = 0.31, p = 0.021), H&E morphological

score and LF thickness (rs = 0.45, p = 0.001), and H&E morphological

score and MT degree of fibrosis (rs = 0.32, p = 0.017) (Figure 8). Fur-

ther, EVG elastin grading had a medium correlation with LF thickness

(rs = 0.32, p = 0.018) and a small correlation with LF area measure-

ments (rs = 0.28, p = 0.041) (Figure 8). Unsurprisingly, LF thickness

and area measurements had high correlations (rs = 0.86, p < 0.0001)

(Figure 8). Lastly, comparing relationships between LF and IVD, there

were small to medium negative correlations between disc height

changes and EVG elastin grade (rs = �0.29, p = 0.036) or H&E mor-

phological score (rs = �0.32, p = 0.02, Figure 8).

4 | DISCUSSION

The goal of this study was to investigate the effect of needle scrape

injury to rat lumbar LF on longitudinal changes in LF morphology,

ECM deposition, fibrosis, and pro-inflammatory expression, simulating

LF hypertrophy. The findings of this study show that fluoroscopy-

guided needle scrape injury resulted in LF tissue changes over

8 weeks that mimic pathological changes associated with LF hypertro-

phy. The injury created a disruption of tissue structure, elastin frag-

mentation and degradation, and promoted immune cell infiltration in

the early stages (1 week). Evaluation at later time points also demon-

strated a hypertrophic LF tissue that was characterized by increased

thickness, disrupted fiber alignment and increased gene expression of

pro-fibrotic factors, Ctgf and Tgfb1. These findings indicate that dis-

ruption of the LF created by needle lesion resulted in early pro-

inflammatory activation and immune cell infiltration, which resulted in

tissue fibrosis that led to LF scar formation. The observed LF fibrosis

mimics pathological changes associated with human hypertrophic LF

samples. The increased presence of scar tissue is also consistent with

findings on ligament injuries throughout the musculoskeletal system,

in addition to what has been observed within LF of patients with

LSS.11-13,33-37 Increases in the fibrosis score of MT-stained human LF

sections has been shown to correlate with increases in LF thickness.13

Analysis of elastic tissue content within this model revealed a

clear loss of elastic tissue staining and elastic fiber fragmentation fol-

lowing injury. A loss of elastic fiber content and alignment, and fiber

fragmentation occurs in patient samples with age and with symptom-

atic LF hypertrophy.9,10,14,22,38-40 The regulated control of collagen/

elastin composition is vital for proper LF function; The LF fibrosis

within this model captured a loss of elastic tissue staining intensity.

The evidence for fibrotic matrix in this injury model is further sup-

ported by an upregulation of fibrosis related growth factors, Ctgf and

F IGURE 4 Elastin grading of LF hypertrophy following injury. Histological evaluation of elastin using EVG stained histological sections of the
LF at midline. Lesion produced a severe loss of elastin (black/brown) alignment and intensity at 1 (B), 3 (C), and 8 weeks (D) when compared to
sham (A). At the injury level, lesion produced increases in elastin grading histological scoring across all time points (E). No changes were observed
between lesion and sham groups at the adjacent levels. *p < 0.05, **p < 0.01, Student's t-test. Scale bars as indicated in (A).
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Tgfb1. Previous studies of human hypertrophic LF tissue implicated in

LSS have also found upregulation of these hypertrophic markers.20-22

The increase of Tgfb1 expression and histological evidence of LF

hypertrophy following injury is consistent with previous animal and

human LF studies, where Tgfb1 is thought to play a dominant role in

promoting collagen production.19,25,41 Also captured within this model

is an inflammatory response to injury, where CD45+/CD68+ macro-

phage cell populations were observed from acute stage (1 week) to

20× 10× 20× 10×

F IGURE 5 Gene expression of hypertrophic and inflammatory markers in lesion LFs relative to sham at the injured level (L3/4). Lesion
produced increased Il6 (1 week), Ctgf (8 weeks) and Tgfb1 (8 weeks). *p < 0.05, Student's t-test. (A). Representative IF staining for general
leukocyte marker, CD45 (green), and macrophage marker, CD68 (red), in sham and lesion animals (B). Representative no primary control IF images
taken at the injury level within the 1 week lesion group (C). Dashed white outline = LF footprint. White arrows indicating positive staining. Scale
bars as indicated in (C).

p = 0.051

F IGURE 6 Fluoroscopy images of L2-L5 lumbar spine segments taken at post-euthanasia in sham (A, C, E) and lesion (B, D, F) groups.
Quantification of DHI ratio revealed significant changes in post-surgery/pre-surgery DHI across surgery groups and time (G). *p < 0.05. Student's
t-test for comparisons across groups within time point. 2-way ANOVA with Fisher's LSD for comparisons within group across time points. Scale
bar = 5 mm.
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F IGURE 7 Histological scoring of IVD degeneration using MT stained sections of sham and lesion groups at 1, 3, and 8 weeks post-surgery
(A–D). Histological analysis revealed a loss of cellularity, cell clustering, and uneven cell distribution within the NP compartment of lesion groups
at injury and proximal levels (B). Proximal to lesion at 8 weeks, IVD histological grade was increased in lesion compared to sham (E). *p < 0.05.
Student's t-test. Scale bar = 1 mm.
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intermediate (3 weeks) and later sub chronic phases (8 weeks). The

innate immune response, specifically interactions with invading mac-

rophages, has been identified as a causative factor in LF hypertrophy

via interactions with resident LF cells.26 While the mechanisms driving

the fibrotic response characterized by increase in collagen to elastin

ratio remain unknown, extensive literature supports the premise that

fibroblasts and immune cells, specifically macrophages, reciprocally

influence the pathogenesis of fibrosis through cell–cell and secreted

factor crosstalk.42,43

Histological analysis throughout the study revealed the presence

of an invading cell population, with evidence of CD45+/CD68+ cells

following injury, along with changes in the inflammatory Il6 gene

expression. These changes are likely a contribution of both injured

resident cells and the infiltrating immune cells. These findings support

the current understanding of the pathogenesis leading to connective

tissue hypertrophy, beginning with an innate immune response.

Though this model only produced changes in Il6 gene expression, pre-

vious human studies identified an accumulation of inflammatory cells

and increases in IL6 as well as other inflammatory related genes

(COX2, IL1B) following LF hypertrophy.13,19 These studies further

identified infiltrating macrophages as a primary cell type responsible

for elastic tissue degeneration and possibly driven by large increases

in TGFB1 expression.13,19 Inflammatory characterization in patient

samples is limited to late or end stage disease, however this injury

model allows for interactions with a temporal innate immune response

which can be investigated for possible immunomodulatory therapies

targeting immune cells, like macrophages, which are key players in tis-

sue hypertrophy and chronic inflammation.

In addition to LF hypertrophy, targeted injury of the LF in this

model resulted in changes to local IVD integrity. We observed a

decrease in IVD height following LF lesion at the injury level across all

time points. Degenerative IVD changes were also observed by 8 weeks

within the NP compartment at the level proximal to injury. These

changes consisted of a loss of cellularity, cell clustering, and uneven dis-

tribution of cells within the NP. With ongoing debate about whether LF

hypertrophy occurs in isolation or as part of multi-joint spinal changes,

the findings of this study suggest that IVD height can be disrupted in

response to LF injury, with similar timeline for onset of LF hypertrophy.

This is further supported by the findings of the correlation analysis,

which found significant moderate correlations between DHI and LF

elastin and morphological grade. These findings are consistent with clin-

ical observations where DD was found to be correlated with weakened

LF mechanical properties,16 and increased LF thickness.44 Suggesting

DD and LF hypertrophic and degenerative changes may be a conse-

quence of disruption to spinal loading mechanisms.

While this study found mild evidence of IVD height loss in sham

groups, this was not associated with significant IVD matrix disruption,

which ranged in IVD histology grade from 5 to 8 (on a scale ranging

from 5 for healthy to 15 for severe degeneration). The sham group

IVD histology grade was similar to that found in the uninjured nega-

tive control group (IVD histology grade of 7) and exhibits less degen-

erative structural hallmarks when compared to IVDs from lesion

animals.

Though other studies demonstrate that mechanical instability in

animal models (e.g., surgical resection of facet joints, supra- and inter-

spinous ligaments) cause IVD degeneration,45-50 the presence of a

change in adjacent IVD integrity in the current study was specific to

the LF injury groups, compared to sham groups. Therefore, the pres-

ence of IVD changes may be due to altered loading at the level of LF

injury/hypertrophy. Prior animal models of LF hypertrophy have not

explicitly investigated longitudinal multi-joint changes in IVD integ-

rity.25-27 To our knowledge, this is the first study to show concomitant

onset of LF hypertrophy with multi-level IVD height loss and adjacent

IVD degenerative changes after LF needle scrape injury.

Some limitations of this study include that distinct differences

exist between rat and human LF tissues, both in size and mechanical

functionality. Due to size and mechanical loading differences, the

footprint of the LF within the dural tube of rodents is smaller than

what is seen in humans, creating limitations in observing severe spi-

nal stenosis. Considering this, although LF tissue thickening was

observed in this study, we did not systemically investigate the pres-

ence of stenosis of the spinal canal with this LF injury model. Longer

time points may be needed for this to occur. Though clear limita-

tions with small animal models exist in recapitulating the human bio-

logical and mechanical microenvironment, this model was successful

in producing a hypertrophic and fibrotic LF tissue. Another limita-

tion of this study is that the relatively small sample sizes limited our

ability to only identify medium to large effects with statistical signif-

icance. Future studies will expand the sample size and analyses of

this model with additional outcomes beyond the observations made

with semi-quantitative grading, gene expression and tissue

morphology.

5 | CONCLUSION

In conclusion, this study presents an injury model resulting in the

development of a hypertrophic and fibrotic tissue at the site of LF

injury in the lumbar rat spine. In doing so this model mimics aspects of

the well-characterized human LF hypertrophic condition in both tissue

structure and composition. The inflammatory responses observed in

this model may be indicative of responses that contribute to the initia-

tion of cellular mechanisms that drive tissue hypertrophy. Lastly, this

model captures spinal ligament injury mediated IVD height changes,

within adjacent and injury level IVDs, and structural changes within

adjacent IVDs.
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Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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