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Abstract

BACKGROUND CONTEXT—Lumbar discectomies are common surgical interventions that
treat radiculopathy by removing herniated and loose intervertebral disc (IVD) tissues. However,
remaining 1D tissue can continue to degenerate resulting in long-term clinical problems. Little
information is available on the effects of discectomy on IVD biology. Currently no treatments
exist that can suspend or reverse the degeneration of the remaining IVD.

PURPOSE—To improve knowledge how discectomy procedures influence VD physiology and
to assess the potential of growth-factor treatment as an augmentation during surgery

STUDY DESIGN—To determine effects of discectomy on IVDs with and without TGF33
augmentation using bovine VD organ culture.

METHODS—This study determined effects of discectomy with and without TGF3 injection
using 1, 6, and 19 days organ culture experiments. Treated IVDs were injected with 0.2ug TGFB3
in 20ul PBS+BSA into several locations of the discectomy site. Cell viability, gene expression,
nitric-oxide release, VD height, aggrecan degradation, and proteoglycan content were determined.

RESULTS—Discectomy significantly increased cell death, aggrecan degradation and nitric-oxide
release in healthy IVDs. TGFB3 injection treatment prevented or mitigated those effects for the 19
days culture period.

CONCLUSIONS—Discectomy procedures induced cell death, catabolism and nitric-oxide
production in healthy 1\VVDs, and we conclude that post-discectomy degeneration is likely to be
associated with cell death and matrix degradation. TGFB3 injection augmented discectomy
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procedures by acting to protect IVD tissues by maintaining cell viability, limiting matrix
degradation and suppressing nitric-oxide. We conclude that discectomy procedures can be
improved with injectable therapies at the time of surgery although further in vivo and human
studies are required.

Introduction

Lumbar intervertebral disc (IVD) herniation is a common spine disorder with a lifetime
occurrence as high as 40% [1]. While the majority of lumbar 1\VVD herniations improve over
time or with non-operative therapy, a proportion of patients require surgical intervention
[2,3], and some patients may develop a recurrent herniation requiring additional intervention
[4]. The U.S. Medicare system spends an estimated $300 million annually on lumbar
discectomies [5] and while clinical studies have demonstrated benefits with surgical
intervention [2,6,7], the long-term sequelae are unclear and may present with additional
clinical problems [8-10]. Costs of managing post-discectomy low back pain were estimated
with $4,934 per surgery [10] and therefore are a significant healthcare burden. The
development of cost effective strategies to prevent or reduce the severity of post-discectomy
degeneration may dramatically improve outcomes and reduce healthcare costs. There
remains little information on the effects of discectomy on the biology of the remaining IVD
or on strategies to augment discectomy procedures to limit post-discectomy degeneration.

While removal of pathologic IVD fragments during discectomy alleviates radicular
symptoms, the remaining tissue and enlarged hole in the annulus fibrosus (AF) may promote
or accelerate degenerative changes resulting in long-term clinical problems [8,9,11].

Imaging studies suggest that degenerative changes such as loss of VD height, facet joint
arthritis and endplate changes are likely to occur within months following discectomy [12]
and these changes are significantly associated with functional disability and low back pain
[8-10]. The concept of accelerated degeneration following injury is also supported by in vivo
studies where experimentally induced annular puncture leads to significant changes in the
biomechanical properties of IVDs [13-15] resulting in decreased glycosaminoglycan content
and increased expression of catabolic and inflammatory mediators [16,17]. It is obvious that
the puncture of a healthy 1\VVD creates a different situation from discectomy where the IVD is
herniated and often degenerated. Yet, deeper knowledge is required to understand the effects
of discectomy with its profound impact on the remaining 1\VVD tissue and to investigate
opportunities to develop biological treatments to improve outcomes after discectomy.

Injection of growth factors has been shown to have dose dependent effects on improving
both the structural and biomechanical properties of IVDs including reversing IVD
degeneration [18,19] in animal models. Intradiscal injections of osteogenic protein-1 in an
annular puncture animal model partly restored IVD height, increased proteoglycan content
and was correlated with improved elastic and viscous moduli of the VD [20]. Several
studies demonstrated that TGF[3 increases proteoglycan synthesis and expression of
extracellular matrix (ECM) genes in the IVD. TGFB3 has the capability to maintain the
phenotype of 1D cells in organ culture [21] and endogenous TGF activity limits pro-
inflammatory cytokine expression, suggesting an important role in maintaining the IVD
homeostasis [19,20,22-28]. Masuda & An (2006) suggested that identifying biological
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agents that can modify both symptoms and 1D structure would be highly desirable for the
treatment of 1\VD degeneration.

Intervention during discectomy surgery would allow an immediate treatment that could
inhibit catabolic responses and slow or arrest progressive degeneration. While some studies
exist about the effectiveness of growth factor treatment for vertebral body fusion and VD
implants [29-31]; to our knowledge nothing is known about the effect of growth factor
injection during discectomy. Our broad aim is to improve knowledge of how discectomy
procedures influence 1VVD physiology and assess the potential of growth factor injection at
the time of surgery, and we specifically evaluate the effects of TGFB3 injection into the
discectomy site during surgery using a bovine organ culture model. This study assessed the
effects of discectomy with and without TGFB3 augmentation cell viability, structural, and
protein measurements.

Material and Methods

Tissue harvest and culture of IVDs

Skeletally mature bovine tails were obtained from a local abattoir and four caudal 1\VVDs
were prepared from each tail. Vertebrae were cut proximal and distal to vertebral endplates
with a histological band saw (Exakt 310, Exakt, Norderstedt, Germany) and VD dimensions
(height, width, weight) were measured. Blood clots and bone debris were removed by
flushing the endplates with water using an orthopaedic irrigation system for debridement
(Inter Pulse®, Stryker). IVDs were then rinsed in ethanol, 1xPBS containing 3% penicillin/
streptomycin and 1.5% fungizone, and PBS and assigned to following groups: d0-control,
cultured control (control), discectomy (injured), and discectomy+TGF33 (treated). To
exclude IVD level dependent differences in cell metabolism rates [32], the different groups
were randomly distributed among the harvested caudal levels.

Discectomies were created on the dorsal side by performing a cruciate cut with a #15 scalpel
to the center of the IVD. Tissue was loosened and removed using a discectomy curette and a
standard 1D rongeur (Figure 1). Depending on size (diameter=23.36+2.59 mm,
volume=5.15+1.2 cm?3), an avg. of 18.8+11.8ug tissue/IVD was removed. After discectomy,
0.2ug TGFB3 in 20ul PBS+BSA were injected into the injury site of treated 1'VDs with a
high precision syringe (Hamilton, Reno, NV; Figure 1d-e). IVDs were loaded in bioreactors
and cultured for 1, 6 or 19 days under diurnal loading (8h/16h=0.1MPa/0.2MPa) in standard
high glucose DMEM containing 0.2% Primocin, 1% penicillin/streptomycin, and 0.2%
ascorbic acid. Media was changed every 3-4 days and collected for further analyses. After
culture, the endplates were removed and AF and NP were separated with a biopsy punch (&
8 mm). Only very limited amounts of NP were available after discectomy and therefore
excluded for further analyses. Areas of treated and injured AF were divided into 2
categories: far field (injured & treated) and injury site (injured is & treated is; Figure 1e) and
divided for cell viability, PCR, protein extraction and proteoglycan content analyses. For the
1d diffusion study, whole IVDs were fixed in 10% paraformaldehyde and embedded in
plastic (Table 1).
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Cell viability

Cell viability was determined by calceinAM and ethidium-homodimer. Samples were
incubated in serum free media supplemented with 5 pmol/l calceinAM and 1 pmol/I
ethidium-homodimer for 2 hours at 37°C. Samples were then washed in PBS and visualized
on a confocal laser scanning microscope (Leica SP5 DMI). Data quantification was
performed with ImageJ software (http://rsh.info.nih.gov/ij/) [33] and normalized to d0 (n=6/
group at d6, d19 and dO controls)

Nitric oxide (NO) release into the media

NO released into the media over the 19d culture was measured using standard Griess reagent
assay according to manufacturer’s instructions (n=7/group; Promega) and normalized to the
IVVD weight after culture.

Dextran diffusion

Dextran uptake and localization after 1d culture was determined by fluorescence and
second-harmonic-generation. Dextran of a comparable molecular weight to TGF33
(dextran=25.4 kDa; TGFf3=20.4 kDa; both positively charged) was used to simulate TGFf3
injection in 20pul PBS+0.1%BSA were injected into the injury site. Samples were fixed in Z-
fix fixative and embedded in methacrylate resin and thick sections (~3mm) were cut (Leica
SP1600) and imaged with a multiphoton microscope (3um/slice x ~75 slices; dimension:
1.242um/px; Olympus FluoView FVV1000MPE; n=2).

Height measurement

IVD height was measured with a caliper at three regions of the 1\VD and the height of 3 areas
was averaged. Measurements were performed before and after culture and the % 1D height
loss was calculated (n=6/group [d6], n=8/group [d19]).

Gene expression

To assess gene expression, samples were flash-frozen in liquid N, pulverized, and total
RNA was extracted with TRI Reagent (Molecular Research Center), by using a modified
TRIspin method [34]. Reverse transcription was performed using the SuperScript VILO
cDNA Synthesis kit (Invitrogen). Expression was determined by qRT-PCR (ABI GeneAmp
7500, Applied Biosystems) using Tagman primers and normalized to 18S ribosomal RNA as
endogenous control. Genes of interest were the inflammatory IL-14and IL-6, and the
anabolic and catabolic genes ACAN, COL1, COL2, and metallopeptidase inhibitor 1
(TIMP1), ADAMTS-5 and MMP-13 (n=4/group [1d]; n=6/group [d6] n=9/group [d19]). To
account for the variability of the control samples the average Ct was set to zero with a
variation around the mean. This was done by subtracting the average of all Ct controls from
the individual control C values. The negative and positive errors were determined by
calculating the fold change of the sum or difference of average Ct and the standard
deviation of the Cr, as described in Livak 2001 [35]. The Cy values for the different groups
were calculated within one experiment/animal by subtracting the corresponding control Cy
from the sample of interest Ct. Fold changes for samples of interest were calculated as
described for the controls.
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Aggrecan degradation

Aggrecan degradation was determined by western blot as previously described [36]. Briefly:
tissues were chopped into small pieces and lyophilized. Proteins and proteoglycans were
extracted, precipitated in ethanol and air dried. The precipitate was digested with keratanase
I (Seikagu) and chondroitinase ABC (Seikagu). Samples were separated by SDS/page under
reducing conditions (10% polyacrylamide gels), transferred to nitrocellulose membranes
(BIORAD) and incubated overnight at 4°C with antibodies directed against intact aggrecan
(G1 domain), and cleavage sites for aggrecanase (NITEGE) and MMPs (DIPES) [37].
Aggrecan and its degradation fragments were visualized by chemiluminescence (n=9/group
[d19]).

Proteoglycan content

Statistics

Results

Proteoglycan content in papain digested tissue and in culture media was measured with the
dimethylmethylene blue dye assay (Sigma-Aldrich; n=5) [38].

One way ANOVAs were performed with subsequent post hoc testing (Bonferroni’s Multiple
Comparison Test; GraphPad Prismb5). For statistical analyses, p-value p<0.05 was
considered significant.

Cell viability after discectomy

To determine the effect of TGFB3 after discectomy, 0.2ug TGFB3 was injected directly into
the surrounding tissue of the VD space after discectomy (Figure 1e). In control 1VDs cell
viability was maintained for up to 19 day culture (d6=87.9+11.5%; d19=89.3+7.1% Figure 2
a,b). Discectomy led to a significant decrease of cell viability in the far-site
(d6=43.9+20.4%; d19=26.5+19.9%; p<0.01; Figure 2 a,b) and was even lower adjacent to
the injury-site (d6=20.7+16%; d19=18.9+15.8%; p<0.01; Figure 2a,b). TGFB3 treatment
maintained cell viability during culture in the far field-site (d6=79.4+15.4%;
d19=71.1+20.9%; Figure 3b) and mitigated the extent of cell death adjacent to injury-site
(d6=61.3+11.5%; d19=52.3+21.3%). Discectomy sites in injured and treated IVDs were
clearly visible after 19 days (Figure 3).

Dextran diffusion

To assess if the injected solution remains within the IVD, a total of 20ul dextran was
injected into several locations adjacent to the discectomy. To simulate TGFf3 diffusion
under best possible condition we chose dextran of the same charge and with similar
molecular weights (positively charged; molecular weights: dextran=25.4 kDa; TGFp3=20.4
kDa). The FITC labeled dextran remained within the tissue within areas close to the
injection site and appeared to be partly taken up by the cells. Second-Harmonic-Generation-
microscopy analyses visualized the collagen rich matrix and demonstrated ruptures of the
inner AF due to discectomy and dye injection (Figure 4).
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Aggrecan degradation

NO release

IVD height

Aggrecan is the main proteoglycan in the VD and is prone to degradation by both
aggrecanase and MMPs. The presence of intact aggrecan and aggrecan fragments due to
cleavage was determined by western blot analysis using antibodies directed against intact
aggrecan (G1 domain), and cleavage sites for aggrecanase (NITEGE) and MMPs (DIPES).
While the band intensity of intact aggrecan indicated high amounts of aggrecan in all
conditions (Figure 5); cleavage products were mostly observed in injured inner AF, with the
highest intensity for MMP fragments (Figure 5). In contrast, control and treated inner AF
samples contained only faint bands of MMP cleavage products and fragments of
aggrecanase cleavage were absent (Figure 5).

To determine cell stress, the amount of NO released to the media was determined throughout
the 19 day culture. No difference in total NO release was detected between control and
treated 1VDs (p=0.336; Figure 6). In contrast, untreated discectomy lead to a significant
increase of total NO release in injured IVDs (p<0.005). During the first week of culture,
treated and injured 1VDs released twice as much NO compared to control IVDs. With
progressing culture, NO release increased slightly in the control group, whereas it decreased
in treated IVDs. NO concentration in the media converged for the treated and control groups
at 15 days but further increased in injured 1VVDs (Figure 6).

Over time 1VD height decreased in all groups with loss in 1VD height being highest in
injured 1VVDs (22+4%) and lowest in treated 1VVDs (treated=18+4%; p=0.06 injured vs.
treated; Figure 7). No differences were observed between control (21+9%) and injured or
treated 1VDs (p=0.79; p=0.43)

GAG content in tissue and media, and gene expression

No differences between control, injured and treated IVDs were observed at any time point
(results not shown).

Discussion

This study investigated the effects of discectomy on IVD properties and evaluated if TGFp3
injection during discectomy could augment surgical procedures. Our results indicated that
discectomy procedures induced 1VVD height loss, GAG degradation, NO production and
substantial cell death in AF tissue adjacent to the discectomy site and on the adjacent sides
of the IVD. TGFp3 injection at the time of discectomy inhibited several of these changes
with improved cell viability, reduced aggrecan degradation and reduced cellular stress.
Results should be contextualized for the human condition, since we expect discectomy
procedures on healthy bovine IVDs to result in greater degenerative changes than would be
observed on human IVDs that are typically herniated, degenerated, or otherwise eliciting a
painful response. Nevertheless, the degenerative changes found from discectomy and
improvements with injected TGFB3 are compelling and highly suggestive that biologic
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injection or other augmentation at the time of discectomy offers potential to improve current
discectomy procedures.

The most likely cause of IVD height loss was due to progressive breakdown of the ECM,
known to be associated with VD degeneration [39]. In this study western blots for aggrecan
and its fragments suggest increased aggrecan breakdown by MMPs and ADAMTS in the
inner AF of injured 1'VDs while injection of TGFB3 during discectomy prevented aggrecan
breakdown and helped to maintain the ECM structure. In addition to our findings, others
have previously demonstrated the anabolic potential of TGF on ECM homeostasis [25-28].
TGFp isoforms in combination with dexamethasone could inhibit the expression of catabolic
genes such as ADAMTS-5 or members of the MMP family [23,27].

TGFB can promote survival of VD cells through inhibition of apoptosis [40] and
maintaining cell viability [41-43] and it is likely that the catabolic shift of injured I'\VDs after
discectomy also resulted from the significant loss of cell viability due to injury, as recent
studies suggested that 1\VD degeneration could be induced through sudden cell death or
senescence [44]. The increased cell death in injured IVDs is further reflected by elevated
levels of NO, as extended production of NO is known to be pro-apoptotic through activation
of proteases and the alteration of apoptosis related protein expression [45].

The major ECM degradation process is mediated by MMPs and ADAMTS’ which are
activated by NO, low pH and proteases [46-48]. While gene expression analyses did not
show any differences between control, injured and treated 1VDs, the observed increase in
aggrecan degradation after discectomy suggests activation of MMPs and ADAMTS’ in
injured 1VVDs. TGF3 treatment likely counteracted this process as aggrecan degradation and
NO release were comparable to controls, and this may offer an explanation for sustained
effects of TGFB3 on the IVD metabolism after 19 days.

To evaluate the distribution of TGFB3 injection within the IVD and to assess possible uptake
by cells we injected FITC labeled dextran into the discectomy space as a surrogate for
TGFB3. Local staining close to the injection sites indicated dextran diffused throughout the
AF tissue and was likely taken up by cells in the region (Figure 4).

Furthermore, treatment with 20l TGFB3 injection into discectomy 1VVDs limited aggrecan
degradation, maintained 1VVD height, and prevented cell death adjacent to and away from the
discectomy site. Taken together, we infer that our multiple TGFB3 injection strategy into
IVVDs with discectomy distributed the growth factor throughout the remaining 1VD tissue
and was taken up by cells. We note that injection of high volumes can result in back flow of
the injected solution out of the 1\VVD and put the AF at risk of delamination [49], therefore we
limited our injection volumes to 20pl.

From a clinical perspective, it would be appealing if injection of a single growth factor had
the capacity to ‘reprogram’ cells to prevent apoptosis and degeneration; however, it is also
plausible that degenerative changes were delayed. Future animal model and clinical studies
are required to investigate how long such a treatment would persist in vivo and in the human
condition. We considered the 0.2ug TGFp dose to be optimal since it produced the largest
up-regulation of genes involved in matrix remodeling in preliminary experiments comparing
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doses from 0.02 to 2 pug. Protein validation reinforced this as an effective choice with
detectable inhibition of aggrecan degradation. However, additional studies are required to
determine dose on human 1VDs and cells.

Although all 1\VDs isolated for this study were healthy, effects of growth factor in cases of
IVD herniation and degeneration are most relevant clinically. 1D herniation in adult
humans is mostly seen as a result of IVD degeneration although IVD herniation in young
patients and athletes mostly follows trauma in non-degenerated 1\VVDs [50-54]. We expect
that the changes for pre-existing degeneration of most discectomy patients would be less
than the changes from discectomy observed in these healthy bovine 1VDs used in our model
since degenerated human I1VVDs contain fewer cells that are exposed to chronic inflammatory
conditions. In addition most patients do not get immediate surgery for I\VVD herniation and
often undergo surgery weeks to months after sustaining a lumbar I\VD herniation. It is
therefore likely that the dose of growth factors and efficacy would vary depending on the
cause of VD herniation and state of degeneration. The presented explant system of bovine
IVDs with endplates provides a potential platform for screening of different inflammatory
[55] and dosage conditions. However, longer term in vivo animal studies, human 1VD
studies, and clinical trials are required to fully test this concept that discectomy procedures
can be improved with growth factor injections. It is possible that other growth factors, such
as BMPs and GDF-5, which have been implicated as potential therapeutic agents in the IVD
[19,56,57] could also be successful augmentations to discectomy procedures yet this remains
a speculation requiring further testing.

Conclusion

After discectomy, the remaining I'VD tissue can undergo accelerated degenerative changes
resulting in long-term clinical problems [8,9]. This study provides direct evidence for such
degeneration involving increased cell death, matrix breakdown, and NO production. TGFf3
injection during discectomy prevented the development of inflammatory and catabolic
responses and this study suggests that even a single dose of TGF3 treatment can prevent
cell death and limit matrix catabolism for 19 days. Whether or not this single injection is
sufficient to ‘reprogram’ degenerated cells to a new phenotype with increased anabolism
and remodeling rates requires additional studies. We conclude that biologic injection at the
time of surgery offers potential to improve the current treatments which are focused on
reducing pain by augmenting them with simultaneous treatments to slow progressive
degeneration, and the current study indicates that such procedures warrant further
investigation.
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Figure 1. Discectomy and injection procedures
Images and schematic of (a-c) discectomy and (d-e) TGFB3 injection procedures. (a) A

cruciate-style discectomy was performed using a #15 scalpel blade followed by (b)
loosening of NP tissue with a discectomy curette and (c) removal of loose tissue with a
standard rongeur. A total of 20ul TGFp3 solution was injected into multiple locations of the
remaining NP, inner and outer AF tissue surrounding the discectomy space using a (d) high
precision Hamilton syringe (25g needle), (e) as shown schematically. The discectomy is
created at the dorsal side of the IVD and TGFf3 is injected into multiple sites within the
defect; note that the ‘X’ marks indicate the multiple injection sites where treatment occurred.
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Figure 2. Cell viability analyses after discectomy
Cell viability at (a) day 6 and (b) day 19 of control, injured and treated AF as measured in

the tissue at the injury site (is) and in the far field; injured vs. control: *=p<0.01.
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control injured is treated is

Figure 3. Representative cell viability images after 19 day culture
Images of (a) control, (b) injured and (c) treated I'VDs using calcein AM and ethidium

homodymer to identify live (green) and dead (red) cells, respectively, as visualized on
confocal microscopy. High cell viability was observed in all control and intact IVDs while
dead cells were observed at the injury site (is), as denoted by arrows. Scale bar = 200 um.
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Figure 4. Dextran injection after discectomy
FITC labeled dextran was injected as a surrogate to visualize TGFp3 drug distribution and

visualized with a multiphoton microscope to label the injected agent and Second Harmonic
Generation imaging to visualize the dense collagenous network. After 20 hours organ
culture, the injected dextran remained within the tissue close to the injections sites (arrow
head) and appeared to be partly taken up by the cells (arrow). Defects in the tissue
associated with discectomy and/or injection are visible in the collagen rich tissue (*); scale
bar = 100 um; dextran = green; collagen = blue
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Figure 5. Aggrecan degradation due to discectomy after 19 day culture
Aggrecan degradation products were analyzed in inner AF extracts of control, injured and

treated 1VDs by SDS page and western blotting using antibodies recognizing the aggrecan
G1 domain (left) and the cleavage products of MMPs (DIPES, center) and aggrecanase
(NITEGE, right). Arrows mark bands representing degradation products due to cleavage at
sites for aggrecanase (ADAMTS) and matrixmetalloproteinases (MMP).
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Figure 6. Total NO released to media due to discectomy
NO released to the media was measured using the Griess reaction at media changes at day 8

(d8), day 12 (d12), day 15 (d15) and day 19 (d19) and summed (injured vs. control:
*=p<0.05).
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Figure 7. 1VD height loss after 19 day culture normalized to control
Treated IVDs lost less 1VD height than injured IVDs (injured vs. treated: # p=0.06).
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Discectomy studies included 1 day, 6 day and 19 day investigations of gene expression, transport, cell

Study design

Table 1

Page 19

viability and model characterization. Groups included dO = day 0 control; Control = intact control without

intervention; Injured = discectomy, Treated = 0.2ug TGFB3 in 20l PBS-BSA. Group, sample size and

dependent variable measurements are given.

Study Group Se;rir;gle Dependent variables
do 4
Control 4
Dis;eg;;my Injured 2 PCR
Treated 4
Dextran 2 Diffusion
do 6
Discectomy |_Control 6 ol I\Dlggi“ty
6 days Injured 6 Ivgﬁeeight
Treated 6
do 9 Cell viability
Discectomy |_Control 9 Weslzgs_ blot
19 days Injured 9 NO releésAeén media
Treated 9 IVD height
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