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ABSTRACT

Background: Physical data are lacking on nutrient transpohuman intervertebral discs
(IVDs), which supports regeneration. Our objectiaes to study nutrient transport in porcine
IVDs to determine the effects of biomechanical phgsiological factors.

Methods: In vitro testing of whole porcine IVDs was perfadunder different loading
conditions. Fifty cervical, thoracic, and lumbasal with attached end plates were removed
from 4 Yorkshire pigs (90-150 pounds). Discs wdeeed in Safranin O or Fast Green FCF
histological stains in diffusion or diurnal compses-tested groups. The end plate was studied
by using polyurethane to block it. Traction wasdgtd with a mechanical testing frame. Discs
were cut transversely and photographed. Images avetlyzed for depth of annulus fibrosus
(AF) stained. The nucleus pulposus (NP) was asdigretaining score.

Results: Results showed no difference in AF staining betwibe two stains (P=0.60). The
depth of AF staining did not increase (P=0.60) tlueonvection or disc height change via
diurnal loading. The NP in all open end plate saspVas completely stained by day 3. NP
staining was decreased in blocked end plate sar(ip#s07) and AF staining was significantly
less in traction samples than in diffusion-only péaa (P=0.04).

Conclusions: This method showed that most small molecule nuttr@msport occurs via the
end plate. Compressive load was a negligible beoaefiindrance to transport. Traction hindered
transport in the short term. This method can be tsstudy strategies for increasing nutrient

transport in IVDs.

RUNNING TITLE: Biomechanical effects on IVD nutrition
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HIGHLIGHTS

* The low-nutrient-transport structure of human N&aimajor barrier to regeneration.

Most small molecule transport in IVDs occurs via #nd plate.

» Disc compression does not increase or decreasemtutansport in 1VDs.

Traction decreases nutrient transport in the dkaont.

Stain baths enable study of biomechanical effectsutrient transport in 1VDs.
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INTRODUCTION

Degeneration of the intervertebral disc (IVD) ie thading cause of back pain. More
than 85% adults over 50 years of age show evidefhdisc degeneratiohAs people age,
structural changes occur in the disc extracellodatrix, resulting in calcification of the disc end
plate. The IVD is the largest avascular structarthe human body, so changes in disc structure
and subsequent small changes in nutrient supplyteaaten the survival of IVD cells. As cells
die, the ability of the disc to remodel its extdadar matrix declines and the disc degenerates.
Degenerative disc disease causes pain in multipiesywsuch as through the ingrowth of nerves
in the IVD, facet joint arthritis from disc thinrgnand disc bulging that puts pressure on nearby
nerve roots. Furthermore, degenerative disc dissasften a precursor to osteoarthritis of the
spine, spinal stenosis, and pain that decreasegitigy of life of patients.

Common treatments for degenerative disc diseasss foe symptom management rather
than IVD treatment. When conservative treatmentstfeen surgery is recommended. Spinal
fusion is the most common surgical treatment, tyeas poor long-term success rates in pain
relief and can cause wear on adjacent segmentificial disc replacements, such as the SB
Charité (DePuy Spine, Raynham, MA), showed evidefdeequent complications as early as
ten years after implantation and provided mixedjt@rm outcomes.* There are currently no
successful treatments specifically targeting degdive IVDs.

The IVD can be subdivided into four segments: &)ahnulus fibrosis (AF), 2) the
nucleus pulposus (NP), 3) the cartilaginous entepland 4) the bony end plates. The stiff AF is
composed of approximately 15-25 layers of collafjeer lamellae arranged in concentric circles
around the soft gelatinous NFThe cartilaginous end plates are thin layers afihg cartilage

that act as a barrier between the NP and the dansddone above it and below’ iThe end
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plates are the primary means of contact betweedifteand the vascular supply: small
capillaries penetrate the cartilaginous end platesbone marrow cavities contact their
periphery’ During aging, the decrease in capillary frequesmny calcification of the marrow
cavities and cartilaginous end plates is thougletthe primary reason for a decrease in nutrient
supply to both the AF and the NP.

A major barrier to IVD regeneration is the lackaof environment conducive to cell
survival in this low-nutrient-transport structuiiéene cells of the IVD are constantly building and
destroying the extracellular matrix of the IVD away to repair proteins damaged as part of
normal biological activity. As cells die of stariat, the balance is shifted and the extracellular
matrix begins to degrade, ultimately resulting iloss of IVD tissue. Nutrient transport in a
healthy IVD is thought to occur primarily throudtetend plate, with glucose entering the 1IVD
via diffusion. However, physical data on this c@uo$ action are scarce, particularly for whole
IVDs. Most of the knowledge about nutrient trangpoithe disc emanates from mathematical
modeling, and such models, along with the few exgsn vivo experiments, often report
conflicting results. For instance, Malandrino ef eéported that mechanical loading increases
nutrient transport by decreasing the disc heightneas Jackson et®af.reported that
mechanical loading decreases nutrient transpodelsyeasing the diffusion coefficient through
the extracellular matrix. Additionally, Gullbranda@*° reported that the nutrient transport can
be both increased or decreased depending on theitonde of the load in rabbit models.

In this in vitro study, we investigated nutrierdrisport in the porcine 1VD to determine
the effects of biomechanical and physiologicaldesbn it. The end plates of the discs were

either blocked or unblocked to simulate calcifioatof the cartilaginous end plate in humans.
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Furthermore, external manipulations were explocedetermine whether they could increase

nutrient transport in the disc.

MATERIAL AND METHODS
Disc Harvest and Specimen Preparation

Whole spines were donated from another laboratdttyim?24 hours of euthanasia.
Spines used in the study were from 4 Yorkshire pigsoth sexes that weighed 90 to 150
pounds and were ages 3 to 4 months at the timetb&easia. A reciprocating bone saw was
used to remove 50 whole intervertebral cervicalrdhic, and lumbar discs with end plates
attached from all but one spine, which was ketantThe end plates were scrubbed under
running water with a wire brush to remove bloodxl®iscs were divided into containers of 3
discs, each containing equally spaced segmentstfreiow, medium, and high levels of the
spine. The discs were shaved using an air-drivegical drill and a round bur to make them of
equal height. No more than 2 mm of bone was lédiched to the cartilaginous end plate. Disc
segments were cryofrozen according to the methedritbed by Lam et al., which showed that
cryofreezing had no effect on the biomechanicaperties of the dist: Briefly, disc segments
were cryofrozen in a 100 mL/disc solution of 10%mpyene glycol, 10% dimethyl sulfoxide,
and 80% Dulbecco’s Modified Eagle Medium. The disese incubated for 2 hours at 4°C, then
slowly cooled to —80°C by placing the containen® ia 1.5-inch Styrofoam box. The whole
spine was dampened by 1x phosphate-buffered saticiérozen at —80°C.

The whole spine was used for traction testingspetimens were prepared differently
for the compression and diffusion samples. Theespias defrosted and cut into segments that

included an IVD with whole vertebral bodies on eitide. Every other IVD was sacrificed to
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maintain a full vertebral body. The vertebral bedieere left attached in these samples because
more surface area was required to mount the spadoneghe traction test; however, the
vertebral bodies on either side of the IVD wereeotsd through the end plate using an air-driven
surgical drill with a round burr to allow similataén access to the end plate. The entire vertebra
was hollowed out, leaving no more than 2 mm of batteéched to the cartilaginous end plate.
Furthermore, the facets were removed using theashd rongeurs to allow unrestricted motion

of the disc.

Stain Preparation
Two different histological stain preparations wased, Safranin O (SO) and Fast Green
FCF (FG). SO stains proteoglycans, whereas FG@especific non-collagenous protein stain.

Both stains were prepared at 2.85 mM in 1x phogphatfered saline.

Diffusion Testing

Discs tested with diffusion only were placed in 200/disc baths of histological stains
SO or FG. Diffusion discs were agitated for 1, 30157 days (n=3). Disc containers were chosen
at random, with randomization performed via Micribgxcel (Microsoft Corp., Redmond,

WA).

Compression Testing
Loaded discs were also placed in a stain bathesaritbed above in the Stain Preparation
subsection, and placed under a static 50 Ib/dest for 16.1+0.15 hours. The load was then

removed for 7.8+0.25 hours to replicate the diunyale normally experienced by humans.
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Each disc was sandwiched between 2 commercialljadna squares of metal screen (1
3/4x1 3/4 inches). A perforated cylinder (for a/2-inch sink drain) was placed on top of each
disc to ensure adequate stain flow over the endl&igure 1). The discs were placed an even
distance apart in a 22 L bucket and covered with L.of SO. A second bucket (8.5 L) was
placed on top of the drain covers, and weights wtaeked inside the smaller bucket to
distribute a load on the discs.

In 3 compressed discs, polyurethane (Rust-OleurmadreHills, IL) was used to block
the end plate to determine the importance of tliepdate. The end plates of blocked discs were

painted with 1 thick layer of polyurethane.

Traction Testing

Data on nutrient transport in IVDs under tractioasvobtained by attaching the caudal
and rostral ends of each motion segment (posteleonents removed) to blocks of fast-curing
resin (Smooth-Cast 300Q, Smooth-On, Inc., EastdhuBing small bone screws and
customized fixtures (Figure 2, left). The fixturedkwed fluid to enter the hollow center of the
vertebral body and come into contact with the eatepEach potted specimen was mounted in a
standard servohydraulic test system (MTS Systemnp.C®den Prairie, MN) (Figure 2, right). A
tensile load was applied via a hook located appnaiely in line with the vertical neutral axis of
the motion segment. The load was applied from drakexesting position to 223 N (tension) and
held constant for 16 hours, then unloaded to SeNsfbn) for 8 hours. Testing was performed

with discs in an SO solution.
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Stain Evaluation

After staining, the discs were rinsed under runtamwater, soaked in tap water for 10
minutes, and cut in half through the transversagld@hese steps were taken to avoid dye on the
exterior of the disc being transferred into thecdig the scalpel blade. Images with 72 dpi
resolution or greater were collected with a digitaera. A ruler was placed in the image for
scale. Images were analyzed in ImageJ image pliogessftware (https://imagej.nih.gov/ij/) for
area of disc stained. The area of the NP, the @age of the AF, and the inner edge of the
stained region in the AF were measured using #ehfind selection tool. Each measurement
was performed four times and averaged. Since matii@nsport is reliant on distance regardless
of the size of the IVD, the segmented areas warestormed into approximate depth penetrated
into the annulus fibrosis (AF) by assuming a ciacidhape for the disc in the transverse plane, as

shown in the following equation.

R = ADisc_ AUnstained
T T

whereR is the average radial distance traveled by tha 8tadhe AF,Ap;,. is the cross-sectional

area of the disc, amdly,,s;qineq IS the area of unstained AF. The NP was assigrsetr@ of 1

(no staining), 2 (some staining), or 3 (full stam).

Statistical Analysis

Statistica software (StatSoft, Inc., Tulsa, OK) wased to perform all statistical analysis.
For the data on stain penetration in the AF oveetia repeated measures analysis of variance
(ANOVA) was performed. A one-way ANOVA was usedctimpare stain penetration in the AF

for different loading schemes. A two-tailed Studeteist was used post hoc for all significant
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ANOVA data and for comparison of AF staining in éted and unblocked end plate samples.
For the data on NP staining scores over time, tleglfan ANOVA for nonparametric data was
used. The Kruskal-Wallis test was used to comp&esfdining scores for different loading
schemes. The Mann-Whitney U test was used posfon@d! significant ANOVA data and for

comparison of AF staining in blocked and unblocked plate samples.

RESULTS

In general, the stain penetrated the end platéramdled quickly throughout the NP, with
full staining occurring on days 1-3 (Figure 3). T8tain also penetrated radially through the AF
quite slowly, taking up to 7 days to fully stairhédepth stain that traveled into the AF was
nearly linear over time, as might be expected fdiffusion-only transport (Figure 4). There was
no difference in the depth of AF stained betweenR& stain and the SO stain (P=0.60) (Figure
4). There was no significant increase (P=0.60hédepth of staining in the AF due to the
addition of convection via diurnal loading. Only %16 samples) of the open end plate
samples had no NP staining on day 1, and by d&he3\IP in all open samples was completely
stained (Figure 5). The blocked end plate sammesdecreased NP staining that was not
significant (P=0.07) (Figure 6A). No significanfférence in staining of the AF was found in the
blocked end plate samples compared to the opeplatelsamples (P=0.25) (Figure 6B). No
significant difference was found between NP stajrsoores by loading state (P=0.13) (Figure
7A); however, the AF showed significantly reducersng with the addition of traction

compared to diffusion-only samples (P=0.04) (Figtisg.
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DISCUSSION

In this experiment, we used 2 stains with diffét@nding characteristics but similar
diffusion coefficients (Bowawer 7-11x1FPcn?/s 2 Drgmwaer=3.9 x1FPent/s™). If stain binding
was limiting the nutrient transport, then the fipahetration of the disc would be different
between the 2 stains. However, since the 2 stanstmted the discs similarly, then the molar
percentage of bound stain was likely negligibleamparison to the unbound stain in the pore.
Glucose also has a diffusion coefficient similathat of the stains used here
(Dalucosemwater8. 7x10%cn?/s™). Therefore, these results for SO and FG stainiag be similar to
the results for glucose transport; however, evéhnefdye had been significantly affected by
binding, comparing the staining under differentdiog parameters to that of samples using the
same dye is still useful in determining how thoaeameters effect the samples, such as by
generally increasing or decreasing transport.

We found that small molecule transport in the \&Dikely to occur due to diffusion
rather than convection. Furthermore, small molecglackly penetrate the end plate and
distribute throughout the NP, but such transpagioates from outside the IVD and occurs quite
slowly through the AF.

The extent of the role played by compression amy@ction in the transport of nutrients
is unknown. Loading of the IVD causes the disclo$e height, which decreases the distance
that nutrients must cross; however, compressianadsses the diffusion coefficient to decrease
by making pores smaller. Furthermore, loading cawugerstitial fluid to flow into and out of the
disc, which could lead to nutrient transport viawection. These three mechanisms of disc
height change, convection, and diffusion coeffiti@mange all affect transport, but which one is

most important is not known. Our results showed ¢bhanpression overall had no effect on stain
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transport. Therefore, we believe that these threehanisms negated each other in this study.
Table 1 summarizes the current literature on thpgct” ® 1% >2°The conflicting results,
particularly from the in vivo data, seem to inde#tat mechanical loading could induce
transport changes under certain conditions, paatitin the short term® but this study showed
that there was no effect over the course of sedeay for a static diurnal loading scheme.

It has long been known that end plate blockageatsification decreases transpdft?

We also found a decrease in NP staining with eatefdlockage; however, our results fell short
of statistical significance.

Traction therapy has been shown to produce sontebuitefits to degenerated IVDs as
reported in both basic science and clinical literat For instance, Kuo et & showed increased
porosity and cell viability in discs that receiviedction treatment in a bioreactor for 3 days.
Furthermore, Choi et &f.showed improvement with decompression therapytrtion therapy
in the preoperative to postoperative treatmentsmof patients, as measured by decreases in
visual analog scale and Oswestry Disability Indexrss, whereas their straight leg raise scores
increased; however, level 1 evidence for tractiw@rdpy is difficult to obtain in the clinic where
blinding is impractical. Our results indicate thraiction might actually decrease nutrient
transport mechanically, either due to changes e pize or changes in disc height. This study
should not be interpreted as opposition to tradii@mapy, as there may be other benefits to that
therapy (e.g., stimulating cellular activity or ueihg disc bulging), which were not captured
here, or simply a stretching of the supporting miegare of the spine. However, these data
show that short-term increases in nutrient trartsg@r not likely to be the cause of any benefit

provided by traction.
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This study was limited by its use of porcine tisststher than human tissues. Porcine
spines were a conveniently available large-gaugearspine, whereas human spines can often
be expensive or difficult to obtain. Furthermorergne spines could be obtained fresh, within
24 hours, and were of more uniformly healthy gyalitan human spines. Human cadaver spines
often have degenerated discs because they areofdmmindividuals. Such disc degeneration can
add more realism to an experiment, but it also ashdsher variable to further complicate the
research. Additionally, pigs are quadrupeds andibechanics of porcine spines are not the
same as those of humans, which could lead to diffegs in the endplate; however, porcine
spines are close in size to human spines and teusften used as an IVD modéi?®In future
work, this team will repeat several of the testsalbere with human discs so that the results can
be directly compared to further validate this modelother limitation of this study was that it
was performed in vitro. Studying transport phenoanervitro is limited by the lack of blood
flow through the vascular beds in the end platesthermore, loading schemes in vitro vary
widely from the loading that occurs in vivo. Alsmllular effects are ignored by this model.
Cells make up less than 1% of the volume of dissui® and the stains used in this study bind
extracellularly, which allows stain transport tolasgely unaffected by cell activity and
integrity. Although approximately 20% of the cetiqulation dies in the freezing procésshe
mechanical integrity remains unchangéahich makes this model a reasonable way to study
the effects of biomechanical manipulation withoeéding an expensive bioreactor system to
maintain cell viability. Although the cell viabilitis not thought to affect this model, thawed
discs were rinsed immediately to minimize the teeffects of the cryoprotectarfts.

Furthermore, in future studies discs will be rinaed thawed in phosphate-buffered saline

instead of tap water.
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This model is an economical way to study many ckifie loading and physiological
effects on nutrient transport. This team alreadywark underway to study the effects of
endplate calcification and permeability on nutrismhsport in human IVDs under dynamic

loading conditions using this model.

CONCLUSIONS

We believe that our results show that most smalemde transport occurs via the end
plate. Furthermore, there is negligible benefihimdrance to nutrient transport with the addition
of compressive load, and traction actually hindeassport in the short term. This simple method
is one way to study strategies for increasing aatriransport in the IVD, which is a critical

barrier to the development of regenerative themsapie
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FIGURE LEGENDS

Figure 1. Schematic of the in vitro experiment setup. Eaattipe intervertebral disc is
sandwiched between 2 squares of screen under@gted cylinder, and weights are placed in a
smaller bucket set on top of them. The fluid pourgd the bottom bucket reaches
approximately halfway up the perforated cylindgsed with permission from Barrow
Neurological Institute, Phoenix, Arizona.

Figure 2. (A) Photograph showing the test fixtu(B) Photograph of test setudsed with
permission from Barrow Neurological Institute, Phoenix, Arizona.

Figure 3. Photographs of stained intervertebral discs cagifh (A-D) The discs were stained
with Safranin O fol(A) 1 day,(B) 3 days(C) 5 days, andD) 7 daysin the diffusion-only
model.Used with permission from Barrow Neurological Institute, Phoenix, Arizona.

Figure 4. The calculated depth of stain penetration intoattweulus fibrosus for the Safranin O
diffusion only sample (solid black line), the F&sten FCF diffusion only sample (solid gray
line), and the Safranin O compressed sample (ddslhek line). Time points with the same
number of asterisks (* or ** or ***) indicate a sigicant difference between those time points
as determined by theest (P<0.02)Used with permission from Barrow Neurological Institute,
Phoenix, Arizona.

Figure5. The nucleus pulposus staining score (1= none, Bapand 3= full) for the Safranin
O (SO) diffusion (black bars), Fast Green FCF diffu samples (white bars), and SO
compressed (gray crosshatched bars). Asteriskadigate significance between time points as
determined by the Mann-Whitney U test (P=0.004)oElars indicate standard deviatitised

with permission from Barrow Neurological Institute, Phoenix, Arizona.
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Figure6. (A) The nucleus pulposus staining score @idhe depth of annulus fibrosus that was
stained in compressed samples with open end gRt&s07) and with blocked end plates
(P=0.25). Error bars indicate standard deviatidsed with permission from Barrow

Neurological Institute, Phoenix, Arizona.

Figure7. (A) The nucleus pulposus staining score with Safran{fR€D.07, Kruskal-Wallis) and
(B) the depth of annulus fibrosus that was stained &étianin O (*P=0.04;,test) in samples
under traction, compression, or diffusion only (oad). Asterisks indicate a significant
difference between loading groups. Error bars m@ictandard deviatioblsed with permission

from Barrow Neurological Institute, Phoenix, Arizona.



Giers MB et al. 23

Table 1. Literature review of nutrient transport in theantertebral disk.

icati Key Findings of Stud
Reference Publication . ey g y . M ethod
Y ear Compression Convection
Urban et al’ 1982 No effect Ogpine In vivo radioactive
tracer injection
Increases transport of large
Ferguson, Ito, & Nolté 2004 molecules; no effecton ~ Mathematical model
small molecules
Soukane et df. 2007 Increases transport Mathematical model
Huang and Gi 2008 Decreases transport Mathematical model
Arun et al®® 2009 Decreases transport Human in vivo contrast-
enhanced MRI
Jackson et 4. 2011 Decreases transport Mathematical model
Malandrino et al. 2011 Increases transport  No effect Mathematicaleho
Zhu et af? 2012 Increases transport Mathematical model
Increases or o
Gullbrand et al? 2015 decreases transport, Rabbit in vivo contrast-

depending on load enhanced MRI

Abbreviation: MRI, magnetic resonance imaging.
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