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Abstract

Objective: Intradiscal biologic therapy is a promising strategy for managing intervertebral disc 

degeneration. However, these therapies require a rich nutrient supply, which may be limited by the 

transport properties of the cartilage endplate (CEP). This study investigated how fluctuations in 

CEP transport properties impact nutrient diffusion and disc cell survival and function.

Design: Human CEP tissues harvested from six fresh cadaveric lumbar spines (38–66 years old) 

were placed at the open sides of diffusion chambers. Bovine nucleus pulposus (NP) cells cultured 

inside the chambers were nourished exclusively by nutrients diffusing through the CEP tissues. 

After 72 hours in culture, depth-dependent NP cell viability and gene expression were measured, 

and related to CEP transport properties and biochemical composition determined using 

fluorescence recovery after photobleaching and Fourier transform infrared spectroscopy.

Results: Solute diffusivity varied nearly 4-fold amongst the CEPs studied, and chambers with the 

least permeable CEPs appeared to have lower aggrecan, collagen-2, and matrix 

metalloproteinase-2 gene expression, as well as a significantly shorter viable distance from the 

CEP/nutrient interface. Increasing chamber cell density shortened the viable distance; however, 

this effect was lost for low-diffusivity CEPs, which suggests that these CEPs may not provide 
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enough nutrient diffusion to satisfy cell demands. Solute diffusivity in the CEP was associated 

with biochemical composition: low-diffusivity CEPs had greater amounts of collagen and 

aggrecan, more mineral, and lower cross-link maturity.

Conclusions: CEP transport properties dramatically affect NP cell survival/function. 

Degeneration-related CEP matrix changes could hinder the success of biologic therapies that 

require increased nutrient supply.
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Introduction

Disc degeneration is a chronic matrix remodeling process that underlies several painful 

spinal disorders. Current medical interventions are surgical in nature and are aimed at 

removing potential sources of pain and restoring biomechanical function. Unfortunately, 

these invasive procedures are often unsuccessful, which motivates development of 

noninvasive alternatives. One promising strategy is intradiscal biologic therapy, which 

strives to regenerate the disc by: implanting new cells to produce matrix lost during 

degeneration1; or by injecting genes2, growth factors3, or other small molecules4,5 meant to 

increase matrix production and reduce catabolism or inflammation. However, increasing cell 

number or metabolism raises nutrient demand6, which may not be sustainable in the 

avascular degenerated disc7,8. Determining the factors that influence nutrient transport to the 

disc cells could enhance development of effective intradiscal therapies, uncover diagnostic 

targets for selecting ideal discs for treatment, and inform new strategies for improving disc 

nutrition.

Cells inside the nucleus pulposus (NP) mainly rely on nutrient transport to and from the 

vertebral capillaries9,10, which can be compromised by several factors. The vertebral 

capillaries penetrate pores in the bony endplate and terminate adjacent to the cartilage 

endplate11,12 (CEP; Figure 1). Pores in the bony endplate could be occluded during age-

related sclerosis13; yet, there is also evidence that bony endplate porosity increases with 

age14,15. On the other hand, CEP permeability is at least an order of magnitude lower than 

bony endplate permeability16,17, which suggests that the solutes’ ability to penetrate and 

diffuse through the CEP is the primary factor that controls the amount of nutrients and 

metabolites entering and exiting the disc. Moreover, CEP transport properties may be 

impaired by degenerative changes to the cartilage matrix18,19, such as calcification20,21 and 

dehydration22. However, because it is difficult to isolate the effects of CEP transport 

properties on nutrient diffusion and disc cell survival, the clinical relevance of deficits in 

CEP transport properties remains unknown.

To address these issues, we used in vitro diffusion chambers to test how human CEPs with a 

wide range of transport properties impact NP cell function. Our hypothesis was that CEPs 

with low solute diffusivity significantly reduce NP cell viability and function compared to 

CEPs with high solute diffusivity. Next, to explore the potential implications of low solute 
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diffusivity on the efficacy of biologic therapy, we determined the effect of nutrient demand 

on the relationship between solute diffusion in the CEP and NP cell viability by increasing 

chamber cell density. Finally, we probed the dependence of solute diffusivity on CEP matrix 

composition using Fourier transform infrared (FTIR) spectroscopy imaging. These FTIR 

data were used to test the hypothesis that CEPs with low solute diffusivity have greater 

mineral, collagen, and aggrecan contents than CEPs with high solute diffusivity.

Method

Study design

A key feature of the study was its ability to isolate nutrient supply as the only variable 

influencing NP cell function. To do this, we used diffusion chambers that mimic the 

diffusion-limited nutrient environment of the disc in vivo. Briefly, NP cells in vivo are 

mainly nourished by nutrients that diffuse through the CEP matrix. Some NP cells are 

located directly adjacent to the CEP, while those in the center of the lumbar discs may be 8–

10 mm from the nearest vertebral capillary. Analogously, NP cells cultured inside the 

chambers obtain glucose and oxygen that diffuse through human CEPs at the open sides of 

the chamber (Figure 2). Meanwhile, disc cell metabolites exit by diffusing through the CEPs 

into the culture medium. Thus, cell survival and function is a balance between the cell 

density, which dictates nutrient demand6, and CEP transport properties, which constrain 

nutrient supply. By culturing a fixed density of cells inside diffusion chambers with CEP 

tissues that span a physiologic range of transport properties, we determined how differences 

in transport directly affect NP cell viability and gene expression.

CEP tissues

Intact human CEPs were harvested from six fresh cadaveric lumbar spines (age range: 38–66 

years old; mean age: 56 ± 10 years) with no history of musculoskeletal disorders. From each 

L4 and L5 disc, full-thickness CEP samples (15 mm-wide in the coronal plane), including 

any calcified cartilage, were removed from either the cranial or caudal subchondral bone 

adjacent to the NP, flash-frozen in OCT compound (Tissue-Tek; Sakura, Tokyo, Japan), and 

cryostat-sectioned perpendicular to the CEP surface.

CEP transport properties

The diffusivity of a small solute inside each CEP was measured using fluorescence recovery 

after photobleaching (FRAP; see Supplementary Material for details). Briefly, full-thickness 

CEP samples (5 mm-wide in the coronal plane x 2 mm-long in the sagittal plane) site-

matched to the tissues used in the diffusion chambers were immersed in PBS containing 

sodium fluorescein (376 Da), and FRAP was performed with a 25 μm bleach radius (w) at 

4–6 cranial-caudal locations per CEP with a confocal microscope (SP5; Leica 

Microsystems). Diffusivity was calculated using the Axelrod method23 following a previous 

procedure24. The time constant of recovery (τ) and recovery half-time (τ½) were obtained by 

curve-fitting the normalized fluorescence intensity during recovery to an exponential 

function (Figure 3), and solute diffusivity was defined as D = 0.88*w2/(4τ½). Sodium 

fluorescein was studied because its molecular weight is similar to metabolically relevant 

solutes, e.g. glucose (180 Da) and lactate (90 Da).
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CEP biochemical composition

CEP biochemical composition was measured spatially with FTIR imaging. CEP sections (7 

μm thick) adjacent to those used in the diffusion chambers were mounted on barium fluoride 

windows (Edmund Optics, Barrington, NJ), air dried for 4 hr, and imaged with a Spotlight 

400 microscope (Perkin Elmer, Waltham, MA). Images were acquired in transmittance mode 

with 4 cm−1 spectral resolution and 6.25 μm pixel size. Spatial maps of collagen (1595–1710 

cm−1 Amide I peak area), aggrecan (960–1185 cm−1 carbohydrate peak area), mineral-to-

matrix ratio (ratio of phosphate’s 895–1215 cm−1 P-O stretch peak area to Amide I peak 

area), and collagen cross-link maturity ratio (ratio of 1660:1690 cm−1 peaks; sensitive to the 

relative amount of mature pyridinoline cross-links to immature, reducible cross-links25) 

were calculated in 0.4 mm x 0.8 mm ROIs (one ROI/section). Spectral indices at normalized 

depths were calculated for three adjacent sections/CEP. We performed this analysis for three 

CEPs with the highest and lowest diffusivities (6 CEPs total), selected from different donors.

CEP thickness

CEP thickness was measured using photomicrographs and was averaged for five locations/

chamber.

NP cell isolation

In order to limit the confounding effects of NP cell heterogeneity, we used bovine NP cells, 

which are phenotypically similar to human NP cells26–29. Additionally, bovine NP cells are 

derived from discs with similar physico-chemical properties29,30, they can be acquired in 

large numbers, and they have less donor-to-donor variability28,29. NP cells were isolated 

from coccygeal discs obtained from three steers (24–28 months old) collected at slaughter 

from a local abattoir (Marin Sun Farms, Petaluma, CA). Details of the isolation and 

expansion procedures are included in the Supplementary Material. For the diffusion chamber 

experiments, NP cells were mixed with agarose (type VII; Sigma-Aldrich) to give a final 

concentration of 1% agarose and cell densities of 4 million cells/mL, which is the average 

NP cell density in adult discs18, and 8 million cells/mL.

Diffusion chambers

The diffusion chambers were a modification of those described previously6. Each chamber 

was comprised of two glass slides separated by impermeable spacers (Figure 2). Two 180 

μm-thick sections from each CEP were first washed for 90 min with PBS containing 

antibiotics (0.012% penicillin, 0.02% streptomycin, 0.01% gentamicin; Sigma-Aldrich) and 

then placed with the deep layer of the CEP at the open sides of the chambers. Next, the NP 

cell-agarose mixture was pipetted into the center of the chambers, the chambers were placed 

in dishes with 25 mL of growth medium, and the dishes were incubated in 21% O2 for 72 hr 

at 37°C. Owing to mismatch between CEP section thickness and spacer height, the CEPs 

sustained a small compressive strain during incubation. This overall setup recapitulated the 

barrier function of the CEP, which was most relevant to our goals.
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Cell viability

Cell viability after incubation was assessed using a cytotoxicity assay (Thermo Fisher 

Scientific; see Supplementary Material for details). Briefly, gels were co-stained with 

calcein-AM and ethidium homodimer-1, and imaged using fluorescence microscopy. Low-

magnification (1x) images (MZ FLIII; Leica Microsystems, Wetzlar, Germany) were 

acquired for semi-quantitative analysis of viable distance using the ruler tool in ImageJ 

(NIH, USA). Viable distance was averaged at three locations/chamber, and experiments 

were repeated for each CEP and cell density. Viability data from three CEPs were 

unavailable since the agarose gels associated with those experiments broke apart during 

processing. Semi-quantitative estimates of viable distance were within 10% of 

measurements derived from a high-magnification analysis of viable cell percentage.

Gene expression

After chamber incubation, in situ hybridization (ISH) was performed to examine anabolic 

and catabolic gene expression (2 chambers/CEP; 4 million cells/mL). ISH was carried out 

using the RNAscope Fluorescent Multiplex Assay (Advanced Cell Diagnostics, Newark, 

CA; see Supplementary Material for details). Briefly, the cell-embedded gels were 

quartered, and one quarter-gel from each chamber was co-stained with probes for ACAN 
(cat no. 515691) labeled with Cy3, COL2A1 (cat no. 515711) labeled with Cy5, and UBC 
(cat no. 464851; positive control) labeled with FITC. A second quarter-gel was co-stained 

with probes for MMP-2 (cat no. 515701) labeled with Cy3, HIF1A (cat no. 515721) labeled 

with Cy5, and UBC labeled with FITC. Processing was performed according to the 

manufacturer’s protocol, and cell nuclei were stained with 4’,6-diamidino-2-phenylindole 

(DAPI).

Stained gels were imaged with a confocal microscope (SP5; Leica Microsystems) using the 

standard emission/excitation settings for each fluorophore and 40x objective. Images in each 

channel were taken as a series of z-sections (1.05 μm/section, 512 × 512) spanning a 21 μm-

tall zone at the mid-height of the gel. Stacks in this manner were collected at 0.5-mm 

intervals across the viable region of the quarter-gels (3 scans/quarter-gel). mRNA expression 

was estimated from the average fluorescence intensity of nuclei-associated pixels31, which 

was calculated using a macro in ImageJ. Experiments were performed twice each for 

chambers with the highest and lowest diffusivity CEPs.

Statistical analysis

Linear regression was used to determine the relationship between our primary outcomes, 

viable distance and solute diffusivity. The CEPs used in the regression models were derived 

from the L4 and L5 discs of six donors and were treated as independent samples. This is 

because there was no pairwise association or agreement between the diffusivities of the L4 

and L5 CEPs, and indeed, for a given spine, some discs may degenerate while others do 

not32. We further confirmed sample independence and regression model validity by re-

running the models after randomly removing one CEP belonging to each donor. To 

determine how solute diffusivity affects viable distance when cell density is increased, we 

separated the CEPs into two groups — one group with the highest diffusivities (n = 6 CEPs) 

and one with the lowest (n = 5 CEPs). For each group, we compared the viable distance 
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between chambers with high and low cell densities using a 2-sample independent t-test. 

These sample sizes were chosen to detect the smallest practical difference in viable distance, 

0.45 ± 0.18 mm, with 90% power and a level of 0.05 using a 2-sample t-test. In pilot studies, 

0.45 mm was the typical 95% confidence interval for the viable distance measurements 

within a single chamber.

To describe the fluctuations in NP cell gene expression with distance from the CEP, we used 

a regression model of fluorescence intensity as a function of location, a categorical 

independent variable. A separate regression analysis resulting in a population average curve 

for each gene was generated for the chambers with the highest and lowest diffusivity CEPs. 

We accounted for 8–10 locations nested within each of the three scans/chamber using a 

mixed effects regression model to account for repeated measures.

To describe the spatial fluctuations in CEP composition, we used regression models of the 

FTIR indices as a function of normalized depth from the NP/CEP interface, a continuous 

independent variable. For all of the indices except cross-link maturity (4th-degree 

polynomial model), a 5th-degree polynomial model for normalized depth was fitted with 

random intercepts and slopes33 (see Supplementary Material for details). We tested whether 

overall trajectories differed by diffusivity status via a post-estimation test using a contrast 

statement (F-test).

All analyses were performed using JMP Pro 12 and SAS v9.4 (SAS Institute; Cary, NC, 

USA). p < 0.05 (2 tailed) was considered statistically significant. Data are given as mean ± 

SD.

Results

CEP samples demonstrated large variations in diffusive transport, which in turn, had 

significant effects on NP cell viability and function. The mean diffusivity of sodium 

fluorescein in the CEP tissues was 14.8 ± 5.1 μm2/s (range: 5.9–21.5 μm2/s), and diffusivity 

was not significantly correlated with donor age (p = 0.68). These diffusivities are about 5% 

of those found in aqueous solutions34, indicating low CEP hydration. Importantly, 

fluorescein diffusivity, which served as a proxy for small solute diffusion, was significantly 

and positively correlated with viable distance in the diffusion chambers (4 million cells/mL: 

0.24; 95% CI: 0.09, 0.39; p = 0.006; 8 million cells/mL: 0.06; 95% CI: 0.03, 0.09; p = 0.003; 

Figure 4A). Specifically, for chambers incubated with 4 million cells/mL, the CEPs that 

allowed the least diffusive transport showed up to 51% shorter viable distance compared to 

the CEPs that allowed the most transport. CEP transport properties also influenced anabolic 

and catabolic gene expression by the NP cells within the viable region of the chambers 

(Figure 5): CEPs that permitted the least transport attenuated the expression of ACAN 
(Figure 5C), COL2A1 (Figure 5E), and MMP-2 (Figure 5G). HIF1A levels (Figure 5I) were 

insensitive to differences in transport.

As expected, doubling the cell density decreased the viable distance; however, this effect 

depended on the transport properties of the CEP. For CEPs that provided high diffusive 

transport (fluorescein diffusivity >15 μm2/s, the median for all CEPs), the average viable 
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distance was 22.9% shorter in the chambers with the higher cell density (mean difference: 

1.59 mm; 95% CI: 0.95, 2.22; p = 0.0003; Figure 4B), which is consistent with the increased 

nutrient demand. However, for CEPs with low diffusivity (<15 μm2/s), there was overlap in 

the relationships between viable distance and diffusivity (Figure 4A). Thus, viable distance 

was similar between the two cell densities (mean difference: −0.15 mm; 95% CI: −1.05, 

0.74; p = 0.70; Figure 4B). This suggests that in those cases, the main limiting factor was 

poor nutrient supply owing to low diffusive transport, not the increased nutrient demand 

caused by the higher number of cells. CEP thickness (0.680 ± 0.119 mm) was similar to 

previous values35,36 and was not significantly correlated with viable distance for chambers 

with either cell density (4 million cells/mL: p = 0.39; 8 million cells/mL: p = 0.14).

Biochemical composition differed significantly between CEPs with high vs. low solute 

diffusivity (Figure 6). Compared to the CEPs with high diffusivity (>15 μm2/s) that resulted 

in longer viable distance, the CEPs that allowed only low diffusive transport (<15 μm2/s) 

had overall greater Amide I peak areas (Figure 6C) and carbohydrate peak areas (Figure 6E), 

higher mineral-to-matrix ratios (Figure 6G), and lower collagen cross-link maturity (Figure 

6I). Depth-wise analysis indicated that the differences in Amide I peak area and collagen 

cross-link maturity depended on depth.

Discussion

Our results show that physiologic fluctuations in human CEP composition and transport 

directly affect NP cell survival and function. Small solute diffusivity varied nearly 4-fold in 

our sample, and the CEPs that permitted the least diffusive transport caused reductions in 

nutrient supply that shortened the viable distance by up to 51% inside diffusion chambers 

with NP cell density typical of an average adult disc. The CEPs that allowed poor nutrient 

diffusion also appeared to downregulate anabolic and catabolic gene expression by the NP 

cells, which suggests that low nutrient diffusion through the CEP limits the number of disc 

cells that can be sustained and hinders the cells’ ability to preserve matrix homeostasis. 

Importantly, CEP transport properties played a key role in the reduction in viability that 

occurred when we increased cell density. Increasing cell density is expected to shorten the 

viable distance by raising nutrient demands6, but in our system we found that this effect 

depended on the transport properties of the CEP. Namely, for CEPs with low diffusive 

transport, viable distance was insensitive to a doubling of the cell density, which suggests 

that those CEPs may not allow adequate nutrient diffusion to satisfy cellular demands. Since 

nutrient diffusion through the CEP depends in part on the porosity and composition of the 

cartilage matrix37, we used FTIR imaging to identify compositional differences between the 

CEPs with high vs. low diffusivity. Our FTIR data reveal that the low-diffusivity CEPs that 

shortened the viable distance had greater amounts of collagen and aggrecan, more mineral, 

and lower cross-link maturity — characteristics that may physically block solute penetration 

and diffusion. Taken together, these findings suggest that CEP transport properties have 

significant effects on nutrient supply and NP cell survival/function, and that deficits in CEP 

matrix composition may prevent adequate nutrient diffusion and could thereby hinder the 

success of biologic therapies that require increased nutrient supply.
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A clinically relevant finding of this study is that the effects of increasing NP cell density 

depended on CEP transport properties. NP cell metabolism occurs mainly by anaerobic 

glycolysis38, and thus, cell survival and function is sensitive to glucose availability6. 

Increasing cell density hastens glucose consumption, which leads to a steeper concentration 

gradient and a larger non-viable zone6,39. The size of this zone also depends on diffusional 

supply. Here, chambers with CEPs that allowed less diffusion had a larger non-viable zone; 

for the CEPs that allowed the least diffusion, nutrient supply appeared to be lower than 

required by the cells at either cell density. One potential implication of this finding is that 

CEP properties can have a significant impact on the regenerative potential of biologic 

therapies that, by design, stimulate nutrient demands. Specifically, patients with deficient 

CEP transport properties may have inadequate nutrient supply and thus be poor candidates 

for these therapies. A second implication motivates the development of non-invasive 

screening tools for the CEP that can help identify patients with adequate nutrient supply. For 

example, quantitative techniques based on ultrashort echo time (UTE) MRI are appealing 

since the short echo times are needed to capture the CEP signal, and because T2* relaxation 

times from UTE MRI are sensitive to the relative amounts of collagen and proteoglycan40, 

characteristics that were presently found to influence transport properties.

The CEPs that permitted the least diffusive transport negatively affected anabolic and 

catabolic gene expression of the NP cells, which is consistent with known effects of reduced 

nutrient supply. Specifically, ACAN, COL2A1, and MMP-2 expression were sensitive to 

reductions in media glucose concentration41, whereas HIF1A expression was insensitive to 

culture conditions42. The consistency of our results with those previous studies supports the 

validity of the measurements and conclusions. While other anabolic, catabolic, and pro-

inflammatory factors are involved in disc degeneration, the relevance of ACAN and 

COL2A1 attenuation to diminished disc height and biomechanical properties suggests that 

those functional deficits within the NP may be related in part to poor CEP transport 

properties.

Our finding that low solute diffusivity was associated with greater amounts of collagen and 

aggrecan, more mineral, and lower collagen cross-link maturity within CEPs suggests that 

these characteristics block solute penetration and diffusion. For example, high amounts of 

collagen and aggrecan hinder solute uptake and diffusion by reducing the available pore 

space19,37, and mineral is highly impermeable18. Additionally, a lower amount of mature 

pyridinoline cross-links, which normally increase as cartilage matures43,44, could destabilize 

the collagen network. These compositional deficits may serve as targets for treatments aimed 

at enhancing CEP transport properties to improve disc nutrition. For example, we recently 

found that treating CEP tissues with human collagenase liberates the matrix constituents that 

impede solute uptake, thereby improving nutrient diffusion and NP cell viability (under 

review). Interestingly, we found significant differences in composition between CEPs with 

low vs. high solute diffusivity throughout the depth of the CEP, which suggests that reduced 

diffusive transport relates to global changes in CEP matrix biosynthesis rather than local 

changes in any one region. Thus, treatments for enhancing CEP transport properties may 

need to act over the entire depth of the CEP. This is unlike articular cartilage, which has 

zones of varying fiber arrangement and matrix composition that undergo distinct changes 

with osteoarthritis45. Although we are unaware of prior studies that report FTIR 
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characteristics of the CEP, the generality of our findings is supported by observations that 

the CEP lacks clear zones in fiber arrangement46, is thinner than articular cartilage, and has 

higher collagen content47.

Despite the importance of the CEP for disc nutrition, the molecular mechanisms underlying 

the matrix changes that impact nutrient diffusion remain unclear. One possible explanation 

relates to the effects of free calcium on matrix homeostasis. Grant et al. found greater 

calcium content in CEPs adjacent to more severely degenerated discs, and increasing the 

levels of calcium decreased the secretion of type I/II collagen and proteoglycan in cultured 

human CEP cells through activation of the extracellular calcium-sensing receptor21. Here, 

the low-diffusivity CEPs had greater mineral-to-matrix ratios and higher levels of collagen, 

aggrecan, and immature cross-links. We believe these more dense CEPs represent the later 

‘degeneration/fibrotic’ phase of CEP matrix turnover identified by Antoniou et al., which 

was characterized by an increase in denatured collagen and increased type I collagen 

synthesis22. Conversely, the less dense CEPs in our study are consistent with the earlier 

‘aging and maturation’ phase of turnover, which includes a drop in synthetic activity and a 

reduction in denatured type II collagen22. Additional research is needed to clarify the 

molecular mechanisms involved in these phases.

One limitation of our study is that we evaluated the effects of CEP transport properties under 

diffusive conditions that occurred under low magnitude static loading, while higher 

magnitude static loading or dynamic loading could increase transport via forced solute 

convection48. The role of solute convection in disc nutrition is unclear, but we expect the 

present data to be representative of the relative effects of CEP transport properties on 

nutrient supply. A second limitation is that the CEPs were denuded of cells. Studying CEPs 

with viable chondrocytes may be important in accounting for local nutrient gradients over 

time or to address changes in CEP matrix turnover. However, we presently sought to take a 

snapshot of CEP compositional characteristics, and from that identify how variations in 

those characteristics impact nutrient supply. In this context, we believe the lack of viable 

chondrocytes, which are estimated to be between 6–10-fold fewer in number compared to 

NP cells18,49, is unlikely to change overall conclusions. A third limitation was the small 

sample size. Although solute diffusivity varied nearly 4-fold and the number of CEPs was 

sufficient to detect differences in NP cell viability, the CEPs were derived from six donors 

with narrow age range. A larger sample size with younger and older donors may have 

greater variations in composition and transport properties, which could increase their roles.

Finally, we focused on the diffusivity of sodium fluorescein, which is larger than 

metabolically relevant solutes such as glucose and lactate. Consequently, fluorescein 

diffusivity (14.8 ± 5.1 μm2/s) was slower than glucose diffusivity measured previously in 

human CEPs (34.4 ± 9.7 μm2/s)37. Fluorescein diffusivities in the CEP were also slower 

than fluorescein diffusivities in the annulus fibrosus (38 ± 25 μm2/s)50, which is consistent 

with the lower porosity of the CEP. Collectively, these observations support the validity of 

the fluorescein diffusivities and their reflection of small solute diffusion in the CEP.

In summary, our findings demonstrate how CEP composition significantly affects NP cell 

survival and function. CEPs with poor diffusion had compositional deficits that block solute 
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passage, including greater amounts of collagen and aggrecan, more mineral, and lower 

cross-link maturity. Moreover, CEP transport deficits had a detrimental effect on viability 

when cell density was increased. Taken together, these findings show that NP cell survival 

and function depend on CEP composition, and that deficits in CEP composition could limit 

the success of biologic therapies that require increased nutrient supply.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Vertebral capillaries penetrate the bony endplate and terminate at the cartilage endplate, 

which forms a continuous interface superior and inferior to the intervertebral disc that 

separates the vertebra from the inner annulus fibrosus and gelatinous nucleus pulposus. 

Once nutrients reach the cartilage, small solutes such as glucose and oxygen diffuse in 

through the cartilage matrix along a steep concentration gradient, while metabolic waste 

produced by the disc cells, such as lactate, diffuses out (inset).
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Figure 2: 
The diffusion chambers consist of glass slides separated by 170 μm-tall spacers. Nucleus 

pulposus cells embedded in agarose gel obtain nutrients from their culture medium outside 

the chambers via diffusion through full-thickness human CEP sections. Following 

incubation for 72 hr, gels were stained to assess viability (live/dead photomicrograph, inset) 

and gene expression.
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Figure 3: 
Upper panel showing photobleaching and fluorescence recovery for CEP tissue. The scale 

bar indicates 20 μm. Fluorescence intensity in the bleach spot was normalized to pre-bleach 

intensity, and the resulting normalized intensity values, F(t), were fitted to an exponential 

recovery curve to determine the time constant of recovery (τ) and recovery half-time (τ½). 

Solute: sodium fluorescein (376 Da).
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Figure 4: 
(A) Viable distance in the diffusion chambers correlated significantly with diffusive 

transport in the CEPs (determined for sodium fluorescein) at the open sides of the chamber. 

4 million cells/mL: for every 1 μm2/s increase in solute diffusivity, there was a 0.24 mm 

(95% CI: 0.09–0.39 mm, p = 0.006) increase in viable distance (r2 = 0.64, p = 0.006); 8 

million cells/mL: for every 1 μm2/s increase in solute diffusivity, there was a 0.06 mm (95% 

CI: 0.03–0.09 mm, p = 0.003) increase in viable distance (r2 = 0.65, p = 0.003). Error bars 

denote estimated mean ± SD calculated from 3 viable distance measurements per CEP and 

per cell density; the validity of the measurements was confirmed in repeat experiments 

performed using neighboring tissue sections from the same CEP. For the low chamber cell 

density, data from 10 different CEPs were used to fit the regression. For the high cell 

density, data from 11 different CEPs were used. Shaded bands display 95% point-wise CI 

for each relationship. Solute diffusivity measurements represent the mean from 4–6 

measurements repeated at various cranial-caudal locations in each CEP. (B) For CEPs with 

low solute diffusivity, the viable distance in the diffusion chambers was similar for chambers 

with 4 million cells/mL vs. 8 million cells/mL. For CEPs with high diffusivity, the viable 

distance was significantly shorter for chambers with 8 million cells/mL. (C) Representative 

low-magnification photomicrographs of live/dead-stained gels from diffusion chambers in 

each of the groups in panel (B). The same low-diffusivity CEP or high-diffusivity CEP is 

shown for each group.
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Figure 5: 
Comparison of NP cell gene expression in the viable region between diffusion chambers 

incubated with the highest vs. lowest diffusivity CEPs (4 million cells/mL). (A) 
Representative projection images showing ACAN localization (red) to cell nuclei (DAPI, 

blue) near the open edge and center of a diffusion chamber with a high-diffusivity CEP. 

Boxes indicate the regions of the zoomed insets. Scale bars represent 40 μm. (B), (D), (F) & 
(H) Average fluorescence intensity indicating mRNA expression levels for image stacks 

acquired at various locations within the viable region of the chambers. Data points show the 

mean intensity for three scans across two diffusion chambers with the highest diffusivity 

CEP (21.5 μm2/s) and the lowest diffusivity CEP (5.9 μm2/s). For both high- and low-

diffusivity CEPs, average mRNA levels of ACAN (B) and COL2A1 (D) appeared to 

decrease with increasing distance from the CEP, whereas average mRNA levels of MMP-2 
(F) and HIF1A (H) appeared stable. (C), (E), (G) & (I) Difference in average fluorescence 

intensity (purple, with 95% confidence intervals) at various locations indicating difference in 

mRNA expression levels between chambers with the highest and lowest diffusivity CEPs 

(high minus low; > zero suggested higher mRNA levels in the chambers with the high-

diffusivity CEP). Solid black lines indicate overall difference (i.e. for all locations pooled), 

and dotted black lines indicate no difference. p-values in purple indicate statistical 

significance of the difference between high- and low-diffusivity CEPs as a function of 

location, and p-values in black indicate statistical significance of the overall difference. 

Overall, compared to chambers with the low-diffusivity CEP, chambers with the high-

diffusivity CEP had greater mRNA levels of ACAN (C), COL2A1 (E), and MMP-2 (G), and 

similar levels of HIF1A (I).
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Figure 6: 
Comparison of FTIR absorption data between high-diffusivity vs. low-diffusivity CEPs. (A) 
Representative absorption maps of Amide I peak area (1595–1710 cm−1, estimate of 

collagen content), carbohydrate peak area (960–1185 cm−1, estimate of aggrecan content), 

phosphate (895–1215 cm−1): Amide I peak ratio (indicative of mineral-to-matrix ratio), and 

1660:1690 cm−1 peak ratio (estimate of collagen cross-link maturity) from high-diffusivity 

(“High”) and low-diffusivity (“Low”) CEPs. (B), (D), (F) & (H) Average FTIR absorption 

as a function of normalized depth from the NP/CEP interface. Data points show the mean 

absorption for high-diffusivity CEPs (>15 μm2/s; n = 3 CEPs and 3 sections/CEP) and low-

diffusivity CEPs (<15 μm2/s n = 3 CEPs and 3 sections/CEP). In general, low-diffusivity and 

high-diffusivity CEPs showed similar depth-wise fluctuation in absorption profiles (i.e. 

parallel lines) for Amide I peak area (B) carbohydrate peak area (D), mineral-to-matrix ratio 

(F), and cross-link maturity (H) throughout the thickness of the CEP. (C), (E), (G) & (I) 
Difference in average absorption (purple, with 95% confidence intervals) as a function of 

normalized depth from the NP/CEP interface between high-diffusivity vs. low-diffusivity 

CEPs (high minus low; > zero suggested higher absorption in the high-diffusivity CEPs). 

Solid black lines indicate overall difference (i.e. for all depths pooled), and dotted black 

lines indicate no difference. p-values in purple indicate statistical significance of the 

difference between high- and low-diffusivity CEPs as a function of depth, and p-values in 

black indicate statistical significance of the overall difference. Overall, compared to the 

high-diffusivity CEPs, the low-diffusivity CEPs had significantly greater Amide I peak area 

(C) and carbohydrate peak area (E), higher mineral-to-matrix ratio (G), and lower collagen 

cross-link maturity (I).
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