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Abstract

Poor nutritional supply to the intervertebral disc is believed to be an important factor leading to disc
degeneration. However, little is known regarding anisotropic and inhomogeneous transport in human
annulus fibrosus (AF) and its relation to tissue morphology. We hypothesized that solute diffusivity
in human AF is anisotropic and inhomogeneous and that transport behaviors are associated with
tissue composition and structure. To test these hypotheses, we measured the direction-dependent
diffusivity of a fluorescent molecule (fluorescein, 332Da) in three regions of AF using a fluorescence
recovery after photobleaching (FRAP) technique, and associated transport results to the regional
variation in water content and collagen architecture in the tissue. It was found that diffusivity in AF
was anisotropic, with higher values in the axial direction than in the radial direction for all regions
investigated. The values of the diffusion coefficient ranged from 0.38+0.25x106 cm?/s (radial
diffusivity in outer AF) to 2.68+0.84x107% cm?/s (axial diffusivity in inner AF). In both directions,
diffusivity decreased moving from inner to outer AF. Tissue structure was investigated using both
Scanning Electron Microscopy (SEM) and Environmental Scanning Electron Microscopy (ESEM)
imaging. A unique arrangement of microtubes was found in human AF. Furthermore, we also found
that the density of these microtubes varied moving from inner to outer AF. A similar trend of regional
variation was found for water content, with the highest value also measured in inner AF. Therefore,
we concluded that a relationship exists among the anisotropic and inhomogeneous diffusion in human
AF and the structure and composition of the tissue.
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INTRODUCTION

Low back pain represents a significant concern in the United States, with 15-45% of the
population affected annually, and over 70% of individuals experiencing symptoms at some
point in their lifetime.1 Although the specific cause of low back pain remains unclear,
symptoms have been strongly associated with degeneration of the intervertebral discs (VD)
in the spine.2’5 It is generally believed that inadequate nutritional supply to IVD is one of the
main mechanisms for disc degeneration.2:3:6-11 The VD is the largest avascular structure in
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the human body. Therefore, disc cells receive their nutritional supply from the vascular network
surrounding the 1VD. Previous studies have suggested two possible pathways for nutrient
delivery to the disc: axially via cartilage end-plates, and radially through the periannular route.
8,9,12-17 1t js commonly believed that the major mechanism for transport of small nutrients
within the disc is diffusion.18-20

Several studies have reported the diffusive transport properties of solutes in both animal and
human 1VDs.”:12-16,19-38 gome of the experimental results for diffusion coefficients,
determined by various methods, are reported in Table 1. In particular, experimental
observations have indicated that solute diffusion in I\VD is anisotropic (i.e., direction-
dependent) and inhomogeneous.39:32:33,35:38:39 For instance, our previous research
demonstrated the anisotropic diffusion of small solutes (e.g., glucose, fluorescein, and ions) in
bovine AF,30:35:38 while magnetic resonance imaging (MRI) techniques have been used to
show the anisotropic behavior of water diffusion in porcine, ovine and human VD tissues.
32734 The unique transport behavior in IVD tissue may be attributed to the complex structure
of the disc, which is comprised of the central nucleus pulposus surrounded by the annulus
fibrosus (AF) on its periphery.0 The AF is made up of 15 to 25 concentric lamellae41:42 each
containing bundles of collagen fibers. Fiber bundles run parallel to each other within each
lamella, but opposite to those in adjacent lamella, at angles varying from £62 to £45 degrees
with respect to the axial direction of the spine.*3 Furthermore, recent investigations on animal
disc morphology showed that there exist ‘holes’ extending along the collagen fiber direction
within the lamella. This unique arrangement of collagen fibers was first observed in murine
coccygeal discs, and named ‘microtubules’.#4 A similar microstructure was also observed in
bovine coccygeal discs and called ‘microtubes’.3%:38 While the specific microstructure and the
physiological function of microtubes are unknown, it has been suggested that they may play a
role in solute transport through the disc.3%:38 While several studies reported the effect of tissue
morphology on anisotropic diffusion in articular cartilage,**=*’ ligament,48 and meniscus,*°
to our knowledge, little is known regarding the relationship between the structure and the
transport properties of IVD. Knowledge of transport properties of small molecules (e.g.,
oxygen and glucose) and the relation to tissue morphology is important for better understanding
nutritional supply to 1\VD cells. In this study, the diffusivity of fluorescein was investigated.
Fluorescein was chosen as a solute due to its relatively small size (332 Da), making it
comparable to important nutrients, such as glucose.

Disc degeneration is closely linked to an inadequate supply of nutrients to disc cells®3:6711;
therefore, the overall goal of our research is to further elucidate the mechanisms and pathways
of nutritional transport in 1\VVD in order to better understand the etiology of disc degeneration.
However, to our knowledge, the implications of the complex 1\VVD structure (e.g., microtubes)
and composition for the inhomogeneous and anisotropic solute diffusivity in the tissue have
not been investigated. Therefore, we hypothesized that, for human lumbar AF tissue, (1)
diffusion of solutes is anisotropic and inhomogeneous; and (2) transport properties are
associated with tissue composition and structure.

In this study, the diffusivity of fluorescein in human AF was determined using a Fluorescence
Recovery After Photobleaching (FRAP) technique. The anisotropic behavior of diffusive
transport was investigated by measuring the diffusion coefficient in two directions (axial and
radial), while its inhomogeneous behavior was considered by determining the diffusivity in
three different regions of human AF: inner AF (IAF), middle AF (MAF), and outer AF (OAF).
In order to investigate the relationship between tissue morphology and solute diffusivity, we
measured the water content as well as the microtube density in the three regions of AF. The
density of microtubes in human tissue was determined from images obtained using Scanning
Electron Microscopy (SEM); images were also used to qualitatively examine the structure of
the tissue and its implications for transport behavior in the disc.
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MATERIALS AND METHODS

Specimen Preparation

Human lumbar spines (n=3; 41, 45, and 45 y.0.) were obtained during autopsy within
approximately 24 hours of death and stored at —80°C until dissected. On the day of dissection,
spines were partially thawed, and three L3-L4 discs (one from each spine) were isolated.
According to Thompson's morphologic grading scheme,®° one disc (41 y.0.) was classified as
grade I, another disc (45 y.0.) as grade Il, and the third disc (45 y.0.) as grade Ill. Specimens
were obtained from AF blocks harvested from the inner AF (IAF), middle AF (MAF), and
outer AF (OAF) of both anterior and posterior parts of three human IVDs, see Figure 1. In our
preliminary studies, no statistical difference was found between the values of the diffusion
coefficients in anterior and posterior regions of the disc; therefore, specimens from both
anterior and posterior regions were combined in the same groups. For measurement of
diffusivity, 7 IAF specimens, 8 MAF specimens, and 6 OAF specimens were harvested from
each disc. Thus, the total number of specimens for IAF, MAF, and OAF regions was: 21, 24,
and 18, respectively. For each region, a total of 36 FRAP tests were performed (at least one
test for each specimen). For water content measurement, from each disc, 2-3 specimens were
harvested from each of the AF regions. There were a total of 8 specimens for each region. For
measurement of microtube area fraction, 4 specimens from each of the 3 regions were harvested
from one disc (Grade I11). On each specimen, 2-3 SEM images were taken. The total number
of measurements was 10 for each of AF regions.

Measurement of Diffusivity

In this study the diffusivity of fluorescein molecule in human AF was determined by a
Fluorescence Recovery After Photobleaching (FRAP) technique.5! Circumferential sections
of AF specimens (area of ~30 mm?2 and thickness of 500 zm) were prepared using a microtome
(Figure 1). Prior to testing, the specimens were equilibrated in a phosphate buffered saline
(PBS) solution (Sigma®, St. Louis, MO, USA) with 0.1 mol/m3 fluorescein (332 Da, Aey 490
nm; Aem 514 nm, Fluka-Sigma-Aldrich®, St. Louis, MO, USA) while confined between two
sinterized stainless steel plates (20 um average pore size, Mott Corp., Farmington, CT) and an
impermeable spacer, in order to prevent tissue swelling.38 Experiments were conducted at room
temperature (22°C). The specimens were photobleached by an argon laser (488 nm wavelength)
of a Confocal Scanning Laser Microscope (LSM 510 Zeiss, Jena, Germany) using a Plan-
Neofluar 20X/0.50 WD 2.0 objective (Zeiss, Jena, Germany). A Multi-Layer Bleaching (MLB)
protocol was used to minimize the error due to the out-of-plane diffusivity contribution.38:49

For each test, a time series of 200 video-images of 128x128 pixels (460.7x460.7 um?) were
collected, including five images prior to bleaching. In order to minimize the contribution of
the fluorescence emission of the background, pre-bleach images were averaged and then
subtracted from the post-bleach image series. Images were analyzed by custom-made software
performing Fast Fourier Transform combined with Karhunen-Loéve Transform (KLT)%2:53
to simultaneously determine the fluorescein diffusivity along axial (D) and radial (Dyq)
directions of the disc.

Measurement of Water Content

The water content of samples in IAF, MAF, and OAF was expressed in terms of water volume
fraction (¢"). Specimens from each of the three regions of AF were weighed in air (W) and
in PBS bathing solution (W) using the density determination kit together with a Sartorius
analytical balance (Model LA120S, Goettingen, Germany). In order to minimize tissue
swelling, measurements of the weight of specimens were performed in less than 15 seconds.
30,54756 Specimens were lyophilized and their dry weight (Wgry) was measured. Thus, 4",
defined as the ratio of water volume to wet tissue volume, was calculated by30:54-56:
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where pg and p,, are the densities of PBS solution and water, respectively.

Disc Structure Imaging and Measurement of Microtube Area Fraction

For image analysis of AF structure, specimens were harvested from IAF, MAF, and OAF of
one disc (grade 111). Specifically, two axial sections, and two radial sections were harvested
from each of the AF regions. Images of tissue sections were collected by an environmental
scanning electron microscope (XL30 ESEM-FEG, FEI Company, Hillsborg, OR, USA)
operating in Scanning Electron Microscopy (SEM) mode. For SEM imaging, the specimens
were fixed with a solution of 2% gluteraldehyde (Electron Microscopy Sciences, Hatfield, PA,
USA) in PBS, dehydrated in ethanol and dried by immersion in hexamethyldisilizane (Electron
Microscopy Sciences, Hatfield, PA, USA).57 After sputter coating with Pd (Sputter Coater
108auto, Cressington, Watford, UK), SEM images of specimens were captured. To further
investigate the tissue structure, two additional axial specimens from OAF region were imaged
in Environmental Scanning Electron Microscopy (ESEM) mode. One specimen was observed
immediately after dissection. The other specimen was cryogenically frozen after dissection,
then observed by ESEM.

Measurements of the microtube area fraction in I\VD were performed on axial sections of AF.
A standard gray-scale threshold method was applied to SEM images. The microtube area
fraction was defined as the percentage ratio of the voids (microtube cross-sectional areas) to
the total area of the SEM image. The analysis was performed by means of the Particle Analyzer
tool provided by ImageJ software (Version 1.39f, by Wayne Rasband, National Institutes of
Health, USA).58-62

Statistical Analysis

A two-way analysis of variance (ANOVA) was performed using SPSS software (SPSS, Inc.,
Chicago, IL) to analyze the results for diffusivity in human AF. The two factors were direction
(2 levels: axial and radial) and region (3 levels: IAF, MAF, OAF). Single factor ANOVA tests
were performed using SPSS software to determine if regions within AF (i.e., IAF, MAF, and
OAF) significantly affected microtube area fraction and water content. Student-Newman-
Keuls post hoc test was used in order to determine between which levels of each factor the
differences were significant. For all tests, the significance level was set at p<0.05. All data are
given in mean + standard deviation.

RESULTS

The results for diffusivity of fluorescein in human AF tissue are shown in Table 2. The values
of the diffusion coefficients in the axial direction were significantly higher than those in the
radial direction in all three regions of AF investigated (p<0.05), with D4y being ~1.4 to ~2.7
times of Dygq, indicating a significant anisotropic trend for diffusion of fluorescein in human
AF tissue. Moreover, disc region significantly affected solute diffusivity (p<0.05), with the
highest values of both axial and radial diffusivity found in IAF, and the lowest in OAF.

SEM images of radial and axial sections of AF showed differences in the organization of the
collagen fibers among IAF, MAF, and OAF. Images showed that, in axial sections, non-

contiguous microtubes, with diameters varying from 5 to 50 um, are clearly visible and extend
along the direction of the collagen fiber bundles in AF, see Figure 2(a-c). On the other hand,
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no microtube structures were evident in images of radial sections of AF, see Figure 2(d-f),
likely due to their orientation parallel to the plane of the radial section. Microtubes were also
evident in the images captured in ESEM mode. Figure 3a-b shows the images of axial sections
of OAF obtained using both ESEM protocols (see ‘Materials and Methods’). The density and
the diameter of the microtubes are similar to those observed in SEM images.

The regional variation of microtube area fraction is also shown in Table 2. It was found that
disc region significantly affected the microtube distribution (p<0.05), decreasing from IAF to
OAF. The trend for decreasing microtube area fraction was similar to the trend for decreasing
diffusivity in the axial direction moving from IAF to OAF.

The values for water volume fraction were highest in IAF and lowest in OAF, see Table 2.
While no statistically significant difference in water content was found among different groups
(p=0.69), a decreasing trend moving from IAF to OAF was found.

DISCUSSION

The results of this study demonstrate that solute diffusive transport in human AF tissue is
anisotropic (with Dgyj = ~1.4 to ~2.7 times of D,,4) and inhomogeneous (diffusivities are the
highest in IAF and the lowest in OAF). Furthermore, both tissue water content and microtube
area fraction were found to be highest in the IAF and smallest in OAF for human AF. The same
trend was found for diffusivity in both the axial and radial directions in human AF.

The values of fluorescein diffusion coefficients determined in this study are lower than those
previously determined for ions (Na* and CI7),2! glucose,1? and lactate36 in human VD, see
Table 1. This was expected, since, among these solutes, fluorescein has the highest molecular
weight. Moreover, the results found here, showing the anisotropic diffusive transport in IVD
tissue, are in agreement with experimental observations previously reported in the literature:
the values for the diffusion coefficients of ions (Na* and CI7), glucose, and fluorescein in
bovine coccygeal AF were determined to be higher in the axial direction than in the radial.3%:
35,38 Similar results were also found by MRI measurements of water diffusion in ovine and
human AF.33:34 Furthermore, in each AF region investigated, the ratio of the radial to the axial
fluorescein diffusion coefficient was found to be approximately 0.4. By comparison, studies
on water and glucose anisotropic diffusion in AF indicated that the ratios of the smallest to the
largest diffusion coefficient, measured in different directions of the tissue, are 0.75-0.9 for
water,32-34 and 0.66 for glucose,3® see Table 1. These findings would suggest that hindrance
to diffusion in the radial direction, caused by the collagen fiber organization within the disc,
increases with the size of the solute diffusing in IVD.

Our findings suggest that diffusive transport in human AF tissue is dependent upon tissue
composition (i.e. water content) and morphology. As is evident from Table 2, there is a decrease
in the diffusivity of fluorescein as tissue water content decreases, moving from IAF to OAF.
Previous studies have shown that solute diffusivity in cartilaginous tissues is dependent upon
tissue porosity;63 this is reflected in the findings of this study. Moreover, we also found that
the distribution of microtubes varied moving from IAF to OAF, with the density decreasing
from IAF to OAF. This trend, similar to that of decreasing diffusivity along the same direction,
highlights the effect of tissue morphology on the transport properties in human AF tissue. As
it has been previously suggested by Travascio and Gu (2007)38 and Jackson et al. (2008),35
the presence of microtubes may provide justification for the anisotropic behavior of diffusive
transport in AF tissue. That is, in the axial direction of AF, solute diffusion is facilitated due
to the orientation of the microtubes running parallel to the bundles of collagen fibers within
the lamella. In contrast, in the radial direction of AF, solute diffusive transport is hindered by
the collagen fiber network, since the microtubes appear to be non-contiguous. This hypothesis
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Travascio et al.

Page 6

is supported by our findings in this investigation, which show significantly lower values for
diffusivity of fluorescein in the radial direction as compared with those in the axial direction
of human AF tissue.

Some limitations of our investigation are noted here. The values of the area fraction of
microtubes may be affected by both the sampling and the measurement technique. Due to the
limited number of discs available for study, all the samples used for the measurement of
microtube area fraction were harvested from the same disc (grade I11). Moreover, in this study,
microtube area fraction was determined by measuring the values of cross-sectional areas of
microtubes in axial sections of the samples. As discussed, microtube orientation is not
perpendicular to the axial section of AF. Therefore, the values of microtube area fraction
measured in this study might differ from those determined by analyzing images of tissue
sections orthogonal to microtube orientation.

Collagen fibers exhibit autofluorescence when exposed to the laser source used in these
experiments (488 nm wavelength, see ‘Materials and Methods’).84 However, the effect of
collagen autofluorescence on the measurement of solute diffusivity by FRAP is expected to be
negligible. In a FRAP experiment, the solute diffusivity is determined by the measurement of
the time variation of the fluorescence intensity.% The variation of the fluorescence intensity
is mainly due to the diffusive transport of the fluorescent probes, since collagen fibers are
immobile.

In summary, the present study represents the first quantitative measurement of diffusivity of a
small solute in human AF using a FRAP technique. It was found that the diffusivity of
fluorescein in human lumbar AF is anisotropic and inhomogeneous. The anisotropic diffusivity
may be attributed to the orientation of the microtubes seen in both SEM and ESEM images
(i.e., oriented in axial, but not radial direction in AF specimens), suggesting a preferred pathway
for axial diffusion. Moreover, the regional variations in water content and microtube area
fraction indicate further implications of the structure and the composition of the tissue for solute
diffusivity. This is the first study to show a relationship between tissue morphology and
transport properties in human 1D tissues. These findings are crucial for a better understanding
of transport properties in IVD tissues, as well as for the future development of numerical models
on nutritional supply to IVD.
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Specimen
{Circumferential section)
{@€x
rad

Schematic of specimen preparation showing the three AF regions analyzed (OAF: outer
annulus fibrosus; MAF: middle annulus fibrosus; IAF: inner annulus fibrosus) and sample

orientations (axi: axial, rad: radial, cir: circumferential).
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Figure 2.
SEM images of anterior AF samples. (a-c) Axial sections of IAF, MAF, and OAF. (d-f) Radial
sections of IAF, MAF, and OAF.
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Figure 3.
ESEM images of axial sections of anterior OAF. (a) Image captured directly following
specimen dissection. (b) Image captured after cryogenically freezing the dissected specimen.
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Results for diffusivity of fluorescien in axial (D) and radial (Dyaq) directions, water volume fraction ("), and
microtube area fraction in the three regions of AF tissue investigated. Microtube area fraction was measured in
axial specimens only. The value of n indicates the number of tests performed in each region.

n IAF MAF OAF

Dy (X10-Scm?s-1)8 36 2.68+0.84 1.54 +0.70 1.04 0.45

Dyag (x10-Ccm?s~1)S 36 1.19£0.76 0.58 +0.37 0.38+0.25

& 8 0.78+0.16 0.75+0.27 0.69 +0.13

Microtube Area Fraction (%)" 10 33.18+2.37 27.45+2.85 17.01+ 358

§Significant difference in region and direction: IAF > MAF > OAF; Daxj > Drad (p < 0.05)

*
Significant difference in region: IAF > MAF > OAF (p < 0.05)
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