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Changes in intervertebral disc (IVD) biochemistry, morphology and mechanics have been
characterized only incompletely in the rat hindlimb unloading (HU) model. Although exposure
to chronic vibrations can be damaging, low-magnitude vibrations can attenuate the geometric
changes of the IVD due to altered spinal loading. Here, we tested the hypothesis that low-
magnitude, high-frequency vibrations will mitigate the hypotrophy, biochemical degradation
and deconditioning of the IVD during HU. When applied as whole-body vibrations through all
four paws, Sprague-Dawley rats were subjected to HU and exposed to daily periods (15min/d)
of either ambulatory activities (HU+AMB) or whole body vibrations superimposed upon
ambulation (HU+WBV; WBV at 45Hz, 0.3g). After 4wks and, compared to age-matched control
rats (AC), the lumbar IVD of HU+AMB had a 22% smaller glycosaminoglycans/collagen ratio,
12% smaller posterior IVD height, and 13% smaller cross-sectional area. Compared to HU+AMB

rats, the addition of low-level vibratory loading did not significantly alter IVD biochemistry,



posterior height, area, or volume, but directionally altered IVD geometry. When subjected to
upright vibrations through the hindpaws, rats were HU for 4wks. A subset of HU rats stood in an
upright posture on a vertically oscillating plate (0.2g) at 45- or 90-Hz (HU+45 or HU+90). After
4wks, regardless of sham (HU+SC) loading (HU£SC) and, compared to AC, IVD of HUxSC had
10% less height, 39% smaller nucleus pulposus area, less glycosaminoglycans in the nucleus
pulposus (21%), anterior annulus fibrosus (16%) and posterior annulus fibrosus (19%), 76% less
tension-compression neutral zone (NZ) modulus, 26% greater compressive modulus, 25%
greater initial elastic damping modulus, 26% less torsional NZ stiffness, no difference in collagen
content and a weaker relationship between tension-compression NZ modulus and posterior
height change. Exogenously introduced oscillations maintained the morphology,
glycosaminoglycan content and axial elastic properties of IVD. Compared to HU£SC, the IVD of
HU+90 had 8% larger average height, 35% greater nucleus pulposus area, more
glycosaminoglycans in the nucleus pulposus (24%), anterior annulus fibrosus (17%) and
posterior annulus fibrosus (19%), 339% greater tension-compression NZ modulus, 18% smaller
compressive modulus, and maintained the relationship between tension-compression NZ
modulus and posterior height change, but no difference in torsional NZ stiffness or initial elastic
damping modulus. In summary, very brief, small mechanical signals partially protected the IVD

during hindlimb unloading.
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INTRODUCTION

Spinal Epidemiology of Astronauts

Astronauts returning from spaceflight show disrupted intervertebral disc (IVD) structure, loss of
spinal curvature, lower back pain (LBP) and herniated nucleus pulposus (NP) at a greater
incidence than the general population and the army aviators population (120, 214, 233). The
etiologies of the above mentioned issues remain unclear. However, the changes caused by
reduced weight-bearing may also include but are not limited to leg pain (214), joint damage
(10), muscle loss (143) and bone loss (140). These issues may be compounded as wound healing
is impaired with microgravity and immobilization (59, 162, 191).

More than 50% of astronauts complain of LBP during space missions as well upon
returning to earth, and in 28% of crewmembers, the pain is described as moderate to intense
(233). A further characterization of the pain propounds a maximum effect in the first week of
microgravity exposure, focused in the lumbar region and incidence independent of previous
flight history or age (233). On earth, LBP is an epidemic in the U.S., with more than 80% of the
adult population experiencing a severe episode during their lifetime (91) and 18% of the
population will experience LBP at any time (188). In an industrial setting, 28% of the working
population will experience LBP, where 8% of the whole population will be rendered disabled by
LBP in any one year (212). In addition, similar to the exposure to microgravity, reduced weight
bearing during bed rest and immobilization produces LBP (102, 211). In 2000, the US’s total
impact costs of LBP were estimated at $115 billion (50).

Indeed, altered IVD height alone can exacerbate LBP through processes such as

increased tension on dorsal nerve roots attached to intrathecal ligaments (129) or stimulation



of nociceptive sinuvertebral nerves(200), which innervate up to one-third of the annulus
fibrosus and the anterior dura mater (52), strain of neighboring facet joint capsules (107), disc
degeneration (167) or herniation of the disc (167). Epidemiological data of the incidence of
herniation of the NP in the 216 astronauts from April 1959 to September 1996 report 19
herniated NPs, 47% of which occurred in the lumbar region (120). A more up to date study
(April 1959-December 2006) showed an increased risk of herniation immediately after
spaceflight with ~39% of the herniation occurring within 1 year post-landing (119). Therefore,
the attenuation of detrimental changes to the spines of unloaded musculatures is of significant
importance to prolonged space mission members, the immobilized or persons subjected to bed
rest since remedies for LBP both on earth as in space are mostly palliative.

Normal Intervertebral Disc

The IVD is the fibrocartilaginous, articulating connective tissue between the vertebral bodies. It
serves three functions: (1) holds vertebrae together like a ligament; (2) absorbs axial shock; and
(3) facilitates the 3-D motion of the vertebral bodies. Healthy, adult IVD are predominantly
avascular and aneural. The IVD is composed of three major regions: a stiff, outer, collagenous
annulus fibrosus (AF) and a soft, central NP. The AF is composed of concentric rings or lamellas
of collagen fiber bundles that bind the IVD anteriorly and posteriorly to the longitudinal
ligaments and superiorly and inferiorly to the hyaline cartilage endplates and vertebrae. The NP
functions as a hydraulic cushion distributing loads generated from weightbearing and
endogenous muscle loading to the stress-resistant annulus fibrosus (6). The extracellular matrix

of the IVD is primarily comprised of water, proteoglycans, collagen and cells.



Discal hydration is critical for solute transport and biomechanical resistance and thus
the plasma contains a large concentration cations (e.g., sodium and potassium) and a low
concentration of anions (e.g., chloride and sulfate) (207). The IVD is a largely avascular tissue
and thus relies on static and cyclic dynamic forces to induce the influx and efflux of fluids (193)
for the transport of nutrients and wastes from the spinal cord. While diffusion is considered the
main component driving small solute transport, e.g., oxygen and glucose, load-induced fluid
flow may be the contributing factor in the transport of large molecules in the IVD (176, 227).
Biomechanically, the ability of the disc to resist the compressive stresses that consistently
berate the disc depends on the integrity of its matrix. The compressive stress on the cartilage
that will prevent it from swelling is called the swelling pressure. The swelling pressure is
equivalent to the sum of the osmotic pressure and the elastic stress of the proteoglycan-
collagen network matrix, but the osmotic pressure is the dominant resistive force against the
swelling pressure (110). The GAGs on the proteoglycans provide the hydration to maintain the
osmotic pressure in cartilage (227). Therefore, a change in swelling or compressive pressure is
linked to changes in proteoglycan content (86, 106, 156, 187). However, the degree of cellular
stimulation to hydrostatic pressure is dependent on the location of the cell, with NP cells being
more responsive than AF cells (142).

Proteoglycans, e.g., aggrecan, biglycan, decorin, and fibromodulin, have a protein center
composed of at least one glycosaminoglycan (GAG) chain (114, 131). GAGs are hydrophilic and
promote the absorption of fluid into the IVD allowing much of the compressive loads common
to the spine. The most common GAGs in the IVD are keratin sulfates and chondroitin-sulfates,

of which the concentration of the latter GAGs serve as the predominant water-attractive force



inthe IVD (117, 226). The quantity of GAGs increases towards the center of the disc (9). Their
distribution is heterogeneous, constituting 50% of the dry weight of a young NP while a small
fraction of the AF (63). In addition to its water retentive nature, proteoglycans serve to bind the
collagen frame-work.

Collagen, e.g., type |, I, lll, VI, IX, X, XI, XIl, and XIV, is another major component in the
extracellular matrix. The collagen frame-work provides tensile strength, stability between
vertebrae, resists bulging and provides supportive loading capabilities. Similar to the site-
specific distribution of GAGs, collagen is unevenly distributed in the disc but in the reverse
pattern where 67% of the collagen dry weight is in the AF and 25% is in the NP (42). Although
there are many types of collagen present in the IVD, 80% of the collagen is composed of types |
and Il (63). The outer IVD is predominately collagen type | with a diminishing concentration
near the NP (165). By contrast, type Il collagen is responsible for a dominant amount of the
collagen found in the NP. In particular, lumbar IVD have about 15-25 lamellas in the AF (159)
and are oriented at 20-40° to the transverse plane adding to the disc’s anisotropic behavior
(215). The tensile strength of the collagen fibrils depends on the intra- and inter-molecular
cross-links (64).

Biosynthesis of GAGs involves many IVD cell organelles and cytoskeletal structures. After
ribosomal synthesis, the GAG peptide is translated in the cystol (229). The early polypeptide is
then translocated to the lumen of the endoplasmic reticulum where GAG chains are initially
added to the core protein. Further translation and modifications occur as the GAG is
transported through the Golgi apparatus. Post-translational changes occurring in the Golgi

include extension of the GAG chains and sulfation by enzymes bound to the lumen. Lastly, the



GAG is secreted from the cell to interact with other matrix constituents to form the
extracellular matrix. Similar to GAGs, collagen is synthesized in the cell, secreted and can be
further modified in the extracellular matrix (179). Mechanical loading can regulate the
production of GAGs or collagen along any step in the pathway (69, 131).

The cell population of the IVD is diverse and varies according location and age.
Fibroblast-like cells encompass much of the cells of the outer AF, while the inner AF is inhabited
by more chondrocytic cells (74). In humans, the immature NP contains notochordal cells which
are the remainders of the embryonic notochord (222). During aging and at the first signs of
degeneration, the notochordal cells of the NP begin to disappear and are replaced by
chondrocytic cells (171). Notochordal cells also differ to mature disc cells in their morphology,
with notochordal cells being larger and containing vacuoles of various sizes and numbers (82,
100, 101). Notochordal cells may stimulate the production of the extracellular matrix directly
(164) and indirectly via chondrocytic cells (8). Increased mechanical loading can instigate the
disappearance of notochordal cells (81), potentially initiating disc degeneration.

Intervertebral Disc Degeneration (DD)

The IVD is one of the first tissues to experience degenerative changes from age (58). Boos et al.
(29) provide a descriptive account of the deleterious alterations age has on the IVD. By the end
of the first decade of life the IVD shows age-related alterations. By as early as age two, NP cells
decay, minute clefts form, cell density changes, and the matrix of the cartilage end-plates
degenerates. Eventually, the vascularity of the bony vertebral end plate diminishes dramatically
and the vascular supply that was once present in the AF of the IVD at birth disappears (194). By

the end of the second decade the demarcation between the NP and AF becomes unclear. The



hydration and PG content of the disc continues to decline with age (68). Furthermore, the
thinning and cracking of the cartilage end plates precedes the decreased hydration (117) and
fissures of the NP. The outer rims of the AF are affected later on in life.

Altered conditions may accelerate the degeneration of the disc. Disc degeneration is
characterized by reductions in GAG and water content (4, 35) leading to reduced height and
while disc height loss is typically viewed as a symptom of aging, there is a paucity of
quantitative data confirming whether the culprit is aging or degeneration (35). The
degeneration of the disc is a gradual process and it is exemplified in many ways; morphology,
biochemistry, and biomechanics (42, 111, 189). Nevertheless, similar changes from aging occur
to the IVD during degeneration in earth-bound individuals and thus, degeneration affects the
disc’s two major regions in different ways. The NP’s cellular composition, in terms of PG, GAG
and water content, is altered the most (4, 35). Histologically, the NP appears increasingly
opaque as the collagen fibrils grow in diameter and number (112). Morphologically, the ratio of
the NP area over the total IVD area and the disc’s height tends to decrease (150, 184).
Biomechanically, the NP becomes less hydrated and begins to resemble a solid (35, 111, 112).
In turn, the AF’s integrity also incurs changes in the form of radial fissures (167) and posterior
disc protrusions (27, 60) as a result of the decreased size of the NP leading to increased stress
distributions (6).

The height and convexity of the IVD experiences reductive changes with age and
degeneration (47, 150, 184, 209). Two accepted methods of measuring disc height are the
Farfan Index and the Dabbs method (53, 66). The Farfan Index was created to compensate for

the magnification issue of radiographs (28) and is measured as the anterior disc height plus



posterior disc height divided by anterior-posterior diameter (66, 67). The Fl disc height is linked
with histological disc grading but also linked with MRI disc degenerative grading, both of which
show losses of disc height with degeneration (47, 189). Lastly, convexity may also indicate
degenerative changes in the IVD by in vivo MRI (22, 189) and is calculated as the ratio of the
central disc height and of the mean of the anterior and posterior disc height (22). Thus, these
measures of disc shape may be used to note the initiation of disc degradation.

Spine Changes from Real and Simulated Weightlessness

Space flight endangers the spinal health of the crew and is associated with the aforementioned
back pain but also includes abnormally expanded IVD and loss of spinal curvature (214, 219,
233). Earth-based, bed rest protocols studying the effects of short term and long term lumbar
unloading replicate the expansion of the IVD and loss of spinal curvature, but also show an
increased spinal compressibility (39, 145, 154), an indicator of reduced stiffness and IVD
degeneration (90). Furthermore, reambulation from extended bed rest does not immediately
return the size of the IVD to normal (145). Along these lines, mechanical unloading can
influence the biochemical composition and genetic expressions in the IVD to alter the molecular
composition of the extracellular matrix and, ultimately, the integrity of the IVD.

Using an animal model of weightlessness, i.e., hindlimb unloading (HU), studies
demonstrate reduced proteoglycan content as compared to normal ambulatory animals (106,
187, 206). In addition, HU produces fluid shifts, reduces the hydrostatic pressure of the IVD and
leads to apoptosis of chondrocytes (15, 87, 88). Contrarily, HU and short duration spaceflight
increase the size and number of notochordal cells (71, 241), presumably due to the reduced

compressive stress on the IVD which may resemble the loads encountered during early



development. This cellular population inversion may explain the lack of severe degeneration in
spaceflight and hindlimb unloaded animals since notochordal cell disappearance precedes disc
degeneration. In terms of recovery from unloading, animals that are reloaded for 3 wks after
hindlimb unloading continue to exhibit proteoglycan content losses in the AF while the changes
in the NP are normalized (241). HU and microgravity reduce the mRNA levels of anabolic
proteins (203) and anti-catabolic proteins, while increasing the mRNA levels of catabolic
proteins (241).

Concomitant to the disc changes, in a 4—6 month space mission, astronauts lose about
1-1.6% bone per month in the spine (140, 144, 177). Research suggests that bone loss incurred
during space flight persists for multiple years after return to normal gravity (40). Another major
constituent but endogenous loading factor of the spine is muscle which undergoes atrophy
from loss of functional weight-bearing (21, 146). Similarly, hindlimb unloading leads to bone
loss, decreased muscle fiber cross-sectional area of types | and Il, and recovery is slow (115,
234, 244).

Current IVD Countermeasures to Weightlessness

Currently, no prophylaxes or treatments for IVD pathology exacerbated by extended periods of
non-weightbearing are available. Walking exercises with and without loaded backpacks showed
that the application of even large mechanical loads during phases of unloading do not prevent
IVD volume changes (104, 157, 158). Daily treadmill running under negative body pressure
partially negated altered disc morphology during spine deconditioning over a 28 d unloading
period but the daily 45 min protocol failed to reduce expansion of the lower lumbar IVD (39).

Exercise with high-frequency, high-amplitude vibrations (amplitude approximately 3.5-4 mm,



acceleration approximately 5.1-10.9 g) (g is equivalent to the gravitational acceleration of the
Earth, 9.81 m s) reduced IVD height extension from 8 wks of bed rest (21). However, vibrations
must be applied cautiously as back pain is noted at vibration exposure frequencies between 3
and 15 Hz at the acceleration of 0.6-2.8 g (26).

These studies suggest that an efficacious countermeasure does not necessarily need to
be large in magnitude. An insight to the reasoning may lie in the daily loading history of the
skeleton. In a study by Fritton et al. (75), the number of occurrences of minute strains exhibited
by weightbearing and non-weightbearing bones of several species of animals occurs 2-3 orders
of magnitude more times than large strains. Cavanagh et al. (44) measured the foot forces of
astronauts on Earth and on the International Space Station. Similar to the Fritton study, on
earth, there are more occurrences of low magnitude forces derived from daily activity than high
magnitude forces derived from walking or exercise. Cavanagh et al. also showed that despite
strenuous daily exercise during microgravity not only are the foot forces decreased but the
number of low magnitude forces is decreased. Therefore, reintroducing a portion of the ground
reaction forces lost during unloading may retard its detrimental effects.

A previous study (96) described the use of low-level vibrations as a countermeasure to
IVD alterations from long term bed rest. Healthy human subjects of astronaut age (35+7 yrs, 18
males, 11 females) without a history of back pain were randomly assigned to a control (CTR,
n=11) or a low-magnitude mechanical signal intervention (WBV, n=18) group. All subjects
underwent continuous 62 head-down bed rest for 90 d followed by a 7 d reambulation period.
While maintaining a supine position, WBV subjects were exposed to short durations (10

min/day) of low-magnitude mechanical signals at a frequency of 30 Hz and an acceleration



magnitude of either 0.3 g (n=12) or 0.5 g (n=6). The vibrations were introduced into the axial
skeleton through the plantar surface of the feet by means of an upper-body harness that was
coupled to the vibrating plate through linear springs. Subjects received spinal MRI scans (n=7
for CTR, n=17 for WBV) at 0 d, 60 d, 90 d and after completion of bed rest (90+7 d). Computed
tomography scans of the lumbar spine (n=11 for CTR, n=18 for WBV), were taken at 0 d and 90
d of bed rest to analyze the cross-sectional area of the erector spinae including transversospinal
muscles. Symptom complaint logs were available for 29 subjects (n=11 for CTR, n=18 for WBV).

While WBV spinal length increased significantly during the 90 d bed rest protocol, this
increase was significantly less than in CTR subjects at 60 d (3.2 mm) and 90 d (1.8 mm). In
contrast to CTR subjects, spinal length of WBV subjects returned to baseline levels upon 7 d of
reambulation. Bed rest in control subjects increased IVD volume (averaged between L1 and S1)
by 15% over 90 d. Importantly, even seven days after completion of the bed rest trial, CTR
subjects still showed 8% greater IVD volumes relative to baseline. Vibrations attenuated IVD
expansion during bed rest to 10% after 90 d, which is an expansion typical of overnight bed rest
(158). In WBV subjects, 7 d of re-ambulation, without WBV treatment, returned IVD volumes to
baseline, a response that was significantly different from CTR subjects. IVD convexity, a
measure of spinal health, showed a similar effect to bed rest and vibrations.

While the muscle atrophy in subjects treated with vibrations was 6.6% (a non-significant
9.0% smaller loss than in untreated subjects), disc expansion across all subjects was negatively
correlated with muscle atrophy (R’=0.50). Subjects with lower back pain were also afflicted
with greater muscle atrophy (-5.9% vs -7.8%). After 90 d of bed rest and 7 d of reambulation,

46% fewer WBV subjects experienced lower back pain than CTR subjects. The potential benefit
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of these low magnitude mechanical signals was not confined to the bed rest period per se, but
extended into the immediate re-ambulation period. The improved reambulation effect is
important as reambulation alone does not curb the biochemical and genetic expressions
changes noted in the annulus fibrosus after unloading (241).

Harmful Vibrations

While data exist on the benefits of whole-body vibrations, their application must be carried on
with caution. Chronic vibrations in helicopter pilots, automotive drivers, and construction
workers (135) are associated with LBP (31) and occur in the resonant frequency range of several
anatomical structures. The application of vibrations at the resonant frequency of a tissue is
dangerous because the displacement of the tissue at that frequency is largest. The resonant
frequency of the spine is 4-8 Hz (135, 183, 202) and must therefore be avoided. In response, the
International Standards Organization has established exposure limits to vibrations,
incorporating acceleration, frequency, duration of exposure, and direction. Harmful effects on
the musculoskeletal system occur with vibration accelerations exceeding 1g (1).

Loading Response of Intervertebral Disc

The IVD and other weight-bearing cartilages are constantly subjected to static and dynamic
loads. The disc’s ability to withstand such varying stresses is dependent upon, but not limited
to, the IVD’s cellular and molecular response. Static compression inhibits the disc’s biosynthesis
of proteoglycan, aggrecan, collagen type Il, and other proteins (36, 178, 197). The inhibition can
occur as quickly as 1 h after the application of compression (197). For example, Kim et al. (131)
reported an inhibition of GAG biosynthesis of 25% and after statically loading cartilage at 50%

compression for 12 h, 2.5 days were necessary before the aggrecan biosynthesis levels were at
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free-swelling levels. Although high levels or duration of static compression have been shown to
lead to the inhibition of protein biosynthesis and cell apoptosis (153, 221), all static
compressions are not catabolic. The biosynthesis of GAGs and other proteins may also depend
on the static stress level and duration of the load (103, 105, 178).

Dynamic compression can stimulate cellular and matrix synthesis (130, 132), but its
efficacy is dependent on the amplitude and frequency of the load (25, 197, 221). Large,
dynamic compressions (1-5% strain) of the extracellular matrix cause deformation of cells and
matrix (37, 192), hydrostatic pressure gradients and interstitial fluid flow (80, 130),
physicochemical changes such as streaming potentials, altered osmotic pressures and disc
water content (46, 130, 225), all of which may initiate GAG biosynthesis in the IVD. Large, cyclic
compression dramatically affects the proteoglycan synthesis in the distal regions of the
extracellular matrix (192) and up-regulates aggrecan gene expression (36).

Although there is compelling evidence of the importance of compression-induced fluid
movement in the stimulation of chondrocyte biosynthesis (25, 38, 192), the separation of the
effects of the fluid flow from the deformation of the cell/matrix is complex. Dynamic
compression is comprised of a concert of changes including variations in volume, shear stresses,
and fluid flow (130). However, none of these alterations (besides shear stress changes) should
occur in a poroelastic tissue under shear. Experiments aimed at distinguishing the stimulation
of protein biosynthesis by cell and ECM deformation rather than fluid flow were carried out
with significant increases of GAG and collagen markers (25% and 41%, respectively) (73, 118). In

a related but separate experiment, biosynthesis comparisons were made at the inner core and
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lamellar rings of the AF to show no significant differences (132) suggesting that matrix
deformation, not fluid flow, was attributed to the stimulation.

Matrix deformation is the unlikely culprit in the Holguin et al. (96) IVD study as the
amplitude of the signal was extremely small (~165 pum). The strain in the IVD due to low-
magnitude vibrations is unknown but unlikely similar to the large deformations encountered
during postural and dynamic loading (108, 161, 210, 230). Wang et al. (230) using axial images
showed no deformation occurred in the NP of the disc and O’Connell et al. (173) using sagittal
images of axial compressions of the human cadaveric spines showed that regions of zero
deformation (transitions from compression to tension) exist throughout the IVD. Therefore if
habitual weightbearing manages to maintain discal integrity and health regardless of regions of
low deformation, a mechanism unrelated to strain must also exist.

In bone, low-magnitude vibrations induce anabolic but extremely low strains of ~10 pe
(122) and due to the inability of bone cells to sense these small strains (242), it seems
secondary events, e.g. fluid flow shear stress, may play a more pressing role in motivating these
cells during low-magnitude stimuli. For instance, the application of short-duration, interstitial
fluid flow in the absence of bone strain inhibited hindlimb unloading-induced bone loss (137).
However, the application of low-magnitude vibrations in rodents shows a differential response
between a 45Hz and 90Hz signal in attenuating bone loss (122). The differential response
suggests that fluid flow may not be the anabolic cause as the stress magnitudes between the
two interventions may be similar (231). Similarly, gene expression of bone cells to high-
frequency, low-magnitude vibrations is frequency dependent with greater expressions at

increasing frequencies, but is also unrelated to the fluid shear stress generated by the
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vibrations as the estimated magnitude was several orders of magnitude below known
stimulatory levels (141).

The mechanism for large loads may include deformation and stimulation of the IVD and
its incumbent viscoelastic cells (216). However, low-magnitude, high-frequency vibrations must
employ a different mechanism as cells stimulated at high frequencies stiffen increasingly and
non-linearly, resisting deformation (147). Therefore, the detection of the signal by the cells of
the intervertebral disc may involve a sensitivity to the applied frequency (57). One proposed
frequency-dependent mechanism is the acceleration of the nucleus of the cell within the
cytoskeleton (12). For example, vibration amplitudes an order of magnitude below those
imposed in the Holguin et al. study can stimulate chondrocyte proliferation and proteoglycan
synthesis (126, 152). However, this does not preclude the involvement of additional factors
which may contribute to the activity of cells, such as the morphology of the cell or IVD. In
addition, high-frequencies may have the added benefit of serving as a surrogate to the low
strains produced by muscle contractions above 20Hz (98). Other stimulatory modalities to IVD
cells and chondrocytes that do not require matrix deformation include ultrasound and pulsed
electromagnetic fields (55, 116).

Summary

Hypo-physiologic loading conditions may accelerate degradation of intervertebral discs.
Excessive degradation of the morphology and biochemical composition of the intervertebral
disc is typical of disc degeneration and may, ultimately, lead to back pain and/or herniation of
the nucleus pulposus. Short-periods of ambulation, with and without exercise, are incapable or

minimally capable of normalizing the morphology of the IVD during and after unloading.
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Although exposure to large magnitude chronic vibrations can be damaging to the musculo-
skeletal system, extremely low-magnitude, high-frequency vibratory signals have been shown
to attenuate the morphological changes of the IVD during extended bed rest despite the low

amplitude of the signal.
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HYPOTHESIS AND SPECIFIC AIMS

No study has effectively utilized a countermeasure to the compromised intervertebral discs
(IVD) of animals subjected to hindlimb unloading. Here, the hypothesis is that low-magnitude,
high-frequency vibrations will mitigate the IVD alterations from hindlimb unloading. The
proposed study will examine morphological (Hypothesis 1-3), sulfated-glycosaminoglycan
(sGAG) and collagen content (Hypothesis 1 and 2), and biomechanical (Hypothesis 3)
disruptions of the IVD of hindlimb unloaded rats and their prevention by low-magnitude
vibrations applied in the prone or upright position. Secondary tissues will include paraspinal

muscle and vertebral bone.

Hypothesis 1: Ambulation, with or without low-magnitude, high-frequency vibrations applied in
prone postural rats will not maintain the lumbar IVD morphology and composition during

hindlimb unloading.

Hypothesis 2: Low-magnitude, high-frequency vibrations applied in erect postural rats will

mitigate the unloading-induced hypotrophy of the nucleus pulposus and annulus fibrosus

Hypothesis 3: Low-magnitude, high-frequency vibrations applied in erect postural rats will

mitigate the altered biomechanical properties of the lumbar intervertebral discs of hindlimb

unloaded rats.
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EFFECT OF BRIEF AMBULATION, WITH OR WITHOUT WHOLE BODY VIBRATIONS, ON RAT DisC HEALTH DURING
HINDLIMB UNLOADING

ABSTRACT Changes in intervertebral disc (IVD) morphology and biochemistry have been
characterized only incompletely in the rat hindlimb unloading (HU) model. Here, we present
preliminary data on the differential effects of short periods of weight-bearing with or without
low-level whole-body vibrations (WBV) on the lumbar rat IVD during HU. Rats were subjected
to HU and exposed to daily periods (15min/d) of either ambulatory activities (HU+AMB) or
whole body vibrations superimposed upon ambulation (HU+WBV; WBV at 45Hz, 0.3g). At the
end of the 4 wk experimental period and compared to age-matched control rats (AC), the
lumbar IVD of HU+AMB had a 22% smaller glycosaminoglycans/collagen ratio, 12% smaller
posterior IVD height, 13% smaller cross-sectional area, 9% greater ratio of height/area, and a
24% smaller volume of the surrounding muscle tissue. Compared to HU+AMB rats, the addition
of low-level vibratory loading did not significantly alter IVD biochemistry, posterior height, area,
or volume but curbed the loss of muscle volume (-8% versus AC) and maintained (-3% versus
AC) the IVD height/area ratio. Relative to AC, superposition of the vibratory stimulus onto
ambulation had a greater effect on IVD area than on IVD height. VD volume and IVD posterior
height of HU+WBV rats remained 13% and 16% smaller than in normal controls. Even though
neither intervention was successful in preventing hindlimb unloading induced changes in IVD
volume, compared to ambulation alone, very low-level whole-body vibrations resulted in
diminished loss of total back and abdominal muscle volume and directionally altered VD

geometry.
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Introduction

Decreasing the level of mechanical loading is detrimental for the function of the IVD. For
instance, bed rest increases the compressibility of the spine (154), an indicator of reduced
stiffness and IVD degeneration (89). Similarly, spaceflight increases the incidence of nucleus
pulposus herniations (119). Both prolonged bed rest and spaceflight induce low back pain (102,
233). Neither the etiology and pathophysiology of IVD degeneration initiated by altered
mechanical loading, nor efficacious countermeasures have been identified, in part because
many important assays of IVD health are restricted to animal models. Unfortunately, a
standard animal model of lumbar unloading that replicates human disc physiology as well as
degenerative outcomes has not been established (211).

HU, the most commonly used animal model to simulate musculoskeletal, cardiovascular,
orthostatic and metabolic changes due to microgravity and unloading (168, 187), reduces
sulfated-glycosaminoglycan (sGAG) in the IVD (241) similar to rodent spaceflight studies (70,
187, 206). Interestingly, sGAG content, as a biochemical indicator of IVD health, is reduced even
though HU subjects the spine to tensile forces, rather than unloading per se. A greater
expression of molecules associated with catabolism, increased chondrocyte apoptosis, low
intradiscal pressure, as well as muscle atrophy and disrupted back muscle recruitment provide
further evidence that the change in the IVD mechanical environment with HU might present a
signal similar to spinal unloading (87, 241). Even though HU may replicate some specific
outcomes of altered loading of the IVD, others, including changes in IVD morphology, have

been investigated only incompletely.
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Several studies have tested mechanical countermeasures of IVD degradation generated by
altered spinal loading. Short-periods of ambulation, with and without loaded backpacks, were
incapable or only minimally capable of normalizing the morphology of the IVD after bed rest
(104, 145). Forty-five minutes of treadmill exercise under negative body pressure was also not
completely effective at mitigating IVD morphological changes in the lower lumbar of bed rest
subjects (39). Similarly, in rats subjected to HU, reambulation only partially recovered sGAG-
related changes emphasizing the need for preventive measures (241). While (re)ambulation can
certainly (restore) prevent changes to the IVD (after) during unloading to some extent (104,
145), locomotory activities alone do not appear to be an efficacious countermeasure.

In contrast to the relatively low loading frequencies typically associated with physical
exercise, increasing the frequency of the applied mechanical signals may provide benefits to the
IVD during unloading. For instance, brief applications of whole-body vibrations (WBV) with (21)
or without (96) resistive exercise maintain IVD morphology and may reduce muscle atrophy
during long-term bedrest. While the physical mechanisms by which vibrations may be beneficial
to the IVD are unknown, vibrations have been shown to modulate cellular activity (238),
improve neuromuscular function (220), and reinforce lumbar proprioception (72). Here, using
an animal model of altered spinal loading, we asked whether hindlimb unloading, interrupted
by short periods of ambulation with or without superimposed low-level WBV, can maintain IVD
morphology and biochemistry relative to normal ambulatory age-matched control rats.
Materials and Methods

Animals
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This study was reviewed and approved by the Institutional Use and Care Committee of Stony
Brook University. Eighteen female Sprague-Dawley rats were used in this study of which six
ambulatory rats serves as age-matched control animals (AC). All rats had free access to a
standard rat chow and water.
Equipment
A vibrating plate generated vertical oscillations at 45Hz and 0.3g (236). /n vivo micro-computed
tomography (LUCT) images were captured with a VivaCT 75 scanner (Scanco Medical AG,
Brittisellen, Switzerland) at a resolution of 78 um (45kV, 177uA, 200ms integration time). A
solution of Hexabrix (Mallinckrodt Inc, St Louis, MO) enhanced the contrast of IVD for ex vivo
UCT imaging on a MicroCT 40 scanner (Scanco Medical AG) at a resolution of 20um (45kV,
177uA, 300ms integration time). Biochemical data were collected using a 1,9-
dimethylmethylene blue (Sigma-Aldrich, St. Louis, MO) and hydroxyproline assay (Sigma-
Aldrich).
Procedures
Twelve rats (10wk of age) were subjected to hindlimb unloading (HU) for 4 wk according to the
Morey-Holton method (168). Once a day, for 15min/d, six of the unloaded rats were removed
from unloading and allowed normal ambulatory activities in their cages (HU+AMB). The other
six rats were also removed from unloading but their cages in which they were allowed to freely
ambulate were placed on a vertically oscillating plate (HU+WBV).

At baseline and 4 wk, the lumbar region between the superior planes of L1 and S1 was
scanned in vivo by uCT. An automated algorithm (123) segmented muscle from bone and

guantified total abdominal muscle volume including the multifidus, lumbar erector spinae,
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guadratus lumborum, psoas, rectus abdominis, and anterolateral abdominal muscles. The
sensitivity of muscle to resistive exercise with whole-body vibrations may differ between
specific muscle groups (21) but the scans did not allow the separation of individual muscle
groups. The apparent volumetric mineral density of the L1-S1 spinal segment was determined
via calibrated phantoms (163). After sacrifice, the lumbar spine (n=5/group) was excised of
extraneous tissue, soaked in a 40%/60% solution of Hexabrix/0.15 M PBS for 1hr to enhance
contrast (182), and imaged ex vivo by uCT.

The volume, area and height of each lumbar IVD were determined by a semi-automated
algorithm that segmented the IVD by density. The ratio of IVD height/area, a variable that has
been associated with IVD degeneration (189) as well as mechanical parameters including the
apparent elastic modulus and hydraulic permeability (61, 79), was computed. Mediolateral (ML)
and anteroposterior (AP) lengths and anterior (ANT) and posterior (POS) disc heights were
determined directly from the 3D tomographies (Figure 1). AP length was computed as the
average of the left, center, and right anteroposterior lengths. ML was computed as the
mediolateral length with the greatest distance between the medial and lateral aspects. ANT
height was computed as the average IVD height of the anterior half of the IVD while POS weight
corresponded to the average height of the posterior half of the IVD.

Following scanning and rehydration, IVD samples (n=5/group) were evaluated for sGAG
content by a 1,9-dimethylmethylene blue assay and for collagen (Col) content by a
hydroxyproline assay (93). All outcome variables were calculated for each individual IVD as well
as averaged across the lumbar IVD of each spine, resulting in a single IVD value for any given

rat.
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Statistics
One-way ANOVA with protected post-hoc Fisher’s LSD tests were used to compare differences
between the three groups. A two-way ANOVA was used to examine interactions between
group (HU+AMB vs HU+WBV) and direction (area vs height) as well as for interactions between
group and disc level (L1-L2 through L6-S1). For the analysis testing the interaction between
group and direction, each data area and height measurement within the two experimental
groups was normalized to the respective AC mean. Data were expressed as mean + standard
deviation. Relative differences between sample means were denoted as percent difference +
standard deviation of the sampling distribution of the relative difference (relative standard
error of the difference). Statistical significance was considered at p<0.05.
Results

After 4 wk of HU and compared to age-matched control rats, HU+AMB rats weighed less (-
25+4%), p<0.001) and had smaller apparent vertebral bone density (-9+2%, p=0.002) (Table I)
and muscle volume (-24+3%, p=0.001) (Figure 2). Averaged across disc levels, IVD sGAG/Col
content was 22+6% (p=0.009) less and volume was 18+5% smaller (p=0.005) in HU+AMB rats
than in AC (Figure 2). For individuals discs, the volume of the L3-L4 (-2319%, p=0.017), L4-L5 (-
21+8%, p=0.015), and L5-L6 (-24+4%, p=0.001) IVD were smaller in HU+AMB than in AC (Figure
3). IVD volume at L1-L2 (-12+9%, F=0.93, p=0.421), L2-L3 (-2+6%, F=0.48, p=0.633), and L6-S1 (-
18+6%, F=3.11, p=0.082) did not show significant differences. Posterior IVD height of HU+AMB
rats was 12+5% smaller (p=0.005) than of controls but the differences in average disc height (-
5+4%, F=3.39, p=0.068) and anterior disc height (-3+3%, F=2.59, p=0.117) were not significant

between groups (Figure 4). IVD area was 1314% smaller (p=0.004), AP length was 8+3% smaller
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(p=0.023) while ML length (-4+2%, F=1.50, p=0.262) did not show significant differences
between the two groups (Figure 5). The ratio of IVD height to area was 915% greater in
HU+AMB than in controls but the p-value only approached significance (p=0.055) (Figure 6).

At sacrifice, the body mass of HU+WBV rats was 16+7% greater (p=0.023) than the body
mass of HU+AMB but 14+4% smaller (p=0.009) than that of AC rats (Table I). The apparent
vertebral bone density of HU+WBV was not different from HU+AMB (-3+3%, p=0.246) but
12+2% less (p<0.001) than of AC. In contrast, muscle volume of HU+WBV was 21+9% greater
(p=0.018) than in HU+AMB rats and not different (-8£7%, p=0.187) from AC rats (Figure 2). IVD
sGAG/Col content of HU+WBV rats was not significantly different from HU+AMB (12+9%,
p=0.303) or AC (-13+7%, p=0.067) rats (Figure 2). The average IVD volume of HU+WBY rats was
not different from HU+AMB (3+6%, p=0.694) and 16+£5% smaller (p=0.010) than in AC rats
(Figure 2). When individual discs were compared, the L4-L5 IVD volume of HU+WBV rats was
not different from HU+AMB (3+8%, p=0.779) but 19+8% smaller (p=0.025) than in AC. L5-L6
IVD volume of HU+WBV was not different (1+9%, p=0.898) from HU+AMB but 24+5% smaller
(p=0.001) than of AC (Figure 3). Further, L1-L2 (4+9%, -8+11%; F=0.93, p=0.421), L2-L3 (-61£9%, -
7+8%; F=0.48, p=0.633), L3-L4 (10£10%, p=0.386; -16+8%, p=0.086) and L6-S1 (4+10%, -15+9%;
F=3.11, p=0.082) IVD volumes of HU+WBV rats did not show significant differences to either
HU+AMB or AC groups.

When HU+WBYV was compared to both HU+AMB and AC, differences in average IVD
height (-5+3%, -9+4%; F=3.39, p=0.068) and anterior height (-3+2%, -6+3%; F=2.59, p=0.117)
were non-significant (Figure 4). Posterior IVD height of HU+WBV rats was not different (-1+3%,

p=0.901) from HU+AMB but 13+5% smaller (p=0.018) than in AC rats. IVD area (7+5%, p=0.126;

23



-7+3%, p=0.085), AP length (3+4%, p=0.454; -6+3%, p=0.093), and ML length (3+2%, 0+2%;
F=1.50, p=0.262) of HU+WBYV rats were not significantly different from HU+AMB or AC (Figure
5). The ratio of IVD height/area in HU+WBV rats was 10+4% (p=0.005) smaller than in HU+AMB
but not different (-3+4%, p=0.216) from AC (Figure 6). A two-way ANOVA demonstrated that
the effect of WBV, when compared to ambulation alone, was significantly different (p=0.039)
between IVD area and IVD height (Figure 4,5). In other words, WBV altered IVD morphology in a
directional manner when compared to ambulation, with a significantly greater benefit (relative
to AC) for IVD area than for IVD height. No interaction existed between disc level and group for
any given outcome variable.

Discussion

The purpose of this study was to contrast the ability of brief periods of ambulation, with or
without low-level whole body vibrations, to curb the geometric and biochemical changes of the
rat IVD during HU. Hindlimb unloading interrupted by brief periods of ambulation led to
degradation of IVD morphology and biochemistry as well as muscle volume. Superimposing
whole body vibrations upon the brief ambulation periods partially prevented the decrease in
lumbar muscle volume but not IVD volume, posterior disc height, area, anteroposterior length
and sGAG/Col content, and lumbar spine bone density. In addition, the low-level vibratory
signals provided a directional benefit for the lumbar IVD hypotrophied by altered spinal loading,
normalizing the ratio of IVD height/area to that of normal age-matched controls. While the IVD
height-to-area ratio has been linked to disc health (189), further studies are needed to define
the benefits of whole body vibrations on the morphological, biochemical, and mechanical

properties of the IVD in this rat model.
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Statistically significant differences were detected between all three groups but,
inherently, the relatively low statistical power of this study may have masked differences that
more highly powered studies may detect in the future. Also, physical activity levels were not
measured and it is conceivable that the two HU groups received different levels of locomotory
derived stimuli. The hindlimb unloaded rat was used as the animal model for this study
because of its extensive use in the literature to simulate altered loading in a variety of biologic
systems including the IVD. Because of its quadrupedal nature, it is by no means an ideal model
for the erect human spine. Nevertheless, it may aid in understanding human spinal mechanics
because it is also predominantly loaded in the axial direction (208) and when normalized to disc
geometry, the lumbar discs of rodents reveal similar mechanical properties to human lumbar
IVD (61). And while there are cell population disparities between the IVD of rats and humans
(222), chondrocyte-like cells dominate the cell population of the IVD in both species (99).
Together, the rat may serve as a model to test specific hypotheses involving IVD degradation
but postural and cellular differences to humans need to be considered when interpreting and
extrapolating the results to humans.

Hindlimb unloading subjects the tail to a tensile load of 50% body-weight (88), distributed
to vertebrae, IVD, ligaments and zygapophysial joints. Considering that HU, unlike space travel
or bedrest, does not remove loading per se, the associated hypotrophy of the rat IVD, rather
than hypertrophy commonly seen in bedrest and human spaceflight studies (145, 233), may not
appear surprising. Short-term, five-day, spaceflight, did not alter IVD height in rats (206).
However, the annuli of IVD of rats had significantly /ess wet and dry weights after 14 days of

spaceflight (187) and because of the link between disc size and water content, likely a lesser
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IVD volume. Compared to 14 days of spaceflight, 14 days of HU did not alter the wet or dry
weight of the annulus compared to the same control rats used for the spaceflight analysis and
these two IVD properties were greater than in rats flown in space (187). Even though this study
did not include measurements of the highly hydrated nucleus pulposus, their data suggests that
the signal associated with HU is not analogous to that of spaceflight for the rat IVD and,
together with our data, indicates that neither HU nor spaceflight in rodents replicate the IVD
morphological changes induced by gravitational unloading in humans.

Six-degree head-down bed rest is the most commonly used method for simulating
microgravity on Earth, producing greater morphological changes in the inferior lumbar IVD (20).
Despite the hypo/hyper-trophy IVD disparity between the effect of HU and 6° head-down bed
rest, HU in the rat also led to greater morphological changes in the inferior lumbar IVD (L3-L6),
somewhat in contrast to horizontal bed rest during which no consistent interactions between
disc level and disc height or area were observed across different time points (21). Even though
changes in IVD morphology after long-term spaceflight are not available on a disc-specific level
and HU decreases the size of the IVD while bed rest increases the size of the IVD, it is
interesting to note that both rodent HU and human 6° head-down bed rest models alter the
size of the lumbar IVD in a similar disc-level dependent manner.

The lack of a group of HU animals that did not receive any intervention (HU alone)
precluded any conclusions regarding the effect of ambulation by itself. Nevertheless, short
periods of weightbearing did not ablate the change in IVD morphology and biochemical content
compared to AC rats, largely consistent with previous data. For instance, short-duration

ambulation with or without additional loading via backpacks did not inhibit changes to altered
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IVD morphology from one day of bed rest (104). Similarly, 1-6wk of reambulation that followed
>12wk of bed rest did not ablate the changes in IVD morphology (96, 145). On the other hand,
short periods of reambulation following 5wk bed rest attenuated the change in IVD size (145).
In rats, reambulation following HU only partially normalizes sGAG-related changes (241). Even
though reambulation alone may eventually normalize the morphology of the IVD, such as after
short periods of spaceflight (145), early preventive measures are important as the risk of IVD
damage remains high immediately upon reambulation under normal weightbearing (119).
Interestingly, best rest studies have indicated that the application of vibrations may achieve, at
least in part, this goal (21, 96).

The reduced ratio of sSGAG/Col content and increased ratio of IVD height/area in rats in
which HU was interrupted by 15min/d of weightbearing suggests a degraded matrix. In both
experimental groups, the degradation of IVD height was focused on the posterior aspect
perhaps because compared to the anterior region, the posterior region is weaker under uniaxial
tension (3), suffers greater deformations in degenerated discs (247), and shows greater
expansion during 6° head-down bed rest (20). By attracting less fluid, the reduced sGAG/Col
ratio reduces disc stiffness, intradiscal pressure, and mechanical support. Further, lower
intradiscal pressure and a concomitant increase in the height/area ratio may negatively impact
the disc’s natural anisotropy by disorganizing the collagenous annulus (84) and reduce fluid
movement, and consequently nutrition, to the radial periphery of the disc (79). While
alterations to disc height or shape do not necessarily assert a degenerated disc, their

appearance can mark the onset of degeneration and aging (79, 189).
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Low level vibrations can both stimulate bone formation and reduce bone resorption
(236). Here, in tandem with ambulation, WBV was not more successful than ambulation alone
in stemming the decrease in the apparent density of the lumbar vertebrae during HU. The low
resolution of the uCT scans which was optimized for determining muscle volume did not allow
the quantification of trabecular morphology and benefits to the trabecular structure cannot be
excluded. Itis also possible that the vertically applied signal was dampened to a degree that,
while being partially anti-catabolic to IVD and muscle, it became ineffective in calcified tissue.
Nevertheless, the results are entirely consistent with data from a recent study in which low-
level whole body vibrations also did not attenuate bone loss in the proximal tibia of HU mice
but preserved osteoprogenitor cell populations in the marrow and enhanced recovery of bone
mass during reambulation (181).

The mechanism(s) by which the IVD and lumbar musculature receives and responds to
high-frequency mechanical signals is unclear. Here, whole body vibrations were applied in a
vertical direction and with exception of the limited time that the rats spent on their hindlimbs,
no compressive gravitational load acted in the axial direction of the spine during the 15min/d of
treatment. Similar to previous data suggesting that low-level vibrations can be anabolic to
muscle (237), here, rats that received vibrations in addition to ambulatory periods lost less
muscle volume than those that were only subject to ambulation. Thus, the geometric changes
to the IVD may have been related to increased paraspinal muscle activity during vibrations (49)
and/or greater muscle volume that conferred stronger contractions and forces onto the disc
during suspension. Clearly, alternatives to a muscle loading hypothesis exist. For instance, the

directional response of the IVD to the vertically applied mechanical intervention that
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normalized the height/area ratio may have been modulated by cells within the IVD that
responded directly to the oscillatory accelerations (238), rather than to deformation per se.
Further work is required to elucidate the mechanism by which vibratory loading can affect disc
health.

In summary, interrupting HU by 15min/d of weight bearing did not maintain the
composition or the geometry of the IVD. Similarly, the superposition of low-level WBV onto
ambulation did not prevent the loss of sGAG/Col content, disc area, disc anteroposterior length,
disc volume, and lumbar bone density during unloading. Instead, the vertically applied
oscillatory signal attenuated the loss of total lumbar and abdominal muscle volume, exerted a
greater effect on IVD area than on IVD height and normalized the IVD height-to-area ratio to
normal control levels. The mechanism by which muscle and IVD responded to the mechanical
signal and whether vibrations applied in the axial direction of the spine can more completely

inhibit IVD degradation remain to be investigated.
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List of Tables

Table 1. Body mass and apparent vertebral bone density of the lumbar spine of AC, HLU+AMB,

and HLU+WBYV groups

Group Body Mass at 0 wk Body Mass at 4 wk Bone Density at 4 wk
[g] [g] [mgHA/cm’]

AC 231.8121.8 345.2+12.4 493117

HLU+AMB 215.2+16.7 257.8+ 30.2t 447423t

HLU+WBV 222.8134.8 297.8+ 34.31t 433+21%

Meanzstandard deviation of body mass and apparent vertebral bone density of the lumbar
spine in the three groups (n=6 each). Significantly different from AC: T p<0.01. Significantly
different between HLU+AMB and HLU+WBV: F p<0.05.
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List of Figures

Figure 1. Height map of an IVD illustrating the (a) left, (b) center and (c) right anteroposterior
length, and the (d) mediolateral length. ANT corresponded to the average IVD height of the
anterior half of the IVD while POS corresponded to the average IVD height of the posterior half
of the IVD.
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Figure 2. (a) Lumbar muscle volume, (b) sGAG/Col content, and (c) IVD volume of age-matched control (AC), hindlimb unloaded
interrupted by ambulation (HU+AMB), and hindlimb unloaded interrupted by ambulation plus WBV (HU+WBYV) rats after 4 wk of HU;
mean+SD (n=5-6 each). T p<0.05 compared to AC, ¥ p<0.05 compared to HLU+AMB.
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Figure 3. Volume of each lumbar IVD of AC, HU+AMB, and HU+WBYV rats at 4 wk; mean+SD (n=5
each). T p<0.05 compared to AC.
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Figure 4. Average (AVG), anterior (ANT) and posterior (POS) height of the IVD of AC, HU+AMB
and HLU+WBYV at 4 wk; mean+SD (n=5 each). T p<0.05 compared to AC.
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Figure 5. (a) Area, (b) anteroposterior (AP) length and (c) mediolateral (ML) length of IVD of AC,
HLU+AMB and HLU+WBYV at 4 wk; mean+SD (n=5 each). T p<0.05 compared to AC.
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Figure 6. Height-to-area ratio of IVD of AC, HLU+AMB and HLU+WBYV at 4 wk; mean+SD (n=>5
each). T p=0.055 compared to AC, ¥ p<0.05 compared to HLU+AMB.
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IV

BRIEF VIBRATIONS APPLIED IN ERECT POSTURAL RATS MITIGATE HINDLIMB UNLOADING-INDUCED DEGRADATION

oF THE NUcCLEUS PuLPOSUS AND ANNULUS FIBROSUS

ABSTRACT Hindlimb unloading causes hypotrophy of the intervertebral disc (IVD) in the form of
reduced height and glycosaminoglycan content, both characteristic of disc degeneration. Here,
we tested the hypothesis that low-magnitude, vibrations will mitigate IVD hypotrophy and
biochemical deterioration during hindlimb unloading in the rat. Four groups of Sprague-Dawley
rats (4.5mo, n=11/group) were hindlimb unloaded (HU) for 4 wks. In two HU groups, unloading
was interrupted for 15min/d by placing rats in an upright posture on a vertically oscillating plate
(0.2g) at either 45Hz or 90Hz (HU+45 or HU+90). Sham control rats stood on an inactive plate
(HU+SC). Compared to normally ambulating age-matched controls (AC), four weeks of
unloading with or without brief upright posture (HU£SC) caused an 8% smaller IVD area, a 10%
smaller average height, and a 19% smaller volume. Similarly, the IVD of HUxSC had less
glycosaminoglycans in the nucleus pulposus (21%), anterior annulus fibrosus (16%) and
posterior annulus fibrosus (19%). The application of the 90Hz, but not 45Hz, mechanical signal
provided significant morphological and biochemical benefits. Compared to HU+SC, the IVD of
HU+90 had 8% larger average height and 19% larger IVD volume. Similarly, the IVD of HU+90
had more glycosaminoglycans in the nucleus pulposus (24%), anterior annulus fibrosus (17%)
and posterior annulus fibrosus (19%). These data suggest that low-magnitude vibrations, when

applied at high frequencies, may play a role in maintaining disc health.
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Introduction

Reduced spinal loading during immobilization, sedentary lifestyle or spaceflight may produce
disc degradation and ultimately low back pain (154, 196, 211, 233), and may concurrently
induce bone loss, muscle atrophy, cardiovascular changes, orthostatic intolerance and
metabolic alterations. Astronauts returning from spaceflight also show disrupted IVD structure
and nucleus pulposus (NP) herniations at a greater incidence than the general population and
army aviators population (119, 233). Spinal unloading during prolonged bed rest induces
greater changes in posterior disc height and back pain (19), potentially by straining innervated
zygapophysial joints (107). While the specific etiology of back pain remains unknown, disc
degeneration is largely implicated as a source because of the extensive changes to the disc
which may cause pain for other reasons. For example, stimulating the nociceptive nerves of the
annulus fibrosus (AF) and anterior dura mater (52, 200) may, in moderately degenerated discs,
originate from reduced disc height, reduced water content or low intradiscal pressure and, in
severely degenerated discs, originate from radial tears and rim lesions (29, 199). In the nucleus
pulposus (NP), degradation may initiate release of nerve-stimulating cytokines (113). In
addition, degeneration of the IVD precedes herniation of the NP, which typically occurs in the
weaker, more deformable posteriolateral region of the disc (3, 247).

Avoiding the progression of mechanically induced disc degeneration to back pain and to
identify potential countermeasures requires a more complete understanding of how specific
mechanical signals preserve IVD health. A standard small-animal model for altered spinal
loading without biochemical or surgical disruption is yet to be established (204). Hindlimb

unloading is commonly used to simulate the effects of weightlessness on the musculoskeletal,
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cardiovascular and orthostatic systems. In the IVD, HU reduces the hydrostatic pressure (87),
increases the expression of catabolic sulfated-glycosaminoglycan (sGAG)-related proteins (241),
and induces chondrocyte apoptosis (15). These changes are congruous to changes leading to
disc degeneration in humans even though HU imposes tensile loading on the rodent spine
rather than unloading per se. As a reflection of the differences in the mechanical environment,
disc height is reduced during hindlimb unloading (95), contrasting with the increase in IVD
height during bedrest.

Short-duration exercise without weightbearing which is high in magnitude and low in
frequency can restore the height of the IVD (170) but high-frequency, low-magnitude
mechanical signals may also influence remodeling in the IVD (92). High-frequency, low-
magnitude vibrations may preserve the morphology of the IVD and reduce the incidence of
back pain exacerbated by prolonged bed rest (96). While the mechanism(s) of the mechanical
signals remain(s) unclear, the benefits of vibrations include improvement of IVD (95) and bone
(122) morphology, neuromuscular adaptation (220) and lumbar proprioception rehabilitation
(72). Here, using HU to alter spinal mechanical loading, it our aim was: (1) to determine the
spatially dependent geometric and biochemical changes of the rat IVD and (2) to test the
efficacy of two vibration frequencies applied in the longitudinal direction of the rat spine to
prevent the IVD degradation during hindlimb unloading.

Materials and Methods
Experimental Design.
This study was reviewed and approved by the Institutional Use and Care Committee of Stony

Brook University. Female Sprague-Dawley rats (18wks, n=44) were hindlimb unloaded (HU)
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(Figure 7) for 4 wk according to the Morey-Holton method (168). A subset of HU rats (n=11 per
group) stood on a vertically oscillating plate in an upright position that was maintained via
vertical plastic cylinders (height: 30.5 cm, inner diameter: 10.2 cm). The signal was applied for
15min/d at a peak acceleration of 0.2g at either 45Hz (HU+45) or 90Hz (HU+90). Sham control
(HU+SC) rats stood in an upright position in the cylinder without receiving vibrations. HU rats
received no intervention. Baseline (BC) rats of the same animal cohort and age-matched (AC)
rats were used as controls. Animals had access ad libitum to standard rat chow and water.
Transmission Measurement.

Lumbar spine displacements were measured in two additional rats during upright vibrations
using computer-aided speckle interferometry (45). Silicon carbide speckles were sprinkled onto
double sided tape adhered to the shaved rat back and were recorded with a Redlake Motion
Scope high speed camera (Del Imaging systems, Cheshire, CT) at 250 fps. Images (~14mm?) of
the vibrating plate and animal oscillating at either 45Hz and 90Hz (0.2g each) were partitioned
into 30 sections. The displacement of each section from consecutive images was averaged for
the entire image and across 0.06s, used to create a signal profile. The transmission
measurements from the L5 region at OHz, 45Hz and 90Hz were averaged for the two rats.
Micro Computed Tomography.

Before sacrifice, an in vivo scout view (41um resolution) for 5 animals in each group (VivaCT 75;
Scanco, Bassersdorf, Switzerland) was used to determine the in vivo lumbar length from
superior L1 to superior S1. After sacrifice, the spine was stored en bloc at —20°C. Following
storage, the lumbar spine was excised of extraneous tissue, soaked in a 40%/60% solution of

Hexabrix (Mallinckrodt Inc, St. Louis, MO) and 0.15 M PBS for 1h to enhance contrast (182) and
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imaged by ex vivo microCT (MicroCT 40; Scanco) at a resolution of 20um (45kV, 177uA, 300ms
integration time) for IVD, as well as L2 and L5 trabecular morphology. A scout view at a
resolution of 8um was used to measure the ex vivo lumbar length from superior L1 to superior
S1.

Each lumbar IVD was segmented by density and the volume, area and height were
determined. The lumbar IVD of each spine were averaged to represent the overall IVD
geometry. The anterior (ANT) and posterior (POS) disc height were measured directly from the
3D tomography (Figure 8). ANT corresponded to the average IVD height of the anterior half-
area of the IVD while POS corresponded to the height of the remaining half. The ratio of IVD
height/area represents a modified Farfan index (66) and has been proposed as a measure a disc
health (189). For the trabecular region of the L2 and L5 vertebra, bone volume fraction (BV/TV),
trabecular separation (Tb.Sp), trabecular thickness (Tbh.Th), trabecular number (Tb.N),
connectivity density (Conn.D), and trabecular tissue mineral density (Tb.TMD) were determined
from the ex vivo uUCT scans (121). Following scanning, all of the discs were resoaked in PBS with
protease inhibitors for 1 hr and then returned to -20°C.

Biochemical Analysis.

Once thawed, the NP of each IVD from five lumbar spines of each group was sectioned with a
1.5-mm dermal biopsy punch (Miltex Instrument Comp., Bethpage, NY) and the remaining AF
was sectioned medially to represent the anterior and posterior AF. All samples were dried at
65°C for 18 hr to determine dry weight. The samples were digested in papain (Sigma-Aldrich, St.
Louis, MO) for 18h at 60°C and sGAG content was estimated by a 1,9-dimethylmethylene blue

assay (Sigma-Aldrich). Upon hydrolysis in HCl for 18h at 110 °C collagen (Col) content was
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determined by a hydroxyproline assay (93). The sGAG and Col epitope content were expressed
with dry weight (DW) as a referent (106).

Statistics.

In vivo and ex vivo lumbar lengths were compared with a t-test. One-way ANOVAs with
protected post-hoc Tukey tests were used to compare differences among the 4 wk groups. T-
tests were used to compare the four week age difference between AC and BC. A two-way
ANOVA was used to test for interactions between animal group and disc level in determining
sGAG and collagen content. Linear regressions were used to determine associations between
posterior sGAG content and posterior disc height within each animal group since the posterior
IVD is weaker than its counterpart. Data were expressed as mean * standard deviation. Relative
differences between sample means were denoted as percent difference [SD] of the sampling
distribution of the relative difference (relative standard error of the difference). Statistical
significance for all tests was considered at p<0.05 (SPSS 18; SPSS Inc., Chicago, IL).

RESULTS

Signal Transmissibility

The measured frequency and amplitude of the plate at 45Hz was 46[2]Hz and 51.1[0.2]um and
87[4]Hz and 14.9[0.5]um at 90Hz, matching the physically predicted plate displacement of
48um at 45Hz and 12um at 90Hz (Figure 9). Video recordings of the L5 spinal regions revealed
that the displacement of the signal was dampened by 36[4]% and 35[3]% and the frequency
was unaffected (47[0]Hz; 90[6]Hz). The static signal at OHz did not generate displacement of the
of the L5 region.

Sham Loading
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T-tests demonstrated that no outcome variable was significantly different between HU and
HU+SC groups. In an effort to preserve statistical power (and avoid raising the probability of
committing a type Il error) these two groups were pooled and referred to as HU£SC.

Animals

The average initial weight of each group was 291[16]-293[17] grams (min[SD]-max[SD]). After 4
wk, the weight of the AC rats increased by 7[3]% (mean[SD]) (p<.001), of the HU%SC rats
decreased by 3[2]% (p=.005), of the HU+45 rats decreased by 2[2]% (p=.027) and of the HU+90
rats did not change (2[2]%, p=.093). Compared to AC, the change in body weight was less in
HU+SC, HU+45 and HU+90 rats by 128[15]-139[13]% (p<.001). Neither the weight at 4 wk nor
the change in weight was different among the HU groups. No complications arose during the
hindlimb unloading protocol.

Extraction Effect on Lumbar Spine Length

Comparison of the ex vivo and in vivo lumbar length for the mean of all animals shows that the
excision of the lumbar spine from the body increased the lumbar length from 44.9[1.0)Jmm to
45.7[1.1]mm (p<.001). However, the percent difference between the ex vivo and in vivo lumbar
length was not different among individual groups (p=.41).

Geometric and Biochemical Changes of the IVD and Trabecular Bone Changes during HU
Compared to AC, the IVD of rats subjected to 4 wk of unloading (+sham loading) were smaller
by 10[3]% (p<.001) for AVG height (Figure 10), 10[3]% (p=.001) for ANT height, 10[3]% (p=.009)
for POS height, 8[2]% (p=.008) for area (Table 2), and 19[3]% (p<.001) for mean IVD volume.
Compared to AC, the individual IVD volume of HU+SC were 20[7]% (p=.024) smaller at L2-L3,

19[5]% (p=.007) smaller at L3-L4 and 20[4]% (p=.001) smaller at L4-L5. The 4 wk age difference
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between age-matched and baseline control rats was associated with a 10[3]% (p=.013) greater
posterior disc height (Figure 10) and a 8[2]% (p=.032) smaller height/area (Table 2). No
differences existed at L1-L2 or L6-S1 (p=.225)

Although the effect of unloading on the total sGAG content of the IVD was not
statistically different to that of AC, by region, the sGAG content of the IVD of HU1SC was less by
21[8]% (p=.004) in the NP, 16[7]% (p=.035) in the AAF and 19[5]% (p=.008) in the PAF (Figure
11, Table 3). Across IVD, compared to AC, PAF sGAG content of HU+SC IVD was less by 35[8]%
(p<.001) at L4-L5. No difference in PAF sGAG content occurred at L1-L2, L2-L3 or L6-S1 (p>.114).
Despite greater sGAG content, a negative relationship existed between posterior sGAG content
and posterior disc height of AC animals (R?=.79, p=.049). No relationship existed between
posterior sGAG content and posterior disc height of any unloaded animals (R’<.61, p>.161).
After 4 wk, compared to BC, total sGAG content (Figure 10) of the IVD of AC was greater by
37[5]% (p<.001). Across specific regions of the IVD, compared to BC, the sGAG content of the
IVD of AC was greater by 28[11]%-37[10]% (p=.001-.029). Compared to BC, PAF sGAG content
of AC IVD was greater by 67[20]% (p=.024) at L5-L6. By contrast, differences in the collagen
content of the IVD among groups were predominately age-dependent (Table 3, 5).

Compared to AC, the L2 vertebra of HUSC rats showed less Tb.Th by 11[2]% (p<.001)
and less Tb.TMD by 2[1]% (p=.053) (Table 6). Compared to AC rats, the L5 vertebrae of HU£SC
rats showed less Th.Th by 14[3]% (p<.001) and less Tb.TMD by 3[1]% (p<.001). The 4 wk
difference in age (AC vs BC) affected the BV/TV (+24[10]%, p=0.024) and Conn.D (+19[9]%,

p=0.037) of the L2 vertebra and the L5 vertebrae of the AC group showed greater BV/TV,
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ConnD., Tb.N and Tb.Th by 39[9]% (p=.001), 27[12]% (p=0.031), 21[5] (p=.026)and 10[3]%
(p=.043).
Efficacy of 45Hz vs 90Hz Vibrations
The ability of the two interventions to attenuate the unloading-induced hypotrophy of the
lumbar IVD was differential. Overall, while the response from the 45Hz signal was minimal, the
application of 90Hz vibrations partially preserved IVD morphology and sGAG content.
Geometrically, compared to HU%SC, IVD of HU+90 were larger by 8[2]% (p=.022) in average
height, 9[2]% (p=.011) in anterior height and 15[4]% (p=.029) in volume, but not different in
posterior IVD height (7[3]%, p=.156) or area (6[2]%, p=.108) (Figure 10, Table 2). Individually,
IVD volumes of the HU+90 were not statistically different (p>.149) (Figure 11). The only
geometric benefit of the 45Hz vibrations to the geometry of the IVD occurred in the anterior
height; compared to HU1SC, the anterior height was greater by 10[2]% (p=.006) (Figure 10). The
overall morphologic ineffectiveness of the 45Hz signal was evident in the 16[3]% (p=.008)
smaller IVD volume compared to those of AC rats (Table 2). Furthermore, the individual IVD of
HU+45 was less than of AC by 16[6]% (p=.035) at L4-L5 (Figure 11).

Biochemically, compared to HUSC, the sGAG content of the IVD of HU+90 was greater
by 12[4]% (p=.002) in TOTAL, by 24[8]% (p=.008) in NP, by 17[4]% (p=.05) in AAF and by 19[6]%
(p=.034) in PAF (Figure 12, Table 3). Individually, sGAG content of the PAF IVD of HU+90 was
greater than of HU+SC by 13[4]% (p=.015) at L4-L5 (Figure 13, Table 4). In terms of the
interaction of vibration treatment and disc level, superior lumbar discs of HU+90 discs had
greater sGAG content in the PAF than inferior lumbar discs (p=.008). The sGAG content of mean

IVD subjected to the 45hz signal was not different to HU1SC in any region (Figure 12). At L4-L5,
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SGAG content of PAF of the IVD of HU+45 was less than HU+SC by 40[10]% (p=.010) and AC by
42[9]% (p=.014) (Figure 13). Furthermore, a comparison between the vibration treatments
showed that the sGAG content of TOTAL, AAF and L3-L4 PAF of HU+45 was less than HU+90 by
15[6]% (p<.001), 18[7]% (p=.029) and 87[21]% (p=.002), respectively (Figure 12,13 and Table
3,4).

The L2 and L5 trabecular morphology of HU+90 or HU+45 was not different to HU+SC in
any variable (p>.05) (Table 6). Compared to AC, the L2 vertebrae of HU+45 and HU+90 rats
showed less Th.Th by 12[3]% (p<.001) and 12[2]% (p<.001). Compared to AC, the L5 vertebrae
of HU+45 and HU+90 rats showed less Tb.Th (15[3]%, p<.001) and 15[3]%, p<.001) and less
Tb.TMD (5[1]%, p<.001) and 3[1]%, p<.001). Compared to age-matched controls, the L5
vertebrae of HU+45 rats showed less BV/TV (8[7]%, p=.026) and the L5 vertebrae of HU+90 rats
showed greater Conn.D (43[17]%, p=.017).

DISCUSSION

The purpose of the study was to show (1) the effect of hindlimb unloading, a model of disc
degeneration, on the overall and regional morphology and biochemistry of lumbar IVD and (2)
the ability of two low-level vibration interventions with distinct frequencies (45Hz and 90-Hz) to
attenuate the unloading-induced changes in the IVD. Four weeks of unloading, regardless of the
reintroduction of short periods of upright postural weight bearing, induced morphological and
compositional degradation of the intervertebral discs. By contrast, superimposing very low-
magnitude, 90Hz vibrations on the short period of upright weight bearing partially prevented
the degradation of the intervertebral disc, irrespective of the disc region, while the 45Hz signal

provided few benefits. The predilection of the IVD to higher frequency oscillations indicates
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that the induction of disc remodeling was not sensitive to the larger amplitude but rather on
characteristics particular to the higher frequency of the vibrations.

The “unloading” of the quadruped spine is not an ideal analog of the bipedal human and
as such the rodent does not exhibit the four spinal curvatures (2 lordotic and 2 kyphotic) but
this animal choice offered some advantages and similarities to the human spine. The shorter
life span of the rat allows age dependent changes to occur more rapidly. Indeed, changes in the
IVD height/area ratio occurred here in as little as 4 wk even though the animals were
considered “adults”. Biomechanically, when normalized by the height/area, the lumbar IVD of
rodents are similar to those of humans (61). Cellularly, while the adult rat IVD retains
notochordal cells that disappear by adulthood in humans, unlike other species and similar to
humans, chondrocyte-like cells of the rat IVD dominate the cell population of the IVD (99).
Lastly, the spine of each animal was extracted in order to obtain higher resolution scans and
biochemical data of the IVD. The extraction of the spine from the body led to the expansion of
the lumbar spine which was most likely concentrated to the extremely hydrated IVD (155) and
likely due to lost endogenous tension. The distension may have masked the true amount of disc
narrowing. Nevertheless, the expansion of the lumbar spine occurred equally across all the
groups, suggesting that the expansion was not engendered by aging or loading disparities
among the groups. Overall, the rat may be used as a model of disc degeneration but the cellular
and postural disparities, and handling must be acknowledged when interpreting the effects of
loading.

The HU group showed a smaller average discal height than the AC group due to the

~50% body weight tail-traction which likely stressed the IVD, ligaments, bone, muscle,
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zygapophysial joints and fasciae (88). Therefore, the approximate traction stress on the lumbar
intervertebral discs was about 130kPa. While some level traction has preventative capabilities
to the progressive degradation of inferior IVD, these beneficial effects are eliminated by
traction magnitudes similar to those engendered here during HU (175kPa) (138). Comparable to
studies of immobilization, HU and spaceflight (71, 109, 187), HU depleted the sGAG content
while the collagen content of the IVD was predominately affected by aging rather than
unloading. While degenerated IVD have 32%-45% less GAG than healthy IVD with a greater loss
in the NP than AF(11), hindlimb unloading-induced sGAG depletion of the IVD was
indiscriminant of the region. Further, the 20% sGAG difference from unloading was similar to
aging 20 years during mature adulthood (227). In gravitationally unloaded rats, the wet weight
of the IVD is smaller and combined with the reduced sGAG content (187) may explain the
reduced size of the IVD of unloaded rats. While the posterior sGAG content of AC IVD was
greater than of HU IVD, unloading disrupted the negative relationship that existed in the IVD of
AC animals between posterior IVD height and posterior sGAG content indicating that the HU
IVD are not simply smaller. A study of similar experimental design shows that the sGAG
depletion of both the nucleus pulposus and annulus fibrosus can occur after 3 weeks of
unloading and further shows that the sGAG content of the annulus fibrosus remains depleted
after 3 weeks of reloading (241). Similarly, in humans, reambulation after long term bed rest
incompletely rescues the morphology of the IVD (96).

Low-level mechanical countermeasures to disc changes are effective if applied in the
direction of habitual spinal loading (95, 96) and coupled with a compressive load (76). Here, the

rats assumed a bipedal stance during the stimuli but the short periods of upright loading
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provided neither a benefit nor a detriment to the IVD compared to unloading alone. Upright
posture for feeding in orchidectomized rats partially prevents vertebral bone loss (240) but
15min/d of upright posture had no impact on bone loss. In that study, the amount of time
spent upright was unnoted. Furthermore, here, the erect stance was supported by cylinders,
but the raised-cage animals solely exerted their own musculature for posture. Large
compressions alone may not be the root cause of the observed disc degeneration with
bipedalism (149) as illustrated by a comparison of the time spent upright between quadrupedal
(26 min/d) and bipedal (19 min/d) rats (13). Firstly, indicating that the 15min/d of upright
posture in this study was well below the time spent upright by normal quadrupeds or bipedal
rats. Secondly, suggesting that the reduced ground reaction forces from the limb amputation
led to the degraded state of the disc. Similarly, despite rigorous exercise, bone loss persists in
astronauts on the International Space Station who receive less low-magnitude forces typical of
forces engendered from daily living activities on Earth (43). Ultimately, reintroducing a portion
of the ground reaction forces lost during HU may retard its detrimental effects.

Few studies have investigated the consequences of applying high-frequency, low-
magnitude vibrations on the IVD. Here, the introduction of high-frequency vibrations in rats
performing a squat-like stance partially maintained the height and volume of the IVD during
hindlimb unloading. Whole-body vibration of rats, rather than applying the signal in the
direction of the spine, directionally altered the geometry of the IVD during HU by showing a
greater benefit to the area than the height of the IVD (95). In humans, vibrations with and
without exercise partially maintain IVD height (21, 96). High-frequency oscillations can increase

the sGAG synthesis of chondrocytes in vitro (217). The altered integrity and expression of anti-
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catabolic molecule, TIMP1, found during disc degeneration in humans and during HU (228,
241), may be stimulated with this type of loading (235, 241). In addition, low-magnitude
oscillations can suppress the genetic expression of matrix metalloproteinases (238) by
activating signaling pathways via ATPs (239). The anabolic, anti-catabolic and catabolic
repertoire of high-frequency vibrations also extends to collagenous remodeling and may do so
with and without the precondition of a compromising event such as HU (124, 236).

The level of dampening observed here is similar to previous data that demonstrated a
60% transmission of >25Hz vibrations to the L4 vertebrae of human subjects with 20° knee
flexion (195). Whether different discs experience significantly different levels of stimulation
remains unclear. Site-specificity of the IVD is of particular interest as the posterior annulus is
biomechanically weaker than the anterior annulus and, during standing, is loaded in
compression, in contrast to the tensile load on the anterior annulus (3, 230). Compared to the
lower lumbar IVD, the posterior annulus of the upper lumbar IVD of rats subjected to 90Hz
signals demonstrated a greater sGAG content than the 45Hz treated and unloaded/sham
animals. Despite the reduced transmissibility of high-frequency vibrations to the hip and head,
the upper lumbar discs may sense more acceleration than the lower lumbar discs because the
upper lumbar discs do not share the loading experience with the dampening structure of the
hip(34). This may be further exhibited by the reduction in sGAG content of the PAF of the upper
most lumbar disc which neighbors the dampening structure of the ribcage. Secondly, the
transmission of vibratory signals is more likely to occur through the posterior aspect of the

vertebra rather than the anterior because regardless of the level of degeneration of the
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intervertebral disc greater compression occurs in the posterior section of the vertebral body
than the anterior(7), allowing for improved transmission via the posterior section.

Even though no benefits of vibrations were conferred to the vertebrae in the current
study, a preferential response of the 90Hz over the 45Hz signal was demonstrated in the tibia of
ovariectomized rats(122). While the mechanism for large loads may include deformation and
stimulation of the IVD and its incumbent viscoelastic cells (216), low-magnitude, high-frequency
vibrations likely employ a different mechanism as cells stimulated at high frequencies stiffen
increasingly and non-linearly, resisting deformation (147). Therefore, the detection of the signal
by the cells of the intervertebral disc may involve a sensitivity to the applied frequency (57).
One proposed frequency-dependent mechanism is the acceleration of the nucleus of the cell
within the cytoskeleton (12). Vibration amplitudes an order of magnitude below those imposed
here can stimulate chondrocyte proliferation and proteoglycan synthesis (126, 152). However,
this does not preclude the involvement of additional factors which may contribute to the
activity of cells, such as the morphology of the cell or IVD. In addition, high-frequencies may
have the added benefit of serving as a surrogate to the low strains produced by the
endogenous muscle contractions occurring above 20Hz (98).

Relatively large and dynamic loads are typically considered critical to maintain the
compositional and metabolic health of the IVD (235). In contrast, the current study employed
low-magnitude, high-frequency mechanical signals applied for brief periods every day to inhibit
morphological and biochemical deterioration associated with hindlimb unloading. Similar to a
previous data on the skeleton (122), the IVD distinguished between the two vibratory signals:

45Hz or 90Hz, with 90Hz being more effective than 45Hz. Whether this differential sensitivity
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was directly modulated by cells (i.e., higher sensitivity at higher frequencies) remains to be
determined. Together, these data emphasize the ability of the IVD to respond to low-level

mechanical signals and pose vibrations as a potential venue for addressing the maintenance of

IVD health.
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List of Tables

Table 2. Intervertebral disc morphology of the five groups of rats

Group Height/Area [mm™] Area [mm?] Volume [mm?]
BC .072(.002) 10.9(.7) 6.4(1.2)

AC .066(.004)* 11.7(.6) 6.9(.4)

HU+SC .069(.005) 10.8(.8)t 5.6(.8)t
HU+45 .067(.005) 11.1(.7) 5.8(.6)T
HU+90 .066(.004) 11.4(.4) 6.5(.6)F

Values are mean(SD)

* Age-matched (AC) vs. baseline (BC) controls, p<.05

T Vs. age-matched controls (AC), p<.01

¥ Vs. hindlimb unloading with/without sham loading (HU%SC), p<.05
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Table 3. Mean sGAG and collagen content for lumbar IVD of rats

sGAG Col
Group
TOTAL NP AAF PAF TOTAL NP AAF PAF

BC .09(.01) .52(.07) .11(.01) .11(.01) .28(.06) .22(.03) .36(.06) .30(.06)
AC A3(.01)* .67(.11)*  .15(.02)*  .15(.01)*  .41(.07)*  .40(.13)* .54(.11)*  .45(.09)*
HU+SC .12(.01) .53(.09)F  .13(.01)t  .12(.01)t  .45(.09) .33(.13) .55(.11) .43(.07)
HU+45 11(.02)T  .57(.04) JA2(.02)1 .12(.02) .39(.10) .27(.13) A47(.13) .36(.11)
HU+90 13(.01)F8 .66(.07)F .15(.01)F8 .14(.01)F .48(.13) .31(.18) .59(.11) .45(.08)

Each value was the pg of epitope / mg of dry weight

Each TOTAL (n=10-11) and regional (n=5) sGAG and collagen content data point was the average of 6 lumbar IVD; mean(SD).
HU£SC sample size for TOTAL sGAG was n=22, TOTAL collagen was n=20 and regional content was n=10

* Age-matched (AC) vs. baseline (BC) controls

T Vs. AC,

¥ Vs. HU4SC

§ Vs. HU+45, p<.05
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Table 4. Mean sGAG content of the PAF of lumbar IVD of rats

Group L1-12 L2-13 L3-14 L4-L5 L5-L6 L6-S1
BC 36(.07) 26(.01) 23(.02) 25(.05) 17(.02) 17(.01)
AC 47(.29) 29(.11) 33(.06)* 29(.05) 29(.08)* 25(.04)*
HU#SC :31(.06) 29(.08) :32(.08) 19(.02)t 22(.05) 20(.04)
HU+45 31(.06) 29(.08) 19(.04)1% 22(.04) 22(.09) 21(.07)
HU+90 37(.09) 37(.07) :36(.08)8 27(.02)t .19(.03) 21(.02)

Each value was the pug of epitope / mg of dry weight

Each TOTAL (n=10) and regional (n=5) collagen content data point was the average of 6 lumbar IVD; mean(SD).
* Age-matched (AC) vs. baseline (BC) controls

T Vs. AC

¥ Vs. HU4SC

§ Vs. HU+45, p<.05
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Table 5. Total and regional collagen content of IVD after 4 weeks to baseline [%]

Group TOTAL NP AAF PAF

BC 100.0(21.2) 100.0(13.3) 100.0(17.6) 100.0(20.9)
AC 146.4(23.4)* 180.7(58.3)* 148.9(30.2)* 150.5(30.6)*
HU+SC 160.2(32.5) 152.5(58.4) 150.2(31.3) 142.3(24.4)
HU+45 137.9(39.3) 123.4(58.1) 130.1(36.2) 122.1(37.3)
HU+90 170.0(45.4) 141.9(81.9) 161.9(29.7) 149.0(25.4)

Each TOTAL (n=10) and regional (n=5) collagen content data point was the average of 6 lumbar IVD; mean(SD).
* Age-matched (AC) vs. baseline (BC) controls, p<.05
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Table 6. Trabecular morphology of L2 and L5 vertebrae of the five groups of rats

L2 BV/TV [%] Conn.D [mm] Th.N [mm™] Tb.Th [um] [Tangtff Jem?]
BC 32.0(5.8) 59(10) 3.80(.44) 91.0(7.4) 778(15)

AC 39.8(9.4)* 67(27) 4.52(1.04)* 94.4(6.1) 791(17)
HU+SC 34.6(6.0) 80(19) 4.37(.62) 83.8(5.6)T 768(14)T
HU+45 33.9(5.2) 81(37) 4.21(.79) 83.2(5.9)t 768(21)
HU+90 35.5(6.9) 91(27) 4.55(.88) 83.5(4.8)T 768(19)

L5 BV/TV [%] Conn.D [mm?] Th.N [mm™] Th.Th [um] [Tr:gh/lf Jem?]
BC 28.3(4.7) 52(12) 3.62(.31) 86.3(6.6) 779(11)

AC 39.3(6.9)* 66(18)* 4.36(.52)* 94.5(7.5)* 780(16)
HU+SC 33.9(7.3) 87(23) 4.43(.64) 81.1(7.8)f 765(15)1
HU+45 31.1(6.4)t 83(29) 4.10(.63) 81.0(7.6)t 765(16)1
HU+90 33.3(6.4) 94(29)1 4.48(.73) 80.4(6.6)T 765(16)T

Values are presented as mean(SD).

* Age-matched (AC) vs. baseline (BC) controls

T Vs. AC, p<.05
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List of Figures

Figure 7. Posture of an animal during (a) hindlimb unloading during which the angle between
the torso and the ground was about 30° (88). (b) For 15min/d rats were released from HU and
placed into an upright position in an acrylic tube (height: 30.5 cm, inner diameter: 10.2 cm) in

which they received a low-level, vertical vibratory signal (45Hz or 90Hz) or sham loading (OHz).
The white arrow points to where the motion at L5 was measured in two rats.
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Figure 8. Height map of an IVD. ANT corresponded to the average IVD height of the anterior half
of the IVD while POS corresponded to the average IVD height of the posterior half of the IVD.
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Figure 9. Displacements of the vibrating plate (0.2g) at 45Hz (grey dashed) and 90Hz (grey) and
of the rat L5 region at OHz (solid), 45Hz (dotted) and 90Hz (bold) vibrations. Compared to the

vibrating plate, the measured frequency at L5 was maintained in the upright rat but the
amplitude was dampened by ~35% at both frequencies.
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Figure 10. Average (AVG), anterior (ANT) and posterior (POS) height of the IVD of AC (n

11) and HU+90 (n=

HU%SC (n=22), HU+45 (n
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Figure 11. VVolume across lumbar discs of AC (n=11), HU+SC (n=22), HU+45 (n=11) and HU+90(n=11); mean+SD. Compared to AC,
hindlimb unloaded IVD, with or without upright posture, had less volume between L2 and L5. Vibrations at 45Hz did not maintain the
IVD volume at L3-L4 compared to AC. T compared to AC; p <0.05
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Figure 12. Sulfated-glycosaminoglycan (sGAG) content of the whole IVD (TOTAL), nucleus pulposus (NP), anterior annulus fibrosus
(AAF) and posterior annulus fibrosus (PAF) of BC (TOTAL n=11; Region n=5), AC (TOTAL n=11; Region n=5), HU#SC (TOTAL n=22;
Region n=10), HU+45 (TOTAL n=11; Region n=5) and HU+90 (TOTAL n=11; Region n=5); mean+SD. IVD of HU+SC had less sGAG
content than of AC at every region. TOTAL and AAF of HU+45 IVD was less than of AC. Compared to HU%SC, vibrations at 90Hz
maintained sGAG content at every region, and was greater than of HU+45 at AAF. Overall, the total content of HU+90 IVD was
greater than of HU+SC and HU+45. T compared to AC, 3 compared to HU, 8 compared to HU+45; p <0.05
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Figure 13. sGAG content of the PAF of individual lumbar discs from AC (n=5), HU+SC (n=10), HU+45 (n=5) and HU+90 (n=5) animals;
mean+SD. At L4-L5, sGAG content of PAF IVD of HU£SC was less than of AC but 90Hz vibrations maintained it. Contrarily, at L3-L4,
PAF of HU+45 IVD had less sGAG content than of AC, HU£SC and HU+90 IVD. Lastly, the interaction of disc level and vibration
application was greater in the cephalic PAF of HU+90 IVD than of HU+45 or HU#SC. T compared to AC, ¥ compared to HU, §
compared to HU+45; p <0.05
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BRIEF VIBRATIONS APPLIED IN UPRIGHT RATS PARTIALLY PREVENT MUSCLE CHANGES AND IMAINTAIN
MECHANICAL AND MIORPHOLOGICAL PROPERTIES OF L4-L5 MOTION-SEGMENT DURING HINDLIMB UNLOADING

ABSTRACT Reduced spinal loading degrades the intervertebral disc (IVD) and alters muscle size.
To determine if low-magnitude, high-frequency vibrations maintain IVD biomechanics,
morphology and their relationship, and prevent muscle changes during hindlimb unloading,
three groups of Sprague-Dawley rats (4.5mo, n=8/group) were hindlimb unloaded (HU). In two
HU groups, unloading was interrupted for 15min/d of upright posture on a vertically oscillating
plate (0.2g, 90Hz) (HU+90) or inactive plate (HU+SC). After four weeks and compared to
normally ambulating age-matched controls (AC), L4-L5 IVD of HU1SC had less height change,
39% smaller nucleus pulposus area, 26% greater compressive modulus, 76% less tension-
compression neutral zone (NZ) modulus, 133s greater time constant, 25% and 19% greater
elastic damping modulus and stiffness, 26% less torsional NZ stiffness, and a weaker
relationship between tension-compression NZ modulus and posterior height change. Psoas area
of HU£SC had increased 15% where of AC had not and, compared to AC, change in paraspinal
area was 305% less. Exogenously introduced oscillations maintained IVD morphology, axial
properties, and psoas muscle area. Compared to HU+SC, IVD of HU+90 had greater height
change, 35% greater nucleus pulposus area, 18% smaller compressive modulus, 339% greater
tension-compression NZ modulus, 16% smaller elastic damping stiffness and a maintained
relationship between tension-compression NZ modulus and posterior height change but no
difference in time constant, elastic damping modulus, or torsional NZ stiffness. Psoas area of
HU+90 was unchanged but paraspinal area loss was unabated. Very brief, small mechanical

signals partially protected the spine, positioning these signals as potential load contributors.
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Introduction

Reduced dynamic loading as occurs with immobilization, bed rest, microgravity, or
prolonged inactivity may lead to altered morphology and mechanics of the spinal
musculoskeletature and to discogenic back pain (30, 78, 140, 145, 146, 232, 233). Although the
etiology of back pain remains unclear and may be the result of several factors (24, 125),
degeneration of the disc remains one of the most implicated causes due to the extensive
compositional changes the disc undergoes (84). Consequently, degenerated IVD exhibit
biomechanically compromised motion segments and, in turn, spines (172, 245). Even short
periods of unloading may affect the mechanics and morphology of the spine (232) but concern
arises following prolonged periods of reduced loading which can disrupt the molecular and
biomechanical properties of the IVD (109, 154, 156, 206).

Animal models of degeneration offer unique opportunities to test countermeasures of
discal degeneration and individually test the functionality of an IVD via invasive procedures.
Here, the model can produce degradative IVD changes by simulating the physically altered
discal environment without compromising the mechanism by which the disc can recover as may
occur in chemically or surgically induced degradation (204). Hindlimb unloading is a widely
utilized animal model for simulating musculoskeletal changes from diminished functional
weightbearing (168). Although hindlimb unloading tenses the tail, similar to degenerated discs,
HU discs show decreased hydrophilic glycosaminoglycan content, decreased discal hydrostatic
pressure, increased collagen content and disorganization, chondrocytic apoptosis and
persistent expression of catabolic molecules during the recovery period (15, 87, 160, 241). HU

discs demonstrate larger collagen fiber diameters in the posterior region (160), making the IVD
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more suited for tension, but less capable of recoverable creep (185) and more susceptible to
damage typical of that weaker region (3). Therefore, the effect of hindlimb unloading on the
biomechanical function of the IVD and on the relationship between biomechanics and changing
morphology remains speculative.

IVD may remodel in response to low-frequency, high-magnitude loads but the contrary,
high-frequency, low-magnitude vibrations, may also preserve the morphology of the IVD and
reduce the incidence of back pain exacerbated by prolonged spinal unloading (96). While the
mechanism(s) of the mechanical signals remain(s) unclear, the benefits of vibrations include
improvement of musculoskeletal (95, 122, 237) morphology, neuromuscular adaptation (220)
and lumbar proprioception rehabilitation (72). Despite the low magnitude of the signal, high-
frequency vibrations can traverse the longitudinal axis of the spine (186, 195). While high-
frequency vibrations with or without resistive exercise delivered in a squat-like posture
maintain IVD morphology and may prevent muscle changes during spinal unloading (21, 96),
the effect of high-frequency oscillations remains unknown for the biomechanical function and
musculoskeletal morphology of and surrounding a middle segment (L4-L5) of the lumbar spine
during hindlimb unloading.

Materials and Methods

Experimental Design.

This study was reviewed and approved by the Institutional Use and Care Committee of Stony
Brook University. Following two weeks of acclimatization, female Sprague-Dawley rats (18wks
of age, n=24) were hindlimb unloaded (HU) for 4 wks according to the Morey-Holton method

(168). One group (n=8/group) of HU rats stood on a vertically oscillating plate (15min/d, peak
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acceleration of 0.2g) in an upright position that was maintained via vertical plastic cylinders
(height: 30.5 cm, inner diameter: 10.2 cm) at 90Hz (HU+90) because the signal requires a
compressive load for transmission (195) and facilitation of potential deformations (77). Sham
control (HU+SC) rats stood upright in the cylinder without receiving vibrations. HU rats received
no intervention. Baseline (BC) and normally ambulatory age-matched (AC) rats were used as
controls. Animals had access ad libitum to standard rat chow and water.

Micro Computed Tomography of Muscle and Bone.

At baseline and 4 wk, the inferior L5 vertebra to the superior L4 vertebra region (approximate
L4-L5 motion segment length) was imaged by VivaCT 75 (Scanco, Bassersdorf, Switzerland) at a
resolution of 78um (45kV, 177uA, 300ms integration time). An automated algorithm (123)
segmented muscle from bone to determine spinal bone and muscle volume which included the
erector spinae, multifidus, quadratus lumborum (paraspinal), and psoas. Since both unloading
and vibrations coupled with resistive exercise differentially alter the spinal musculature (21),
the psoas and paraspinal muscles were contoured in 3 consecutive images at inferior L4 and L5.
At baseline and 4 wk, scout views (41um) were used to determine vertebral bone length as the
average of the anterior, center and posterior length. After sacrifice, the lumbar spine was
stored en bloc at —20°C.

Mechanical Testing.

Combinatorial loads perpetually stress the IVD but in order to measure the fundamental
faculties of the inhomogeneous and viscoelastic IVD, it must be tested in controlled mechanical
tests. Therefore, similar to other studies (32, 33, 62), a 3-part (tension-compression, creep and

torsion) mechanical testing protocol was performed on the L4-L5 segment. A cycle of ex vivo

68



tension-compression of the L4-L5 segment has three phases: (1) in the tensile region, only the
annulus fibrosus is subjected to axial tension, (2) in the NZ region, the bulk of the annulus may
resist buckling, but in concert with the pressurized nucleus pulposus loads may begin
uncrimping annulus fibers and removing macroscopic slack, and (3) in the compressive region,
the annulus predominately bears the load as circumferential stress from the radial loads
originating from incompressible fluid of the nucleus (24). Creep testing elucidates fluid-
dependent properties from elastic properties of the IVD. Lastly, torsion stresses the annulus by
producing interlaminar shear and tension, where the linear region results from stretching
lamellae oriented in the direction of rotation and the NZ results from laminar transitioning.
Prior to mechanical testing, the L4-L5 bone-disc-bone segment was excised of
extraneous tissue, soaked and thawed in 1X PBS for 18 hr. Briefly, the L4 vertebra was gripped
by customized microvises and the L5 vertebra was fixed in container of PMMA, attached to a
platform, to avoid applying torsion. Once secure, the sample was immersed in 1X PBS. An
Instron 5542 testing system (Instron, Canton, MA) applied a 0.1 Hz frequency of -6N to 3N, so
that the tensile load surpassed the neutral zone in order to determine the zero-load point. After
twenty cycles of compression-tension, a 1-s ramp from 0 to 6N was achieved and maintained at
6N for 1hr for the creep test Immediately following creep testing and superimposed on the 6N
axial load, a stepper-motor (AM15E0045; Faulhaber, Clearwater, FL) applied 10 cycles of
torsion, where each cycle consisted of a +8° rotation at 1.6°/s.
IVD Geometry.
Following mechanical testing, the L4-L5 IVD was bisected and imaged using a stereomicroscope

(Leica MZ6, Bannockburn, IL). The horizontal image was analyzed using a custom Matlab
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algorithm (174) to determine the anteroposterior width for the entire disc (Wap) and nucleus
pulposus (Nap), mediolateral width for the entire disc (W) and nucleus pulposus (Nw.), and
area for the annulus fibrosus and nucleus pulposus. In vivo scout views (41um) were used to
determine the anterior, center, posterior and average 1VD height. Average IVD height was
calculated as the mean of anterior, center and posterior height. Assuming the nucleus pulposus

supports negligible torsion, the polar moment of inertia (J) of the IVD was calculated as
J= /64 [WJLWAP +WIW,, — N2 N +NN,, ] (61). Widths and regional heights were

used for normalization.

Mechanical Data Analysis.

Data analysis from each test was performed on custom Matlab programs. Data from the
preconditioned 20™" cycle of compression-tension was analyzed using the trilinear fit model (33,
198) to measure the compressive, tensile and neutral zone stiffness of the L4-L5 motion
segment. Briefly, the compressive and tensile loading curves were isolated and a 5% order
polynomial was fit. The minimum slope of the curve represented the neutral zone stiffness. The
slope of the linear fit through the data points between 80% and 100% of the compressive load
constituted the compressive stiffness, and respectively for tension. Compressive range of
motion (ROM) was normalized to height. Similarly, the preconditioned 10™ cycle of torsion was
fit with a trilinear model to obtain neutral zone (Kyz) and linear region (K) stiffnesses. Apparent
torsional neutral zone modulus (Gyz) and linear region modulus (G) was calculated as Gi=K;h/J
(MPa/°) where h was the IVD height and J was the polar moment of inertia. After the 1-s step

load of 6N (F¢), 1hr of creep displacement was fit to a rheological model (17, 128):

dt /FC :]/S1 1-eSm 4 217/82 1-e %" +1/S, where S, , are the elastic damping
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coefficients, S3 is the instantaneous elastic stiffness, ny,, are the viscous damping coefficients,
and Ty ; are the time constants. Each stiffness and damping coefficient was normalized to
determine the apparent elastic and viscoelastic moduli (MPa) by multiplying each to the IVD
geometry (height/area).

Statistics.

Paired and unpaired t-tests were used for longitudinal, BC vs AC, and slopes of regression line
comparisons (243). One-way ANOVAs with post-hoc Tukey tests were used to compare the 4 wk
groups. Two-way ANOVAs were used to test the interaction between group and regional disc
height. Linear regressions within each group were run between the neutral zone modulus and
change in posterior IVD height and between lumbar muscle volume and L4-L5 length, and
across groups were run between the average muscle area and average mechanical property.
One-sample t-tests with a significance threshold of 0.01 were used to remove outliers from
each group. Data were expressed as mean * standard deviation (mean[SD]). Relative
differences between sample means were denoted as percent difference [SD] of the sampling
distribution of the relative difference (relative standard error of the difference). Statistical
significance was considered at p<0.05 (SPSS 18; SPSS Inc., Chicago, IL), unless otherwise stated.
Results

Sham Loading

T-tests demonstrated that no outcome variable except torsional modulus was significantly
different between HU and HU+SC groups. In every figure and table, the mean HU and HU+SC

are presented to show their similarity. In an effort to preserve statistical power (and avoid
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raising the probability of committing a type Il error) these two groups were pooled and referred
to as HUSC.
IVD Geometry

Baseline mean IVD height of rats from AC was 0.79[0.05]mm, HU£SC was 0.83[0.07]mm
and HU+90 was 0.82[0.07]Jmm and not different (p=0.860). Compared to AC, change of IVD
height from baseline of the HU+SC IVD was less by 96[24]% (p=0.005) (Figure 14) but IVD height
did not change from baseline in each group (p=0.056). Compared to AC, area of the nucleus
pulposus of HUSC discs was less by 39[8]% (p<0.001) (Figure 15) and, compared to BC, the
same of AC discs was greater by 25[10]% (p=0.023). Annulus fibrosus area was not different
among the groups (p=0.949). High-frequency vibrations partially prevented changes to IVD
morphology. Change in mean height of HU+90 IVD was greater than of HU£SC by 2052[893]%
(p=0.016) (Figure 14). Compared to HU%SC, nucleus pulposus area of HU+90 discs were greater
by 35[12]% (p=0.016) (Figure 15).
Tension-Compression Properties

Compressive, tensile and neutral zone modulus of the baseline group was 6.5[0.8],
2.6[0.5] and 0.3[0.2] MPa, respectively. The four-week age difference between BC and AC rats
did not significantly alter any elastic properties of the L4-L5 motion segment (p=>0.115).
Hindlimb unloading with or without brief erect stance disrupted the mechanical properties of
the L4-L5 motion segment. Compared to AC, compressive modulus of HU+SC IVD was greater
by 26[8]% (p=0.020) and tension-compression NZ modulus of HU+SC discs was less by 60[23]%
(p=0.043) (Figure 16). A similar increase was noted with the tension-compression NZ but not

with the compressive stiffness (Table 7). Tensile modulus was not different among the 4 wk
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groups (p=0.304). When noting the relationship between neutral zone modulus and change in
posterior disc height, the AC group showed a negative, moderate (R?=0.60, p=0.040)
relationship (Figure 17). Compared to AC, the same relationship for the HU group (R?=0.00,
p=0.905) was less (p=0.022).

The introduction of 90Hz vibrations quelled the altered elastic properties of the L4-L5
IVD from unloading with or without brief, upright posture. Compared to HU+SC, compressive
modulus of HU+90 IVD was less by 18[9]% (p=0.047) and NZ modulus of HU+90 IVD was greater
by 185[74]% (p=0.012) (Figure 16). The intervention provided a similar protection for the
respective structural properties (Table 7). Additionally, the linear regression between neutral
zone modulus and change in posterior height of HU+90 discs was negatively related (R*=0.65,
p=0.028) and more related than of HU+SC (p=0.006) discs (Figure 17).
Creep Properties

Upon a compressive load of 6N for 1 hr, the viscoelastic creep response of each group
showed an instantaneous deformation of ~.10mm followed by a relaxed creep deformation of
~.40mm (Figure 18). Compared to AC, long time constant t, of HU+SC IVD was greater by
101[32]s (p=0.009) and instantaneous elastic modulus Sz was greater by 25[8]% (p=0.008)
(Table 8). The stiffness of Sz was similarly greater (Table 7). Compressive range of motion, short
time constant 1y, S; nor S, were different among the 4 wk groups (p=0.303). Compared to BC,
short time constant t; of AC discs was greater by 3.6[1.3]s (p=0.017). No differences in
compressive range of motion or moduli S1_3 existed between BC and AC (p=0.262).

Superposition of 90Hz mechanical signals provided few benefits to creep or torsional

property changes derived by hindlimb unloading. Vibrations did not mitigate the greater T, of
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HU+SC IVD (p=0.858) and was not different to the t, of AC (85[42]s, p=0.067) (Table 8).
Contrarily, instantaneous elastic stiffness of HU+90 IVD was less by 16[5]% p=0.004) (Table 7)
but the modulus was not different to that of HU£SC (p=0.278) or AC (p=0.305) IVD.
Torsional Properties

NZ torsional stiffness Kyz of AC IVD was less than of HU+SC IVD by 25[6]% (p<0.001)
(Table 7) but NZ torsional modulus Gyz (p=0.059) and torsional modulus G (p=0.608) of the L4-
L5 IVD were not different among the 4 wk groups (Table 8). Gy; and G of AC discs were not
different to BC discs (p=0.085). NZ torsional stiffness Kyz of HU+90 IVD was not different to that
of HU+SC (p=0.161) IVD and, compared to AC, Kyz of HU+90 IVD was less by 37[8]% (p<0.001)
(Figure 19).
Paraspinal Muscle and Vertebral Bone Morphology

Baseline muscle areas were not different (Table 9). Four weeks of aging did not alter the
psoas or paraspinal muscle area at L4 or L5 for the AC rats (p=0.086) (Figure 20, Table 7).
Contrarily, HU%SC rats gained 17[15]% (p<0.001) and 12[20]% (p=0.038) psoas muscle area at
L4, and lost 14[9]% (p<0.001) paraspinal area at L4. Compared to AC, HU%SC rats lost 353[80]%
(p<0.001) paraspinal muscle area at L4 but not at L5 (p=0.220). Change in area of the psoas
muscle at L4 (p=0.078) and L5 (p=0.658) was not different among the 4 wk groups. Overall,
every group had increased lumbar muscle volume over 4 wk (p<0.002) (Table 16).

90Hz vibrations provided partial benefits to the paraspinal muscles of the unloaded rats.
HU+90 animals did not gain psoas muscle area at either vertebral level (p>0.138) (Figure 20).
However, HU+90 rats lost 17[2]% and 16[2]% paraspinal muscle area at L4 and L5 (p<0.001).

Compared to HU£SC, HU+90 rats lost 74[38]% more paraspinal muscle area at L5 (p=0.029).
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Compared to AC, the change in paraspinal muscle area at L4 and L5 of HU+90 rats was less by
425[71]% and 591[87]% (p<0.002). Across the groups, mean paraspinal muscle area was highly
related (R?=0.99, p<0.001) to NZ torsional stiffness of the L4-L5 IVD (Figure 19).

After 4 wk, the AC group gained 4.2[2.2]% (p=0.003) bone volume (Table 10). Every
unloading group, regardless of loading, lost bone volume (p<0.001) and HU+90 rats lost more
bone volume than HU%SC (p=0.050) rats. Although mean vertebral bone length of every group
increased from baseline (p<0.002), increases in vertebral bone length of HU+SC and HU+90
groups were less than of AC (p<0.037). Change in the motion segment length was not different
among the groups (p=0.147). Furthermore, change in L4-L5 length and change in muscle
volume were excellently related in the AC (R*=0.99, p<0.001) and HU+90 (R?*=0.91, p<0.001)
groups and were moderately related in the HU+SC (R?=0.48, p=0.006) group (Figure 21). The
relationships were not different among the groups (p>0.058).

DISCUSSION

The aim of this study was to assess the biomechanical and morphological quality of the L4-L5
spinal segment and lumbar spinal muscle of rats that were unloaded with and without
intermittent erect posture, and unloaded plus brief bouts of low-level vibrations superimposed
on erect posture. Vibrations partially countered the morphological degradation of the IVD and
muscle but not bone, and partially countered the disruption of the axial but not torsional
properties of the L4-L5 segment during four weeks of hindlimb unloading. These data suggest
that low-magnitude, high-frequency vibrations may be important mechanical contributors to

the maintenance of the spine.
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Rats are quadrupedal but, like humans, rat spines are loaded axially (208, 243) and,
when normalized to geometry, behave mechanically similar (61, 62). Normal upright posture in
humans dictates that the anterior region of the IVD is loaded in tension while the posterior
region in compression (230). Surprisingly, a rat disc may be loaded in a similar fashion as
suggested by thinner collagen fibers in the posterior region (160), where thin fibrils are needed
to promote recoverable creep (185). The musculoskeletal response to (un)loading may differ
among species (54, 204, 246). IVD-cell populations differ between rats and humans (222) but
chondrocytes dominate the IVD of both (99). The mechanical results did not allow complete
extrapolation to the human condition because the intention of the mechanical tests was to
compare the resistance of the IVD across the loading groups and therefore required removal of
the zygapophysial joints. While the zygapophysial joints may contribute to the biomechanical
response of the spine during large, complex loads and thus would affect the determination of
the elastic regions, their absence was much less important during determinations of NZ
properties as minimal contact would occur between the articulating surfaces - underscoring the
sensitivity of the NZ of the spine to the IVD (2, 5). Together, the rodent spine may serve to test
IVD-related hypotheses but animal model disparities make extrapolation to the human
condition difficult.

Similar to the effect of discal fluid alterations in humans, after 4 wk of unloading, IVD of
HUSC rats were geometrically smaller and functionally weaker than of AC rats. HU+SC discs
were smaller and displayed weaker axial NZ moduli, which corroborated a loss of
glycosaminoglycan content (33, 94) and is associated with minor injury (180) and disc

degeneration (90). Therefore, hydration loss may increase the laxity of the disc during low-
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magnitude loads, by loading the nucleus pulposus with less involvement of the solid matrix.
Associatively, despite a statistically insignificant difference in compressive ROM, when
compared to the greater mean IVD compressibility of subjects post bedrest (59[33]%), HU+SC
segments had physiologically greater (49[20]%) compressive ROM than AC segments (154).
Similar to the relationship between fluid loss and greater aggregate or compressive modulus of
nondegenerate IVD (23, 139), the negative relationship between NZ modulus and change in
posterior height of AC discs was weakened with unloading suggesting a disruption of the
internal constituency of the posterior disc and not a scaled-down version of the region.

Hindlimb unloading further altered the mechanical behavior of the IVD in response to
large loads and torsion. After 4 wk, short time constant 14, corresponding to the movement of
unbound fluid, was greater in AC discs likely due to greater hydration and not different among
the 4 wk groups. Similar to degenerated discs (128, 224), the compressive modulus and 15,
corresponding to the movement of fluid through a resistant volume, was greater in HU£SC IVD.
The hindered ability to relax was also evident in instantaneous elastic modulus of HU£SC discs
and is consistent with the increased resiliency of gravitationally unloaded rat IVD (206).
Additionally, IVD of HU£SC animals had weaker NZ torsional stiffness Kyz but modulus Gyz; was
not different from that of AC discs suggesting a similar distribution of torsional load in the
annulus fibrosus but less resistance in an absolute sense. Together, hindlimb unloading
morphologically and mechanically degraded the IVD.

Muscular loading is a predominate source of axial load to the rodent spine and
therefore muscle morphology may provide insight to the mechanical loading conditions of HU

discs. Four weeks of normal ambulatory aging caused no change to any muscle area. HU+SC
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rats had increased psoas muscle area and, at L4, decreased paraspinal muscle area. Compared
to AC, change in paraspinal area of HUxSC spines was less. Altered spinal loading has the ability
to not only atrophy the back muscles (19) and disrupt their recruitment (127) but, as shown
here, muscle-dependently affect area. Similarly, bed rest increases psoas area and decreases
multifidus area (20) and since bed rest and hindlimb unloading oppositely affect IVD height,
spinal length changes are unlikely direct causes to the disparate muscle area changes.
Therefore the muscle areas changes were likely borne by the need to recruit alternate muscle
fiber types to accommodate altered loading demands (41, 85, 169).

The introduction of 90Hz oscillations superimposed on intermittent periods of squat-like
posture benefitted the height, nucleus pulposus area, NZ modulus, compressive modulus and
instantaneous elastic stiffness of the L4-L5 IVD and was ineffectual to instantaneous elastic
modulus, t; and neutral zone stiffness Kyz. In other words, vibrations benefited the properties
sensitive to alterations of the nucleus pulposus rather than the annulus. In humans, vibrations
with and without exercise maintain IVD height during spinal unloading to, at most, overnight
bed rest levels (21, 96). In rodents, low-level vibrations help maintain IVD size and composition
(94). While the relationship between glycosaminoglycan content and posterior height may not
be maintained with 90Hz vibrations at L4-L5, the posterior glycosaminoglycan content is greater
in HU+90 than HU%SC discs (94) which may explain a maintained relationship between NZ
modulus and change in posterior height of HU+90 discs, and a greater relationship than of
HU=SC discs. Similar to the present animal unloading study, bed rest studies show that
maintenance of the morphology of the IVD by mechanical signals may also retard mechanical

degradation of the IVD (39, 154).

78



Vibrations prevented a change in psoas muscle area but were ineffectual to the
paraspinal area. Both muscles groups are involved with spinal compression but the multifidus is
additionally involved with torso rotation (24). Corroboratively, paraspinal area and Ky; were
highly related (R°=0.99) and therefore, maintenance of either may depend on the other. The
differential impact of the countermeasure to the muscle areas may be due to dampening and
therefore, proximity to the point of application. Low-magnitude, high-frequency vibrations
applied at the plantar surface can improve soleus muscle area (237). Contrarily, increasing the
magnitude of the vibrations may prevent muscular changes near and far from the point of
application (21, 65), but strenuous exercise regimes must be applied cautiously as they may
promote back pain (18).

The relationship between change in muscle volume and approximate spinal unit length
illustrated the sensitive balance among the musculoskeletal tissues. For AC animals, the change
in muscle volume between L4 and L5 was excellently related to the length (R®=0.99), where
muscle volume, L4-L5 length, vertebral length and bone volume all grew over 4 wk. Hindlimb
unloading, regardless of upright posture, had a moderate relationship (R?=0.48) by retardation
of growth and loss of tissues, where muscle volume increased and bone volume decreased and,
compared to AC, unloaded spines had less change in L4-L5 length and vertebral length.
Vibrations protected the relationship between the change in muscle volume and segment
length (R?=0.91), but the tissue magnitudes were not different from HU+SC rat. These results
suggest that maintenance of IVD height significantly contributed to the excellent relationship
between change in muscle volume and segment length, potentially maintaining spinal load

distribution. However, change in bone volume was less than HU+SC segments. Effectual
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maintenance of rat vertebral bone volume may necessitate a larger magnitude during high-
frequency vibrations (186, 201) but the results were consistent with the ineffectual prevention
of tibial bone loss of HU mice (181).

Low-level, high-frequency mechanical signals partially maintained the function and
morphology of a spinal motion segment, and prevented a loss in the relationship between IVD
mechanics and morphology and between muscle volume and lumbar length during degradative
spinal loading. The inability of the signal to completely protect the musculoskeletature of the
lumbar spine from the detrimental effects of immobilization acknowledges the need to
incorporate various exercise regimes (21, 39, 154). Although possible, it is unlikely that the
paraspinal muscles indirectly (49) maintained the IVD since paraspinal area remained atrophied
in the vibration group. Furthermore, greater muscle volume alone did not generate protective
effects since L4-L5 muscle volume were similar between HU+SC and HU+90. Regardless of the
mechanism(s), the results may highlight extremely low amplitude signals as a fundamental
portion of treatment regimes or even daily loading (75). The efficacy of vibratory signals to
prevent or treat muscle atrophy, back pain or disc degeneration of the immobilized due to

prolonged bed rest, neuromuscular diseases or spinal cord injuries requires further study.
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LIST OF TABLES

Table 7. Structural mechanical properties of motion segment L4-L5

Group ?Iflc;“:nm] [sl:lE/Nmm] ?:lzlmm] Fr(:lrrrr:]ROM ?lil/mm] ?lillmm] ?lillmm] [Gl\rlqjmm°] [ﬁllmm°]
BC 97(5) 41(5) 46(2.6)  .31(.26)  34(5) 17(2) 466(40)  .30(.11)  1.1(.4)
AC 89(11) 40(3) 6.8(3.6)  .21(.06)  39(4) 18(1) 447(41)  .31(.05)  1.6(.3)*
HU#SC 99(11) 37(5) 2.3(1.8)t  .28(.11)  36(7) 18(1) 534(59)f  .23(.03)f NA

SU 2U+SC 96 102 35 39 15 31 .32 23 34 38 18 18 542 526 .23 .23 13 17
HU+90 82(13)% 40(5) 6.7(43)f .28(.13)  38(6) 17(2) 447(50)t  .20(.05)f  1.4(.2)

Values are presented as mean(SD) where n=7 for BC, AC and HU+90 and n=14 for HU+SC
§ Mean values for HU and HU+SC

NA — Not pooled due to significant t-test

* ACvs. BC

T Vs. AC

FVs. HU1SC; p<0.05
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Table 8. Material mechanical properties of motion segment L4-L5

Grou Com ROM 51 Sz 53 T1 T2 GNZ G
P [mm/mm] [MPa] [MPa] [MPa] [s] [s] [kPa/°] [kPa/°]

BC 0.27 3.1 1.7 41.8 16.3 792 19.1 80.4
(0.19) (0.6) (0.4) (5.1) (2.4) (74) (6.3) (22.1)

AC 0.24 3.3 1.6 38.4 19.8 768 18.5 104.5
(0.04) (0.5) (0.2) (5.7) (2.5)* (76) (3.0) (25.8)
0.36 3.6 1.6 48.0 18.9 900 15.9

HUSC NA
(0.17) (0.9) (0.2) (7.2)t (4.2) (55)T (3.0)

HU§ 0.39 0.32 3.1 4.0 1.5 1.7 46.4 495 19.0 18.7 903 899 14.8 17.2 96.9 1115

HU+90 0.31 3.5 1.7 43.4 19.5 884 14.2 99.8
(0.15) (1.0) (0.2) (4.5) (4.4) (81)T (3.5) (12.0)

Values are presented as mean(SD) where n=7 for BC, AC and HU+90 and n=14 for HU+SC

Note n=S; T

§ Mean values for HU and HU+SC

NA — Not pooled due to significant t-test
* ACvs. BC

T Vs. AC, p<0.05
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Table 9. Baseline psoas and paraspinal muscle area of AC, HU+SC and HU+90 rats [cmz]

Muscle-Location AC HU+SC HU+90

Psoas-L4 0.62(0.04) 0.65(0.05) 0.68(0.05)
Psoas-L5 0.84(0.09) 0.81(0.07) 0.84(0.07)
Paraspinal-L4 2.67(0.18) 2.67(0.16) 2.63(0.19)
Paraspinal-L5 2.57(0.10) 2.39(0.24) 2.44(0.24)

Values are presented as mean(SD) where n=7 for AC and HU+90 and n=14 for HU+SC
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Table 10. Muscle and bone volume, and vertebral bone and L4-L5 length of rats

AC HU+SC HU+90

Muscle Volume [cm?]

Baseline 91.4(2.3) 93.4(2.8) 92.7(3.2)

4 wk 94.5(2.4) * 95.7(3.3) * 95.7(2.9) *

Percent [%] 3.7(2.1) 1.9(1.1) 3.2(2.1)
Bone Volume [cm?]

Baseline 22.4(0.7) 22.5(0.5) 23.3(1.0)

4 wk 23.3(0.8) * 21.0(1.1) * 20.8(0.8) *

Percent [%] 4.1(2.2) -6.8(4.2) T -10.7(2.0) t
Mean Vert. Length [mm]

Baseline 6.4(0.2) 6.6(0.4) 6.8(0.2)

4 wk 6.9(0.1) * 6.9(0.2) * 6.9(0.2) *

Percent [%] 8.4(3.3) 4.3(4.1)t 2.4(1.1)t
L4-L5 Length [mm]

Baseline 15.1(0.4) 15.4(0.5) 15.4(0.5)

4 wk 15.6(0.4) * 15.6(0.5) 15.7(0.5) *

Percent [%] 3.7(2.1) 1.5(3.2) 1.4(0.8)

Values are presented as mean(SD) where n=7 for AC and HU+90 and n=14 for HU+SC
* Vs. Baseline

TVs. AC

FVs. HU+SC; p<0.05
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Figure 14. Change of IVD Height from baseline of AC (n=7), HU£SC (n=14) and HU+90 (n=7);
mean+SD. The hashed line was the mean HU value and the solid line was the mean HU+SC
value. The introduction of 90Hz mechanical signals to upright posture maintained the change in
IVD height. T compared to AC, ¥ compared to HU£SC; p <0.05
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Figure 15. Nucleus pulposus area of AC (n=7), HU+SC (n=14) and HU+90 (n=7) IVD; mean+SD.
The hashed line was the mean HU value and the solid line was the mean HU+SC value.
Compared to AC, IVD of hindlimb unloaded, with or without upright loading, animals had less
nucleus pulposus area and 90 Hz vibrations maintained the nucleus pulposus area. T compared
to AC, ¥ compared to HU+SC; p <0.05
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Figure 16. Compressive, tensile and neutral zone modulus of L4-L5 segment from AC (n=7),
HU%SC (n=14) and HU+90 (n=7) animals; mean+SD. The hashed line was the mean HU value and
the solid line was the mean HU+SC value. Compared to AC, HU£SC segments had weaker neutral
zone moduli and HU+SC segment had greater compressive moduli. HU+90 segments had greater
neutral zone moduli and less compressive moduli than HU+SC segments. T compared to AC, ¥
compared to HU+SC; p <0.05
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Neutral Zone Modulus [MPa]

Change in Posterior Intervertebral Disc Height from Baseline [%]
®AC X HU OHU+SC AHU+90

Figure 17. Group regressions between neutral zone modulus and change in posterior disc height
of AC (n=7), HU+SC (n=14) and HU+90 (n=7) animals. The hashed line is the regression for both
HU and HU+SC values. High-frequency vibrations prevented a loss in the relationship from
hindlimb unloading with or without sham loading. * regression, T compared to AC, ¥ compared
to HU+SC; p <0.05
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Figure 18. Using mean values from the polynomial fit, the creep behavior of the AC (n=7),

HU%SC (n=14) and HU+90 (n=7) animals were similar.
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Figure 19. Excellent regression between neutral zone torsional stiffness and average paraspinal
muscle area across the mean of BC (n=7), AC (n=7), HU (n=7), HU+SC (n=7) and HU+90 (n=7).
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Figure 20. Change in paraspinal muscle area at L4 and L5 of AC (n=7), HU+SC (n=14) and HU+90
(n=7) animals; mean+SD. The hashed line was the mean HU value and the solid line was the
mean HU+SC value. Unloading with and without upright loading increased the psoas area at L4
and L5. At L4, paraspinal area of HU+SC rats was less than of AC rats. At L5, paraspinal area of
HU+90 rats was less than of HU+SC and AC rats. * compared to baseline of same animal, T
compared to AC, ¥ compared to HU+SC; p <0.05
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Figure 21. Regression between change in muscle volume from L4 to L5 and change in L4-L5
length of AC (n=7), HU£SC (n=14) and HU+90 (n=7) animals; mean+SD. Each datum was a rat.
Excellent regressions existed for AC rats with growth of lumbar length in every rat. The
relationship was moderate for rats that were hindlimb unloaded with or without interruption by
brief, upright posture with a few rats experiencing loss of lumbar length. The inclusion of 90Hz
vibrations to upright posture maintained the relationship and growth of lumbar length in every
rat. * p<.05
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Vi

GLOBAL DISCUSSION

Global Discussion

The objective of the dissertation was to simulate the effects of reduced weightbearing
on the IVD and counter the alterations with low-magnitude, high-frequency oscillations.
Hindlimb unloading from the rat tail induced biochemical, morphological and mechanical
changes to the IVD. Comparisons of these changes to those occurring in the IVD during
degeneration, human microgravity, extended bed rest and rat microgravity show some
similarities and differences and may provide insight to the mechanism of change (Table 11).
During degeneration of the human IVD induced by aging, loading or genetics there is obvious
discal damage with loss of size, hydration, GAG loss, subsequent compressive and viscoelastic
stiffening but also increased compressibility (16, 136, 151, 175, 189, 224). Histologically, the IVD
appears abnormal with opaqueness due to the abovementioned changes (29, 190). The known
effects of human unloading on the intervertebral are few due to limited studies but include
increased size and reduced osmotic pressure (96, 102, 145, 213). MRI imaging of bed rest
subjects reveals abnormality beyond size (96). Dissimilar from human IVD, space flown rats do
not show dimensional size changes but have reduced IVD wet weight (187, 206). No osmotic
pressure changes were present but the re-exposure to over 50 hours of normal gravity could
have reversed the spaceflight effects (87). Similarly to degenerated discs, hindlimb unloaded
IVD are stiffer but appear histologically normal (187, 206).

Hindlimb unloading studies had yet to determine morphological changes to the IVD but

similar to the effects of degeneration and microgravity, loss of GAG and osmotic pressure

93



occurred (87, 106, 187). Contrarily, hindlimb unloading caused no changes in collagen content
(187). The IVD also appeared normal (106, 187, 241). First, there appears to be a disparity
between the morphological effects from loading on the IVD of rats and humans. Secondly, the
effects from hindlimb unloading on the IVD seem to posit the hypothesis that it resembles a
slightly degenerated IVD or even an aged one because of the normalcy of the disc’s appearance
(106, 187, 241). Another type of cartilage resembles this hypotrophy and GAG loss from
reduced loading, articular cartilage (133) and similar to the IVD (241), reloading incompletely
restores the loss (83, 134).

The mechanism for large loads may include deformation and stimulation of the IVD and
its incumbent viscoelastic cells (216). However, low-magnitude, high-frequency vibrations may
employ a different mechanism; articular chondrocytes subjected to high oscillatory frequencies
stiffen increasingly and non-linearly, resisting deformation (147). Therefore, the detection of
the signal by the cells of the intervertebral disc may involve a sensitivity to the applied
frequency (57). One proposed frequency-dependent mechanism is the acceleration of the
nucleus of the cell within the cytoskeleton (12). Low-magnitude, high-frequency oscillations of
annulus cells can suppress the genetic expression of matrix metalloproteinases (238) by
activating signaling pathways via ATPs (239) but the study (238) also noted a decrease in
aggrecan expression but did not measure changes to other, smaller GAGs. Although aggrecan is
the dominant GAG in providing mechanical support to the IVD it is possible that the high-
frequency vibrations may have increased the content of smaller GAGs, such as versican and

decorin (56). Decorin is a pericellular GAG that decreases with age (205) and its expression is
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reduced with the application of 40Hz vibrations but elevated at 80Hz (56). The composition of
pericellular matrix may affect the delivery of mechanical signals to cells.

The vibrations may also have prevented fluid loss during hindlimb unloading by utilizing
the viscoelasticity of the disc rather than by stimulating cellular production; an IVD with solid
and fluid constituents will exude less fluid at higher frequencies. Additionally, the mechanism of
unloading-induced degradation may also have been mechanical in nature where the tension of
the suspension may have exuded the fluid. Furthermore, presupposing that rat discs mimic the
tension-compression disparity in the anterior-posterior region of human discs (230), it is likely
that the anterior region would maintain its morphology more readily than the posterior region
because fluid more easily traverses the disc radially (79) and the force disparity could be
‘sucking’ fluid in the anterior direction. Brief periods of upright posture with 45Hz and 90Hz
showed an improvement in the anterior and not the posterior region but the posterior height
of the 90Hz group animals showed a trend towards maintenance. The 90Hz signal may allow
the disc to stiffen more than the 45Hz, thereby retaining more fluid and size. The addition of an
animal group that was only vibrated would help determine whether the vibrations were acting
“anabolically” or “anti-catabolically” to the IVD but the mechanism affecting changes to the IVD
from application of vibrations in a normally ambulating rat may differ. An ex vivo experiment
could help elucidate the effect of one bout of vibration by measuring the wet weight at several
time points prior to and following tensile load.

The mechanical properties changes of the IVD provide further insight to the structural
make-up the unloading and unloaded plus vibrated IVD. High-frequency mechanical signals

exclusively maintained properties closely related to hydration as noted by mechanical
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properties and the maintained discal height, nucleus pulposus area and sGAG content.
Decreased hydration may reduce the NZ modulus (245). In a well hydrated IVD, loads are
transferred to the nucleus pulposus which radially displaces load to the annulus, which in turn
begins to remove crimp from annulus fibers and remove macroscopic slack. In a dehydrated
IVD, more axial motion is required to engage the annulus fibers, leading to a lower tension-
compression NZ modulus. Even though the annulus has collagen fibers that can stretch ~4%
(51), has collagen fibers bonds that can be strained to comprise the elasticity of the annulus and
has elastin fibers, the magnitude of motion is still limited. Greater axial compressive motion
compromises the limit of radial motion of the annulus in response to compressive loads.
Therefore, although vibrated IVD exhibited a similar compressive of ROM as unloaded IVD,
vibrated IVD had greater tension-compression NZ modulus which likely helped in maintaining a
normal compressive modulus.

Other than hydration alterations, changes to the solid matrix quality of the annulus
fibrosus may offer other hypotheses concerning the effect of hindlimb unloading on the IVD
and maintenance of the IVD by low-magnitude vibrations. Despite unaltered collagen content
during hindlimb unloading, inchoate collagen, as occurs during gravitational unloading (70),
may have increased the compressive modulus during hindlimb unloading by compromising the
low elongation capability of collagen. Disorganized collagen may also increase the hydraulic
resistance of the IVD, thereby reducing fluid exudation and increasing initial damping. More
collagen content could contribute to similar mechanical behavior but unloading does not
increase collagen content (94, 160). Greater cross-linking would theoretically increase

compressive modulus (48) and torsional stiffness (14) but since Kyz was lower in HU+SC IVD,
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greater cross-linking was unlikely. Overall, lower Kyz during hindlimb unloading was
corroborated by the paraspinal atrophy of torsion-related muscles and loss of
glycosaminoglycans, which including hydrophilic capabilities also help bind lamellae (51).

Despite an unchanged annulus fibrosus area, the net hydraulic permeability could be
reduced by a change in fluid-pore size of the annulus matrix. Hindlimb unloaded discs
demonstrate altered fibril diameters to accommodate for the tail traction (160). The increased
diameter of the posterior fibrils may reduce the transport of fluid from the spinal cord. The
inability of the vibration treatment to prevent viscoelastic properties of the IVD may be borne
from altered collagen organization. Whole-body vibrations applied orthogonal to the spine
during unloading benefited the area of the IVD, rather than the height of the IVD, which could
mean a modulation of collagen orientation. However, vibrations applied in an upright stance
did not prevent changes to the long time constant 1, or instantaneous elastic modulus Ss,
indicating that the benefit of vibrations did not include the annulus.

The similarities of the effects of human spinal unloading and rat hind limb unloading in
mechanical properties of the intervertebral disc and muscular area changes increase the
likelihood that the biochemical changes measured here also occur during. Low-magnitude
vibrations applied in humans (96) and rats mitigated morphology change. Therefore, it is also
possible that the benefit of vibrations to the intervertebral disc was indirect since increased
glycosaminoglycan content, which could swell the rat disc, would not reduce the hyper-swelling
of the disc during reduced spinal loading. Since vibrations can be beneficial to connective tissue
(148, 166), maintained ligamentous tension from vibrations could attenuate swelling in humans

and in rats provide healthy dynamic loading. Whether the intervertebral disc responds to high-
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frequency, low-magnitude mechanical signals directly or indirectly through endogenous loading
requires further investigation.

In conclusion, hindlimb unloading hypotrophies the intervertebral disc, reduces the
glycosaminoglycan content and functionally disrupts the lumbar motion segment. Neither brief
ambulation nor the addition of low-magnitude, high frequency vibrations applied orthogonal to
the rat spine ablates the alterations from hindlimb unloading. Vibrations applied in the
longitudinal axis of the rat spine partially maintained the physique of the lumbar spine and its
surrounding spinal musculature. Whether the beneficial extent of these vibrations in humans is

similar or whether vibrations can recover discal damage also remains to be investigated.
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List of Table

Table 11. Comparison of the effects of degeneration, human and rats spinal unloading, and hindlimb unloading on the IVD

Reduced Weight Bearing

ViS:rTuF:srCegnttorol Dil;?r?:r:tiis:n Human HU Holguin-HU
Microgravity & Bed Rat Microgravity
Rest

Disc Thickness V¥ (189) A(102) e(206) ~ v
Disc Area ~ A (145) ~ ~ \/
Disc Volume V¥ (189) A(97) ~ ~ v
Wet Weight v (218) ~ ©(206) - ¥ (187) ¢(187) ~
Osmotic Pressure V¥ (199) V¥ (213) e(87) V(87) ~
GAG ¥ (151) ~ V (187, 206) ¥ (106, 187) v
H-proline A(223) ~ A (187, 206) e(187) °
Stiffness A (136, 224) ~ A (206) ~ A
Histology or MRI Abnormal(29, 190) Normal(97) Normal(187) Normal2£111C;6, 187, ~
Compressibility A(175) A (154) ~ ~ A

A Increase, ¥ Decrease, ® Same, ~ Not Available
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