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Abstract

Intramedullary pressure (ImP) and low-level bone strain induced by oscillatory muscle stimulation
(MS) has the potential to mitigate bone loss induced by disuse osteopenia, i.e., hindlimb suspension
(HLS). To test this hypothesis, we evaluated a) MS induced ImP and bone strain as function of
stimulation frequency, and b) the adaptive responses to functional disuse, and disuse plus 1Hz and
20Hz stimulation in vivo. Femoral ImP and bone strain generated by MS were measured in the
frequencies of 1Hz-100Hz in four rats. Forty retired breeder rats were used for the in vivo HLS study.
The quadriceps muscle was stimulated at frequencies of 1 Hz and 20 Hz, 10min/d for 4 weeks. The
metaphyseal trabecular bone quantity and microstructure at the distal femur were evaluated using
uCT, while bone formation indices were analyzed using histomorphometric techniques. Oscillatory
MS generated a maximum ImP of 45+9 mmHg at 20 Hz and produced a maximum matrix strain of
128+19 pe at 10 Hz. Our analyses from the in vivo study showed that MS at 20 Hz was able to
attenuate trabecular bone loss and partially maintain the microstructure induced by HLS. Conversely,
there was no evidence of an adaptive effect of stimulation at 1 Hz on disused skeleton. The results
suggested that oscillatory MS regulates fluid dynamics and mechanical strain in bone, which serves
asacritical mediator of adaptation. These results clearly demonstrated the ability of MS in attenuating
bone loss from the disuse osteopenia and could hold potential in mitigating skeletal degradation
imposed by conditions of disuse, which may serve as a biomechanical intervention in clinic
application.
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Introduction

The morphology and function of bone and muscle are strongly related (Allen et al., 2006;
LeBlanc et al., 2000). As a direct consequence of aging and exposure to microgravity, elderly
and astronauts experience a number of physiological changes in their musculoskeleton,
including osteopenia (Akima et al., 2005; Lang et al., 2004; McCarthy, 2005). Studies of
mechanical influences on tissue morphology have demonstrated that the removal of functional
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loads leads to a loss of bone mass (Rubin and Lanyon, 1987), whereas an increase of activity,
such as exercise, results in the augmentation of muscle strength and bone mineral density
(BMD) (Krolner et al., 1983). However, the mechanotransductive mechanism and interface
interaction between bone and muscle remain unclear.

Skeletal muscle contraction can increase blood flow within musculoskeletal tissues and
generate bone strain within the physiological range (Midura et al., 2005; Valic et al., 2005).
Dynamic stimulation in altering the intramedullary fluid pressure (ImP) and bone strain
simultaneously maybe the two key determinants responsible for the mechanotransductive
signals in bone. It is widely accepted that dynamic loading through various frequencies plays
a critical role in the skeletal adaptive response and further enhance cellular level perfusion
(Wang et al., 2004). Previous in vivo studies have demonstrated that the rate of the osteogenic
response in bone tissue increases at higher frequency (Qin et al., 2003; Zhang et al., 2007).
Vibration studies have shown that low-level mechanical signals at 45 Hz lower osteoclastic
activity and enhance the rate of trabecular bone formation in the tibia of either growing animals
or functional disused animals (Garman et al., 2007). Stimulation of the knee region at 15 Hz
increased the cortical mineralizing surface and apposition rate in the femur (Zhang et al.,
2007). Alternatively, by inducing a 20 Hz of fluid pressure into the marrow cavity of turkey
ulna, the formation of periosteal and endosteal new bone was augmented at the cortex (Qin et
al., 2003).

Identifying regulatory components of the mechanical milieu between muscle and bone may
prove instrumental in devising a biomechanically based intervention for many serious clinical
conditions including the prevention of osteopenia. Identifying stimulation parameter, i.e.,
frequency, within the regimen may generate beneficial adaptive responses and alleviate the
consequence of bone loss. To test the hypothesis - oscillatory muscle stimulation (MS) has the
potential to attenuate bone loss induced by disuse osteopenia, the objectives for this study were:
(1) to evaluate the immediate effects on ImP and bone strain induced by dynamic muscle
stimulation in response to a broad range of loading frequencies and (2) to characterize the
regulatory role of dynamic MS at low and high frequencies on bone adaptation under conditions
of functional disuse, e.g., hindlimb suspension (HLS).

Materials and Methods

All surgical and experimental procedures were approved by University’s Laboratory Animal
Use Committee.

ImP and Strain Measurements

Four 6 to 9-months-old Sprague Dawley retired breeder rats with a mean body weight of 3879
* 41g (Taconic, NY) were used to measure the relationships between ImP, bone strain, and
induced-muscle contraction. Rats were anesthetized using standard isoflurane inhalation. For
the ImP measurement, an incision of 3 mm was made at the knee region to expose the distal
femur. An 1 mm hole was carefully drilled into the marrow cavity from the distal end of the
femur between medial and lateral condyles. A micro-cardiovascular pressure transducer
(Millar Instruments, SPR-524, Houston, TX) was inserted into the femoral marrow cavity,
guided via a 16-guage catheter. The drill hole was completely sealed with the pressure
transducer and catheter apparatus. For bone strain measurement, a single element strain gauge
(1204, factor 2.06, Kenkyojo Co., Tokyo) was firmly attached onto the lateral surface of the
same femur at the mid-diaphyseal region, with minimal disruption to the quadriceps. Both ImP
and strain were measured simultaneously.

Two disposable needle-sized electrodes (L-type guage #3, Seirin, Weymouth, MA) were
inserted into the quadriceps, about 5mm anterior from the femur. One electrode was placed at
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the height of the greater trochanter. The second electrode was inserted about 10mm superior
to the femoral condyles. The electrodes were then connected to a 100MHz arbitrary waveform
generator (Model 395, Wavetek) to conduct MS at frequencies of 1, 2.5, 5, 10, 15 20, 30, 40,
50, 60 and 100 Hz. Stimulation was induced at 2V with 1ms square pulse with duty of one
second active followed by a rest of 4 seconds. For each animal, the entire frequency spectrum
was repeated three times. Three signals (ImP, bone strain, load feedback) were collected
simultaneously using a strain gauge amplifier (National Instruments) with a 160 Hz low-pass
filter and A/D conversion at 1000 Hz with 16-bit resolution.

In Vivo Experiment

A hindlimb suspension rat model was used to mimic the condition of weightlessness of the
hindlimbs. Forty 6-months-old Sprague Dawley female retired breeder rats with an average
body weight of 250-350g were divided into five groups (n=8 each): baseline control (sacrificed
at the beginning of the experiment), age-matched control, HLS control, HLS+1Hz MS, and
HLS+20Hz MS. Each animal was housed individually in a 18”x18”x24” (LxWxH) stainless
steel cage in a temperature-controlled room with a 12:12 hours light:dark cycle. Animals were
provided standard rodent chow and water ad libitum.

The preparation of HLS was performed under isoflurane anesthesia at the beginning of the
experiment. Briefly, the rat’s tail was cleaned with 70% ethanol and applied with a thin coat
of benzoin. Once dried, a piece of surgical tape, attached to a plastic tab, was applied to the
sides of the tail, covering % of its length. Two pieces of elastic adhesive were used to secure
the tape. The plastic tab was then attached to the fishline swivel, which was suspended from
the top of the cage to allow height adjustment of the animal’s tail. The extended hindlimbs
were approximately 2 cm off the ground and the forelimbs were allowed full access to the
entire cage bottom.

The right quadriceps was stimulated at a frequency of 1 Hz or 20 Hz for 10 minutes once daily,
5 days per week, for 4 weeks. Each animal, including the controls, was anesthetized using
standard isoflurane inhalation during daily stimulation. Once each day, two disposable needle-
sized electrodes were inserted into the quadriceps as described above. The electrodes were then
connected to the waveform generator to induce contraction. Stimulation was applied at 2V with
1ms square pulse for two seconds followed by a rest of eight seconds to avoid fatigue. The
number of pulses applied per day to the skeletal muscle was 120 for the 1 Hz MS and 2,400
for the 20 Hz. Calcein (10mg/kg) was administered intraperitoneally to each animal two days
and 16 days prior to euthanasia for histomorphometric analysis.

Microcomputed Tomography (uCT) Analysis

Using a high resolution uCT scanner (uCT-40, SCANCO Medical AG, Switzerland), the distal
portions of each femur, including both experimental and contralateral limbs, were scanned at
15 pm resolution. A 750 um metaphyseal region, 750 um above the growth plate, was selected
for evaluation. A single operator drew a set of contour lines that included only the trabecular
bone within the metaphyseal region. The region was evaluated with specific sigma, support,

and threshold values of 0.5, 1, and 347, respectively. Bone volume fraction (BV/TV, given as
%), connectivity density (Conn.D, 1/mm?3), structural model index (SM1), trabecular number
(Th.N, 1/mm), thickness (Tb.Th, mm), and separation (Th.Sp, mm) were measured. After the
initial evaluation, we noticed that the contralateral femurs from the experimental group were
shown similar response to the MS stimulated side by the daily MS. For example with the 20

Hz stimulation, the average trabecular BV/TV was 0.164 + 0.08% and 0.167 + 0.08% for the
stimulated femur and its contralateral, respectively. Likewise, the trabecular number was 3.77
+0.67 mm™1 for the stimulated femur and 3.89 + 0.67 mm™1 for the contralateral. This was

not surprising to us since during the daily loading, the MS induced by 20 Hz contraction caused
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contralateral limb movement as well. Other MS studies have showed similar phenomenon and
detected that muscle activity was induced in the non-stimulated hindlimb (Wei et al., 1998).
Thus, we have focused all in vivo data analyses on the stimulated limb only, in which MS
generated responses at 1Hz and 20Hz were compared to HLS alone group.

Histomorphometric analysis

The 10-mm distal portion of each femur was cut and embedded in a solution of polymethyl
methacrylate. Longitudinal 8 um sections were cut with a Leica 2165 microtome (Leica,
Wetzlar, Germany). Using the Osteomeasure software (OsteoMetrics Inc, Decatur, GA),
trabecular bone surface and calcein labels were traced in the metaphyseal region (3mm?) that
was 750 um above the growth plate. Histomorphometric bone volume fraction (BV/TV-Histo,
%), trabecular number (Th.N-Histo, 1/mm), trabecular separation (Th.Sp-Histo, um), mineral
apposition rate (MAR, um/day), and bone formation rate (BFR/BV, %/yr) were determined.

Statistical analysis

Results

Values were reported as mean + SD for the ImP and bone strain experiments, uCT, and
histomorphometric analyses. Statistical analyses were performed using SigmaStat v. 2.03
(Systat Software Inc, San Jose, CA). The effects of treatments on ImP and bone strain were
evaluated using a Kruskal-Wallis one-way analysis of variance (ANOVA) on ranks and Dunn’s
pairwise comparison test. Effects of treatments on pCT and histomorphometric measurements
were evaluated using a one-way ANOVA with Tukey’s pairwise comparison test. In each test,
the null hypothesis was rejected if p < 0.05.

ImP induced by MS

Oscillatory MS has shown significant effect in increasing ImP. A representative ImP profile
induced by MS at 20 Hz is shown in Figure 1. Normal heart beat generated approximately 5
mmHg of ImP in the femur at a frequency of 5.37+0.35 Hz. The ImP value (peak-peak) was
increased by dynamic MS at 5, 10, 15, 20, 30, and 40 Hz (p < 0.05 for 5, 10, 30, and 40 Hz,
p < 0.01 for 15 and 20 Hz). The response trend of the ImP against frequency was nonlinear;
the ImP reached a maximum value of 45+9.3 mmHg (peak-peak) at 20 Hz (Fig. 2a), although
there was no significant difference between 10, 20, and 30 Hz. The MS generated ImP values
of 17.446.2, 24+5.4, 37.5+11.0, 26.3+11.1, and 3.7+£1.5 mmHg at frequencies of 1, 5, 10, 40,
and 100 Hz, respectively.

Bone strain generated by MS

The response of matrix strain to the MS frequency also was nonlinear (Fig. 2b). The MS
generated femoral matrix strains of 61.8+6.2, 87.5+5.1, 128.4+19.2, 78.3+6.8, 18.7+1.3, and
10.1£1.8 pe at frequencies of 1, 5, 10, 20, 40, and 100 Hz, respectively. While the peak ImP
in the pressure trend was observed at 20 Hz, the maximum matrix strain was measured at 10
Hz. MS induced bone strain at 10 Hz was significant higher (p < 0.01) than the strain values
at other frequencies with the exception of 15 Hz. In addition, the strains generated by MS above
30 Hz were significantly lower than those values stimulated at and below 20 Hz (p < 0.005).
Matrix strains, when loaded above 30 Hz, decreased by more than 75% of the peak strain
measured at 10 Hz, in which induced strains at frequencies of 40~100 Hz were less than 20

ue.

MCT Analysis

When muscle was stimulated at a frequency of 1 Hz, the level of in vivo bone loss and structural
deterioration using pCT measurement was similar to those under HLS alone sham control (Fig.
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3 and Fig. 4). Dynamic stimulation of the quadriceps at 20Hz demonstrated partial preventive
effects at the metaphyseal region of the distal femur (Fig. 3). Compared to the age-matched
control, 4 weeks of HLS alone significantly reduced trabecular bone quantity and quality, in
which BV/TV, Conn.D, and Tbh.N, decreased by 49%, 77%, and 29%, respectively, and SMI
and Th.Sp increased by 33% and 45%, respectively (p < 0.001) (Fig. 4). Compared to the
baseline control, similar results were observed, in which BV/TV, Conn.D, and Th.N were
reduced by 53%, 77%, and 28%, respectively, and SMI and Th.Sp were increased by 44% and
56%, respectively (p < 0.001). Trabecular bone loss induced by disuse was attenuated with
daily MS at 20Hz. Compared to the HLS control, values of BV/TV, Conn.D, Th.N, Th.Sp,
SMI, and Th.Th were changed by 48%, 224%, 29%, —23%, —1%, and 2%, respectively. Effects
of MS on Conn.D, Th.N, and Th.Sp were statistically significant.

Histomorphometric Analysis

Effects of bone loss by functional disuse were also observed via 2-D histomorphometric
analysis; BV/TV-Histo, and TB.N-Histo were reduced by 41% and 50%, respectively, while
Th.Sp-Histo was 167% greater in HLS than the values in the age-matched control (p < 0.01).
Similarly, the bone formation indices, MAR and BFR/BV declined by 80% and 91% (p < 0.01),
respectively in HLS animals. We found no evidence that Th.Th was affected by the HLS or
MS. At 1 Hz, MS did not ameliorate effects of disuse. Effects on bone formation activity were
partially ameliorated at 20 Hz (Fig. 5). Compared to the HLS control, stimulation at 20Hz
increased levels of BV/TV-Histo and Th.N-Histo (p < 0.01) but reduced Th.Sp-Histo within
the metaphyseal region (29.5 £ 3.1%, 4.18 + 0.30 /mm, 178 + 21um, respectively for 20Hz
MS, compared to 23.0 £ 3.1%, 2.38 £ 0.20 /mm, 359 + 57um for HLS). Values of MAR and
BFR/BV were 155% and 118% greater in the 20 Hz MS group than in the HLS animals but
changes were not statistically significant. Similarly, values of MAR and BFR/BV were 48%
and 81% greater in 20 Hz MS group than in the age-matched control, although these changes
also were not statistically significant.

Discussion

The results indicated that dynamic muscle stimulation generates fluid pressure in bone with
simultaneously low-level bone strain. MS adjacent to the rat femur induces a peak ImP at 20-30
Hz. Similarly, bone strain was peaked at approximately 10 Hz. In the optimized loading rates
(e.g., 20-50 Hz), relatively high ImP value and low bone strain were observed as a function of
loading frequency. Both ImP and strain at 10 and 20 Hz are higher than the values at the lower
frequency, i.e., 1 Hz. There is significant strain difference between 10 Hz and 20 Hz, while no
significant ImP difference was observed between corresponding frequencies. MS can
potentially produce high fluid pressure gradients within the femoral marrow cavity and high
strain value in bone. Loading generated matrix strain and fluid pressure in bone may have
combined effects in attenuating bone loss if loaded at proper frequencies. The result is
consistent with previous in vivo results, in which mechanical loading at frequencies of 20 to
45 Hz were shown to be anti-catabolic to cortical bone (Garman et al., 2007; Qin et al.,
1998; Qinetal., 2003). This sensitivity was even more apparent in the trabecular bone, perhaps
due to the increased surface area in the trabecular network, which exposes it to the rapid changes
in fluid pressure (Qin et al., 2002). For example, trabecular osteoblast surface in the tibia was
increased by 26% when a MS protocol at 10 Hz was applied for 3 weeks (Zerath et al.,
1995).

Both ImP and matrix strain have indicated nonlinear response in the MS spectrum between 1
Hz and 100 Hz, though peaked differently at 20 Hz (ImP) and 10 Hz (strain). From the
characteristics of tissue material point of view, e.g., viscoelastic property in the tissues, both
muscle and bone could quickly damp the loads at high frequencies. However, due to the
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difference in material densities and viscosities within hard and soft tissues, MS induced ImP
and matrix strain could result in different frequency responses. Secondly, mechanotransductive
pathway through different connective tissues during MS may attenuate the high frequency
response in bone, e.g., via the connective pathway from muscle, tendon to bone, resulting in
peak strain and peak ImP at varied frequencies. Future research on such complex interrelation
between muscle kinematics, bone fluid flow, and matrix strain is necessary to further elucidate
the mechanism.

Previous data from our group has shown that ImP alone can induce bone adaptation (Qin et
al., 2003). Using an avian ulna model, disuse resulted in a 5.7% loss of cortical bone. Direct
fluid loading at 20 Hz for 4 weeks increased cortical bone mass by 18% (Qin et al., 2003).
Transcortical fluid pressure gradient and total bone formation were strongly correlated. In light
of mechanotransductive role in triggering bone remodeling (Wang et al., 2003; Wang et al.,
2004), strong evidence suggests that interstitial fluid flow in bone interacts strongly with
external muscular activities via various mechanisms (Stevens et al., 2006; Valic et al., 2005).
According to a muscle pump hypothesis, an arteriovenous pressure gradient enhances muscle
perfusion (Laughlin, 2005). This process may in turn increase the hydraulic pressure in skeletal
nutrient vessels and amplify the capillary filtration in bone tissue (Laughlin, 2005; Otter et
al., 1999; Winet, 2003).

MS on spinal cord-injured patients can cause partial reversal of disuse osteopenia and recovery
of muscular strength (Belanger et al., 2000). Other in vivo studies have also reported positive
effects of using muscle stimulation to inhibit muscle atrophy. Immobilization studies using
MS at 50 to 100 Hz have shown to minimize the reduction of the cross-sectional area of muscle
fiber and to restore mechanical properties (Kimetal., 2007). Stimulation of distal nerve stumps
had similar action potential response between normal and muscle innervated (O’Gara et al.,
2006). Although the response of ImP and bone mass by MS under such periphery nerve block
conditions is still remained unknown, MS could serve as a mitigating agent to retain bone mass
under chronic nerve damage conditions, e.g., spinal cord injury.

In conclusion, dynamic muscle stimulation can generate low-level bone strain and ImP as a
function of stimulation frequency. Induced dynamic ImP may ultimately enhance interstitial
fluid flow in bone. MS, if applied at an optimal frequency, has preventive potential in
attenuating bone loss in disuse osteopenia. The results of this study provide an impetus for
further development of a biomechanically based intervention for preventing and/or treating
osteoporosis and muscle atrophy.
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Figure 1.

Representative ImP profile induced by electrical muscle stimulation at 20Hz. Stimulation was
applied for 1 seconds followed by 4 seconds rest. Normal heart beat generated approximately
4 mmHg of ImP (mean) in the femur. Electrically induced muscle contraction increased ImP
to 45 mmHg.
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Figure 2.

(a). Graphs show mean + SD values from the ImP measurement. ImP in femur increased
significantly with electrical frequency at 5, 10, 15, 20, 30, and 40 Hz. In the loading spectrum
from 1 to 100 Hz, stimulation at 1 Hz generated an ImP of 18 mmHg. A maximum ImP of 45
mmHg was measured at 20 Hz, which was 2.5 folds higher than 1 Hz. 2 p <0.05 vs. baseline
ImP; P p <0.01 vs. baseline ImP.

(b). Graphs show mean + SD values from the bone surface strain measurement. Dynamic
muscle stimulation applied at various frequencies significantly increased bone strain. In the
loading spectrum from 1 to 100 Hz, stimulation at 1 Hz produced a strain of 62 pe. Peak strain
of 128 pe was recorded at 10 Hz stimulation. The strain magnitude was reduced by >75% of
the peak strain for stimulation frequencies greater than 30 Hz. 2 p <0.01 vs. 1, 2.5, and 5

Hz; P p <0.01 vs. 10 Hz; ¢ p <0.001 vs. stimulation 20 Hz and below.
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Figure 3.

Representative 3D uCT images of trabecular bone in the distal metaphyseal region of the femur.
The region was 750 um above the growth plate. A. Age-matched control, B. HLS control, C.
HLS+20 Hz MS
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Figure 4.

Graphs show mean + SD values from the pCT analysis in the distal metaphyseal region of the
femur. A. Trabecular bone volume fraction (BV/TV, %), B. Connectivity density (Conn.D, 1/
mm3), C. Trabecular number (Th.N, 1/mm), D. Trabecular separation (Tb.Sp, mm), E.
Structural Model Index (SMI), and F. Trabecular thickness (Tb.Th, mm). MS at 20Hz showed
significant effects on Conn.D, Th.N, and Th.Sp against 4 weeks of HLS. ? p <0.001 vs.
baseline; @ p <0.001 vs. age-matched; ¢ p <0.005 vs. HLS; 9 p <0.005 vs. 1 Hz MS.
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Figure 5.

Representative 2D histomorphometric images of calcein labeled trabecular bone in the distal
metaphyseal region of the femur. A. Age-matched control at 10X magnification, B. Age-
matched control at 20X, C. HLS control at 10X, D. HLS + 1 Hz MS at 10X. Mineralizing bone
surfaces were labeled by the calcein (green line). Trabecular bone formation was clearly
indicated by the double calcein labels in A & B.
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