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Abstract 1 

Spinal cord injury (SCI) results in marked atrophy of sublesional skeletal muscle and substantial 2 

loss of bone. In this study, the effects of prolonged electrical stimulation (ES) and /or 3 

testosterone enanthate (TE) on muscle mass and bone formation in a rat model of SCI were 4 

tested. Compared to sham-transected animals, a significant reduction of the mass of soleus, 5 

plantaris and extensor digitorum longus (EDL) muscles was observed in animals 6 weeks post-6 

SCI. Notably, ES or ES+TE resulted in the increased mass of the EDL muscles. ES or ES+TE 7 

significantly decreased mRNA levels of muscle atrophy markers (e.g., MAFbx and MurF1) in the 8 

EDL. Significant decreases in bone mineral density (BMD) (-27%) and trabecular bone volume 9 

(-49.3%) at the distal femur were observed in animals 6 weeks post injury. TE, ES and ES+TE 10 

treatment significantly increased BMD by +6.4%, +5.4%, +8.5% and bone volume by +22.2%, 11 

and +56.2% and+ 60.2%, respectively.  Notably, ES alone or ES+TE resulted in almost 12 

complete restoration of cortical stiffness estimated by finite element analysis in SCI animals. 13 

Osteoblastogenesis was evaluated by colony-forming unit-fibroblastic (CFU-F) staining using 14 

bone marrow mesenchymal stem cells obtained from the femur. SCI decreased the CFU-F+ 15 

cells by -56.8% compared to sham animals. TE or ES+TE treatment after SCI increased 16 

osteoblastogenesis by +74.6% and +67.2%, respectively. An osteoclastogenesis assay 17 

revealed significantly increased TRAP+ multinucleated cells (+34.8%) in SCI animals compared 18 

to sham animals.  TE, ES and TE+ES treatment following SCI markedly decreased TRAP+ cells 19 

by -51.3%, -40.3% and -46.9%, respectively. Each intervention greatly reduced the ratio of 20 

RANKL to OPG mRNA of sublesional long bone. Collectively, our findings demonstrate that 21 

after neurologically complete paralysis, dynamic muscle resistance exercise by ES reduced 22 

muscle atrophy, downregulatd genes involved in muscle wasting, and restored mechanical 23 

loading to sublesional bone to a degree that allowed for the preservation of bone by inhibition of 24 

bone resorption and/or by facilitating bone formation. 25 

Keywords: spinal cord injury; electrical stimulation; muscle; bone 26 



3 

 

Introduction 1 

 Immobilization results in muscle atrophy and decreased bone mass and structural 2 

integrity. Spinal cord injury (SCI) results in paresis or paralysis and protracted immobilization 3 

associated with extensive sublesional muscle atrophy and loss of bone mass and structural 4 

integrity [1-3]. In rats, bone loss following SCI develops rapidly, being evident within 2 days after 5 

complete spinal cord transection [4] and 2 weeks after a severe spinal cord contusion, and 6 

sublesional skeletal deterioration is most predominant for trabecular bone at the metaphasis 7 

and epiphysis of the femur and tibia where bone volume/total volume may be reduced by more 8 

than 50 percent [4-7]. Mechanisms implicated in bone loss in the period shortly after SCI are 9 

thought to primarily involve increased osteoclastic bone resorption with unchanged or slightly 10 

increased bone formation, apparently attributable to elevated cellular expression of receptor 11 

activator of NF-kB ligand (RANKL) and SOST, which encodes the protein sclerostin, a potent 12 

inhibitor of bone formation [5, 6, 8]. Loss of cortical bone has been reported in patients with SCI 13 

[2, 9], mice [10] and rats [7], although such loss occurs more slowly and to a lesser extent than 14 

that of trabecular bone, perhaps due to the smaller surface area accessible to osteoclasts for 15 

bone resorption. 16 

 Muscle atrophy following SCI is rapid, with muscle weights being reduced by 40 to 60% 17 

at two weeks after spinal cord transection when compared to sham-operated controls [11]. 18 

Mechanisms responsible are thought to involve primarily a marked upregulation of proteolytic 19 

degradation of muscle proteins likely attributable to the muscle-restricted E3 ubiquitin ligases 20 

muscle atrophy F-box (MAFBx, atrogin-1) and muscle ring finger-1 (MuRF1, Trim63), the 21 

expression of which is increased within days after SCI [1, 3, 11]. Both muscle atrophy and 22 

sublesional bone loss are mitigated in a dose-dependent manner by testosterone [12]. 23 

Beneficial effects of testosterone on muscle atrophy have been reported to have numerous 24 

potential mechanisms of action that include suppression of MAFbx expression, upregulation of 25 
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PGC-1 expression, activation of mTOR and suppression of FOXO activation [13-16]. In mice, 1 

androgen receptor knockouts reduce trabecular bone, apparently due to increased bone 2 

resorption [17]. Additionally, testosterone can undergo aromatization to estrogen which appears 3 

to be beneficial to preserving bone as demonstrated by findings deletion of the estrogen 4 

receptor alpha resulted in the reduction of trabecular bone [18]. 5 

 An increase in physical activity, whether voluntary in the able-bodied or through use of 6 

surface or implantable electrical stimulation (ES) of nerves to elicit muscle contraction, has been 7 

shown to preserve muscle mass when initiated acutely after SCI, and restore, at least partially, 8 

muscle size and function once atrophy has occurred [19-21]. In rats with SCI, ES has been used 9 

to study acute responses of paralyzed muscle and bone to reloading [5, 22]. In those studies, 10 

ES was initiated approximately 4 months after SCI and continued for 7-days. While soleus 11 

muscles increased in weight in the SCI animals provided ES, expected changes in 12 

mitochondrial metabolism of carbohydrates and fats, and oxidative phosphorylation were not 13 

observed in contrast to controls in which muscle overloading by gastrocnemius ablation was 14 

conducted for the same period [22]. Cultured bone marrow progenitors were studied to 15 

understand how ES for 7 days may have influenced bone cells post-SCI [5]. Among the 16 

changes noted, numbers of osteoclast colonies, which increased in marrow from SCI animals, 17 

were decreased by ES, and, of interest, in cultures of marrow stromal cells under conditions 18 

favoring differentiation to osteoblasts, ES lowered SOST mRNA and raised mRNA for 19 

osteoprotegrin, a decoy receptor to RANKL, thus inhibiting the ability of RANKL to stimulate 20 

osteoclastogenesis and osteoclast activity [5]. However, no change in bone parameters was 21 

observed after 7 days of ES when assessed by microCT, most probably due to the short 22 

duration of ES. The purpose of this study was to determine the effects of an extended period of 23 

ES on muscle and bone in a rat model of severe SCI, and to test for synergist effects of ES 24 

when combined with supraphysiologic doses of testosterone.  25 
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Materials and Methods 1 

Animals:  2 

Animals: All animals were maintained on a 12:12-h light/dark cycle with lights on at 07:00 h in a 3 

temperature-controlled (20 ± 2°C) vivarium. All procedures were approved by the JJP VA 4 

Medical Center Institutional Animal Care and Use Committee and were performed in 5 

accordance with applicable requirements of NIH, PHS and VA.  6 

 7 

Experimental Design: Animals were randomly assigned to either Sham SCI (laminectomy only) 8 

or SCI (spinal cord transection at T4). The SCI groups were randomly assigned to receive ES, 9 

testosterone enanthate (TE) or the combination. Interventions were initiated 2 weeks post 10 

surgery and continued for 4 weeks at which time tissue samples were collected for processing 11 

and animals were euthanized. The electrical stimulation for 4 weeks in this rat study is 12 

equivalent of approximately 2.5 years in humans (Ruth 1935) [23], representing a sufficient 13 

treatment duration when compared to months of intervention in most clinical studies with 14 

electrical stimulation [24]. TE was administered intramuscularly to the quadriceps of the 15 

unstimulated right leg once a week at a dose of 4.0 mg; vehicle (sesame oil) was used in SCI or 16 

SCI+ES animals.  Group sizes are as follows: Sham, n=13; SCI, n=13; SCI+TE, n=13; SCI+ES, 17 

n=10; and SCI+ES+TE, n=11.  18 

 19 

ES Stimulators: ES was provided by implantable microstimulators with a single channel. 20 

Microstimulators were custom-designed and fabricated and encapsulated in silastic and gas 21 

sterilized. Stimulators were designed to be activated using a small magnet and had three modes 22 

of operation: off, testing and active. In the active mode, stimulators delivered 1.5 V at 40 Hz for 23 

2 seconds followed by 18 seconds rest, as we described previously [5, 25]. Stimulation after 24 

severing the insertion of the gastrocnemius muscle into the Achilles tendon (see below for 25 
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details) elicited some movement of the left foot and ankle with the ankle in a neutral position at 1 

approximately 90 degrees of dorsiflexion. Stimulation was provided for 60 min on each training 2 

day, five days a week. 3 

 4 

Surgeries: Male Wistar rats (13 months old) underwent a complete spinal cord transection (T3-5 

4) as previously described [4, 5, 22, 26-28]. Sham controls received laminectomy only at the 6 

same site, as previously described [5, 22]. Implantation of the stimulators was performed 7 

immediately after spinal transection, as previously described [5, 22], with some modifications. In 8 

brief, a small incision (~3 cm) was made over the left hip parallel to the femur.  A pocket was 9 

created under the skin of the lower back for the stimulator.  The pocket began at the point of 10 

origin of the incision with a size of approximately 5 by 5 cm. The bifurcation of the left sciatic 11 

nerve was exposed by blunt dissection. The stimulator was then inserted into the pocket and 12 

sutured in place with a single loop through a webbing tab; the two electrodes were tunneled 13 

subcutaneously from the back to the incision site over the bifurcation of the sciatic nerve.  The 14 

first electrode was placed such that it nearly touched the anterior tibial nerve just cephalad to 15 

the nerve and about 0.8 cm distal to the bifurcation of the sciatic nerve.  The second electrode 16 

was placed about 0.2 cm caudal from the common peroneal nerve at about 1 cm distal to the 17 

bifurcation. Tenotomy of the left gastrocnemius muscle was performed in all experimental 18 

groups by separating the tendons of the gastrocnemius, soleus and plantaris muscles and 19 

transecting the gastrocnemius muscle tendon. As demonstrated in our previous studies [5, 25], 20 

cutting the distal insertion of the gastrocnemius prevents concurrent contraction of this muscle 21 

from overwhelming the opposing force of the contracting tibialis anterior. SCI and Sham animals 22 

underwent an identical procedure except that no stimulator was implanted. We note that 23 

compared to our initial work with implanting the stimulators [5, 25], the size of the incision 24 

through which the electrodes are placed has been greatly reduced that was observed to 25 

considerably reduce excessive grooming and potential damage to the electrodes.  26 
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Fluorometric labeling of bone: Bones were labeled with fluorochromes by subcutaneous 1 

injection of calcein (10 mg/kg body weight) and xylenol orange (90 mg/kg body weight) on day 2 

−6 and day −2 before euthanasia, respectively [5, 26, 28].  3 

 4 

ELISA assays 5 

Serum C-terminal telopeptide of type I collagen (CTX) levels were measured using a 6 

RatLapsTM enzyme-immunoassay kit from Immunodiagnostic Systems (Fountain Hills, AZ). 7 

Serum concentrations of osteocalcin were measured using a rat osteocalcin immunoassay kit 8 

(Alfa Aesar). Serum levels of irisin were determined using a rat irisin competitive ELISA kit 9 

(Adipogen). All samples were assayed in duplicate, following the manufacturer’s protocols. 10 

 11 

Bone Density, Structure, and Strength 12 

Areal bone mineral density (BMD) measurement was performed with a small animal dual energy 13 

X-ray absorptiometer (DXA) (Lunar Piximus, Fitchburg, WI, USA) as previously described [4, 6, 14 

26, 27, 29, 30]. Volumetric BMD and bone architecture of the left distal femur and midshaft were 15 

assessed by a Scanco µCT scanner (µCT-40; Scanco Medical AG, Bassersdorf, Switzerland) at 16 

21 mm isotropic voxel size as previously described [31, 32]. The µCT images were evaluated 17 

using standard software of the manufacturer to evaluate relative bone volume (BV/TV), 18 

trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), structure 19 

model index (SMI), connectivity density (Conn.D), total cortical area (Ct.Ar), cortical thickness 20 

(Ct.Th), periosteal perimeter, and endosteal perimeter. Bone stiffness was estimated from micro 21 

finite element analysis (µFEA), following the manufacturer’s recommended procedures, as 22 

previously described [4, 28, 33-37]. Briefly, μFEA models were produced by converting each 23 

bone voxel to an 8-node brick element. Bone tissue was computationally subjected to applied 24 

uniaxial compression, with an elastic modulus of 15 GPa and Poisson’s ratio of 0.3 for each 25 
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element. A linear elastic analysis was used to estimate the bone stiffness.   Please see the 1 

Supplemental Materials and Methods for additional details. 2 

Bone Histomorphometric Studies 3 

For fluorochrome-based determination of rates of bone formation at the left distal femur by 4 

dynamic histomorphometry, 6 mm frozen sections embedded in methyl methacrylate plastic 5 

were cut using a Reichert-Jung sledge microtome. Xylenol orange and calcein were visualized 6 

by fluorescent microscopy and the distance between labeled layers was used as a measure of 7 

the rate of bone formation as determined by morphometry software. To quantify the osteoclast 8 

number and activity, tartrate-resistant acid phosphatase (TRAP) staining was used to 9 

specifically label osteoclasts in deplasticized distal femur sections. Slides were counterstained 10 

with hematoxylin and eosin (H&E).  Osteoclasts were measured under bright field microscopy 11 

using an Olympus microscope with an OsteoMeasure system. Additional details regarding the 12 

procedures performed are provided in Supplemental Materials. 13 

 14 

Extraction of total RNA from bone  15 

Total bone RNA was extracted as previously described with some modifications [4, 38]. Briefly, 16 

long bones were dissected free of soft tissues, and bone marrow were flushed away with PBS 17 

using a 27G½ needle-syringe. The bone samples (~1g) were longitudinally cut into small piece 18 

and then digested 3 times with 2 mg/ml collagenase type I (Gibco, >150 Units; 20ml), one time 19 

with 5mM EDTA (Sigma-Aldrich,10 ml)), and one more with the collagenase and EDTA, each 20 

for 25 min on a Shaker with rotation at 150 rpm at 370C. Following the digestions, the bone 21 

samples were crushed using a mortar and pestle in liquid nitrogen. RNA was extracted from the 22 

lysate using the TRizol reagent (Sigma Aldrich) according to the manufacturer’s instructions.  23 

 24 

 25 
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Ex vivo Osteoblastogenesis and Osteoclastogenesis Assay 1 

Procedures for osteoblast and osteoclast formation from bone marrow stem cells were 2 

performed, as previously described [5, 27, 29-31, 39] and are described in greater detail in the 3 

Supplemental Materials.  4 

 5 

RNA Extraction from Bone Marrow Cultures and Quantitative PCR 6 

Total RNAs were extracted from bone marrow cell cultures using the TRI reagent (Sigma-7 

Aldrich). One g of total RNA was used to synthesize the first strand cDNA by the High Capacity 8 

cDNA Reverse Transcription Kit (Applied Biosystems). Real-time PCR determination of mRNA 9 

levels for specific mRNAs was determined with commercial primers from Taqman Assay On 10 

Demand probesets (Applied Biosystems) using the ViiA7 system (Applied Biosystems)  as 11 

described previously [5, 27, 29-31, 39]. Relative expression levels were calculated using the 2-12 

Ct method with 18S RNA as an internal control [40]. Additional details regarding procedures 13 

performed are provided in Supplemental Materials. 14 

 15 

Statistics 16 

The mean values for study endpoints of stimulated (ipsilateral) left hindlimb among the 17 

experimental groups were compared. Data are expressed as mean ± standard error of the 18 

mean (SEM). The number of independent samples (n) is provided in the legend of each figure. 19 

The statistical significance of differences among means was tested using one-way analysis of 20 

variance and a Newman-Keuls post hoc test to determine the significance of differences 21 

between individual pairs of means using a p value of <0.05 to attain significance. Statistical 22 

calculations were performed using Prism 4.0c (GraphPad Software, La Jolla, CA, USA). 23 

 24 

25 
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Results  1 

Spinal cord transected animals lost approximately 10±3% percent of their preoperative body 2 

weight (Supplemental Fig. 1), a finding which is consistent with prior studies. Animals began 3 

gaining weight by day 10 post-injury and continued to gain weight until the end of the study at 4 

day 42 post injury (Supplemental Fig. 1). Implantation of a stimulator and / or administration of 5 

TE in SCI animals did not result in significant body weight change. 6 

  7 

Beneficial Effects of ES and/or TE on Muscle:  8 

 9 

To verify the effectiveness of ES in stimulating muscle overloading, weights of soleus, plantaris 10 

and extensor digitorum longus (EDL) muscles from hindlimbs were removed by careful 11 

dissection and weighed. The left (stimulated) muscles were evaluated and all muscle results are 12 

relative mass that has been corrected for body mass. As compared to sham-transected animals, 13 

significant reduction of the left soleus, plantaris and EDL muscle mass was found in animals 14 

that received complete spinal cord transection (Fig. 1A-C). Although it did not reach statistical 15 

significance, TE, ES or the combination of these two treatments was linked to a numerical 16 

increase of the left (e.g., stimulated) plantaris muscle mass (+6.8%, +7.2% and +12.7%) and 17 

soleus muscle (+4.4%, +8.7% and +9.9%), respectively (Fig. 1A-B). Notably, ES alone or 18 

ES+TE treatment resulted in a clear and significant (~13%, p<0.05) increase of the left EDL 19 

muscle mass (Fig. 1C). Since SCI results in muscle atrophy and a shift of slow oxidative  (e.g., 20 

soleus muscle) to fast glycolytic fibers (e.g., EDL muscle) [5, 41] and the observed changes on 21 

EDL muscle mass in response to ES alone or ES+TE treatment in this study (Fig. 1C),  22 

subsequent analyses will focus on the EDL muscle.   23 

 24 

To further examine the effects of ES on muscle reloading, mRNA levels of two muscle atrophy 25 

related muscle-specific E3 ubiquitin ligases, MAFbx/atrogin-1 and Muscle RING Finger-1 26 

(MuRF1) in the left EDL were examined. SCI resulted in a significant increase of MAFbx mRNA 27 
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expression (Fig. 1D, p<0.05). TE injection did not change the MAFbx expression level, whereas 1 

a significant decrease of MAFbx mRNA was found upon ES alone or ES +TE treatment (Fig. 2 

1D, p<0.001 and p<0.05, respectively). Of note, although no change of MurF1 mRNA 3 

expression was detected after SCI, each intervention, TE, ES or ES+TE, significantly reduced 4 

MurF1 mRNA levels (Fig. 1E, p<0.05, p<0.01 and p<0.001, respectively). The mRNA levels of 5 

the Wnt antagonists secreted frizzled-related protein (sFRP) 1 in the EDL muscle were 6 

increased after SCI, and were drastically reduced by TE injection, ES or ES+TE treatment (Fig. 7 

1F, p<0.001). Compared to SCI animals, there was a non-significant trend of a decrease of 8 

sFRP2 after TE injection, but no change after ES or ES+TE (Fig. 1G). 9 

 10 

Collectively, these data from sublesional skeletal muscle indicate that dynamic muscle 11 

resistance exercise by ES reduced muscle atrophy, downregulating key genes associated with 12 

muscle wasting. The alterations in muscle mass and total gene expression reflect  biological 13 

changes as a direct consequence of ES intervention. The potential impact of mechanical 14 

reloading of muscle by ES on bone will be examined in subsequent studies. 15 

 16 

Beneficial Effects of ES and/or TE on Bone Mass, Bone Structure and Bone Strength:  17 

Dual energy x-ray absorptiometry (DXA) was performed using a small animal densitometer to 18 

determine bone mineral density (BMD)  in rats after a complete spinal cord transection and TE 19 

injection, ES or TE+ES. At the left distal femur (Fig. 2A), BMD were decreased by -27% 20 

(p<0.001) after SCI, and significantly increased by +5.4% (p=0.07) and +8.5% (p<0.01) after ES 21 

and ES+TE treatments, respectively.  An almost identical pattern of BMD change was also 22 

detected at the left proximal tibia (Fig. 2B) where BMD was reduced by -23.5% (p<0.001) after 23 

SCI. Compared to SCI, BMD at the proximal tibia increased +5.9% (p<0.05) and +11% 24 

(p<0.001) following ES and ES+TE treatment, respectively. The larger magnitude of changes on 25 

BMD in distal femur and proximal tibia in ES+TE animals as compared to TE or ES animals 26 
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suggests a potential synergistic effect of TE and ES on bone mass. SCI also resulted in a -1 

13.9% decrease of BMD at L3-5 (Fig. 2C). No effect of TE, ES or the combination was observed 2 

on BMD at L3-L5. 3 

Bone architecture was examined by high-resolution µCT to access changes in trabecular bone 4 

at the distal femoral metaphysis (Fig. 3A). After SCI, trabecular bone volume (BV/TV) at this site 5 

was significantly reduced (p < 0.001, Fig. 3B), with decreased trabecular number (Tb. N) (Fig. 6 

3C), increased trabecular separation (Tb. Sp) (Fig. 3E) and no change in trabecular thickness 7 

(Tb. Th) (Fig. 3D). Trabecular connectivity (Conn. D) was greatly reduced (Fig. 3F), associated 8 

with transformation from plate-like to rod-like structures (Fig. 3G).  Electrical stimulation alone or 9 

combined with TE significantly restored trabecular bone volume (Fig. 3B) by increasing 10 

trabecular number (Tb.N), which is associated with the increased connectivity (Fig. 3F) and the 11 

decreased value of the structure model index (SMI, Fig. 3G).  12 

 13 

Cortical bone structure at the femoral midshaft was also examined by high-resolution µCT (Fig. 14 

4A). SCI decreased cortical thickness (-9.0%, p<0.05, Fig. 4B). The decreased cortical 15 

thickness could be explained by a decreased periosteal perimeter (-7.0%, p<0.05, Fig. 4E) with 16 

no change on endosteal perimeter (Fig. 4F).  Electrical stimulation in SCI animals partially 17 

restored periosteal perimeter (+4.9%, p<0.05, Fig. 4E). ES+TE administration completely 18 

restored cortical thickness (+9.5%, p<0.05, Fig. 4G), suggesting a synergistic effect of ES+TE.  19 

 20 

Finite element analysis (FEA) based on µCT images was performed to predict the effect of ES 21 

and / or TE on bone mechanical property and strength. After SCI, midshaft bone stiffness 22 

estimated by FEA was reduced by -12.8% (p<0.05, Fig. 4F). ES alone or ES+TE led to a nearly 23 

complete restoration of cortical stiffness [+11.4% vs. SCI (p<0.05) and +12.8% vs. SCI (p<0.01), 24 

respectively, Fig. 4E]. 25 
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 1 

Effects of ES and/or TE on Serum Levels of Bone Biomarkers and Bone Gene Expressions 2 

ELISA assays were performed to examine the serum levels of bone biomarkers for formation, 3 

osteocalcin and resorption, CTX. Although no change of osteocalcin or CTX were detected 4 

following SCI, TE treatment alone or ES alone significantly increased the serum osteocalcin level 5 

(p<0.05 or p<0.01, respectively, Fig. 5A), while ES+TE treatment marginally decreased serum 6 

CTX level (p=0.08, Fig. 5B). Recent evidence showed that irisin, a myokine released after 7 

physical activitiy, increased cortical bone mass [42]. However, our ELISA assay showed that SCI 8 

did not change the serum irisin level, but ES alone, TE alone or ES+TE combined treatment after 9 

SCI all resulted in significantly reduced Irisin level compared to sham animals (Fig. 5C). 10 

       11 

Total RNA from whole bone of hindlimb was extracted, and RANKL and OPG gene expression 12 

that are responsible for bone resorption and formation, respectively, was analyzed by quantitative 13 

PCR analysis. Following SCI, increases of the RANKL/OPG ratio (p<0.01, Fig. 5D) were observed 14 

in samples from SCI group compared with Sham-transected animals. The RANKL/OPG ratio was 15 

greatly reduced by ES or TE.  The combination of ES+TE led to almost a complete normalization 16 

of RANKL/OPG ratio, approaching the ratio observed in Sham group (Fig. 5D).  17 

 18 

Effects of ES and/or TE on Bone Formation and Bone Resorption 19 

Dynamic histomorphometric analysis was performed to examine the effect of ES and/or TE on 20 

bone formation (Fig. 6A). Significant decreases in bone formation rate (BFR/TV, Fig. 6B), bone 21 

volume (BV/TV, Fig. 6F) and bone surface (B. Pm, Fig. 6G) were detected at the distal femur in 22 

animals with SCI.  TE treatment significantly increased new bone formation at the trabecular 23 

bone, as reflected by increases in the bone formation rate (BFR/TV, +110%, p<0.05, Fig. 6B), 24 

mineralizing surface (MS/BS, +22%, p<0.05, Fig. 6C), bone volume (BV/TV, +138%, p<0.05, 25 

Fig. 6F), bone surface (B. Pm, +109%, p<0.05, Fig. 6G), and dL Pm (+163%, p<0.05, 26 
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Supplemental Fig 2B). ES significantly increased bone formation rate (Fig. 6B) and stimulated a 1 

trend for increases in mineral apposition rate (MAR, Fig. 6D), bone volume (Fig. 6F), and bone 2 

surface (Fig. 6G). ES tends to increase dL Pm (+36%, p=0.06, Supplemental Fig 2B) ES+TE 3 

treatment also partially restored single-labeled surface (sl.Pm) but not double-labeled surface 4 

(dl.Pm), both of which were decreased following SCI (Supplemental Figure 2A&B).  5 

 6 

Sections of trabecular bone from the femoral metaphysis were immune-stained for TRAP (Fig. 7 

7A). SCI resulted in trends for increases in both osteoclast surface (Fig. 7B) and osteoclast 8 

number (Fig. 7C). TE treatment alone or ES+TE treatments significantly decreased osteoclast 9 

surface and number (Fig. 7B-C), while ES alone only showed a trend for a decrease in 10 

osteoclast surface and number. 11 

 12 

Effects of ES and/or TE on the Differentiation Potential of Bone Marrow Stem Cells  13 

How ES and/or TE alter numbers of osteoclasts and osteoblasts in cultures of bone marrow 14 

cells was determined.  The effects on bone cells of TE+ ES with the effects observed for ES or 15 

TE were compared. Osteoblastogenesis was evaluated by colony-forming unit-fibroblastic 16 

(CFU-F) staining using bone marrow mesenchymal stem cells derived from femurs from the left 17 

(e.g., stimulated) hindlimb (Fig. 8A). Consistent with our previous findings [5, 6, 27, 30], SCI 18 

decreased the numbers of CFU-F+ cells by -56.8% (p<0.05) as compared to sham animals. 19 

Either TE or ES+TE treatment after SCI increased numbers of CFU-F+ cells by +74.6% (p<0.01) 20 

and +67.2% (p<0.05), respectively, indicating greater potential of marrow stromal cells for 21 

osteoblastic differentiation. After SCI, decreased expression of Runx2 (Fig. 8C) and LRP5 (Fig. 22 

8E) mRNA, as well as increased expression of SOST (Fig. 8D) and sFRP1 (Fig. 8F) mRNA 23 

were detected by quantitative PCR analysis. TE or ES+TE treatment significantly elevated the 24 

mRNA level of Runx2 and LRP5 (Fig. 8C, E); ES also increased the expression of these two 25 

osteoblastogenic markers but to a lesser extent. Interestingly, only ES+TE treatment decreased 26 
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the expression of SOST and sFRP1 mRNA (Fig. 8D, F), suggesting a synergistic effect of ES in 1 

combination with TE to attenuate the expression of these markers for anti-anabolic action. 2 

 3 

Consistent with our previous findings [5, 6, 27, 30], an osteoclastogenesis assay using bone 4 

marrow hematopoietic stem cells derived from the unstimulated femurs of SCI animals revealed 5 

a significant increase of +34.8% for TRAP+ multinucleated cells (p<0.001) when compared to 6 

sham animals (Fig. 9B).  Importantly, both TE treatment and TE-ES markedly decreased TRAP+ 7 

cells by -51.3% (p<0.001) and -46.9% (p<0.001), respectively. Following SCI, quantitative PCR 8 

analysis revealed an increased expression in cultures of bone-marrow-derived osteoclasts of 9 

osteoclast marker genes including TRAP (Fig. 9C), integrin β3 (Fig. 9D) and calcitonin receptor  10 

(CTR, Fig. 9E). ES or ES+TE treatment significantly decreased the mRNA level of these three 11 

biomarkers for bone resorption, whereas TE treatment only decreased TRAP and CTR.   12 

13 
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Discussion 1 

The findings reported herein support several conclusions. Under the conditions of the 2 

experiment, ES and TE each improved some bone parameters (BMD at distal femur and 3 

proximal tibia, BV/TV by histomorphometry at the distal femur, BFR/TV by dynamic 4 

histomorphometry, and mechanical strength) and ES increased muscle mass, as might have 5 

been predicted from our prior studies in rats [22] and recent publications in persons with SCI 6 

[21]. While the combination of ES+TE caused numerical increases in BMD at these sites as 7 

compared to either treatment alone, there was no difference in BV/TV by microCT or 8 

histomorphometry between ES and ES+TE groups. Similarly, the combination of ES+TE did not 9 

increase muscle mass beyond that observed with ES alone.  CFU-F+ was reduced after SCI 10 

while numbers of TRAP+ cells present in bone marrow cultures were increased after SCI. The 11 

pattern of changes in biochemical markers of osteoblast and osteoclast differentiation and 12 

activity generally paralleled the effects of ES and TE on bone mass. For example, ES and TE, 13 

alone or in combination, reduced numbers of TRAP+ cells and osteoclast markers (TRAP mRNA 14 

and CTR mRNA). There was, however, some discordance between ex-vivo biological changes 15 

induced by ES alone or combined with TE as compared to effects of these interventions on 16 

bone parameters. For example, TE but not ES increased the number CFU-F+ colonies; the 17 

pattern of effects of TE, ES or the combination on expression of Runx2 also suggested greater 18 

effects of TE as compared to ES, although criteria for statistical significance of differences 19 

between these groups were not met. When interpreting these discordant data, it should be 20 

appreciated that, while cell culture systems provide powerful tools that seem to recapitulate 21 

many important aspects of bone biology in disease, these cultures have limitations. Specifically, 22 

the process of isolation, fractionation and culture of cells may alter their biological properties 23 

when compared to their behavior in vivo.  24 

      Taken together, the data reported here do not demonstrate that restoring loading of bone by 25 

ES is synergistic with the bone-sparing activity of TE in a model of spinal cord transection 26 
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performed in young adult rats. However, the findings do not exclude the possibility of synergy 1 

and there are trends in the data in which SOST and sFRP1 mRNA were lower in SCI+TE+ES 2 

(Fig. 8) while cortical bone outcomes of ES+TE were group higher (Fig. 4) relative to those in 3 

TE or ES alone groups, suggesting that a weak synergy could exist that could reach 4 

significance with larger sample size.  The rather modest effect of ES on muscle mass was 5 

surprising given prior studies that demonstrated that the even small amounts of ES are sufficient 6 

to slow or prevent muscle atrophy after SCI in rats [19] or man [20]. In rats, muscle atrophy 7 

progresses rapidly after spinal cord transection; in a prior report, muscles from SCI animals 8 

were 40-60% smaller at 2 weeks compared with sham-transected controls [43]. Perhaps once 9 

atrophy is established, it is more difficult to reverse such atrophy by the application of ES. 10 

Alternatively, different ES paradigms from those used in the current study are required with 11 

respect to intensity, frequency or other parameters to restore, as opposed to prevent, post-SCI 12 

muscle atrophy.  The skeleton of older animals is generally assumed to respond less to 13 

mechanical loading than that of younger animals; because 13-month old male rats were 14 

employed in the present study, it may have been anticipated that younger rats may have had a 15 

more robust response to ES. At present time, it is not known why treatment with TE and/or ES 16 

induced more changes in the mass of EDL (mainly fast glycolytic muscle fibers) than in that of  17 

soleus (mainly slow oxidative muscle fibers) after SCI.  Future study of muscle contractility,  18 

muscle fiber type and the associated molecular alterations can provide a better understanding 19 

of the changes observed in muscle function. 20 

        Androgenic steroids, including testosterone and nandrolone, have anabolic effects on bone 21 

[6]. Androgen ablation therapy for prostate cancer results in decreased bone mass [7]. In men 22 

treated chronically with glucocorticoids, testosterone increased lumbar spine BMD [8]. In women 23 

with osteoporosis, nandrolone increased BMD of the lumbar spine and femoral neck and 24 

reduced facture risk [9].  Recently, a number of publications from several groups, including ours, 25 

suggest that the reductions in circulating levels of testosterone, such as those that frequently 26 
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occur in men after SCI [10, 11], may accelerate SCI-related bone loss [12] and also suggest that 1 

androgens may reduce such bone loss [13-15] , which perhaps is also the case in animals that 2 

are hypogonadal secondary to SCI [14]. Therefore, it is not surprising that although these rats 3 

with SCI had intact testes in the present study, testosterone administration has provided an 4 

anabolic effect on bone. Estrogen has an important role in muscle and bone physiology. As 5 

such, it would of interest to know if DHT, a form of testosterone which is not aromatizable, would 6 

have the same effects as the TE. Recent findings have demonstrated that DHT induced 7 

differentiation of a preosteoblast cell line in culture, and this action of DHT required Wnt 8 

signaling [16]. Similarly, our recent laboratory observation indicates that DHT inhibits expression 9 

of SOST mRNA (a key factor for controlling bone remodeling) in cultured osteocytic cells (data 10 

not shown). Therefore, we would expect that DHT would have  a similar effect to that of TE on 11 

bone after SCI. TE was chosen as the hormonal intervention in the present study for several 12 

reasons. Testosterone replacement therapy is currently a therapy for older hypogonadal men 13 

[17] and for men who have loss of testosterone due to surgery [7]. Testosterone has been 14 

demonstrated to prevent loss of cancellous bone following SCI in a rat model [13-15], and it has 15 

shown a better safety profile on heart  than DHT, although DHT can mimic most of the beneficial 16 

effects of testosterone. 17 

       Effects of ES on bone were more encouraging, and extend a prior report using similar 18 

stimulators, ES parameters and surgical models of SCI, including ablation of the insertion of the 19 

gastrocnemius into the Achilles tendon [5].  In that report, ES reduced numbers of TRAP+ 20 

colonies in cultures of osteoclast precursors associated with downregulation of mRNA 21 

transcripts for osteoclast differentiation and activation genes, together with many favorable 22 

changes in mRNA levels in cultures of marrow stromal cells under osteoblastogenic conditions; 23 

these alterations included lower SOST and higher Wnt3a and osteoprotegrin mRNA levels. In 24 

the study reported here, four weeks of ES resulted in increases in multiple measures of 25 

metaphysial trabecular bone mass and higher BFR/TV while lowering osteoclast number in 26 
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bone tissues and almost complete restoration of cortical mechanical strength, as predicted 1 

using FE modeling in the SCI animals at 6 weeks (a subacute phase of injury), suggesting a net 2 

anabolic effect on bone. Moreover, the mRNA ratio of RANKL to OPG in sublesional long bone 3 

was greatly reduced after the administration of ES, TE or ES+TE, suggesting that each 4 

intervention, or the combination, and the consequent reduction in bone resorption, at least in 5 

part, contributes to mitigate bone loss after SCI. One rather striking, and unexpected, finding is 6 

that osseous effects of ES appeared to be more prominent than effects of ES on our muscle 7 

endpoints. Whether this reflects that the fact that bone loss progresses more slowly than muscle 8 

atrophy in this model system, such that bone is better able to respond to restoration of 9 

mechanical inputs, remains unclear.  10 

       As stated earlier, the reductions in circulating levels of testosterone, such as those that 11 

frequently occur in men after SCI [48, 49], may accelerate SCI-related bone loss [51] and also 12 

suggest that androgens may reduce such bone loss. In this study, we found that SCI+TE group 13 

had higher MS/BS and lower osteoclast numbers in bone sections, coincidental with more CFU-14 

F+ cells and higher Runx2 mRNA (meaning increased osteoblastogenesis) and lower TRAP+ 15 

cells (meaning the reduced osteoclastogenesis) in bone marrow cell cultures, These changes 16 

are tightly associated with higher trabecular bone measures at distal femur. Our data confirm 17 

prior reports, including a recent study in which administration of TE spared bone and muscle 18 

following severe spinal cord contusion in rats [12], further suggesting the musculoskeletal 19 

benefits of TE administration. It should be noted that in the latter study, TE treatment was 20 

started immediately after SCI, rather than 2 weeks after injury as was performed in the current 21 

study. Thus, the smaller effect of TE on muscle and bone in the present study may to some 22 

degree relate to the timing of the delay in the initiation of treatment. For example, TE may be 23 

more effective in preventing muscle atrophy or bone resorption than its action to promote gains 24 

in muscle or bone mass once losses have occurred. It is interesting to note that TE suppressed 25 
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MuRf1 and sFRP RNA in EDL and not MAFbx RNA. Future study will determine what it might 1 

imply about TE and how these factors may influence TE-mediated effects on muscle loss. 2 

        The myokine irisin is released from skeletal muscle upon exercise and contributes to 3 

certain favorable effects of physical activity. The roles of irisin in bone biology remains unsettled.  4 

Recent studies have demonstrated that administration of irisin can affect skeletal remodeling. 5 

For example, very low-dose irisin injections, administered intermittently, have been shown to 6 

improve cortical bone mineral density and strength in mice (Colaianni et al., 2015, 2017;  [2, 3] ). 7 

These bone effects were consistent with in vitro studies showing that irisin could promote 8 

osteoblast differentiation (Qiao et al., 2016; [4]). However, Bonewald’s group and her 9 

collaborators recently reported that irisin increases sclerostin expression in osteocytes to induce 10 

bone resorption (Kim et al., 2018; [5]).  In the present study we observed that levels of irisin are 11 

decreased after each treatment performed, which is associated with a reduction in bone 12 

resorption and an increase in bone mass. This observation is consistent with the possibility that 13 

inhibition of irisin can reduce bone resorption and bone loss, whereas the induction of irisin can 14 

increase bone resorption and reduce bone mass, which appears to be in line with the studies by 15 

Kim et al. [5]. Similarly, there is lack of any consistent pattern observed with regard to changes 16 

of serum myostatin (another myokine) levels among the experimental groups (data not shown), 17 

which might be partially due to the generally appreciated cross-reactivity of myostatin with 18 

several members of the transforming growth factor beta (TGF-beta) family using commercial 19 

kits. Therefore, our present study is not able to state with any degree of confidence the role of 20 

either irisin or myostatin in the context of physical activity after SCI. Additional work is required 21 

to address the level and role of these two myokines or other soluble factors in improving our 22 

understanding of the ES-mediated beneficial effects on bone. 23 

        For future perspective, further study is needed to fully appreciate the potential of ES or ES-24 

based combinatorial approaches to preserve or restore bone more chronically after SCI for an 25 

extended period of time with substantial sublesional bone loss, which represents the vast 26 
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majority of the SCI population.  Our initial analysis suggested the unexpected benefits on 1 

accrual of muscle and bone mass of the unstimulated (contralateral) right hindlimb that was 2 

observed in the absence of muscle contraction and bone reloading by ES (data not shown), 3 

leading to speculate that soluble factors that was released from muscle and/or bone upon ES-4 

induced muscle contraction and bone reloading may be transported to the unstimulated 5 

hindlimb and, thereby, exert systemic musculoskeletal benefits. Future studies are warranted to 6 

further examine systemic alterations in bone homeostasis and remodeling and define the 7 

potential role of soluble mediators originating in skeletal muscle and/or bone that are 8 

responsible for humoral muscle-bone interactions in response to muscle contraction by ES. 9 

Additionally, the improvement of bone parameters in long bones (even contralateral long bones) 10 

but not the axial skeleton (L3-L5) is an important observation. It is unclear why the discrepancy 11 

was observed between the axial and appendicular skeleton, which remains a provocative topic 12 

to address in future investigation. 13 
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Figure Legends 1 

 2 

Figure 1. ES or ES+TE combination treatment reduced muscle loss after SCI.   (A-C) ES 3 

on muscle weight: (A) soleus muscle weight, (B) plantaris muscle weight, and (C) EDL muscle 4 

weight. (D-G) Effect of ES on the expression of muscle markers by measurement of changes in 5 

mRNA levels of EDL muscle genes by real-time PCR: (D) MAFbx, (E) MurF1, (F) sFRP1, and 6 

(G) sFRP2. Data are expressed as mean ± SE. N=10-13 per group. *p<0.05, **P<0.01, 7 

***P<0.001 by one-way ANOVA.  8 

 9 

Figure 2. ES or ES+TE treatment reduced bone loss after SCI.  (A-C) Areal BMD 10 

measurements after complete spinal cord transection (T3-T4) at the: (A) distal femur, (B) 11 

proximal tibia, and (C) spine (L3-5). Sham-operated animals were used as controls. Data are 12 

expressed as mean ± SE. N = 10-13 per group. Significance of differences was determined 13 

using one-way analysis of variance with a Newman–Keuls post hoc test. *P < 0.05, **P < 0.01, 14 

***P<0.001 versus the indicated group.  15 

 16 

Figure 3. Effects of ES or ES+TE on trabecular architecture of the distal femur. (A-F) 17 

Parameters of trabecular architecture: (A) representative μCT 3D images of trabecular 18 

microarchitecture; (B)  trabecular bone volume per total volume (BV/TV%), (C) trabecular 19 

number (Tb.N), (D) trabecular thickness (Tb.Th), (E) trabecular space (Tb.Sp), (F) connectivity 20 

density (Conn.D), and (G) structure model index (SMI). Data are expressed as mean ± SE. N = 21 

6 – 8 per group. Significance of differences was determined by using one-way ANOVA with a 22 

Newman–Keuls post hoc test. *P < 0.05, **P < 0.01 and ***P < 0.001 versus the indicated 23 

group.  24 

 25 
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Figure 4. Effects of ES+TE on cortical architecture and strength of the femur midshaft. (A-1 

D) Parameters of cortical architecture: (A) representative μCT 3D images of cortical 2 

microarchitecture; (B) cortical thickness; (C) total tissue area; (D) cortical bone area;  (E) 3 

periosteal perimeter, and (F) endosteal perimeter; Parameter of cortical strength: (G) stiffness. 4 

Data are expressed as mean ± SEM. N =6– 8 per group. Significance of differences was 5 

determined by using one-way ANOVA with Newman–Keuls post hoc test. *P < 0.05, 6 

***P<0.001.  7 

 8 

Figure 5. Effects of ES or ES+TE on levels of serum biomarkers of bone and RANKL/OPG 9 

mRNA ratio in long bone. (A-C) ELISA tests for: (A) osteocalcin, (B) CTX, (C) irisin and (D)  10 

Using RNA extracted from sublesional long bones, RANKL and OPG gene expressions were 11 

determined by real-time PCR analysis and the ratio of RANKL/OPG was calculated.  Data are 12 

expressed as mean ± SE, n=10-13 per group. *p<0.05, **p<0.01, ***p<0.001 by one-way 13 

ANOVA with Newman–Keuls post hoc test; #p<0.05, ##p<0.01 by two-tailed t-test. 14 

 15 

Figure 6. Effects of ES or ES+TE on formation of trabecular bone at the distal femur. (A) 16 

Representative images of 6-μm-thick bone specimens showing double labeling of calcein and 17 

xylenol orange under fluorescence microscopy (magnification ×20). (B-G) Parameters of bone 18 

formation, volume and perimeter: (B) bone formation rate over tissue volume (BFR/TV), (C) 19 

mineralizing surface over bone surface (MS/BS), (D) mineral apposition rate (MAR), (E) bone 20 

formation rate over bone surface (BFR/BS), (F) bone volume over tissue volume (BV/TV), and 21 

(G) bone perimeter (B.pm). Data are expressed as mean ± SE, **p < 0.01, ***p < 0.001 versus 22 

the indicated group by one-way ANOVA plus Newman–Keuls post hoc test, n = 6-7 animals per 23 

group.  24 

 25 
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Figure 7. Effects of ES or ES+TE on bone resorption of trabecular bone at the distal 1 

femur. (A) Representative sections of trabecular bone from the femoral metaphysis 2 

immunostained for TRAP (20x). The reddish areas of TRAP staining on trabecular surfaces 3 

representing osteoclasts. (B–C) Parameters of trabecular bone resorption by histomorphometric 4 

quantification: (B) osteoclast surface over bone surface (Oc.S/BS) and (C) osteoclast number 5 

over bone perimeter (N.Oc/B. Pm). Data are expressed as mean ± SE. N= 6-7 per group. 6 

*p<0.05 versus the indicated group by one-way ANOVA plus Newman–Keuls post hoc test. 7 

 8 

Figure 8. Effects of ES or ES+TE treatment on osteoblastic differentiation. (A-B) 9 

Representative images of bone formation: (A) alkaline phosphatase staining (CFU-F) of cultured 10 

bone marrow stromal cells, and (B) quantification of CFU-F+ cells. (C-F) Changes in the gene 11 

expression of bone formation markers in cultured bone marrow stromal cells by quantitative 12 

PCR: (C) Runx2, (D) sclerostin (SOST), (E) LRP5, and (F) sFRP1. *p<0.05, ***p<0.001 by one-13 

way ANOVA plus Newman–Keuls post hoc test, n=6-8 per group. 14 

 15 

Figure 9. ES or ES+TE inhibited the osteoclastogenic potential of bone marrow 16 

hematopoietic cells.  (A) TRAP staining of cultured bone marrow hematopoietic cells, and (B) 17 

quantification of TRAP+ cells. (C-E) Changes in the gene expression of bone resorption markers 18 

in cultured bone marrow hematopoietic cells determined by quantitative PCR: (C) TRAP, (D) 19 

integrin β3, and (E) calcitonin receptor (CTR). *p<0.05, **p<0.01, ***p<0.001 by one-way 20 

ANOVA plus Newman–Keuls post hoc test, n=6-8 per group. 21 

 22 
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