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The annual meeting of the NC-1184 technical committee meeting was held at the Texas A&M University, College Station, TX, on October 17-18, 2010, and was hosted by Dr. Penny Rigges, Department of Animal Science. On October 17th the group was welcomed by Dr. Russell Cross, Interim Head of the Department of Animal Science. NIFA Representative, Dr. Mark Mirando, made brief remarks to the group regarding changes at NIFA, the USDA funding outlook, and status of funding RFA revisions.  The business meeting was chaired by the Administrative Advisor, Dr. Deb Hamernik.  Next year's annual meeting of the NC-1184 committee will be held at Virginia Tech.  The group decided that the 2012 meeting will most likely be held at North Carolina State University, Paul Modziak, chair. The remainder of the day was filled by oral station reports summarizing each station's contributions to the objectives of the NC-1184 project.  The meeting adjourned, and the group toured the department’s animal facilities and reconvened for a Texas barbeque.  
I. Accomplishments

Objective 1. Characterize the signal transduction pathways that regulate skeletal muscle growth and differentiation.

The Florida Station reported on where activation and lineage marker expression patterns were examined in bovine satellite cells isolated from young and adult cattle.  Immunofluorescent detection of Pax7, Myf5 and MyoD indicate subtle differences between rodent and bovine satellite cells (BSC).  Greater than 90% of BSC contain nuclear Pax7 and Myf5 independent of donor age.  A smaller population exhibits Pax7-only suggestive of a muscle stem cell.  BSC cultures demonstrate an age-dependent delay in G0 exit and cell cycle reentry.  Unlike rodent satellite cells, BSC become immunopositive for MyoD after entry into S-phase and DNA synthesis.  Gene expression changes during the activation period were monitored by microarray using RNA isolated from BSC at 18 and 48 hr post-plating.  Gene ontology analysis revealed up-regulation of genes associated with energy and mitochondrial biogenesis, chemotaxis and cell cycle progression among others.  Future efforts will be focused on validation of differential gene expression in vitro and in vivo.

Researchers at the Arizona Station reported the participation of satellite cells in myogenesis and angiogenesis.  Skeletal muscle regeneration is a multifaceted process requiring the spatial and temporal coordination of myogenesis as well as angiogenesis. While these processes are often studied independently, recent evidence from our lab has shown that the resident adult stem cell population within skeletal muscle, called satellite cells, begins secreting soluble growth factors likely to contribute to the proangiogenic response. Activation of satellite cells in regenerating muscle plays a critical role in the coordination of these two independent events as both the primary cell for myofiber replacement and as a contributor to revascularization. Several growth factors are secreted by satellite cells, many with proangiogenic properties, including the growth factors vascular endothelial growth factor (VEGF) and hepatocyte growth factor (HGF). The Arizona station showed VEGF is likely to play a role in this satellite cell mediated angiogenic response using an in vitro three dimensional microvascular fragment (MVF) construct both in co-culture with satellite cells as well as from satellite cell conditioned media (CM).  The overall aim of their study was to investigate the role of HGF as a potential pro-angiogenic factor secreted by satellite cells during skeletal muscle regeneration. Results showed elevated HGF protein levels in the satellite cell conditioned media where, upon neutralization of this protein, the angiogenic effect was decreased in a dose dependent manner. This reduction in angiogenesis however was recovered on addition of recombinant HGF. A final verification was via infection of satellite cells with a HGFα/β shRNA lentivirus prior to conditioning media, which resulted in a decrease in HGF protein secretion and reduction in angiogenic effect of the CM. A role for HGF in satellite cell mediated angiogenesis is now becoming apparent; next, they mimiced an injury state of muscle by placing satellite cells in hypoxic environments. Interestingly, satellite cells decreased their proangiogenic effect when oxygen levels fell below a threshold level. This decrease in proangiogenic effect in the hypoxic environment appeared to be due to the decrease in HGF expression and protein secretion and was not compensated for by the increase in VEGF secretion also seen in the hypoxic response. Furthermore, the regulation of HGF in these hypoxic conditions appeared to be in part due to increased levels of hypoxia inducible factor (HIF), which are acting on the hypoxia response element (HRE) site found on the HGF promoter. Finally, this injury response was investigated as the effect of satellite cell mediated angiogenesis was examined in the disease state of muscular dystrophy. It has previously been shown that there is a reduced number of satellite cells in dystrophic muscle and that the remaining satellite cells appear to have diminished myogenic capacity.  Here, they observed a reduction in angiogenesis from media conditioned by satellite cells from dystrophic muscle compared to healthy muscle. While HGF gene expression and protein secretion increased in the dystrophic satellite cells, VEGF expression levels were reduced and thus may explain the reduction in angiogenesis. This suggests that the impaired myogenic properties of satellite cells observed in dystrophic muscle may also be accompanied by a diminished angiogenic potential as well. These results also indicate that these impaired satellite cells may contribute to the reduction in capillary density previously observed in dystrophic muscle and may serve as a potential site for therapeutic intervention. 
Work at the Arizona Station is also targeted at studying the migration of satellite cells to sites of damage within muscle.  This work has been focusing on one possible pathway that mediates chemotaxis.  From early work in vitro, it was noted that expression of the chemokine receptor CXCR4 increased significantly during satellite cell activation.  This receptor and its ligand, stromal derived factor 1 (SDF1), are known to mediate chemotaxis in other cell types but have not been described in myogenic cells.  They examined the expression pattern of CXCR4 and SDF1 in cultured satellite cells as well as in damaged skeletal muscle.  A significant increase of CXCR4 expression (message and protein) was detected shortly after satellite cell activation in vitro and it persisted through the proliferation period.  Expression was down-regulated following differentiation, and it was not observed in cultured cells that did not express Pax7 and/or MyoD.  CXCR4+ satellite cells were found in injured muscle by immunohistochemistry (IHC), and a higher density of CXCR4+ satellite cells was detected in tissue closer to injury site.  Transwell assays in vitro indicated that satellite cell migrated in response to SDF1 signaling and the migration was blocked by AMD3100, an antagonist of the CXCR4 chemokine receptor.  SDF1 signaling was detected in muscle injury site by IHC.  Satellite cell migration showed dose-dependent responsiveness to SDF1 injected into uninjured muscle and this migration was significantly blocked by the systematic existing of AMD3100.  Their results indicate that the chemotactic interaction of SDF1-CXCR4 plays an essential role in regulating satellite cell migration in muscle tissue.  Overall, these studies strengthen the case for satellite cells as important mediators of the angiogenic response and their ability to move to and in regenerating muscle.  Understanding these processes are important for conditions of muscle degeneration and weakness as seen with aged and dystrophic muscle. 

The Indiana Station report consisted of additional work in satellite cell biology.  These scientists argue phenotypic heterogeneities of satellite cells derived from slow and fast muscles. However, the intrinsic molecular mechanisms are unknown due to technical difficulties in isolating fiber type-specific satellite cells. As a result, these scientists are exploring the intrinsic molecular mechanisms that program the developmental fate of satellite cells and restrict them to a specific muscle fiber type. Using genome-wide gene expression approach, the Indiana Station is attempting to identify genes that uniquely regulate slow versus fast muscle development. Three levels of analysis have been used. First, they analyzed published GEO database and identified candidate genes differentially expressed in representative fast (EDL) and slow (SOL) muscles. Then, they isolated RNA from purified myofibers (excluding interstitial non-muscle cells) from EDL and SOL muscles, and conducted Affymetrix microarray analysis to identify genes differentially expressed in fast and slow myofibers.  Finally, they extracted RNA from fresh-isolated satellite cells from EDL and SOL muscles, and subjected the RNA to Agilent two-color microarray. Comparing genes differentially expressed at whole muscle, mature muscle cell (myofiber), and muscle progenitor cell (satellite cell) levels, they have identified candidate genes acting at different stages of development to regulate the formation of slow versus fast muscles.  This group has confirmed the differential expression of several candidates and is investigating the function of these genes in myogenesis. Knowledge learned from this study may lead to novel strategies for regulating muscle fiber type that affects lean growth efficiency and meat quality, hence maintaining the sustainability and competitiveness of US meat industry.

The South Dakota and Ohio Stations reported of work with satellite cells but with a slightly different question in mind, how do hormones modulate muscle growth.  Much of their efforts have been restricted to the effects that estradiol and testosterone have on the proliferation and differentiation of satellite cells from poultry.  Parallel to the aforementioned studies, they are also exploring whether these hormones influence glypican or syndecan expression of the cells.  To conduct these studies, considerable changes were made to the media formulation.  In particular, most cell culture media contains phenol red, a pH indicator that has estrogenic properties.  In addition to this, the basal medium we had been using for such studies (McCoy’s 5A) contains Bacto Peptone which also contains estrogenic activity.  Therefore, they switched to phenol red-free DMEM/F12 as the basal medium and made a number of modifications to the amino acid and vitamin content, and used gelding serum in the plating medium because of the low levels of testosterone, estradiol and estrone.  Results of their studies suggest that the addition of estradiol stimulates endogenous production of insulin-like growth factor (IGF) by satellite cells.  The effects are biphasic in their effect on myogenic cells and corroborate findings that estradiol implants in feedlot steers increased IGF-I mRNA expression in skeletal muscle, mechanisms that clearly increase the productivity and growth potential of feedlot cattle.
As stated above, efforts of the Ohio Station are focused on understanding the mechanism of how the heparan sulfate family of proteoglycans may be involved in the regulation of muscle growth properties. Fibroblast growth factor 2 (FGF2) is a potent stimulator of muscle cell proliferation and a strong inhibitor of muscle cell differentiation.  Heparan sulfate proteoglycans function as a low affinity receptor for FGF2 thus permitting a high affinity interaction of FGF2 with its receptor.  Our research is focused on the heparan sulfate proteoglycan syndecan and glypican families.  There are 6 glypican family members with only glypican-1 found in skeletal muscle. Glypican-1 is a heparan sulfate proteoglycan composed of a core protein and covalently attached glycosaminoglycan (GAG) chains and N-linked glycosylated (N-glycosylated) chains.  The glypican-1 GAG chains are required for cell differentiation and responsiveness to FGF2.  The role of the glypican-1 N-glycosylated chains in regulating cell activities has not been reported.  The station reported they investigated the role of glypican-1 N-glycosylated chains and the interaction between N-glycosylated and GAG chains in turkey myogenic satellite cell proliferation, differentiation, and FGF2 responsiveness (with the South Dakota Station).  The wild-type turkey glypican-1 and turkey glypican-1 with mutated GAG chain attachment sites were cloned into the pCMS-EGFP mammalian expression vector and were used as templates to generate glypican-1 N-glycosylated 1-chain and no-chain mutants with or without GAG chains by site-directed   mutagenesis.  The wild-type glypican-1 and all glypican-1 N-glycosylated 1-chain and no-chain mutants with or without GAG chains were transfected into turkey myogenic satellite cells.  Cell proliferation, differentiation, and FGF2 responsiveness were measured.  The overexpression of glypican-1 N-glycosylated 1-chain and no-chain mutants without GAG chains increased cell proliferation and differentiation compared with the wild-type glypican-1 but not the glypican-1 N-glycosylated mutants with GAG chains attached.  Cells overexpressing glypican-1 N-glycosylated mutants with or without GAG chains increased cell responsiveness to FGF2 compared with wild-type glypican-1.  These data suggest that glypican-1 N-glycosylated chains and GAG chains are critical in regulating turkey myogenic satellite cell proliferation, differentiation, and responsiveness to FGF2, and may be related to muscle growth in turkeys.  
The Hawaii Station reported of its work to understand the role of myostatin, a known regulator of muscle hypertrophy, which binds to activin type IIB (ActRIIB) receptor to initiate its signaling process.  The soluble form of extracellular domain of ActRIIB (ActRIIB-ECD) suppresses Mstn activity. To examine whether similar response would occur in meat-producing animals, they initiated a project to produce recombinant ActRIIB-ECD in chickens and pigs. Coding sequences of chicken or pig ActRIIB-ECD were inserted into the pPICZ(A vector. Transformed colonies were screened for expression of recombinant proteins. Proteins were purified and Mstn-suppressing capacity was estimated using a pGL3-(CAGA)12 luciferase gene reporter assay. Clones expressing chicken ActRIIB-ECD were identified, and recombinant proteins were purified from culture media after induction for 2 days.  N-glycosylation of the chicken ActRIIB-ECD was confirmed by SDS-PAGE analysis of the reaction products of the proteins with peptide-N-glycosidase F (PNGase F). Both glycosylated and N-deglycosylated chicken ActRIIB-ECD suppressed Mstn activity in an in vitro reporter gene assays.   In an effort to continue their quest to understand myostatin’s mode of action, the Hawaii Station produced recombinant chicken Mstn prodoamin (chMSTNpro).  The Mstn prodomain inhibits the activity of Mstn, suggesting a potential target for improving the efficiency of meat production by enhancing skeletal muscle growth. chMSTNpro gene was cloned, inserted into pMAL-c5X vector downstream of the maltose-binding protein (MBP) gene, and transformed into an E. coli strain (Top10F’). Colonies were screened for recombinant protein and proteins were purified by an amylose-resin affinity chromatography. Western blot analysis using anti-MBP and anti-chMSTNPro antibodies confirmed the expression of chMSTNPro.  Affinity-purified chMSTNpro demonstrated Mstn-inhibitory activity in an in vitro reporter gene assay.  Studies to show the bioactivity of the aforementioned is forthcoming.
Work to understand better the role of the growth hormone (GH)/IGF axes was reported by researchers from the Virginia Station.  In particular, there has been a lot of confusion in the last ten years about the role of circulating IGF-I, or liver IGF-I, because most of the former is produced by the liver under the control of GH, in mediating the effect of GH on muscle growth. Whereas some knockout mouse studies suggested that GH stimulates muscle growth through either locally produced IGF-I (i.e., paracrine/autocrine IGF-I) or IGF-I-independent mechanisms, other similar studies argued that at least part of the growth-stimulating effect of GH is mediated by endocrine IGF-I from the liver. Prompted by this controversy, the Virignia Station has conducted studies to determine the role of liver- or muscle-produced IGF-I in the effect of GH on skeletal muscle in cattle. They found that GH administration to cattle caused a remarkable increase in serum IGF-I concentration, but this increase was not accompanied by increased phosphorylation of IGF-I receptor (IGF-IR) in skeletal muscle. These results suggest that the effect of exogenous GH on skeletal muscle growth in cattle may be not mediated by circulating IGF-I. The same study also showed that GH administration caused a marked increase in liver IGF-I mRNA expression, which explained the increase in serum IGF-I concentration, but had no effect on muscle IGF-I mRNA expression. This result and the earlier data that muscle IGF-IR phosphorylation was not increased together suggest that the effect of exogenous GH on skeletal muscle growth in cattle may be not mediated by skeletal muscle IGF-I either. They found that following GH administration, phosphorylation of signal transducer and activator of transcription 5 (STAT5), a well-established component of GH receptor (GHR) signaling, and mRNA expression of cytokine inducible SH2-containing protein (CISH), a well-established GH target gene, were both increased in skeletal muscle. They also noticed that GHR mRNA was relatively abundant but IGF-I mRNA was barely detectable in skeletal muscle of cattle. These observations demonstrate that cattle skeletal muscle expresses GHR and is responsive to exogenous GH. To further determine if muscle IGF-I is involved in the effect of GH on muscle growth in cattle, we quantified the effect of GH on IGF-I mRNA expression in primary cattle myoblasts and myotubes. GH had no effect on IGF-I mRNA expression in either myoblasts or myotubes; GHR mRNA was expressed in both myoblasts and myotubes; GH increased CISH mRNA expression in myoblasts, but not in myotubes. These in vitro effects of GH on IGF-I and CISH mRNA expression were in general consistent with those in skeletal muscle. Overall, these in vitro and in vivo data suggest that the effect of exogenous GH on skeletal muscle growth in cattle is not mediated by either muscle IGF-I or liver IGF-I. In other words, these data suggest that GH stimulates skeletal muscle growth via IGF-I-independent mechanisms. To that end, they have determined the effects of GH on proliferation and fusion of cattle myoblasts into myotubes and the effects of GH on protein synthesis and degradation in cattle myotubes in vitro. Their data showed that GH increased protein synthesis in cattle myotubes but had no effect on proliferation or fusion of myoblasts, or protein degradation in myotubes. These in vitro data seem to support the hypothesis that exogenous GH stimulates skeletal muscle growth in cattle by stimulating protein synthesis through an IGF-I-independent mechanism.

The Wyoming Station reported on work centered on AMP-activated protein kinase (AMPK), a key regulator of energy metabolism. Emerging evidence also suggests that AMPK regulates cell differentiation, but the underlying mechanisms are unclear. Wingless Int-1 (Wnt)/(-catenin signaling pathway regulates the differentiation of mesenchymal stem cells (MSC) through enhancing (-catenin/T-cell transcription factor 1 (TCF) mediated transcription, and (-catenin is a key mediator of the Wnt/(-catenin signaling pathway. They hypothesized that AMPK regulates cell differentiation via altering (-catenin expression, which involves phosphorylation of class IIa histone deacetylase 5 (HDAC5). In both C3H10T1/2 cells and mouse embryonic fibroblasts (MEF), AMPK activity was positively correlated with (-catenin content. Chemical inhibition of HDAC5 increased (-catenin mRNA expression. HDAC5 over-expression reduced and HDAC5 knockdown increased H3K9 acetylation and cellular (-catenin content. HDAC5 formed a complex with myocyte enhancer factor-2 (MEF2) to down-regulate (-catenin mRNA expression. AMPK phosphorylated HDAC5, which promoted HDAC5 exportation from the nucleus; mutation of two phosphorylation sites in HDAC5, Ser 259 and 498, abolished the regulatory role of AMPK on (-catenin expression. In summary, AMPK promotes (-catenin expression through phosphorylation of HDAC5, which reduces HDAC5 interaction with the (-catenin promoter via MEF2. They further tested whether AMPK cross-talks with Wnt/(-catenin signaling through phosphorylation of (-catenin. C3H10T1/2 mesenchymal cells were used. Chemical inhibition of AMPK and the expression of a dominant negative AMPK decreased phosphorylation of β-catenin at Ser 552. The (-catenin/TCF mediated transcription was correlated with AMPK activity. In vitro, pure AMPK phosphorylated (-catenin at Ser 552 and the mutation of Ser 552 to Ala prevented such phosphorylation, which was further confirmed using (-32P ATP autoradiography. In summary, AMPK phosphorylates (-catenin at Ser 552, which stabilizes (-catenin, enhances (-catenin/TCF mediated transcription. Combining all above results, our data clearly show that AMPK cross-talk with Wnt/(-catenin signaling pathway via enhancing the mRNA expression and protein stability of (-catenin. 

Because of AMPK’s role in modulating energy utilization, the Virginia Station postulated its role in postmortem metabolism, either directly or by establishing aberrant energy charge prior to slaughter.  To that end, phosphocreatine (PCr) content of muscle was manipulated by feeding pigs the creatine analogue, β-guanidinopropionic acid (β-GPA).  Pigs were fed a control diet or β-GPA supplemented diet (1 or 2 wk).  At harvest, indicators of energy metabolism and glycolysis (ATP, pH, lactate) were similar among muscle from control and treatment animals; however, by 45 min, muscle from animals fed β-GPA had lower glucose, glucose-6 phosphate, and lactate, greater ATP, and increased pH.  The decreased rate of glycolysis resulted in improved pork quality, as demonstrated by decreased reflectance and higher subjective color scores.  In other studies at the same station, adult commercial pigs with AMPK γ3R200Q and CaRC mutations were used to evaluate the effect of chronic calcium exposure on glycogen storage and glycolysis capacities.  The CaRC mutation confers increased sensitivity to agents that stimulate channel opening, thus resulting in enhanced calcium release into the cytosol of muscle.   Wild type and γ3R200Q, CaRC, and γ3R200Q -CaRC mutant pigs were euthanized, and samples were immediately taken from the longissimus muscle.  Western blotting was used to determine the proportion of phosphorylated (Thr172) to total AMPK protein.  We also analyzed glycogen synthase (GS) and phosphorylase (GP) activity in longissimus muscle.  Glycogen synthase activity was determined using the incorporation of [U-14C]glucose from UDP[U-14C] glucose into glycogen.  Total phosphorylase was assessed in the direction of glycogen synthesis from [U-14C]glucose 1-phosphate (G1P).  In the absence of effectors, the activities of these enzymes are governed by phosphorylation.  The presence of activators (G6P for synthase and AMP for phosphorylase) can largely overcome the effects of phosphorylation. Therefore, GS activity was quantified both in the absence and presence (total activity) of G6P; activity is also represented as a ratio (-G6P/+G6P).  GP activity was analyzed without and with AMP, and activity is also represented as a ratio (-AMP/+AMP).  The γ3R200Q mutation dramatically affected GS activity.  Interestingly, in the absence of G6P, GS activity is suppressed in γ3R200Q muscle, but not in γ3R200Q-CaRC mutant muscle.   Yet, when G6P is included, GS activity is greatly increased in γ3R200Q muscle regardless of CaRC genotype. They expect that, in pigs with only the γ3R200Q mutation, there is increased glucose transport due to elevated GLUT4 levels.  This results in elevated intracellular G6P, which increases GS activity and thus explains elevated glycogen in this genotype.  However, the γ3R200Q-CaRC genotype is curious because muscle exhibits ‘normal’ GS activity without G6P, but ‘mutant’ GS activity when G6P is present.  They are currently investigating this apparent activated AMPK independent event.
The obesity epidemic is becoming increasingly serious. To that end, the Wyoming Station keyed on the fact that obesity induces low-grade inflammation, which inhibits AMPK via a tumor necrosis factor (TNF)( induced, and protein phosphatase 2C (PP2C) mediated, dephosphorylation, which has been demonstrated in our previous studies in fetal skeletal muscle. In addition, AMPK is also regulated by adipokines such as leptin, adiponectin, and resistin, and cytokines, such as interleukin-6. Furthermore, AMPK is activated during exercise. Therefore, obesity, inflammation, exercise, and likely other physiological factors that alter AMPK activity affect the differentiation of multi-potent cells through cross-talk between AMPK and Wnt/(-catenin signaling. Due to the critical role of Wnt/(-catenin signaling in cell differentiation and tissue development, such cross-talk between AMPK and (-catenin signaling likely has important physiological and developmental implications, including exerting long-term effects on the properties of skeletal muscle and other tissues.

Researchers at the North Carolina State station are studying the phenotypical differences between muscle fibers. Coenzyme Q(10) (CoQ(10)) is a major component of the mitochondrial oxidative phosphorylation process, and it significantly contributes to the production of cellular energy in the form of ATP, a characterisitic of muscle fiber type. The objective of their studies was to determine the relationship between whole-tissue CoQ(10) content, mitochondrial CoQ(10) content, mitochondrial protein, and muscle phenotype in turkeys. Four specialized muscles (anterior latissimus dorsi, ALD; posterior latissimus dorsi, PLD; pectoralis major, PM, and biceps femoris, BF) were evaluated in 9- and 20-week-old turkey toms. The amount of muscle mitochondrial protein was determined using the Bradford assay and CoQ(10) content was measured using HPLC-UV. The amount of mitochondrial protein relative to total protein was significantly lower at 9 compared to 20 wks of age. All ALD fibers stained positive for anti-slow (S35) MyHC antibody. The PLD and PM muscle fibers revealed no staining for slow myosin heavy chain (S35 MyHC), whereas half of BF muscle fibers exhibited staining for S35 MyHC at 9 weeks and 70% at 20 weeks of age. The succinate dehydrogenase (SDH) staining data revealed that SDH significantly increases in ALD and BF muscles and significantly decreases in PLD and PM muscles with age. The study reveals age-related decreases in mitochondrial CoQ(10) content in muscles with fast/glycolytic profile, and demonstrates that muscles with a slow/oxidative phenotypic profile contain a higher proportion of CoQ(10) than muscles with a fast/glycolytic phenotypic profile. Next, they investigated the effect of Coenzyme Q analog (MitoQ(10)) on oxidative phenotype and adipogenesis in myotubes derived from turkey PM and ALD muscles. Myotubes cultures were subjected to: fusion media alone, fusion media+125nM MitoQ(10), and 500nM MitoQ(10). Lipid accumulation was visualized by Oil Red O staining and quantified by measuring optical density of extracted lipid at 500nm. Quantitative Real-Time PCR was utilized to quantify the expression levels of peroxisome proliferator-activated receptor (PPARγ) and PPARγ co-activator-1α (PGC-1α). MitoQ(10) treatment resulted in the highest lipid accumulation in PM myotubes. MitoQ(10) up-regulated genes controlling oxidative mitochondrial biogenesis and adipogenesis in PM myotube cultures. In contrast, MitoQ(10) had a limited effect on adipogenesis and down-regulated oxidative metabolism in ALD myotube cultures. Differential response to MitoQ(10) treatment may be dependent on the cellular redox state. MitoQ(10) likely controls a range of metabolic pathways through its differential regulation of gene expression levels in myotubes derived from fast-glycolytic and slow-oxidative muscles.

Insulin-like growth factor binding protein (IGFBP)-3 suppresses proliferation of numerous cell types, including myogenic cells, via both insulin-like growth factor (IGF)-dependent and IGF-independent mechanisms; however, the mechanism of IGF-independent suppression of proliferation is not clearly defined. In some non-muscle cells, binding of IGFBP-3 to the low-density lipoprotein receptor-related protein (LRP) -1/activated α2M receptor is reportedly required for IGFBP-3 to inhibit proliferation. Additionally, decorin hs been shown to suppress myogenic cell proliferation by interacting with the LRP-1 receptor. These findings suggest that binding to this receptor also may be required for IGFBP-3 to suppress proliferation of cultured myogenic cells. In order to investigate the role of the LRP-1 receptor in suppression of myogenic cell proliferation by IGFBP-3, the Minnesota station examined the effect of receptor-associated protein (RAP), an LRP-1 receptor antagonist, on IGFBP-3 inhibition of L6 myogenic cell proliferation. Treatment with RAP results in a 37% decrease (p < 0.05) in the ability of IGFBP-3 to inhibit L6 cell proliferation. In L6 cells subjected to LRP-1 siRNA treatment for 48 h (LRP-1-silenced), LRP-1 mRNA levels are reduced by greater than 80% compared to control cultures treated with nonsense siRNA (mock silenced). Additionally, the 85-kDa, transmembrane, subunit of LRP-1 is undetectable in Western immunoblots of total protein lysates from LRP-1-silenced cells. Even though LRP-1 mRNA and protein levels were dramatically reduced in LRP-1-silenced L6 cells as compared to mock-silenced controls, IGFPB-3 suppressed proliferation rate to the same extent in both LRP-1-silenced and mock-silenced cultures. These results strongly suggest that, in contrast to data obtained for non-muscle cell lines, the LRP-1 receptor is not required in order for IGFBP-3 to suppress proliferation of myogenic cells.
Finally, the Indiana Station reported on work with a gene found in sheep known for excessive muscle growth.  Delta-like 1 homolog (Dlk1) is an imprinted gene encoding a transmembrane protein whose increased expression occurs in Callipyge sheep. However, the mechanisms by which Dlk1 regulates skeletal muscle plasticity remain unknown. Here they combined conditional gene knockout and over-expression analyses to investigate the role of Dlk1 in mouse muscle development, regeneration and myogenic stem cells (satellite cells). Genetic ablation of Dlk1 in the myogenic lineage resulted in reduced body weight and skeletal muscle mass due to reductions in myofiber numbers and myosin heavy chain IIB (Myh4) gene expression. In addition, muscle-specific Dlk1 ablation led to postnatal growth retardation and impaired muscle regeneration, associated with augmented myogenic inhibitory signaling mediated by NF-B and inflammatory cytokines. To examine the role of Dlk1 in satellite cells, we analyzed the proliferation, self-renewal and differentiation of satellite cells cultured on their native host myofibers. We showed that ablation of Dlk1 inhibits the expression of the myogenic regulatory transcription factor MyoD, and facilitated the self-renewal of activated satellite cells. Conversely, Dlk1 over-expression inhibited the proliferation and enhanced differentiation of cultured myoblasts. As Dlk1 is expressed at low levels in satellite cells but its expression rapidly increases upon myogenic differentiation in vitro and in regenerating muscles in vivo, our results suggest a model in which Dlk1 expressed by nascent or regenerating myofibers non-cell autonomously promotes the differentiation of their neighbor satellite cells and therefore leads to muscle hypertrophy.   Interestingly, Dlk1 mutation resulted in robust up-regulation of a Notch signaling reporter activity in vivo, suggesting that Dlk1 is a negative regulator of Notch signaling. Ongoing studies are examining this possibility. We have also established Dlk1conditional over-expression mouse model to investigate if Dlk1 over-expression enhances muscle growth, and, if so, the underlying molecular mechanism.

Objective 2. Determine molecular mechanisms that control gene expression in skeletal muscle.

The Wisconsin Station reported that several years ago they discovered a mutation in rats that dramatically affects the alternative splicing of titin. The mutation has been mapped to an obscure RNA binding protein that has a single RNA binding motif, two zinc finger domains, and an arginine-serine rich region (RS).  Specific antibodies have been raised against the full length expressed protein, and staining of cultured heart and skeletal muscle cells shows the protein is localized in the nucleus. Verification that this gene controls titin splicing has been achieved using cultured cardiomyocytes from homozygote mutants that have been infected with adenoviruses containing the splice factor construct. Infected cells express the wild type titin isoform, while cells infected with a GFP construct contain only the high molecular weight titin associated with the mutant.  Skeletal muscles from wild type rats undergo developmental changes in isoform expression where the fetal-neonatal titins (3.6-3.7 MDa size) become reduced in size over the next few weeks and months. The extent of the size change varies considerably between different muscles.  In contrast the titin from homozygous mutants remains at approximately 3.8 MDa in all muscles and at all postnatal ages. 

The Texas station summarized their efforts to identify networks of genes in cattle that are critical for production of consistently tender and highly palatable beef, and for the effectiveness of electrical stimulation of carcasses.  Their second objective is to integrate gene expression phenotype (microarray data) with SNP array data to refine QTL, and identify distinct genetic contributions that distinguish Bos indicus from Bos taurus cattle to influence tenderness and other meat quality traits.  Considerable emphasis has been placed on identifying regions of the genome that harbor genes for traits that directly impact the consumer, such as marbling and tenderness.  For mapping genes associated with production efficiency and nutrient utilization, a resource population of multiple F2 families of Nellore-Angus, Brahman-Angus, and Brahman-Hereford was generated at the Research Station in McGregor, TX.  DNA has been collected for all animals, and phenotype has been scored for multiple characteristics including disposition, feed intake, age at puberty, and carcass and meat traits of steers.  The first phase of the project has been completed.  Forty-eight samples were selected from split carcasses with equal numbers representative of high or low Warner-Bratzler shear force measurements and electrical stimulation or no treatment groups.  Single channel microarray hybridizations were conducted on Agilent bovine microarrays.  The second phase of the project including data analysis and follow-up experiments are underway.

The objective of the Michigan Station was to quantify expression of four genes responsible for Ca2+-regulation in turkey skeletal muscle as a function of heat stress: α and β ryanodine receptors (RYRs), the sarcoplasmic reticulum (SR) Ca2+-pump (SERCA1), and the SR Ca2+-storage protein calsequestrin (CASQ1). Two genetic lines of turkeys were utilized: a growth-selected commercial line and a random-bred control line. Market-weight birds were subjected to one of five heat stress treatments: 0d, 1d, 3D, or 5D; or 7d heat followed by 7d ambient temperature. Breast muscle samples were harvested and classified as “normal” or “PSE” based on high marinade uptake/low cook loss, or low marinade uptake/high cook loss, respectively. TaqMan quantitative real-time PCR assays were developed to quantify expression of the four genes. β-actin expression was not altered by line, stress, or meat quality status and was used as an endogenous control. The results indicate that heat treatment significantly (p<0.05) enhanced expression of αRYR, βRYR and CASQ1 in normal muscle samples from both lines. Conversely, mRNA abundance from these genes was significantly (p<0.05) reduced in PSE meat samples from both lines. Expression of SERCA1 in both normal and PSE samples from both lines was unchanged or trending downward with stress. Our results suggest that birds within both genetic lines exhibit differential responses to heat stress resulting in altered Ca2+ homeostasis which may, in part, be responsible for observed differences in meat quality. 

With the aim of developing a new tool for the study of turkey growth and development at the muscle transcriptome level, a 6K oligonucleotide microarray was constructed by the Michigan Station: the Turkey Skeletal Muscle Long Oligo (TSKMLO) microarray. Skeletal muscle samples were collected at three critical stages in muscle development: 18-day embryo (hyperplasia), 1-day post-hatch (hypertrophy), and 16-week (market age) from two genetic lines of turkeys: RBC2, a line maintained without selection pressure, and F, a line selected from the RBC2 line for increased 16-week body weight. Oligonucleotides were designed from sequences obtained from skeletal muscle cDNA libraries from the three developmental stages. Several unique controls, including mismatch and distance controls and scrambled sequences, were designed for 30 genes. Quality control hybridizations were completed, confirming the validity and repeatability of the array. Control features were evaluated across two larger experiments comparing developmental stage within genetic line or genetic line within each developmental stage, totaling 70 arrays. Mismatch and scrambled sequences appeared to be useful controls of specific hybridization for most genes. In addition, quantitative real-time RT-PCR confirmed microarray results. 

The goal of a subsequent study by the Michigan Station was to identify genes associated with turkey muscle growth throughout development.  To achieve this goal, gene expression was evaluated utilizing a 6K turkey skeletal muscle-specific long oligonucleotide (TSKMLO) microarray.  Skeletal muscle samples were collected at three critical stages in muscle development: 18d embryo (hyperplasia), 1d post-hatch (shift from myoblast-mediated growth to satellite cell-modulated growth by hypertrophy), and 16wk (market age) from two genetic lines:  a randombred control line (RBC2) maintained without selection pressure, and a line selected from the RBC2 line for increased 16wk body weight (F).  Hybridizations were performed in two experiments: Experiment 1 (40 arrays) directly compared the developmental stages within genetic line, while Experiment 2 (30 arrays) directly compared the two lines within each stage.  After statistical analysis, 3474 genes were found to be differentially expressed (false discovery rate; FDR < 0.001) by overall effect of development, while 16 genes were found to be differentially expressed (FDR < 0.10) by overall effect of genetic line.  Ingenuity Pathways Analysis grouped annotated genes into networks, functions, and canonical pathways.  The expression of twenty-eight genes involved in extracellular matrix regulation, cell death/apoptosis, and calcium signaling/muscle function, as well as genes with miscellaneous function was confirmed by qPCR. This study uncovered novel genes important in turkey muscle growth and development.  Future experiments will focus further on several of these candidate genes and the expression and mechanism of action of their protein products.

Skeletal muscle development is a complex process involving the coordinated expression of thousands of genes.  The aim of this study by the Michigan Station was to identify differentially expressed genes in longissimus dorsi (LD) muscle of pigs at 40 and 70 days (d) of gestation (developmental stages encompassing primary and secondary fiber formation) in Yorkshire-Landrace (YL) crossbred pigs and Piau pigs (a naturalized Brazilian breed), two breed types that differ in muscularity.  Fetuses were obtained from gilts at each gestational age (n = 3 YL; n = 4 Piau), and transcriptional profiling was performed using the Pigoligoarray microarray containing 20,400 oligonucleotides.  A total of 486 oligonucleotides were differentially expressed (FC ≥ 1.5; FDR ≤ 0.05) between 40 and 70 d gestation in either YL or Piau pigs, and a total of 1,300 oligonucleotides were differentially expressed (FC ≥ 1.5; FDR ≤ 0.05) between YL and Piau pigs at either age.  Gene ontology annotation and pathway analyses determined functional classifications for differentially expressed genes and revealed breed type-specific developmental expression patterns.  Thirteen genes were selected for confirmation by qRT-PCR analyses and expression patterns for most of these genes were confirmed, providing further insight into the roles of these genes in pig muscle development.  This study revealed both developmental and breed type-specific patterns of gene expression in fetal pig skeletal muscle including genes not previously associated with myogenesis, and this information can contribute to future pig genetic improvement efforts.

The Arizona Station is examining the role of environmental influences on skeletal muscle growth, metabolism and physiology.  Heat-stressed cattle also exhibit alterations in glucose metabolism by increasing glucose disposal (rate of glucose entry into cells). Evidence indicates that beef and lactating dairy cattle experiencing heat stress undergo dramatic changes in energy and nutrient metabolism that may affect both their heat tolerance and production parameters, such as lean tissue accretion or milk yield.  Because a large proportion of an animal’s mass is comprised of skeletal muscle, any alteration in skeletal muscle metabolism and function can have a profound impact on whole-animal energy metabolism and nutrient homeostasis especially during periods of stress.  They have initiated a series of studies aimed at understanding how hyperthermia influences the set points of several metabolic pathways within skeletal muscle. For example, skeletal muscle PDK4 increases with heat stress and while abundance of PDH protein did not differ across treatments, phosphorylation state of the PDH complex was affected by treatment.  Phosphorylated PDH-E1( was increased in soleus and tended to increase in TA following 1 and 2 bouts of heat. Data suggests a decrease in glucose oxidation within type 1 skeletal muscle following a heat load. Bioenergetic changes occurring in response to heat stress could be due to heat-induced mitochondria damage. Antioxidant mRNA abundances (GPX1 and 8, Nqo1 and catalase) were greater in type I compared to type II skeletal muscle and this difference was even greater following a single heat load, but was reduced following a 2nd heat exposure. Changes in gene expression are consistent with impaired cellular energy status, perhaps due to mitochondrial dysfunction, in oxidative compared to glycolytic muscle fibers during hyperthermia. These data suggest a greater level of oxidative stress is occurring within type I compared to type II skeletal muscle after a single heat load. Taken together, our studies in ruminants and rodents show that heat stress alters skeletal muscle gene expression in a manner that affects skeletal muscle metabolism and function, which may be important for whole-body metabolism and overall physiological adaptation to hyperthermia.

The underlying cause of Duchenne muscular dystrophy is the absence of a functional dystrophin protein.  This protein is responsible for linking cytoskeletal actin to the cell membrane and ultimately to the extracellular matrix through the dystrophin-glycoprotein complex (DGC).  DMD is modeled by the mdx mouse, which is also dystrophin deficient.  Utrophin is a dystrophin-related protein that can interact with both the actin cytoskeleton and the DGC.  In animal models, utrophin replacement has shown great promise as a therapeutic strategy for DMD, however, a practical means of delivery in human patients is lacking.  It has been previously shown that PGC-1α increases utrophin expression, as well as expression of oxidative proteins, which may be of additional benefit to dystrophic muscle.  Further, transgenic PGC-1α over-expression reduced eccentric injury in mdx mice.  As dystrophin deficiency results in developmental abnormalities potentially corrected by transgenic PGC-1α over-expression, the Iowa Station reported that it is imperative to determine the extent to which PGC-1α over-expression induced postnatally blunts acute eccentric injury in dystrophin-deficient muscle.  Neonatal mdx mice were injected in the left hind limb with null AAV6 and in the right hind limb with an AAV6 driving expression of PGC-1alpha (1x10^11 gc).  At six weeks of age, animals ran downhill (-17 degrees, 10 m/min, 60 min) and were sacrificed three days later. PGC-1α over-expression reduced total damaged area by 50% (p<0.05).  More specifically, the areas of hypercontracted cells, immune cell infiltration, and missing cells were reduced by 90%, 60%, and 66%, respectively (p<0.05).  Centralized nuclei were reduced by 25% (p<0.05).  Given that DMD patients are sensitive to eccentric injury, the degree of protection conferred to dystrophic muscle in this investigation justifies further exploration of PGC-1alpha as a therapy for DMD.

The Iowa Station determined the extent to which dystrophin deficiency impacts the muscle proteome.  We performed two dimensional differential in-gel electrophoresis (2D-DIGE) (pH 4-7) on gastrocnemi taken from 6 week old male mice (n=6 mdx; n=6 C57).  Of a total of 2200 spots detected, 41 spots (representing unique isoforms or modified proteins) were found to be differentially expressed (p<0.1; 24 spots with p<0.05).  Of these, 30 spots were increased and 11 were decreased in mdx compared to control.  Using mass spectroscopy and MALDI-TOF, the identity of the proteins represented was confirmed in 36 spots.  These proteins represent a variety of cell functions including apoptosis, mitochondrial function, and cell growth and differentiation.  Further analysis of these proteins may allow for the identification of novel pathways and lead to the development of innovative strategies to minimize disease progression.

In other work, the Iowa Station elected to investigate microRNAs, a subclass of RNA that generally reduces gene product expression through transcript degradation and/or inhibition of translation.  To better understand downstream consequences of dystrophin deficiency and regulation of protein expression, they measured microRNA expression in dystrophic skeletal muscle.  Our hypothesis was that dystrophin deficiency would cause a change in expressed microRNAs compared to control muscle.  Purified total RNA from six week old, male gastrocnemii (n=4 mdx; n=4 C57) were analyzed with miRCURY™ LNA arrays (Exiqon, Denmark).  We identified 37 microRNAs that were differentially expressed (p<0.0001).  Of these, 17 were down-regulated and 20 were up-regulated, including mir-206, in mdx mice compared to controls.  Evaluation of the genes these microRNAs are predicted to regulate revealed an array of processes that are potential candidates for miRNA regulation.  Therefore, these results may help to identify novel pathways that contribute to disease pathology.  They are currently in the process of linking microRNA expression to alterations in protein expression.  

The Nebraska Station reported on two-dimensional electrophoretic separations of muscle membrane proteins.  The hydrophobic nature of SR membrane proteins presents strong challenges to characterize and study the physiological function of the proteins.  Protein hydrophobicity and size contribute to limited resolution in traditional 2-D electrophoretic methods.  We have developed a non-denaturing electrophoresis system based on solublization of membrane proteins with other surfactants.  Selective dissection of membrane protein complexes has been achieved and high molecular weight membrane native complexes identified. Specifically,  three high molecular weight complexes were identified using the Blue Native-SDS-PAGE  2D technique . Complex 1 at about 1.5 mDa) was found to be composed of myosin heavy chain dimer. Complex  2) at about 1.2 mDa was composed of  fast twitch Ca ATPase ,  amylo-1,6-glucosidase, and phosphorylase b, and  complex 3) at about 275 kDa, was composed of ATP synthase, calsequestrin and creatine kinase.  These data demonstrate the capability of the electrophoresis technique to identify complexes found under native conditions.  

Objective 3. Characterize mechanisms of protein assembly and degradation in skeletal muscle 

The Nebraska Station reported on characterizing  skeletal muscle proteolysis using  HPLC  followed by MS/MS sequencing of bovine skeletal muscle extracts of carnosine and other low mass peptides.  The procedure involved extraction of pulverized muscle with a Tris buffered solution and differential sedimentation  centrifugation to clarify the sample.  Aliquots of the extract were centrifuged on 5 kDa or 30kDa spin filters and then dried.  Samples were taken up in 0.02% TFA and analyzed by RP-HPLC. Fractions of the separation were collected, dried, and analyzed using newly developed  LC/MS/MS  methods.  The protocol has identified numerous fragments of myofibrillar, sarcoplasmic, and SR proteins.
Troponin (Tn) mediated regulation of contraction involves calcium binding to regulatory domain of TnC resulting in a conformational change that exposes a high affinity binding site for the regulatory domain of TnI.  Subsequently, the movement of the regulatory domain of TnI from actin-Tm to TnC switches the thin filament from the B to the C state.  In previous work by the Indiana Station using Tn exchange kinetics, data suggest that the movement of TnI from actin-Tm to TnC is mediated by both calcium and rigor crossbridges.  To further characterize this movement, the Indiana Station developed a Fluorescence Resonance Energy Transfer (FRET) probe to monitor the distance between the regulatory domains of TnI and TnC.  Single cysteine mutants of skeletal TnI (amino acid 134C) and TnC (S10C) were developed by mutagenesis and labeled with a donor and acceptor respectively.  Steady state fluorescence was used to monitor the donor intensity as a function of calcium, actin-Tm, and rigor S1 binding to actin-Tm.  The calculated distances under the different conditions for Tn are 51Å at low and 44Å at high calcium.  With Tn bound to actin-Tm, the distances are 56Å at low and 46Å at high calcium while addition of saturating rigor S1 to actin-Tm gave distances of 52Å at low and 44Å at high calcium.  Thus, in Tn alone, calcium decreases the distances between the regulatory domains while binding of Tn to actin-Tm moves TnI further away from TnC at low calcium and addition of calcium moves TnI closer to TnC but not the same extent as in Tn alone.  Rigor S1 moves TnI closer to TnC at both low and high calcium, and only in the presence of both rigor S1 and calcium is the distance between the regulatory domains the same as observed in Tn alone.  To further investigate the calcium sensitivity of the distance change, donor emission was measured as a function of calcium for Tn alone, actin-Tm-Tn and actin-Tm-Tn-S1.  The calcium sensitivity of donor emission was greatest with actin-Tm-Tn-S1 and least with actin-Tm-Tn.
Analysis of the stability of the Tn complex using dilution and unlabeled TnC exchange suggested that the conservative cysteine mutations in TnC (C99S) and TnI (C49S and C65S) to generate the monocysteine mutants weaken the structural stability of the complex.  This potentially complicates the interpretation of the FRET data.  Mutation of these cysteines to alanines resulted in a more stable complex.  Analysis of the distances using the alanine constructs shows the same trends in the distance changes under the various conditions, but the absolute magnitude of the distance is less for the alanine constructs.
These data show that rigor crossbridges move the regulatory domain of TnI closer to the regulatory domain of TnC by 1 - 3 Å and increase the calcium sensitivity of the regulatory interaction.  Thus, part of the mechanism by which crossbridges facilitate the B to C state transition is by moving the regulatory domain of TnI from actin-Tm and towards the regulatory domain of TnC.  The current generation of FRET probes has not proven useful for application in myofibrils since either the stability of the complex for the serine constructs results in loss of the acceptor during manipulation or, for the alanine constructs, the donor alone is sensitive to strong crossbridges.  Further development with different donor/acceptor dyes is needed to address these problems.
Previous work by the Indiana Station showed that the B to C state equilibrium is more favored towards the C state at low calcium for cardiac (c) Tn than skeletal (s) Tn as shown by higher ATPase activity and a faster Tn exchange rate.  At high calcium, the B to C state equilibrium is less favored for cTn than sTn as evidenced lower magnitude of the effect of calcium on Tn exchange in the non-overlap region.  Some disease-associated mutations in cTnI result in decreased inhibition of ATPase and increased diastolic pressure suggesting that the B to C state equilibrium at low calcium is more favored towards the C state.  To test this hypothesis, the R145G human cardiac (hc) TnI mutant was made, reconstituted into hcTn and exchanged into myofibrils.  The ATPase activity and hcTn exchange kinetics were characterized and compared to wt hcTn.  The pCa – ATPase activity relationship showed that the R145G mutant had higher pCa 9 ATPase activity, was more calcium sensitive, and had similar cooperativity of calcium activation of activity as wt hcTn.  The kinetics of Tn exchange showed that the R145G mutation had a faster exchange rate at low calcium than the wt hcTn.  Interestingly, at high calcium, the R145G mutant had a faster exchange rate.  These data suggest that this mutation results in weaker binding of Tn to actin-Tm mediated by a weaker interaction of the regulatory domain of TnI.  This modulation of the TnI – actin-Tm interaction results in weaker inhibition of ATPase activity and a greater effect of calcium on Tn exchange kinetics.  Overall, these data support a minimum two-step model for the B to C state transition that includes the TnI – actin-Tm equilibrium and the calcium-dependent TnI – TnC equilibrium as suggested by Yang et al., Biophys. J. 97:183.

Myosin binding protein C (MyBPC) is a multi-domain protein associated with the thick filaments of striated muscle. While both structural and regulatory roles have been proposed for MyBPC, its interactions with other sarcomeric proteins remain obscure. The current study by the Wisconsin Station was designed to examine the actin-binding properties of MyBPC and to define MyBPC domain regions involved in actin interaction. Here, we have expressed full-length mouse cardiac MyBPC (cMyBPC) in a baculovirus system and show that purified cMyBPC binds actin filaments with an affinity of 4.3 + 1.1 μM and a 1:1 molar ratio with regard to actin protomer. The actin binding by cMyBPC is independent of protein phosphorylation status and is not significantly affected by the presence of tropomyosin and troponin on the actin filament. In addition, cMyBPC-actin interaction is not modulated by calmodulin. In order to determine the region of cMyBPC that is responsible for its interaction with actin, we have expressed and characterized five recombinant proteins encoding fragments of cMyBPC sequence. Recombinant N-terminal fragments such as C0-C1, C0-C4 and C0-C5 cosediment with actin in a linear, non-saturable manner. At the same time, MyBPC fragments lacking either the C0-C1 or C0-C4 region bind F-actin with essentially the same properties as full-length protein. Together, our results indicate that cMyBPC interacts with actin via a single, moderate affinity site localized to the C-terminal region of the protein. In contrast, certain basic regions of the N-terminal domains of MyBPC may act as small polycations and therefore bind actin via non-specific electrostatic interactions. 
Although androgenic and estrogenic steroids are widely used to enhance muscle growth and increase feed efficiency in feedlot cattle, their mechanism of action is not well understood. While in vivo studies indicate that E2 and TBA, a synthetic androgen, affect muscle protein synthesis and/or degradation, in vitro results are inconsistent. Therefore, the scientists at the Minnesota station examined the effects of E2 and TBA treatment on protein synthesis and degradation rates in fused bovine satellite cell (BSC) cultures. Additionally, in order to learn more about the mechanisms involved in E2- and TBA-enhanced muscle growth, they examined the effects of compounds that interfere with binding of E2, TBA or IGF-I to their respective receptors on E2- and TBA-induced alterations in protein synthesis and degradation rates in BSC cultures. Treatment of fused BSC cultures with E2 results in a concentration-dependent increase in protein synthesis rate and a decrease in protein degradation rate. A pure estrogen antagonist suppresses E2 -induced alterations in protein synthesis and degradation in fused BSC cultures. Although the G-protein coupled receptor (GPR)-30 is involved in the E2-stimulated increase in muscle IGF-1 mRNA level, the GPR30 agonist, G1, does not affect either synthesis or degradation rate establishing that GPR30 does not play a role in E2-induced alterations in protein synthesis or degradation. JB1, a competitive inhibitor of IGF-I binding to the Type 1 insulin-like growth factor receptor (IGFR-1), suppresses E2-induced alterations in protein synthesis and degradation.  In summary our data show that E2 treatment directly alters both protein synthesis and degradation rates in fused BSC cultures via mechanisms involving both the classical ER and IGFR-1. Treatment of fused BSC cultures with TBA results in a concentration-dependent increase in protein synthesis rate and a decrease in degradation rate, establishing that TBA directly affects these parameters. Flutamide, a compound that prevents androgen binding to the androgen receptor, suppresses TBA -induced alterations in protein synthesis and degradation in fused BSC cultures, indicating the androgen receptor is involved. JB1, a competitive inhibitor of IGF-I binding to the IGFR-1, suppresses TBA-induced alterations in protein synthesis and degradation indicating that this receptor also is involved in the actions of TBA on both synthesis and degradation.  In summary, their data show that TBA acts directly to alter both protein synthesis and degradation rates in fused BSC cultures via mechanisms involving both the androgen receptor and IGFR-1
II. Impact Statements
· New knowledge that will be disseminated by publication in peer reviewed journals. 

· Graduate students and post-doctoral fellows are being educated.

· Characterization of genes that contribute to tenderness despite electrical stimulation will contribute to development of improved selection strategies for the beef cattle industry.

· Creation and assessment of the TSKMLO array provides a valuable resource for the study of gene expression changes related to turkey muscle growth and development.  

· Several novel genes were identified which play critical roles in muscle cell growth and development.
· Established that over-expression of select genes prevents acute muscle injury in dystrophic mice.
· Established that early dystrophin-deficiency has a significant impact on muscle protein expression.
· Established early dystrophin-deficiency alters micro-RNA expression.

· Demonstration of a biological function of the proteoglycan N-glycosylated chains for a heparan sulfate proteoglycan.

· Showed N-glycosylated chains affect satellite cell properties critical for muscle growth.

· Discovery of gene products involved in calcium homeostasis.

· The ability to separate membrane proteins in the native state.


· Development of methods to characterize and identify low mass peptides.

· Characterization of alternative splicing in skeletal muscles.
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