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The annual meeting of the NC-1131 technical committee meeting was held at the University of Wyoming, Laramie, WY, on 23-24 October 2009, and was hosted by Dr. Min Du, Department of Animal Science, University of Wyoming. On 23 October, the group was welcomed by Dr. Doug Hixon, 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. Alan Grant. Dr. John Killefer gave an update regarding the NC-1131 project renewal proposal.   Dr. Killefer reported that the proposal had been posted and was assigned the temporary number NC-temp-1184.  Project members were encouraged to complete Appendix E documents before December 1, 2009.  Dr. Keith Underwood was confirmed as a new member of the group. Next year's annual meeting of the NC-1131 committee will be held at Texas A&M University, to be hosted by Dr. Penny Riggs.  The group decided that the 2011 meeting would most likely be held in Virginia, followed by San Diego State in 2012. The remainder of the day was filled by oral station reports summarizing each station's contributions to the objectives of the NC-1131 project. The meeting adjourned, and the group toured the University of Wyoming campus on 24 Oct.

Accomplishments

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

The Arizona station’s area of interest within their skeletal muscle growth and development focus involves the identification of additional roles for satellite cells within the muscle regeneration process.  For example, previous studies indicate that muscle regeneration involves the coordination of myogenesis and revascularization in order to restore proper muscle function.  Myogenesis is driven by resident stem cells termed satellite cells (SC) whereas angiogenesis arises from endothelial cells and perivascular cells of pre-existing vascular segments and the collateral vasculature. Without proper revascularization of damaged muscle, myogenic cells do not survive and myogenesis ceases.  Communication between myogenic and angiogenic cells seems plausible, especially given the number of growth factors produced by SC.  To characterize these interactions, they developed an in vitro co-culture model composed of SC and microvascular fragments (MVF).  In this system, isolated MVF suspended in collagen gel are cultured over a rat SC monolayer culture.  In the presence of SC, MVF exhibit greater indices of angiogenesis than MVF cultured alone.  A positive dose-dependent effect of SC conditioned medium (CM) on MVF growth was observed suggesting that SC secrete soluble-acting growth factor(s).  Next, they specifically blocked VEGF action in SC CM and this was sufficient to abolish satellite cell-induced angiogenesis.  Finally, hypoxia inducible factor-1alpha (HIF-1α), a transcriptional regulator of VEGF gene expression, was found to be expressed in cultured SC and in putative SC in sections of stretch-injured muscle.  Hypoxic culture conditions increased SC HIF-1α activity which was positively associated with SC VEGF gene expression and protein levels.  Another likely candidate protein is hepatocyte growth factor (HGF). To identify a role for HGF in satellite cell mediated angiogenesis, we blocked HGF action using various levels of anti-HGF antibody added to rat satellite cell conditioned medium and fed to MVF cultures.  Following 5 days of culture, MVF were analyzed for indices of angiogenesis.  Sprout number and length were decreased in a dose-dependent manner by increasing levels of HGF inhibition.  Addition of recombinant HGF during HGF inhibition sufficiently rescued angiogenesis in the MVF cultures.  This data indicates that satellite cell-derived VEGF and HGF play an important role in satellite cell mediated angiogenic processes.
The Hawaii station reported on their investigation of a recombinant activin receptor.  Background: Myostatin (Mstn) binds to activin type IIB (ActRIIB) receptor to initiate its signaling process. Soluble form of extracellular domain of ActRIIB (ActRIIB-ECD) was shown to be an effective vehicle to suppress Mstn activity, as was demonstrated by an increase in muscle mass in mice injected with ActRIIB-ECD (Lee et al., 2005). To examine whether similar response would occur in meat-producing animals, they initiated a project to produce recombinant ActRIIB-ECD of chicken and pig.  Methods: Coding sequences of chicken and pig ActRIIB-ECD were inserted into the pPICZ(A vector included in the EasySelect™ Pichia Expression Kit (Invitrogen), then transformed into the GS115 strain of P. pastoris. Transformed colonies were screened for expression of the recombinant proteins using SDS-PAGE and western blot analysis of the culture media after induction. Proteins were purified using an affinity chromatography with Ni-NTA agarose column. Mstn-suppressing capacity of the recombinant proteins was estimated using a pGL3-(CAGA)12 luciferase gene reporter assay in A204 rhabdomyosarcoma cell culture.  Results: Clones expressing pig and chicken ActRIIB-ECD were identified, and recombinant proteins were purified. N-glycosylation of the ActRIIB-ECD was confirmed by the SDS-PAGE analysis of the reaction products of the proteins with peptide-N-glycosidase F (PNGase F). Two stage pattern of Mstn inhibition was observed by the glycosylated pig ActRIIB-ECD: a dose-dependent increase in Mstn inhibition (from 0% to 50%) from 0 to 0.15 ng/mL of the protein, and leveling off the inhibition up to 111 ng/mL of the protein, then another dose-dependent increase in Mstn inhibition (50% to 90%) beyond 111 ng/mL of the protein. The pattern of Mstn inhibition by the deglycosylated pig ActRIIB-ECD in the concentration range from 0 to 111 ng/mL was similar to that of the glycosylated pActRIIB-ECD, but beyond this concentration, a dose-dependent decrease in MSTN inhibition was observed by the deglycosylated pActRIIB-ECD.

The Illinois station investigated obesity resistance of myostatin null mice fed high fat diets.  They have demonstrated that myostatin null mice fed diets containing 60% of calories from fat exhibit resistance to fat accumulation. In contrast to previous reports, however, myostatin null mice are not completely resistant to fat accumulation and in their study, the myostatin null mutation did not alter insulin resistance induced by high-fat feeding. Body fat content of wild type mice fed high fat diets increased 210% compared with low-fat fed wild type mice. In myostatin null mice fed high fat diets, body fat content increased 140% compared with low-fat fed myostatin null mice. Food and caloric intake, however, of high-fat fed wild type and myostatin null mice was similar suggesting energy wastage in myostatin null mice.  They investigated the expression of several genes involved in adaptive thermogenesis in muscle (gastrocnemius and bicep femoris muscles) and white adipose tissue. Expression of PGC1α and β were reduced in myostatin null muscles compared with wild type and UCP3 expression was unchanged. In white adipose tissue, PGC1β, adiponectin and adipose triglyceride lipase expression was increased in high-fat fed myostatin null mice compared to all other treatments while UCP2 expression was increased by high-fat feeding in both genotypes. These results suggest but do not confirm increased thermogenesis in myostatin null mice fed high-fat diets. It does not appear, however, that under conventional feeding conditions that thermogenesis in white adipose tissue or muscle tissue differs between myostatin null and wild type mice. Similar to the results above, this study confirmed reduced expression of Lpl and slow myosin heavy chain isoform genes in myostatin null compared with wild type mice.

The Indiana station reported on the regulation of satellite cell function by notch signaling in the skeletal muscle.  Postnatal muscle growth and hypertrophy requires addition of myonuclei into existing muscle fibers. This process is primarily mediated by muscle specific stem cells called satellite cells. In response to growth signals, quiescent satellite cells are activated, enter the cell cycle and proliferate as myoblasts. Proliferating myoblasts can differentiate into mononuclear muscle cells called myocytes, which then fuse with existing fibers to mediate muscle growth or hypertrophy. Alternatively, proliferating myoblasts can also withdraw from cell cycle, return to quiescence, and self-renew to replenish the satellite cell compartment. They are particularly interested in the signaling pathways that regulate the cell fate choice between self-renewal and differentiation in activated satellite cells.  To this end, they have established a mouse model to investigate the regulation of satellite cell fate by an evolutionary conserved signaling transduction pathway – the ‘Notch’ signaling.  In this transgenic mouse model, the Notch signaling can be visualized as it exhibits green fluorescence (GFP). The self-renewal and differentiation of satellite cells were dissected using in vitro single myofiber culture and in vivo muscle regeneration models, in which self-renewal and differentiating progenies can be readily identified with specific markers. They discovered an unexpected heterogeneity and dynamics in Notch activation in both quiescent and activated satellite cells. They have also established a strategy to purify satellite cells exhibiting Notch signaling and analyzed their gene expression profiles. Several genes were found to be uniquely expressed in the satellite cells that display Notch signaling. They are currently examining whether Notch signaling is correlated to stem cell fate and self-renewal in both quiescent and regenerating muscles. Furthermore, they have established mouse models that have constitutively activated or de-activated Notch signaling in the satellite cell lineage. 

The North Carolina station has studied apoptosis and macrophage infiltration that occur simultaneously and present a potential sign of muscle injury in skeletal muscle of nutritionally compromised, early post-hatch turkeys.   Physical stress and malnutrition may cause elimination of myonuclei and produce inflammatory response in muscle. The objective of this study was to histochemically determine the association of apoptosis and/or macrophage infiltration with changes in Muscle satellite cell mitotic activity in pectoralis thoracicus muscle of early post-hatch turkey toms, Feed-deprived birds and birds provided with three different levels of crude protein and amino acids (0.88 NRC, 1.00 NRC, and 1.12 NRC) were used in this model. The number of apoptotic nuclei was significantly elevated (P<0.05) and presence of macrophage infiltration was readily detectable in feed-deprived and 0.88 NRC treatment groups 72 h and 96 h post-hatch Suggesting potential muscle injury and/or muscle remodeling. The number of apoptotic nuclei was the same (P>0.05), and there was no detectable macrophage infiltration present in birds placed on 1,00 NRC and 112 NRC diet 72 h, 96 h, and 120 It post-hatch. At 120 h post-hatch, feed-deprived and 0.88 NRC birds were characterized by no detectable levels of macrophage infiltration and a significant drop (P<0.05) in apoptotic nuclei. Understanding mechanisms that correlate early nutrition with skeletal muscle growth and development may present a useful tool in optimizing muscle health and improving meat quality and yield.

The Ohio station investigated the role of the extracellular matrix in avian skeletal muscle development.  Their current research efforts are focused on understanding the mechanism of how the heparan sulfate family of proteoglycans may be involved in the regulation 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.  The syndecans consist of syndecan 1-4 which are differentially expressed in skeletal muscle.  The precise role each of these syndecans plays during skeletal muscle development is not well understood.  The glypicans have six members, glypican-1 through 6, and only glypican-1 has been identified in skeletal muscle.

As previously reported, they cloned a full length turkey glypican cDNA of 1653 bp coding for 550 amino acids.  This year they cloned the syndecan-4 cDNA which is 595 bp coding for 197 amino acids.  Both of these cDNAs have been cloned into the expression vector pCMS-EGFP.  Glypican-1 has three potential sites for the attachment of glycosaminoglycan (GAG) residues and three potential N-glycosylation sites.  Syndecan-4 has three GAG attachment sites and two N-glycosylation sites. Last year they reported the development of site directed mutants of syndecan-4 and glypican-1 to determine the function of the GAG attachment sites.  The GAG chains are thought to be important in growth factor signal transduction.  By using a site directed mutagenesis approach the glycosaminoglycan attachment sites were mutated to create a series of site directed mutants for glypican-1 and syndecan-4.  For glypican-1, the GAG attachment sites at Ser483, Ser485, and Ser487 were mutated to threonine to obtain 1-chain and no-chain mutants. A similar approach was done for syndecan-4 mutating serine sites 38, 65, and 67.  The various constructs of syndecan-4 and glypican-1 were transfected into turkey satellite cells to assay the effect of the GAG chains on the proliferation, differentiation, and responsiveness to FGF2.  The data obtained for glypican-1 suggests that glypican-1 function requires the GAG chain attachment sites for myogenic satellite cell FGF2 responsiveness during proliferation and to affect the process of differentiation.  In contrast syndecan-4 may affect satellite cell behavior independent of the attached GAG chains and function in a manner independent of FGF2.

Also attached to the proteoglycan core protein are N-glycosylation chains.  The function of the glycosylated chains has not been well studied to date.  To begin to address the function of the N-glycosylation chains a site directed mutagenesis approach was used to create all possible N-glycan chain combinations and a no-chain construct.  The N-glycans are attached to asparagine in the core protein at the sequence Asn-Xaa-Ser/Thr where Xaa is any amino acid but not proline.  Glypican-1 has 3 N-glycan attachment sites at aspartate residues 76, 113, and 383 which been converted to alanine.  Syndecan-4 has 2 N-glycan sites at Asn 124 and 136.  The site-directed mutants have been confirmed by DNA sequencing.  Preliminary data for both glypican-1 and syndecan-4 suggests that the N-glycan chains do not affect satellite cell proliferation, but differentiation is affected by the absence of the N-glycan chains attached to the core protein. The absence of the N-glycan chains increases differentiation for glypican-1 and in contrast differentiation is decreased by the absence of N-glycan chains for syndecan-4.

The Ohio Station also investigated the role of transforming growth factor beta 1 signaling. 
Transforming growth factor-β1 (TGF-β1) induces apoptosis in many cell types.  The cell adhesion receptor, β1 integrin subunit, prevents apoptosis and may be involved in TGF-β1-induced muscle cell apoptosis.  Chicken primary satellite cells were used to investigate the apoptotic effect of TGF-β1 on muscle cells.  The data showed that the addition of exogenous TGF-β1 reduced β1 integrin expression and altered its localization.  Treatment of the satellite cells with TGF-β1 increased the number of apoptotic cells and increased the number of caspase positive cells.  Expression of the anti-apoptotic gene Bcl-2 was significantly reduced by TGF-β1.  These data suggest that the apoptotic effect of TGF-β1 on satellite cells was likely associated with a β1 integrin-mediated signaling pathway.  In response to β1 activation, focal adhesion kinase (FAK) phosphorylates at tyrosine residue 397, and activates cell survival signal transduction.  The phosphorylation of FAK was significantly reduced from 30 min to 4 h following TGF-β1 during both satellite cell proliferation and differentiation.    These data suggest that TGF-β1-induced apoptosis is associated with β1 integrin-mediated FAK survival signaling pathway during satellite cell proliferation and differentiation.

The South Dakota investigated the effect of thyroid hormones on avian satellite cell proliferation, differentiation and mitochondrial metabolism. In vivo studies have demonstrated that thyroid hormones induce skeletal muscle differentiation and maturation and are involved in the shift from slow-tonic to fast twitch myofibers (Moore et al., 1984; Carpenter et al., 1987).  Previous studies with bovine satellite cells demonstrated increased proliferation and differentiation with T3 administration (Cassar-Malex et al., 1999).  Thyroid hormones also stimulate oxygen consumption and mitochondrial metabolic activity (Florini, 1987).  This project was designed to determine what effects thyroid hormones have on pure populations of avian embryonic myoblasts and satellite cells produced by cloning.  Using serum-free medium, addition of 0.25 – 32 ng/ml T-3 to turkey embryonic myoblasts derived from the pectoralis muscle bed resulted in decreased proliferation.  Proliferation was decreased by 22% at 0.25 ng/ml and remained nearly level with higher concentrations.  Similar results were seen with satellite cells from the pectoralis major muscle of a 6-week-old tom turkey.  However when T-3 was administered to satellite cells from a 5-week-old broiler chicken pectoralis major muscle, proliferation decreased by 31% at 0.25 ng/ml and decreased by 53% at 32 ng/ml.  Administration of increasing levels of T-4 resulted in a gradual decrease in proliferation of all cell types.  This resulted in similar levels of inhibition with the turkey embryonic myoblast and turkey satellite cells at the highest hormone level.  However, chicken satellite cells were less responsive to the proliferation depressing effect of T-4 compared to T-3 (33% vs. 53%). Administration of T-3 at the same levels (0.25 – 32 ng/ml) resulted in a gradual (17%) increase in the differentiation level of turkey embryonic myoblasts, while there were no changes in the differentiation of turkey or chicken satellite cells at any level of T-3.  T-4 administration to turkey embryonic myoblasts or chicken satellite cells had no effect on differentiation at any level.  However, turkey satellite cells demonstrated an increase of 21% in differentiation at the highest level of T-4 (32 ng/ml), while there was no effect at the lower levels (0.25 – 16 ng/ml).  

The effect of thyroid hormones on mitochondrial activity was assessed by measuring formazan dye generation by dehydrogenase reactions.  T-3 and T-4 had no effect on the mitochondrial activity of any of the 3 muscle cell types.  However, mitochondrial activity decreased during differentiation on a DNA basis in all cells (range = 21%-43%). 

The effect of fatty acid composition of growth media on turkey satellite cell proliferation and differentiation was studied.  Using serum-free defined medium, they previously demonstrated that turkey satellite cell membrane phospholipid composition could be changed significantly by providing different fatty acid species to the media formulation.  To determine if membrane phospholipid composition and fluidity might alter the responsiveness of satellite cells to growth factor stimuli, fibroblast growth factor-2 (FGF-2) was administered at 20 ng/ml in serum-free medium containing one of 8 fatty acids at 5 uM (Linoleic, Stearic, Palmitic, Oleic, Linolenic, DHA, EPA, Arachidonic).  With turkey pectoralis major (PM) derived satellite cells, greatest proliferation compared to zero fatty acid controls was seen in oleic acid (5.0 -fold greater) > linoleic acid (3.7-fold greater) > stearic acid (2.1-fold greater) = palmitic acid (1.9-fold greater).  Other fatty acids either supported growth at the same rate as control cells or were inhibitory.  Cells administered DHA or EPA showed very low proliferation rates and poor cell health (microscopic observation).  With turkey biceps femoris (BF) derived satellite cells, greatest proliferation compared to zero fatty acid controls was seen in oleic acid (3.9-fold greater) > linoleic acid (2.9-fold greater) > stearic acid (1.5-fold greater) = palmitic acid (1.6-fold greater).  Cells administered the other fatty acids performed similar to the PM cells receiving those treatments. To assess the effect of fatty acid type on satellite cell differentiation, cells were grown in the respective fatty acid containing serum-free media for 3 days and administered low serum containing medium (3% horse serum) daily for 2 days to initiate differentiation.  DHA and EPA treatments were not applied to the differentiation treatments because of the poor performance and cell health noted above.  Due to scattered myotube lifting and loss, results were somewhat variable between trials.  Cells administered linoleic acid, stearic acid, palmitic acid, and oleic acid differentiated to a similar extent as the control zero fatty acid administered cells.  Cells administered linolenic acid or arachidonic acid prior to fusion performed poorly compared to controls.  

BF satellite cells administered fatty acids and induced to differentiate performed similarly to PM cells, except that cells administered linoleic acid consistently differentiated less than controls.     

The Virginia station investigated beta-adrenergic agonist control of muscle fiber type. In these studies, myosin heavy chain (MyHC) IIX-and IIB-null mice were used to test our overall hypothesis that a portion of the 'beta-agonist' growth response is due to exaggerated growth of 1m muscle fibers. Four-wk-old mice were administered 20 ppm clenbuterol in the drinking water for 2 wks. Clenbuterol feeding increased the size of all four muscle fiber types (I, IIA, IIX and IIB) in gastrocnemius muscle of wild type mice, but only type I and lIA fibers in null mice. Furthermore, clenbuterol caused fast-contracting muscles to contain even greater amounts type IIX and IIB MyHC than muscle in wild type mice; but the reverse was observed in null mice. Paralleling the changes of MyHC composition, clenbuterol increased LDH activity in fast-contracting muscles (gastrocnemius and TA) in wild type mice, but decreased in fast muscles of null mice. In soleus muscles, which normally contain no IIX or lIB fibers, the hypertrophic effect of clenbuterol was not observed in wild type and null mice. However, clenbuterol feeding resulted in the detection of type IIX and 1m fibers in the soleus. The cross-sectional area of existing fibers (type I and IIA), however, were significantly larger in null mice. In contrast, clenbuterol-induced muscle hypertrophy was blunted in fast muscles (gastrocnemius, tibialis anterior and extensor digitorium longum) of IIX-or IIB -null mice. Myostatin knockout induced muscle hypertrophy was blunted in mice lacking 1m fibers, as indicated by reduced body weight, gasstrocnemius mass, and total fiber number in gastrocnemius. Data presented herein support the hypothesis that the presence of IIX and IIB muscle fibers is essential for clenbuterol-induced and myostatin knockout-induced skeletal muscle hypertrophy. 

They also examined calcium modulation of AMPKactivation in muscle. Activity of AMP-activated protein kinase (AMPK) is regulated by phosphorylation of Thr172 in (-subunit by AMPK kinases. Ca2+-regulated Ca2+-calmodulin-dependent kinase kinase (CaMKK) has recently been identified as upstream regulator of AMPK. Cytosolic Ca2+ signals are dynamic and transient, and the Ca2+ frequency is decoded and transduced by CaMKK and its primary downstream substrates, CaMKs. To understand further the specific roles of various types of Ca2+ frequency on AMPK activity, they administered 5-amino-4-imidazolecarboxamide ribonucleoside (AICAR, a known AMPK activator), caffeine (Ca2+ releasing agent) and dantrolene (ryanodine receptor stabilizer) or in combination to mice for 10 d. To characterize further the function of Ca2+ oscillation on AMPK activity, they also simulated different Ca2+ frequencies in C2C12 myotubes by switching media between caffeine-containing media (for 20 min) and dantrolene-containing media (for 3 min). To define the function of Ca2+ signaling molecules in this pathway, CaMKK was knocked down with siRNA, and CaMKlI activity was inhibited by KN93. We found that cytosolic Ca2+controls AMPK activity in a biphasic manner. In particular, low Ca2+ frequencies have a positive effect on AICAR-induced AMPK activity, whereas continuous Ca2+ stimulation decreases AICAR-induced AMPK activity. The negative effect of chronic Ca2+ on AMPK activity is partly through the CaMKK-CaMKII signaling cascade. These data show different cytosolic Ca2+ waves elucidate distinctly different responses in muscle cells and suggests that inhibition of AMPK by Ca2+is mediated in part by the CAMK signaling cascade.

The Washington station has previously shown that (even in the presence of numerous regulators) mature adipocytes possess ability to return to proliferative-competent progeny cells and begin to undergo population expansion. The overall mechanism of conversion of a lipid-filled adipocyte into a cell resembling an adipofibroblast seems to be species dependent, and involves different mechanisms to handle the cellular lipid load prior to proliferation (numerous studies in progress). Moreover, while some progeny cells possess ability to re-differentiate to form lipid-filled adipocytes, the intracellular markers commonly associated with stromal vascular cell or 3T3-L1 cell differentiation are not (all) detected in the present cell system. In addition, commonly used "conversion" mixtures (like DMI) are not required for re-differentiation of these cells--reflecting more of an in vivo system. As some of the proliferative-competent cells are reluctant to re-differentiate, we speculate that some progeny cells are capable of forming other cell types (stem cells; studies in progress). Methods to continue assessment of the physical conversion of mature adipocytes to form progeny cells are being developed. Also, they are in the process of assessing the microRNA status of progeny cultures, in a manner similar to our examination of adipose tissue in vivo. Finally, they (along with Canadian researchers) are hoping to develop NAPPA methodology to assess the association between gene  and protein expression in both cells and tissues of the bovine. Results: Cell handling, isolation, purification and propagation methods are established. Protein and gene association studies have been conducted or designed. Impact Statement: This cell system was (a few years ago) considered awkward, not interpretable, and passé. However, just recently, this research area has exploded, and many participants are quite active in conducting research designs. They (perhaps) have, however, the only "purified" cell system whereby data are being reported. They believe that use of this system will (in part) provide new insight into adipose depot formation/regulation/metabolism in meat animals (among numerous other areas and impacts).

The Wyoming station continues to focus on fetal skeletal muscle development. Enhancing skeletal muscle growth is crucial for animal agriculture, since skeletal muscle provides meat for consumption. An increasing body of evidence shows that the level of maternal nutrition alters fetal skeletal muscle development with long-term effects on offspring growth and performance. Fetal skeletal muscle development mainly involves myogenesis (muscle cell development), but also involves adipogenesis (adipocyte development) and fibrogenesis (fibroblast development). All these tissues derive from mesenchymal stem cells (MSCs). Shifting the commitment of MSCs from myogenesis to adipogenesis increases intramuscular fat (marbling) improving the quality grade of meats. Results from our laboratory indicate that Wnt/(-catenin signaling regulates MSC differentiation.  Wnt/(-catenin up-regulation promotes myogenesis and down-regulation enhances adipogenesis.  AMP-activated protein kinase (AMPK) enhances myogenesis at least partially through intensifying (-catenin mediated up-regulation of myogenesis. Inhibition of AMPK promotes adipogenesis in fetal muscle, which should increase marbling.

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

The Arizona station examines 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.  We have initiated a series of studies aimed at understanding how hyperthermia influences the set points of several metabolic pathways within skeletal muscle.  One of their first studies examined the effect of heat strain on skeletal muscle during beef cattle adaptation to chronic heat stress conditions using microarray analysis. Interrogation of the microarray data by pathway analysis has revealed dramatic changes in the skeletal muscle transcriptional profile relating to mitochondrial function and insulin action.  It appears that during heat stress bovine skeletal muscle experiences mitochondrial dysfunction leading to impaired cellular energy status.  This may have broad implications for the reduced growth and heat intolerance seen during heat stress especially if skeletal muscle is not able to make necessary contributions to whole-body energy homeostasis.  Recently,  they have begun similar studies using rodents to establish experimental models that can be applied to both animal agriculture and the biomedical sector. These ongoing studies clearly demonstrate that exposure to a heat load induces the differential expression of several energy metabolism genes based on muscle type (soleus versus TA).  Moreover, 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. Taken together, their 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 Florida station is pursuing the identification of signaling events that regulate lineage decisions and growth kinetics of bovine muscle stem cells.  Early work by this group revealed that bone morphogenetic protein 6 (BMP6) is produced by mature muscle fibers.  As such, the effects of BMP6 were examined in primary cultures of bovine satellite cells isolated from young (< d7) Holstein bull calves.  Satellite cells (24 hr post-seeding) were cultured for 48 hours in media supplemented with 50 ng/ml of BMP6.  Cells were fixed and immunostained for Pax7 and Myf5 expression.  Results indicate that BMP6 does not alter expression of the lineage markers or the percentage of muscle stem (Pax7) or progenitor cells (Pax7:Myf5).  Importantly, satellite cells do not experience transdifferentiation to the osteogenic lineage.  Satellite cells and C2C12 myoblasts were treated with BMP6 (50 ng/ml) for 48 hours prior to fixation and colorimetric detection of alkaline phosphatase (AP), an enzymatic marker of bone cells.   Virtually all C2C12 myoblasts express abundant amounts of the bone enzyme.  By contrast, no AP expressing satellite cells were observed. Thus, BMP6 does not appear to affect myogenic lineage decisions of satellite cells.   Additionally, treatment of satellite cells with BMP6 does not affect proliferation rates.  This is in contrast to mouse C2C12 myoblasts which are mitotic in response to BMP6.  To examine the effect of BMP6 on differentiation, satellite cells were cultured in growth media for 3 days followed by treatment with BMP6 in 2% horse serum supplemented media for 48 hours.  Cells were fixed and immunostained for myosin heavy chain and myofiber formation was evaluated.  A fusion index was calculated as the numbers of nuclei in a myofiber divided by the total number of nuclei.  A muscle fiber is defined as a myosin expressing cell with 3 or more nuclei.  Results demonstrate that BMP6 inhibits fiber formation and muscle gene expression by 40% when compared to controls.  By analogy, treatment of C2C12 myoblasts with BMP6 completely eliminates the myogenic differentiation program.  The blunted response of primary satellite cells is not due to an inability to respond to the growth factor.  Satellite cells transfected with a BMP response element reporter gene elicited a 4-fold increase in luciferase activity following treatment with BMP6.   From these results, we conclude that BMP6 is produced by skeletal muscle where is acts as a paracrine inhibitor of satellite cell differentiation.
The Illinois station has studied gene expression profiling of clenbuterol-treated myostatin null mice.  They reported previously that myostatin null mice respond to clenbuterol treatment with increases in body and muscle weights and reduced carcass fat content. Therefore, they concluded that the effects of the myostatin null mutation and clenbuterol treatment were additive, and hypothesized the mechanisms of the two effects did not overlap. They were interested in determining specific pathways activated or inhibited by each effect, and to that end, performed a microarray analysis on these animals. After two weeks of clenbuterol treatment, however, the effect of treatment on gene expression was minimal. It is possible that changes in gene expression occur as an early effect of clenbuterol treatment and do not persist throughout treatment. There were numerous differences, however, between myostatin null and wild type mice including increased expression of several developmental genes similar to previous reports. Expression of genes involved in muscle hypertrophy (Igf2, Meg3, Il15) were increased in myostatin null compared to wild type mice. Furthermore, expression of several genes (Fabp3, CD36, Lpl and Vldlr) involved in fatty acid transport in muscle was reduced in myostatin null mice compared with wild type. They also noted increased expression of Gatm and Gamt, two enzymes involved in creatine synthesis, in myostatin null compared to wild type mice. Increased expression of Gamt was confirmed by RT-PCR. Furthermore, muscle creatine content and creatine kinase activity was increased in myostatin null mice compared with wild type. Alterations in fatty acid transport and creatine synthesis, however, may be secondary to changes in fiber type as myostatin null mice exhibited reduced expression of slow myosin heavy chain isoform genes compared with wild type mice.

The Indiana station investigated molecular signatures that define satellite cell heterogeneity in fast and slow muscles. Efficient meat production relies on optimized muscle differentiation and growth, processes mediated by satellite cells. Phenotypic heterogeneities have been documented in 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. They have initiated a project to explore the intrinsic molecular mechanisms that program the developmental fate of satellite cells and restrict them to a specific muscle fiber type. They have established unique mouse models that express cyan and red fluorescent proteins in the type I slow and type IIa fast fibers, respectively. These mice provide an unprecedented opportunity to isolate fresh satellite cells from these specific cohorts of fibers and investigate their unique gene expression patterns by high throughput ‘microarray’ or ‘illumina array’ analysis. This project will form a foundation for our long-term goal of understanding the molecular regulation of muscle development and growth. It will also address whether satellite cells are pre-determined to become a specific fiber type and, if so, what are the molecular determinants. Most importantly, this knowledge 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.
Current efforts at the Texas Station focus on a funded project for functional characterization of genetic mechanisms associated with beef tenderness and electrical stimulation of carcasses.  This research continues to utilize a unique population of cattle population known as the McGregor Genomics Herd to investigate gene expression networks that are important in skeletal muscle and result from inheritance of specific Bos taurus or Bos indicus alleles.  This project integrates genome-wide SNP data, microarray, quantitative realtime RT-PCR, and protein analyses of skeletal muscle from steers to characterize the Brahman influence on carcass traits and meat characteristics.  Expression profiles will be correlated to extensive phenotype, SNP and QTL data from this population of animals for identification of gene networks.  The group continues to examine the association of alpha-actinin-3 expression in skeletal with feed efficiency, in collaboration with Min Du of Wyoming.  Messenger RNA quantity was measured for several mitochondrial respiratory subunit genes, but no association of gene expression (in liver or muscle) was found to correlate with efficiency status.

Objective 3. Characterize muscle proteins and their functional domains involved in muscle assembly and disassembly.

The Arizona station investigates myofibrillar protein turnover.  Myofibrillar proteins must be removed from the myofibril before they can be turned over metabolically in functioning muscle cells. It is uncertain how this removal is done without disrupting the contractile function of the myofibril. It has been proposed that the calpains could remove the outer layer of filaments from myofibrils as a first step in myofibrillar protein turnover. Several studies have found that myofilaments can be removed from myofibrils by trituration in the presence of ATP.  These easily releasable myofilaments (ERMs) were proposed to be intermediates in myofibrillar protein turnover. It was unclear, however, whether the ERMs were an identifiable entity in muscle, or whether additional trituration would remove more myofilaments until the myofibril was gone, and whether calpains could release ERMs from intact myofibrils. The present study shows that few ERMs could be obtained from the residue after the first removal of ERMs, and yield of ERMs from well washed myofibrils was reduced, probably because some ERMs had been removed during washing. Mild calpain treatment of myofibrils released filaments that had a polypeptide composition and that were ultrastructurally similar to ERMs. The yield of calpain-released ERMs was 2-3-fold greater than the normal yield. Hence, ERMs are an identifiable entity in myofibrils and calpain releases filaments that are similar to ERMs. The role of ERMs in myofibrillar protein turnover is unclear because only filaments on the surface of the myofibril would turnover, and changes in myofibrillar protein isoforms during development could not occur by the ERM mechanism.
The Indiana station also studies the myofibril, a dynamic structure beyond its ability to contract.  Proteins (structural, contractile, and regulatory) associate and disassociate within this supramolecular structure, and this process is involved in formation, turnover and transformation of the myofibril. There are two extremes in terms of modeling protein dynamics within the myofibril.  One is complete proteolysis of myofibrillar proteins likely via the calpain/proteosome system and the other is non-protease dependent release of myofibrillar proteins followed by proteolysis by the calpain/proteosome system.   The second extreme is dependent upon the binding constant of the specific protein within the myofilament lattice that in turn is dependent on the association and dissociation rate constants. If the dissociation rate of a particular protein is slower than its turnover rate then proteolysis is required to increase its dissociation rate from the myofibril for subsequent protein turnover. Measurement of troponin dissociation kinetics in vitro show that it is not likely rate limiting for turnover (Yang et al., Biophys. J. 97:183).  The slowest Tn dissociation rate had a t1/2 of about 1 day, well within the 3 - 5 day t1/2 observed in protein turnover studies.  This comparison suggests that, at least for troponin, turnover does not require disruption of myofibril structure.  Other proteins such as myosin, which have longer t1/2, may have much slower dissociation kinetics because of their multiple protein interactions within the sarcomere.

One area of interest is in vitro models for studying myosin dissociation kinetics. Measurement of the dissociation kinetics of myosin in vitro is complicated because there are two major protein interactions involved.  There are acto-myosin interactions that involve the motor domain (Subfragment 1 or S1) and myosin interactions with itself and other proteins within the thick filament that involve the rod domain.  In the presence of ATP or ATP analogues and absence of calcium, the myofibrils are “relaxed” and thus the acto-myosin interaction is minimal.  Under these conditions (similar to in vivo relaxed muscle), the primary determinant of myosin dissociation involves its interactions within the thick filament.  Preliminary in vitro studies using various ATP analogues showed that, even in the absence of calcium, the sarcomeres shortened and that there was slow hydrolysis of the analogues.  Polyphosphates, particularly tripolyphosphate (TPP) and pryophosphate (PPi) have been shown to dissociate acto-myosin but their hydrolysis has not been well characterized.  To characterize the ability of myosin to hydrolyze these polyphosphates, studies were done using isolated S1 from bovine fast (cutaneous trunci) and slow (masseter) myosin. S1 hydrolyzed TPP but the rate was 16 – 32% slower than when ATP was the substrate.  Fast S1 hydrolyzed both substrates faster compared to slow S1 and the difference between the isoforms was greater with TPP as the substrate.  The Vmax was 0.937 and 4.99 nmole Pi/mg S1 protein/min while the Km was 0.380 and 0.898 mM TPP for slow and fast S1, respectively.  Pyrophosphate was strong inhibitor of TPPase activity with a Ki of 88.4 and 8.33 µM PPi for fast and slow S1 isoforms, respectively.  Pyrophosphate was not hydrolyzed by either isoform.  Addition of TPP in the presence of calcium to myofibrils did not result in sarcomere shortening even though TPP was hydrolyzed.  These studies suggest that TPP and/or PPi are good analogues to use to give relaxed, unshortened myofibrils to study myosin dissociation kinetics.  To further refine conditions that minimize acto-myosin interactions, the effects of NaCl and PPi on acto-myosin interactions was studied using pyrene actin fluorescence.  Both NaCl and MgPPi increased myosin S1 dissociation rate. When salt concentration increased from 0.1 to 1.0 M, the dissociation rate of S1 from bovine fast and slow muscle increased 78 and 38 fold, respectively. MgPPi had an even greater effect on S1 dissociation from actin with the dissociation rate being about 100 fold faster.  Unlike salt, MgPPi had no apparent difference in its ability to dissociate slow or fast S1 isoforms from actin with the Kd being 6 – 8 µM.  In summary, these studies suggest that using PPi and potentially TPP at 2 – 10 mM minimizes acto-myosin interactions.  These conditions can be used for future studies on myosin dissociation kinetics that focus primarily in myosin inter-protein interactions within the thick filament.

The North Carolina station has investigated the identification of poultry meat from pork and beef on the baisi of the titin PEVK region by PCR. The possibility of distinguishing three kinds of meat species (chicken, porcine and bovine) alone or in two-component meat mixtures was investigated using the polymerase chain reaction. The contribution of each component in the meat mixtures ranged from 1 to 100%. The identification of meat was performed on the basis of the sequence coding the PEVK region of titin and by employing polymerase chain reaction. DNA was isolated from raw, fresh and chilled meat. The data presented in this study suggest that it is possible to detect chicken meat, pork and beef in meat mixtures on the basis of PEVK region by using PCR.

At the Nebraska station, Dr Zeece has been investigating the mechanism of calcium regulation in skeletal muscle. His lab is also developing proteomic tools to characterize the constituent calcium regulatory proteins. Calcium is intimately tied to many cellular activities. Calcium level is linked to protein degradation through activation of the calpain system.  Calpain activity in turn is involved in a variety of cellular functions including:  myofibrillar protein turnover, pathogenic states of protein degradation e.g., muscular dystrophy, cell growth and division and myofibrillogenesis. Abnormalities in calcium regulation are also of relevance to malignant hyperthermia in humans and its corollary in meat animals that results in poor quality meat. 

Dr Zeece’s laboratory is focused on development of proteomic methods for characterization of SR proteins. Two approaches are being investigated. The first involves printed protein microarrays for multiplexed profiling and investigation of protein-protein interactions. The second involves development of 2-dimensional electrophoretic methods for characterization of the constituents of this membrane protein fraction. These methods are applied in concert to investigate the calcium regulatory system in skeletal muscle and related abnormalities in meat animals.   Results: Two-dimensional electrophoretic separations of muscle membrane proteins have been utilized. 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 using various surfactants. Most recently, the non-denaturing 2-D electrophoresis separation protocol was applied to the investigation of mitochondrial membrane proteins. Eight spots were excised from 2-D gels and identified by LC-MS/MS analysis. This electrophoresis system is unique in the kinds of information it can provide. Specifically, it has been shown to resolve very high molecular weight proteins (approx 1.5 MDa) and define constituent proteins of large (native) complexes.    

Microarray screening of phage display antibodies (SR membrane protein targets) has been used in work being conducted with Dr Tommie McCarthy at University College Cork (Ireland) to analyze libraries of SR-specific monoclonal antibodies produced in his lab by the phage display technique. A selected group of recombinant protein fragments and synthetic peptides were spotted on to expoy-derivatized slides and examined for antibody recognition from a large set of clones. The microarray approach facilitates identification of antibody specificity and potential cross-reaction. However, preliminary results using a cassette of peptides and clones provided by Dr McCarthy were unsuccessful in that the response was weak and highly variable.

Finally, Work has also been started to determine the level of carnosine and other important bioactive peptides in bovine skeletal muscle tissue.  This HPLC-MS/MS approach has shown that carnosine level varies with muscle fiber type. The goal is to develop a rapid method capable of bioactive peptide level determination from very small tissue samples, perhaps biopsy.    

The Wisconsin station contributed to the annotation of the bovine genome by working on the myofibrillar proteins. GLEAN sequences were initially Blasted against known human and mouse genes for identification. Subsequently the mRNA reference sequences of other known human and mouse myofibrillar protein genes were blasted against the bovine genomic sequence. Genes identified included myosin heavy chains ID/X (Myh1), IIA (Myh2), embryonic (Myh3), IIB (Myh4), cardiac alpha (Myh6), I-cardiac beta/slow (Myh7); myosin light chains alkali (Myl1), MLC2s (slow/cardiac)(Myl2), embryonic/atrial (Myl4); skeletal alpha actin (Acta1), troponin T slow (Tnnt1), troponin I slow (Tnni1), fast (Tnni2) cardiac (Tnni3), troponin C fast (Tnnc2), skeletal alpha actinin (Actn2), skeletal fast alpha actinin (Actn3), titin (Ttn) and nebulin (Neb). Surprisingly the sequences for the troponin C slow/cardiac (Tnnc1) and troponin T cardiac (Tnnt2) genes have not yet been found in the Btau_4.0 build. It should be noted that GenBank sequences for isoforms of myosin heavy and light chains include many incorrect annotations because of their sequence similarities and historically varied names. 

Another project focused on characterization of a mutation that affects alternative splicing of titin. A rat autosomal dominant mutation that dramatically alters the alternative splicing pattern of titin has been described (Greaser et al. J Mol. Cell. Cardiol. 44:983, 2008).  The mutation has been mapped to rat chromosome 1, and the 95,000 bp deletion removes exons 2 through 14 plus the 3’ UTR for a previously uncharacterized splicing factor. Exon arrays have identified more than 60 genes with altered splicing patterns in the heart, and these genes have a large variety of functions (nearly 3/4ths are involved in signal transduction, metabolism, and transcription/translation). A point mutation in the same gene in a human family with dilated cardiomyopathy has been identified, and these individuals also show the same sudden death and development of fibrosis as our rat model. The rat mutation also shows changes in skeletal muscle.  The mutation model should provide a useful system to test hypotheses regarding titin’s role in stretch signaling.

Previous studies have indicated that the giant protein titin can be phosphorylated, and that phosphorylation alters the resting tension of skinned cells. Protein kinase C (PKC) regulates contractility of muscle cells by phosphorylating several thin- and thick- filament proteins. Sarcomeres also contain titin, and it is unknown whether titin can be phosphorylated by PKC and whether it affects passive tension. The purpose of this study was to examine the effect of PKC on titin phosphorylation and titin-based passive tension. Phosphorylation assays with PKCalpha revealed that titin is phosphorylated in skinned myocardial tissues; this effect is exacerbated by pretreating with protein phosphatase 1. In vitro phosphorylation of recombinant protein representing titin’s spring elements showed that PKC alpha targets the proline – glutamate – valine –lysine (PEVK) spring element. Furthermore, mass spectrometry in combination with site-directed mutagenesis identified 2 highly conserved sites in the PEVK region that are phosphorylated by PKC alpha (S11878 and S12022). When these 2 sites are mutated to alanine, phosphorylation is effectively abolished. Mechanical experiments with skinned left ventricular myocardium revealed that PKC alpha significantly increases titin-based passive tension, an effect that is reversed by protein phosphatase 1. Single molecule force-extension curves show that PKC decreases the PEVK persistence length (from 1.20 nm to 0.55 nm), without altering the contour length, and, using a serially-linked wormlike chain model, it was shown that this increases titin-based passive force with a sarcomere length dependence that is similar to that measured in skinned myocardium after PKC alpha phosphorylation. Thus  PKC phosphorylation of titin is a novel and conserved pathway that links myocardial signaling and myocardial stiffness.

Finally,  computer program that uses non-linear regression techniques to fit mathematical functions to densitometry profiles of protein gels has been developed. This allows for improved quantification of gels with partially overlapping and potentially asymmetric protein bands. The program can also be used to analyze immunoblots with closely spaced bands. GelBandFitter was developed in Matlab and the source code and/or a Windows executable file can be downloaded at no cost to academic users from http://www.gelbandfitter.org.

IMPACT STATEMENTS

•
Results of a study by the Hawaii station show that myostatin activity is suppressed by a recombinant pig ActRIIB-ECD produced in P. pastoris. The recombinant protein would be a useful resource in future studies investigating whether skeletal muscle growth of pigs could be improved by administration of pig ActRIIB-ECD.

•
Differential function of the glycosaminoglycan chains in syndecan-4 and glypican-1 in terms of regulating satellite cell proliferation and differentiation.

•
Demonstration that the N-glycosylation chains attached to the core protein of syndecan-1 and glypican-1 have a biological function during the differentiation of satellite cells.

•
The Ohio station successfully completed site directed mutagenesis for syndecan-4 and glypican-1 creating a series of clones lacking both GAG and N-glycosylation attachment sites. The role of proteoglycans in the regulation of muscle growth is not well understood at this time.  It is clear that muscle cells especially the satellite cells are responsive to growth factors like FGF2 and TGF-β.  The regulation of muscle cell responsiveness to each of these growth factors is critical in the muscle growth and regeneration processes.  The regulation of muscle growth especially the breast which is the most economically valuable part of the bird carcass is on importance to the poultry industry.  For example for the turkey industry a 1% increase in breast muscle yield from a 40 lb bird per million birds processed results in an increase in revenues estimated to be $704,000 not including improved feed conversation in the calculation.

•
Mouse models generated by the Indiana station provide invaluable tools to examine how Notch function in the regulation of satellite cell function.  These studies are expected to reveal critical information regarding the molecular control of satellite cell function and muscle differentiation that may lead to novel strategies to enhance muscle growth, hypertrophy and meat production in farm animals. These mouse models will provide invaluable tools to examine how Notch function in the regulation of satellite cell function.  Together, they expect these studies to reveal critical information regarding the molecular control of satellite cell function and muscle differentiation. Such knowledge may lead to novel strategies to enhance muscle growth, hypertrophy and meat production in farm animals. 
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