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I. Abstract: 

Two experimental approaches were used to develop animal models that will 
enable investigation of the relationships between muscle development and pork quality.  
Direct DNA injection into porcine skeletal muscle was investigated as one approach for 
studying roles of locally-produced IGF-I (insulin-like growth factor-I) in muscle.  DNA 
encoding IGF-I was injected into pigs and samples were subsequently analyzed for 
biological activity.  Preliminary studies were performed to optimize injection and 
sampling procedures.  Significant quantities of recombinant IGF-I were detected.  This 
production of recombinant IGF-I resulted in increases of IGF-binding protein-2, a protein 
important in modulating IGF-I activity in muscle.  These data indicate that this in vivo 
approach of gene transfer results in biologically-active recombinant protein production in 
porcine skeletal muscle, and provides an excellent in vivo model for studying the 
autocrine and (or) paracrine effects of locally-produced growth factors in skeletal 
muscle. 

The second approach investigated for studying muscle development was cell-
mediated gene transfer.  Our preliminary studies demonstrated that implanting 
genetically-engineered muscle cells into porcine muscle was somewhat successful, but 
that an improved system was necessary for enhancing cell survival following 
implantation.  Therefore, we developed a compensatory muscle hypertrophy model in 
pigs.  We found that surgical removal of the peroneus tertius muscle in from hindlegs of 
neonatal pigs resulted in compensatory growth of the synergistic peroneus longus 
muscle.  This increased rate of growth was accompanied by increases in cross-
sectional area of specific fiber types as well as increased DNA and RNA content.  This 
model will be very useful in optimizing cell-mediated gene transfer in pigs so that 
various processes regulating muscle development can be studied.   
 
II. Introduction: 

More than one-half of the DNA in skeletal muscle of market weight pigs is 
derived from satellite cells.  Muscle satellite cells constitute the final population of 
muscle cells during muscle development and are the sole source of DNA to drive 
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postnatal muscle growth.  These satellite cells reside adjacent to existing muscle fibers 
and are dormant until they are stimulated to proliferate and fuse with their associated 
muscle fiber.  Muscle requires recruitment of DNA from satellite cells for optimal growth. 
Satellite cells are not all identical, and their fusion with a fiber can alter the fiber 
phenotype (i.e., myosin isoform expression) of muscle fibers.  Because meat quality is 
dependent on the proportions of different myosin type present, it is reasonable to expect 
that changes in muscle satellite cell activity during muscle development may influence 
ultimate meat quality.  Processes involved in the activation, proliferation, differentiation, 
and fusion of satellite cells have been studied extensively in culture, but the regulation 
of these processes in vivo is less clear.  Muscle fibroblasts have been shown in vitro to 
regulate satellite cell activity, but this regulation has not been studied in vivo.  
Experiments using pigs must be designed to characterize these processes in vivo. 
 In our laboratory, we have studied processes involved in the regulation of 
satellite cell activation, proliferation, and fusion, and we have recently published a 
review of data demonstrating that growth of these cells is regulated through both 
intrinsic and extrinsic mechanisms (Dodson et al., 1996).  Part of our research program 
has focused on studying muscle satellite cells in culture to identify growth factors (e.g., 
insulin-like growth factor-I; IGF-I) that regulate cell growth in pigs (Fligger et al., 1997), 
but we feel it is necessary to develop in vivo models of studying muscle development.  
Therefore, we have recently developed methodology for isolating very pure preparations 
of pig muscle cells from skeletal muscle and have optimized conditions for genetically 
engineering these cells (Blanton et al., 2000).  We are using these cells in genetic 
engineering experiments in which the cells are implanted into pig skeletal muscle.  This 
myoblast-mediated gene transfer technology is allowing us to study in more depth how 
satellite cells participate in growth and development of pig muscle.  Our related work 
with direct injection of recombinant DNA is also enabling us to identify, by in vivo 
means, growth factors important to muscle growth (Everett et al., 1998). 
 Fibroblasts (predominant non-myogenic cells) within muscle are thought to be 
important to satellite cell activity because they synthesize and secrete important growth 
factors that can act locally on satellite cells.  In our laboratory, this type of paracrine 
regulation involving satellite cells and fibroblasts has been studied in culture (Fligger et 
al., 1994), but little research has been conducted to verify these processes in vivo.  A 
major limitation in studying these processes in vivo is identification of the transmitting 
cell and target cell is technically difficult.  Introduction of variant muscle cells and 
fibroblasts into skeletal muscle is a method of circumventing the aforementioned 
problem.  This technology offers a method to begin studying cell communication in vivo.   
 Now that we have developed methodology to isolate both porcine muscle cells 
and fibroblasts, and to genetically-engineer these separate cell types with marker 
genes, we have the ability to distinguish these two cell types following co-implantation 
into skeletal muscle of pigs.  We have performed implantation studies and analyzed 
results using cells engineered with a green fluorescent protein (GFP) marker.  Based on 
our findings (Blanton et al., 2000), we concluded that a hypertrophy model needed to be 
developed for an improved system that would result in enhanced cell survival following 
implantation.  Once the co-implantation procedures are optimized, the next step will be 
to use this biotechnology to alter fiber type in pigs to determine the relationship between 
fiber type and meat quality.  As a step in this direction, we have designed and produced 
a DNA construct that encodes a tagged recombinant form of insulin-like growth factor-I.  
We have demonstrated that this recombinant IGF-I is functional in vitro.  Thus, this is a 
logical DNA construct to use in the in vivo studies described in this proposal.  
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IV. Objectives:  To develop an animal model that can be used to study the 
relationship between muscle development and pork quality. 
 
V. Procedures: 

Two approaches have been used to develop animal models: direct DNA injection 
and cell implantation.  Direct DNA injection has been used to validate the recombinant 
insulin-like growth factor-I (IGF-I) DNA construct and to confirm the recombinant protein 
is biologically active in pig skeletal muscle.  Different strategies are being tested to 
optimize cell implantation in pigs. 

Direct DNA approach: 
Preliminary studies using 33 neonatal crossbred pigs were performed to optimize 

DNA dose and sampling methods.  DNA used was plasmid DNA encoding IGF-I.  To 
enable identification of exogenous IGF-I from the endogenous protein, the amino end of 
the mature peptide sequence has an 11-amino acid (T7) tag, that is detected by an anti-
T7 antibody (referred to as tagged IGF-I or TIGF-I).  Longissimus muscles of six pigs 

(seven days of age) were injected with 100 µg TIGF-I plasmid DNA.  Each pig received 

a total of six injections (two injections of 100 µg DNA and one injection of only saline in 
each longissimus muscle).  Three days postinjection, two pigs were euthanized and 
muscle samples were collected from treated and control injection sites.  Two pigs were 
weaned three days postinjection and two pigs were left with the sow. These remaining 
four pigs were euthanized four days postinjection and muscle samples were collected 
for further analysis.  Samples from the left longissimus were collected for 
immunohistochemistry, and those from the right longissimus were collected for IGF-I 
and IGF-binding protein and mRNA analyses.  Serum was harvested from blood 
collected during tissue collection. 

Cell implantation approach: 
To develop a better system for cell implantation, a hypertrophy model was 

developed.  In a preliminary study, 10 pigs at 2 weeks of age were used to determine if 
ablation of the tibialis anterior (TA) muscle would result in compensatory hypertrophy of 
the overloaded peroneus tertius (PT) muscle.  Muscles were examined at 2 and 4 
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weeks following ablation surgeries. Results were inconsistent and no significant 
difference was found for overloaded muscles.  Therefore, a second study was 
performed using 12 pigs in which the PT muscle was ablated resulting in overloading of 
the peroneus longus (PL) muscle.  Muscles were examined 4 weeks following surgery.  
Muscles were subjected to immunohistochemistry and image analysis for determining 
cross-sectional area of different muscle fiber types. Muscles were also assayed for 
protein, DNA, and RNA.   

 
VI. Results: 

TIGF-I was detected in all treated muscle homogenates, whereas no significant 
TIGF-I was detected in control muscle (Figure 1).  Furthermore, weaned pigs had lower 
(P<.01) amounts of TIGF-I than non-weaned animals.  Western blotting confirmed these 
findings and confirmed that the T7 antibody was specific for TIGF-I.  Recombinant IGF-I 
could not be detected in sera of injected animals. 

To determine if the synthesis of TIGF-I in treated muscle contributed to an 
increase in total IGF-I levels, total IGF-I analysis was performed on both treated and 
control muscle homogenates.  Amount of IGF-I was greater (P<.01) in muscle extracts 
from DNA injected sites than saline injected sites (Figure 2). These data indicate that 
the recombinant protein synthesized in muscle as a result of direct injections contributes 
to a significant increase in total IGF-I levels in treated sites.  In fact, this increase in total 
IGF-I is accounted for by TIGF-I.  As was observed with the TIGF-I data, there was a 
decrease (P<.0001) in total IGF-I in treated muscle of weaned animals as compared to 
non-weaned pigs.  Greater (P<.01) amounts of IGFBP-2 were present in treated muscle 
as compared to controls.  Abundance of IGFBP-2 was very low in control samples and 
undetectable in control samples from weaned pigs.  The induction of IGFBP-2 was also 
less in weaned pigs than in non-weaned pigs.   TIGF-I treatment and weaning had 
similar effects on IGFBP-2 mRNA.   
 In this portion of the project, we have demonstrated recombinant protein 
production in porcine skeletal muscle by direct injections of plasmid DNA.  More 
specifically, we have demonstrated that locally-produced IGF-I increases IGFBP-2 
production in muscle.  We have also shown that production of recombinant proteins 
decreases during weaning.  Further analyses of the negative effects of weaning on 
exogenous DNA expression are necessary for the utilization of this technique in 
enhancing muscle growth and animal well-being in young animals. This technique of 
direct DNA injections into skeletal muscle, resulting in the localized production of a 
recombinant protein, provides an excellent model for studying the autocrine and (or) 
paracrine effects of hormones and proteins that play roles in muscle growth and 
development. 

Ablation of PT muscles was found to consistently increase hypertrophy of 
overloaded PL muscles by 22% compared with contralateral control muscles.  Total 
DNA and RNA content was greater in overloaded muscle.  Furthermore, cross-sectional 
area of type IIX muscle fibers was increased (P<.01). 

We are currently developing strategies to improve the cell implantation method.  
Now that we have a reliable hypertrophy model in pigs, cells will be implanted into 
overloaded muscle of hindlegs subjected to irradiation.  Irradiation of the hindleg is 
expected to render the endogenous muscle satellite cells incapable of replication, 
allowing little hypertrophy to occur.  When exogenous muscle cells are implanted into 
the peroneus tertius muscle, their proliferation and fusion to muscle fibers will be greatly 
facilitated because they are the only source of cells that are left to contribute to the 
work-induced hypertrophy.  The other strategy that is expected to improve cell survival 
upon implantation involves circumvention of the immune system.  We found that 
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implanted cells are subjected to immune rejection in pigs.  In the hypertrophy model we 
are establishing, the ablated PT muscle can be used as a source of cells to be 
genetically engineered, and these engineered cells can be implanted back into muscle 
of the same pig; thus, the cells will not be rejected. 

Once the cell implantation is optimized, engineered cells will be implanted into 
skeletal muscle of young pigs as a way of delivering recombinant protein to pigs.  The 
change in muscle development that results from delivery of specific proteins will be 
examined to determine how muscle fiber type is influenced.  Development of this in vivo 
model will permit future studies aimed at measuring changes in pork quality (especially 
water-holding capacity) that result from changes in muscle fiber type development. 

In this report, we describe strategies to study processes important in muscle 
development that affect lean growth and pork quality.  Biotechnology has provided 
researchers with a vast array of tools to investigate growth and development of tissues, 
but much of this research has been conducted using rats and mice as animal models.  
We have developed pig models to study these processes in pigs with the idea that we 
can learn how processes involved in muscle development are related to the quality of 
pork.  A more thorough study of the biology of muscle growth and pork quality will 
eventually lead to development of new strategies for ensuring acceptable pork quality.  
All of these potential strategies require thorough understanding of the cellular basis of 
muscle development in pigs. 
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Figure 1. Amount (means ± SE) of recombinant IGF-I (TIGF-I) in muscle homogenate 

(10 µg protein equivalent) from DNA-injected (solid bars) and saline-injected (open 
bars) sites.  Each bar represents 3 pigs (4 DNA sites and 2 control sites/pig).  Bars with 
different letters (a, b) for day 3, and  (x, y and z) for day 4 are different (P<.01).  W, 
weaned; NW, non-weaned. 

Figure 2.  Amount of total IGF-I (means ± SE) in muscle homogenate (10 µg protein 
equivalent) from DNA-injected (solid bars) and saline-injected (open bars) sites.  Each 
bar represents 3 pigs (4 DNA sites and 2 control sites/pig).  Bars with different letters (a, 
b) for day 3, and  (w, x, y and z) for day 4 are different (P<.01). W, weaned; NW, non-
weaned. 
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