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ABSTRACT

EXPRESSION OF ALPHA ACTIN IN TISSUES OP LIVESTOCK SPECIES,

RACTOPAMINE AND NEONATAL TESTOSTERONE EFFECTS ON SKELETAL

MUSCLE AND PROTEIN METABOLISM IN PIGS

BY

David MMborg Bkjaorlund

Four boars and four barrows were allotted to one of six

groups to assess skeletal muscle growth and protein

metabolism. Castration was performed within 24 h of birth,and

all pigs remained with their dams until slaughtered at either

1,2 or 4'wk of age. Castration at birth did not affect.muscle

weights, nucleic acid concentrations or content, nor in vivo

or in vitro protein synthesis rates. However, developmental

changes in all measures of skeletal muscle protein metabolism

were seen during this 4 wk neonatal period.

In the second experiment, a human skeletal alpha actin

cDNA probe was characterized for use with livestock species.

Three market weight animals were slaughtered in order to

obtain tissue samples from each of the meat producing

livestock species: porcine, bovine, ovine and avian. The four

tissues of interest were skeletal muscle, heart, smooth muscle

(stomach or gizzard) and liver. No hybridization was observed

with RNA from liver or smooth muscle from any of the species



suggesting little or no hybridization to nonmuscle and smooth

muscle beta and gammma actin isoforms. The probe hybridized

to RNA from skeletal muscle of pigs, cattle, sheep and

chickens although relative hybridization was 75% less with

chicken RNA.

In the third experiment, sixty crossbred barrows were

used to study the effect of ractopamine (a phenethanolamine-

beta-adrenergic agonist) treatment (2, 4, 6 wk) and its

withdrawal (1, 3, 7 d) on muscle growth and on the relative

abundance of skeletal muscle alpha actin mRNA. Ractopamine

increased longissimus muscle weight, total DNA, RNA and

protein content at 4 wk and this increase was maintained when

ractopamine was withdrawn for 7 d. The relative abundance of

skeletal muscle alpha actin mRNA was increased.41 and 62% only

at 2 and 4 wk, respectively. These results indicate that the

ractopamine-enhanced muscle growth may result from increased

myofibrillar gene expression at the pretranslational level.
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INTRODUCTION

Understanding the mechanism and regulation of muscle

growth is of vital importance to meat animal agriculture.

Total.muscle:mass represents 55 to 60% of total carcass weight

and 30 to 40% of total live weight (Mulvaney, 1981). The goal

of meat animal agriculture is to increase efficiency of lean

meat production.

Muscle growth can occur by hypertrophy, an increase in

cell size, or by hyperplasia, an increase in cell number.

Prenatal muscle growth is primarily a result of hyperplasia.

During embryonic development there is a tremendous increase in

cell number but muscle cell number does not increase

substantially after birth (Allen et al., 1979). There are

some reports of modest increases in fiber number, depending

upon the extent of embryonic development at the time of birth

(Goldspink, 1972; Swatland, 1976). Most.of the muscle.growth

postnatally can be attributed to hypertrophy as myofibrillar

proteins accumulate.

Muscle hypertrophy is the difference between protein

synthesis and protein degradation. Both processes are

important. and. each. is regulated independently» Protein

synthesis can be regulated at the level of translation or by

a pretranslational event such as transcription. Millward

(1980) suggested that fractional synthesis rate varies

inversely as a function of the protein:DNA.ratio, or DNA.unit.
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Lewis et a1. (1984) suggested that fractional synthesis rates

are dependent upon the concentration of RNA and ribosomes.

Caravatti et a1. (1982) demonstrated that abundance of mRNA is

closely correlated to protein synthesis rates and

transcription of RNA may be an important indicator of protein

synthesis. By gaining an understanding of the changes in the

protein synthetic machinery (DNA, mRNA, rRNA and tRNA) that

occur during the growth of an animal, more specific questions

can then be addressed as to how'the specific control points of

protein synthesis are regulated throughout postnatal

development.

Advancements in molecular biology have provided new tools

of research that enable us to readily and more specifically

answer questions regarding the genomic and pretranslational

regulation of muscle growth. Animal agriculture needs to

utilize such tools for research with livestock species. In

order to understand more about the genomic regulation of a

major muscle protein, e.g. actin, in livestock species, the

specific aim of this project was to validate the use of a

human skeletal muscle alpha actin cDNA to monitor the

abundance of porcine skeletal muscle alpha actin mRNA during

postnatal development. With the ultimate goal of

understanding gene regulation of myofibrillar proteins, a

major portion of the work was directed toward characterizing

the use of this skeletal muscle alpha actin cDNA probe in

livestock species in order to gain information regarding
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pretranslational regulation of growth (Skjaerlund et al.,

1984; Helferich et al., 1988; Helferich et al., 1989;

Skjaerlund et al., 1989).

Intact.males are more efficient in conversion of feed to

gain and produce carcasses at market weight with 20 to 30%

less fat than barrows (Field, 1971; Mulvaney, 1984; Knudson

et al., 1985a, 1985b). Gonadally intact males also have 8 to

15% greater muscle mass than castrated males (Prescott and

Lamming, 1967; Mulvaney, 1984; Knudson et al., 1985a).

Postpubertal circulating testosterone appears to enhance

skeletal. muscle. growth. and. improve carcass traits.

Circulating testosterone concentrations are also elevated in

boars during the first few weeks after birth (Colenbrander et

al., 1978; Ford, 1983). The objective of this study was to

determine the effect of elevated perinatal testosterone

concentrations on skeletal muscle growth and protein

metabolism.

Similar to the effect of testosterone on skeletal muscle

growth, administration of the phenethanolamine, ractopamine,

to finishing pigs increases muscle mass, total muscle protein

and RNA content, and fractional synthesis rates (Bergen et

al., 1989). A time-course study in which muscle growth and

abundance of skeletal alpha actin is monitored during

administration and withdrawal of ractopamine to pigs is

necessary to identify mechanisms mediating ractopamine-induced

muscle hypertrophy. The last objective of this study was to
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monitor changes in skeletal muscle protein metabolism and

skeletal alpha actin mRNA abundance in pigs fed ractopamine

during a 6 wk feeding period and a subsequent 7 d withdrawal

period.



LITERATURE REVIEW

W

Muscle is in a dynamic state of turnover as protein is

continually being synthesized and broken down. Schimke (1970)

estimated that only a small pool of free amino acids is

present within a cell, representing approximately .5 % of the

total amino acids (Figure 1). The continual breakdown of

protein provides most of the amino acids needed for synthesis.

Millward et a1. (1975) have suggested that some 80% of the

amino acids derived from the degradation of protein are

reutilized for new protein synthesis. Protein turnover is a

major process and in the rat, growing pig and man, protein

synthesis appears to account for between 15 and 20% of overall

heat production (Waterlow et al., 1978; Reeds and Lobley,

 

FIGURE 1. Relationship of amino acid pools in protein

turnover. Reprinted from Bergen et al. (1987).
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1980). Garlick et al. (1976) estimated that 17% of the total

metabolic rate could be accounted for by protein turnover.

The extent of protein accretion is dependent on both

protein degradation and protein synthesis. Muscle growth

occurs when the rate of protein synthesis exceeds the rate of

protein breakdown. Millward et al. (1976) indicated that

during a steady state situation, the two rates are equal.

During growth, the amount of protein synthesized each day

exceeds the net amount of protein accumulated each day by a

factor of two to three (Swick, 1982) . Fractional protein

synthesis rate (FSR) , fractional breakdown rate (FBR) and

fractional accretion rate (FAR) are the respective rates

relative to total protein and are interdependent such that FAR

= FSR — FBR. Fractional rates are normally expressed as the

percent of total protein pool that is synthesized, degraded or

accumulated per day.

A high rate of protein turnover appears to be a wasteful

process. Young and Pluskal (1977) demonstrated that only a

small percentage of the total muscle protein synthesized is

for actual accretion. Mulvaney (1981) estimated only 20% of

the skeletal muscle protein synthesized per day is actually

deposited in young growing boars. Laurent and Millward

(1980) have estimated that total protein synthesis can be

partitioned into 68% for normal replacement, 9% for growth and

23% for wastage during stretch induced hypertrophy of adult

fowl. Goldberg and Chang (1978) suggested that protein
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breakdown releases amino acids that can be utilized for

gluconeogenesis.

Schimke (1977) stated that protein breakdown is essential

in removing abnormal proteins and that cells have a general

mechanism for protein degradation rather than a specific

process for the removal of only abnormal proteins or proteins

that are no longer needed. As Swick (1982) elaborated,

degradation allows tissues and organs to remodel and

restructure during growth. The high rate of protein turnover

seems to have a biological significance, perhaps allowing for

greater sensitivity in regulating the amount of specific

proteins. With a rapid turnover, enzyme quantity can be more

quickly altered than with proteins that have a low rate of

turnover» In.addition, small changes in protein synthesis and

protein degradation allows for large, compounded changes in

the final protein quantity. The energetic efficiency of

muscle accretion could be greatly increased by altering the

rates of protein synthesis and breakdown.

The rates of protein synthesis per kilogram of body

weight are greatest in the smallest animals. Garlick et al.

(1976) demonstrated that the rat has two to three times

greater fractional synthesis rates than the pig. The

differences are less when rates are compared on the basis of

body weight”, with the growing pig having a faster rate than

the rat, sheep or man (Waterlow et.al., 1978). Turnover rates

also vary between tissues. Garlick et al. (1976) reported
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that rates of protein synthesis for 75 kg pigs in liver and

kidney (24%) were three times those of the brain (8%), while

the rates for heart (6.8%) and skeletal muscle (4%) were

lower. Protein synthesis in skeletal muscle is a major

contributor to total body protein synthesis. Garlick et al.

(1976) state that muscle contributes 42% of whole body protein

synthesis in the pig and only 19% in the rat. Even though 70%

of liver protein is replaced every 4 to 5 days (Schimke,

1977), liver represents only approximately 10% of whole body

protein synthesis in both animals (Garlick et al., 1976).

Protein synthesis rates vary between muscle fiber types.

In young growing animals, protein synthesis rates for muscle

with predominantly white fibers were greater than those for

muscle with predominantly red fibers, but the opposite is true

in adults (Arnal et al., 1976; Maruyama et al., 1978). In

adult rats, protein synthesis rates of 10 to 12%, 8 to 10% and

4 to 5% were reported for heart, soleus (red muscle) and

quadriceps (white muscle), respectively (Arnal et al., 1976).

Protein turnover rates in chick anterior latissimus dorsi

(slow tonic, red muscle) were estimated by Laurent et al.

(1978) to be three times greater than in the posterior

latissimus dorsi (fast twitch, white muscle) and five times

greater than white breast muscle. Mulvaney (1983) showed that

the red portion of porcine semitendinosus muscle had greater

in vitro protein synthesis and.protein.degradation rates than

the white portion. This observation is consistent with data
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reported by Millward (1980) . Richmond and Berg (1982)

suggested that the relative growth rate of muscles appears to

be related to muscle function. They found that those muscles

associated with mobility and propulsion showed much earlier

development than those concerned with posture. Postural

muscles (red fiber types) appeared to grow at the same

relative rate as total muscle, with a proportionally greater

increase later in life.

Turnover rate of sarcoplasmic proteins is greater than

that of the myofibrillar proteins. Bates and Millward (1983)

demonstrated that sarcoplasmic proteins in adult rats were

synthesized and degraded at twice the rate of myofibrillar

proteins. Individual myofibrillar proteins also differ in

their turnover rates and half-lives. Using SDS gel

filtration, Schreurs et al. (1985a) demonstrated that the

turnover rate of myosin heavy chains and myosin light chains

relative to actin was 1.5 and 3.3 times greater, respectively.

This suggests that turnover of the functional unit, i.e. the

myofibril, does not turnover as a whole but that the

individual subunits are replaced at individual and independent

rates. Contractile proteins are more sensitive to nutritional

and physiological states, increasing to a greater extent than

the soluble proteins during rapid growth, and decreasing more

extensively during starvation (Millward and Waterlow, 1978;

Bates and Millward, 1983) . For example, Schreurs et al.

(1985b) demonstrated that the rate of [“C]tyrosine
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incorporation into muscle and liver decreased 50% and 20%,

respectively, when 3 month old rats were fed a protein-free

diet.

Muscle protein turnover is unique in that it shows a

marked developmental decrease as the animal matures. In

general, protein synthesis and protein degradation are

positively correlated with both being elevated during rapid

growth and. both decreased. during slow stages of growth

(Waterlow et al., 1978). Protein degradation rates in rats

were elevated during rapid growth and breakdown was reduced

during slower growth (Millward et al., 1981) On the other

hand, Ogata et al. (1978) reported that the increased growth

in young rats is the result of high protein synthesis and low

protein degradation.

The decline in total protein turnover during development

is.due toia combined.decrease in both the fractional synthesis

rate and the fractional degradation rate (Millward, 1980) .

Quadricep muscles of 3 week old rats had fractional synthesis

rates greater than 22% and by 1 year values were less than 5%

(Millward et al., 1975). Waterlow and Stephen (1967) also

observed an overall decline in.protein degradation rates with

increasing body weight of the rat. Shrivastava and Chaudhary

(1969) showed a decline in in vivo and in vitro incorporation

of [“CJ-leucine into proteins of skeletal muscle during the

development of the mouse from birth to 1 year of age. In

lambs, the fractional protein synthesis rates decreased from
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24% at 1 week to 2% at 16 weeks (Arnal et al., 1976). A

decline. in fractional synthesis rates from 25 to 8% was

observed by Maruyama et al. (1978) in muscles from chickens

between 1 to 2 weeks of age. In young rats, myofibrillar

protein synthesis rates declined more rapidly than the

sarcoplasmic protein synthesis rates frmm 35 to 100 g body

weight (Bates and Millward, 1983). After 100 g body weight,

the decline in myofibrillar protein synthesis rates paralleled

that of the sarcoplasmic proteins. No comprehensive study

documenting the birth to puberty changes in protein turnover

has been reported for pigs.

Declining turnover with age has also been demonstrated

for humans. Using 3-methylhistidine excretion as an indicator

of muscle protein degradation, Munro (1976) and Tomas et a1.

(1979) showed a decline in excretion from neonatal infants to

mature adults. Waterlow (1967) stated that the grams of

protein synthesized per day were lower for adults than for

young men or children. The decline in protein turnover and

subsequently lower metabolic rates are the reason that man and

animals need to decrease caloric intake as they mature to

avoid excessive deposition of fat.

W

Many procedures have been developed to measure protein

synthesis and protein degradation. These have included

invasive in vivo procedures and to a lesser degree,

noninvasive in vivo methods or in vitro approaches and either
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measure whole body protein turnover or the protein turnover of

a specific tissue or protein. In vivo methods are time

consuming and expensive due to enormous isotope costs for

large animals as well as the cost of the animals and their

disposal. Protein accretion or FSR can easily be measured by

determining the net gain in protein or muscle over a given

period of time (e.g., 1 week). Protein synthesis rates can.be

determined directly with the administration of a radiolabeled

tracer, such as [“CJ-tyrosine, and the rate of its appearance

in protein is measured. Having determined FAR, and FSR with

continuous infusion of a radiolabeled amino acid, protein

degradation is normally calculated using the formula: FBR =

FSR - FAR.

Some of the specific approaches have included polysomes

profiles (Noll, 1969), initiation and translation assays

(Alexis et al., 1972; Bergen, 1974), in vitro and in situ

perfusions (Goldberg et al., 1975, sections 1-4), in vitro

tissue incubations (Fulks et al., 1975; Skjaerlund et al.,

1988), in vitro tracer methodology and protein synthesis rate

measurement based on single or constant tracer administration

and whole body protein synthesis based on amino acid flux

(Waterlow et al., 1978; Zak et al., 1979; Wolfe, 1984). An

excellent review of some of these procedures has been

described by Bergen et a1. (1987) which includes a detailed

and specific discussion of the kinetics and factors involved.

Methodology for measuring protein synthesis is based on
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several assumptions. First, it is assumed that the precursor

pool or free amino acid pool is homogenous and in a steady

state. Secondly, it is assumed that the isotope enters the

precursor pool only by exogenous administration and a complete

and random mixing of the precursor pool occurs. Finally, it

is assumed. that there is a constant amount of isotope

incorporated per unit of time (Waterlow et al., 1978; Reeds

et al., 1980).

There has been.a long standing debate as to the origin of

the precursor pool. Observations by Hider et a1. (1969, 1971)

appeared consistent with a model based on the premise that

amino acids were incorporated directly fromithe extracellular

pool without first equilibrating with the intracellular pool.

Li et al. (1973) and Alemany (1976) proposed that the free

intracellular pool resembled a precursor for protein synthesis

while the extracellular pool did not. Airhart et al. (1974)

and Ward et al. (1984) suggested that amino acids for protein

synthesis are derived from a combination of both intracellular

and extracellular pools and that perhaps the majority comes

from the extracellular pool. Recently, Irvine et a1. (1990)

suggested that sarcoplasmic proteins may exist in at least two

sub-populations which.have different turnover rates and.which

also may obtain their amino acids for synthesis from different

precursor pools. Because of the variation in precursor pool

location and the possible dilution of labeled tracer with

recycled amino acids within the tissue, all measurements of
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precursor pool specific activity are subject to some.degree of

error.

Common methods of administering an isotope tracer for FSR

determination of a specific tissue is through a single tracer

dose injection, a single massive flooding dose tracer infusion

or a continuous tracer infusion (Bergen et al., 1987). The

single dose injection of a tracer amino acid is the easiest

method to administer and the period of label incorporation is

kept relatively short. With this method, a single dose of

labeled tracer is incorporated and the specific activity of

the free amino acid is intially high and then declines

rapidly. Several data points must be collected to determine

the specific activity of the tissue free and bound protein

pools. Because many data points must be obtained to

accurately estimate the rapidly declining precursor pool

specific activity (Zak, 1979), a large number of animals is

necessary which becomes cost prohibitive with livestock

species. In short term studies, the difference between

extracellular and intracellular specific activity also becomes

a problem. Henshaw et al. (1971) found that following

injection of a large flooding dose of unlabeled amino acid

along with the labeled tracer, the specific activity of the

free pool in plasma, muscle and liver rapidly rises to near

that of the specific activity of the injected label and

remains relatively constant for a short period of time. Thus,

a large number of animals are no longer needed to accurately
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determine the specific activity of the precursor pool.

Constant specific activity of the precursor pool is

obtained with the continuous infusion method developed by

Waterlow and Stephen (1967, 1968) and modified by Garlick et

al. (1973). With the continuous infusion of a labeled amino

acid at a constant rate for several hours, the specific

activity of the precursor pool reaches a plateau which is

maintained during the course of infusion. Protein synthesis

rates, based upon specific activities of the free and bound

tissue pools, are then determined at the end of infusion

during which labeled tracer incorporation into protein is

linear. The rise in tissue free pool specific activity

parallels that of the plasma specific activity, although the

specific activity of the tissue pool is much lower (Waterlow

and Stephen, 1968; Garlick et al., 1973). The tissue free

pool specific activity is lower due to the dilution by

unlabeled amino acids resulting from degradation of protein

(Waterlow et al. , 1978) . Contribution of recycled amino acids

to the tissue free pool can range from 20 to 30% (Gan and

Jeffay, 1967 ; Aub and Waterlow, 1970). The continuous

infusion method has the advantage of determining FSR in vivo

using only one animal per determination. The disadvantages of

applying this method with livestock species is the cost of

large quantities of isotope required for these animals as well

as their high cost of disposal.

A more cost efficient method would be to measure protein
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synthesis and degradation rates in vitro on biopsy samples

which requires smaller quantities of isotope and the remaining

portions of the animal can.be salvaged. In order to alleviate

some of these problems, a procedure for calculating in vitro

protein turnover rates (Fulks et al., 1975) has been.modified

for use in livestock species (Mulvaney et al., 1983;

Skjaerlund et al., 1984; Bergen et al., 1987; Skjaerlund et

al, 1988). Small intact muscles or muscle strips are used to

determine protein synthesis by measuring the rate of

incorporation of a radiolabeled amino acid into protein and

protein degradation is measured by tyrosine released from.the

muscle into the medium. This method requires small amounts of

isotope for meat animal species and the analytical procedures

are less involved than in vivo methods. The limitation of

this procedure is that it is characterized as having a net

negative nitrogen balance and degradation rates are often

higher than synthesis rates. The procedure cannot determine

absolute rates but does reflect relative rates observed in

vivo (Skjaerlund et al., 1984).

Protein synthesis is, a complex: process and can. be

considered to consist of two stages (Figure 2). The first

stage involves the nucleus, in which DNA is transcribed into

various ribonucleic acids (mRNA, tRNA, and rRNA) for transfer

to the cytoplasm where they are utilized for polypeptide

synthesis. This stage includes transcriptional (synthesis of

RNA from DNA) and pretranslational (processing and transport
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of RNA) events. The second major stage is limited to the

cytoplasm where the polypeptide chain is synthesized,

assembled and modified (translational and posttranslational

events). Regulation of protein turnover can occur at several

points along the entire protein synthesis pathway, which

affects the final protein. Most traditional methods of

determining protein synthesis rates measure the final end

product and cannot determine whether changes in synthesis

rates have resulted from changes in transcriptional,

pretranslational, translational or posttranslational events.

In order to more specifically understand the regulation of

protein synthesis, a focus on transcriptional or
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pretranslational events, namely those dependent on DNA or RNA

content is included.

Nusleis_Asids_aad_their_Belation_to_§routh

Skeletal muscle growth can occur by an increase in number

of myofibers (hyperplasia), or by an increase in cell size

(hypertrophy) which is associated with the addition of

myofibrils and nuclei. Even though total muscle fiber number

appears to be essentially determined at birth, 80% or more of

the DNA in muscle accumulates after birth (Winick and Nobel,

1966; Allen et al., 1979). Enesco and Puddy (1964) and

Leblond (1972) state that the increase in DNA content of the

multinucleated cells of skeletal muscle represents an increase

in nuclei number, not an increase in cell or fiber number.

Since muscle nuclei are not capable of DNA synthesis or

division, the source of the new DNA.material was investigated

by Mauro (1961) and Moss and Leblond (1970, 1971). Using

electron microscopy and labeled thymidine incorporation

studies, they discovered the source of new nuclei was a

population of small, heterochromatic, mononucleated, spindle

shaped cells they called satellite cells. These cells lie

between the plasma membrane and the basement membrane of

myofibers. The differences in myonuclei number of the rat

extensor digitorum longus muscle and the soleus muscle were

directly related to the satellite cell number of the

respective muscles (Kelly, 1978). Reznik (1969) demonstrated

an increase in [NU-thymidine uptake and satellite cell
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activity of regenerating skeletal muscle following injury.

Mulvaney et al. (1988) also showed increased porcine satellite

cell proliferation and DNA accumulation during periods of

rapid postnatal growth and f01lowing androgen treatment as

shown by autoradiographic assessment of [3H]thymidine

incorporation.

DNA content can be used to estimate the number of nuclei

in muscle cells since the DNA content of the diploid nucleus

is constant (Mirsky and Ris, 1949; Leblond, 1972). Enesco

and Leblond (1962) estimated the amount of DNA per diploid

nucleus to be approximately 6.2 picograms. waever, it is

important to realize that not all the DNA within muscle

tissues can be attributed only to myonuclei. Grove et al.

(1969) indicated that over half of the nuclei in cardiac

muscle are from fibroblasts. In skeletal muscle, Enesco and

Puddy (1964) estimated that about 20 to 30% of all nuclei are

located outside the skeletal muscle fiber, with the majority

being satellite.cells.as*well.as other nonmuscle cells such.as

those of the connective tissues.

Cheek et al. (1971) have defined the term DNA-unit to be

an imaginary volume of cytoplasm managed by a single nucleus.

The size of these DNA-units would be defined by the

protein:DNA.ratio and the number of DNA-units would depend on

the total amount of DNA within a given muscle. The ultimate

muscle size is determined by the number of DNA-units (Millward

and Waterlow, 1978) . For example, the smaller soleus and
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plantaris muscles have a small amount of DNA compared to the

larger gastrocenemius and quadriceps muscles which contain

greater amounts of DNA. Size of the muscle is not determined

by or related to the size of the DNA-unit. Cheek et al.

(1971) have suggested that hyperplasia may be used to describe

the increase in number of DNA-units, whereas hypertrophy would

describe the increase in the size of DNA-units.

The majority of DNA accumulates postnatally and the total

amount of DNA dramatically increases during development

(Winick and Noble, 1966). Skeletal muscle, kidney and liver

total DNA increased three- to fivefold from 1 month old

weanling rats to 1 year old mature rats (Waterlow et al. ,

1978). Heart DNA showed a smaller increase and there was no

change detected within the brain during this period. In rats,

DNA accumulation occurs at a rapid, linear rate very early in

development and then begins to taper off around 84 days of age

(Winick and Noble, 1966). DNA accretion appears to parallel

the accumulation of muscle protein early in development and

then lags in later development (Allen et al., 1979). Data by

Moss (1968b) suggest that the rapid.accumulation.of DNA.may be

a prerequisite for periods of rapid growth. Robinson (1969)

also has reported the increase in total DNA content during

growth. Moss (1968a) and Swatland (1977) showed a direct

correlation between muscle fiber diameter and total number of

muscle fiber nuclei.

The protein:DNA ratio increases dramatically during
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development. waterlow et al., (1978) reported that the mg

proteinzmg’DNA.ratio increased from 126 to 452 for 1 month old

vs 1 year old rats. Millward (1980) also demonstrated a

three- to fourfold increase in the DNA-unit size and that

muscles with oxidative metabolism had the lowest DNA-unit size

or protein:DNA ratio. Concentration of DNA is inversely

related to the protein:DNA ratio and declines during growth,

perhaps due to a dilution effect of the additional protein

mass of muscle.

Total RNA also increases during growth and seems to

closely parallel total protein accumulation, whereas RNA

concentration decreases during development. This has been

shown in rats (Devi et al., 1963; Srivastava and Chaudhary,

1969; Enesco and Puddy, 1964; Winick and Noble, 1966), in

pigs (Robinson, 1969; Gilbreath and Trout, 1973;

Hakkarainen, 1975) and in chickens (Moss, 1968a, 1968b).

Gilbreath and Trout (1973) found the DNA and RNA

concentrations in.porcine longissimus muscle were greatest at

1 day of age but decreased dramatically by 2 weeks and

continued the decline as the animal aged. Hakkarainen (1975)

stated that the decline in RNA concentrations is the result of

a dilution effect due to increased protein accumulation.

Waterlow et al. (1978) suggested that the capacity for

protein synthesis is indicated by the RNA:protein ratio, and

the extent to which the capacity is utilized is indicated by

the rate of protein synthesis to RNA ratio or RNA activity.
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The RNA:protein ratio provides an approximation of ribosome

concentration, since most of RNA is rRNA. Srivastava and

Chaudhary (1969) showed that the amount of cellular protein

supported per unit of total muscle RNA increases during

development. The RNA activity is held within fairly narrow

limits, with perhaps a slight decline with age. Waterlow et

al. (1978) reported that parallel changes in FSR occur with

changes in RNA concentration; the changes in FSR reflect

changes in RNA content. They suggested that the main factor

in determining rate of protein synthesis in different muscles

is RNA concentration. Millward et a1. (1975) and Lewis et al.

(1984) showed that the quantity of protein synthesized per

unit of RNA is remarkably constant during growth.

Winick and Noble (1966), Powell and Aberle (1975) and

Millward et al. (1975) suggest that the ratio of RNA.to DNA is

indicative of the capacity to synthesize protein. Devi et al.

(1963) and Winick.and Noble (1966) reported.an increase in the

RNA:DNA ratio during the first few weeks of postnatal

development in the rat. .After this early period no change was

observed in the RNA:DNA ratio. Only in the case of rapid

compensatory mmscle growth of rats after nutritional

deprivation (Millward et al. , 1975) and in stretch-induced

hypertrophy (Laurent et al. , 1978) did the RNA:DNA ratio

increase greatly. Thus small changes in growth due to

nutritional or hormonal factors could result from increases in

RNA, or transcription rate, or even from increased efficiency
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of translation. During development it appears that the

synthetic machinery, i.e. RNA, is relatively constant per

nucleus or unit of DNA.

If, during normal growth and development of an animal,

neither RNA activity nor RNA:DNA ratio change, then synthesis

rate per unit.of DNA, or DNA.activity would.also remain fairly

constant. In adult animals, DNA activity appears to be the

same in different muscles as was reported for 300 day old rats

(Waterlow and Millward, 1978) . In fast growing rats, Waterlow

and Millward (1978) also showed that DNA activity did not

change markedly during development, whereas in slow growing

rats DNA activity was slightly elevated. Waterlow et al.

(1978) found slightly higher DNA activities in young rats but

that the decrease during growth, which is in the order of 30%,

is much smaller than the decline in FSR. The developmental

change also may be the result of additional nonmyonuclei of

fibroblasts which change in concentration during growth and

development.

Millward (1980) concluded that FSR varies inversely as

a function of the DNA.unit size; the smaller the DNA-unit, the

more rapid the protein turnover rate. This appears to be an

inevitable consequence during development because as the

DNA-unit size increases, concentration of RNA.declines. This

naturally leads to a decrease in ribosome concentration and

overall concentration of mRNA.per milligram tissue, which are

needed for synthesis of protein. The synthetic machinery,
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indicated by RNA content, is relatively constant per nucleus

during development" Thus, the FSR, i.e., the percent of total

protein synthesized, is greater when the protein:DNA ratio is

smaller.

Increases in total RNA appear to be a precondition for

increasing the deposition of protein (Hakkarainen, 1975) and

RNA is a measure of the machinery needed for protein synthesis

(Waterlow et al., 1978) as well as FSR.(Garlick et al., 1976).

Approximately 80% of total RNA is rRNA and only about 2% is

actually poly-adenylated mRNA, the template used for protein

synthesis (Young, 1970). The relative abundance of 288 rRNA

to total RNA is maintained throughout development as observed

in the spleen, liver, and.brain in 6, 24 and.36 month old rats

(Slagboom et al., 1990). Measurements of total RNA content

only provide an indication of the machinery for the

translational steps in protein synthesis. Protein synthesis

can be regulated at several steps, including transcription of

mRNA, processing, transport and stability of mRNA, ribosome

availability, translation factors, tRNA charging or even

posttranslational modifications (Young, 1974). The abundance

of mRNA is affected by the rate of transcription from DNA, or

gene expression, and also is to a certain extent dependent on

the stability and extent of processing of the message. Either

an increase in message or an increase in stabilty, allows the

message to be translated a greater number of times and both

could lead to an increase in protein synthesis rate.
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The rate of protein synthesis can be controlled by

changes in the amount of mRNAs or by the activation of

preexisting, stable mRNAs. As reviewed by Paul (1974) and

Weinberg (1977), activation of stored mRNA may play an

important role in protein synthesis during early

embryogenesis, resulting in an increase in the efficiency of

total protein synthesis machinery. However, in other

experiments it has been suggested that selective species of

mRNA were activated for translation (Rosenthal et al. , 1980) .

Androgenic steroids can increase the concentration of specific

mRNAs in the kidney (Berger et al., 1986) . By directly

measuring gene transcription rates in vitro, Berger et al.

(1986) reported that induction of these mRNAs in the kidney

was not accounted for by stimulation of gene transcription but

must have resulted from events at the level of mRNA processing

altering stability or turnover. Their results suggest that

relative mRNA levels within cells can be altered not only by

gene transcription but also through posttranscriptional-

pretranslational events selectively acting on specific mRNAs.

Many studies have shown a close correlation between the

abundance of a specific mRNA and synthesis of the

corresponding protein (McKnight and Palmiter, 1979; Swaneck

et al., 1979). Shani et al. (1981, 1987) suggested that

during myogenesis in cell lines, activation of stored mRNA is

not a major mechanism for controlling the time at which

differentiation and synthesis of the myofibrillar proteins
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occur. Instead, they demonstrated that the transcription of

new myofibrillar protein mRNA is directly responsible for the

onset of protein synthesis.

In studies utilizing a mouse cell line, Caravatti et al.

(1982) determined that the corresponding mRNAs coding for

myosin heavy chain and for alpha actin are detectable

immediately before the initiation of myofibrillar protein

synthesis. Their results demonstrated a close temporal

correlation between muscle mRNA accumulation and protein

synthesis during myogenesis. Similar results were obtained in

a primary chick muscle culture (Schwartz and Rothblum, 1981)

and in a rat muscle primary culture and the L8 cell line

(Shani et al., 1981). During stages of early recovery from

atrophied muscle caused by immobilization of gastrocnemius-

plantaris muscle of the rat, alpha actin mRNA abundance

increased parallel to the increase in actin synthesis rate,

suggesting pretranslational regulation (Morrison et al. ,

1987) . After day 4, there appears to be an increase in

translational efficiency since mRNA no longer was correlated

with the continued rise in protein synthesis rates. Devlin

and Emerson (1979) concluded that during myogenesis,

contractile protein synthesis is regulated by changes in mRNA.

Monitoring the abundance of mRNA can result in specific

information regarding protein synthesis regulation and whether

or not it occurs at the pretranslational level. Since

transcription of mRNA precedes the synthesis of protein,
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modulating the abundance of mRNA could allow for enhanced

protein synthesis.

The first step in gene activation may actually be the

unfolding of the tightly packed chromatin structure to allow

for transcription. Most actively transcribed genes,

approximately 10 to 20% of total DNA, are in an unfolded

chromatin conformation in which they are susceptible to DNase

I activity (Mathis et al., 1980; Weisbrod, 1982) . The

sensitivity to DNase I may however only reflect the potential

for a gene to be transcribed rather than transcription itself.

Expression of a gene is a highly complex process regulated by

several factors that are responsible for transcription and its

control, even at the level of promotor interaction.

The advancement of molecular biology has enabled the

monitoring of the abundance of specific mRNA species. With

nucleic acid probes, complementary to the mRNA coding for a

specific protein, it is possible to investigate the regulation

of protein synthesis at the pretranslational level. It is

important for these probes to be specific to the protein of

interest. With the emphasis on regulation of muscle growth,

it is essential to characterize probes that can be used in

livestock species for investigating the regulation and control

of myofibrillar gene expression. With the characterization of

such probes, one can then easily monitor the response to

hormonal, nutritional or physiological changes and understand

more specifically how they may effect protein synthesis at the
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pretranslational level.

ote'

Emphasis is placed on the myofibrillar proteins since

they represent slightly more than 50% of the total protein

content of skeletal muscle (Young and Allen, 1979).

Myofibrillar proteins refer to structural proteins of the

thick.and thin filaments that.compose the sarcomere.as*well as

proteins that regulate contraction of skeletal muscle. During

postnatal growth, fiber diameter is increased due to the

addition of myofibrils and muscle fibers increases in length

due to the addition of sarcomeres (Griffin et al., 1971;

Stromer et al., 1974; Goldspink, 1980). Myosin, representing

the thick filament, is the predominant myofibrillar protein

accounting for 43 to 45%, and actin, representing the thin

filament, accounts for'22 to 23% of total.myofibrillar’protein

(Yates et al., 1983). Since actin represents over 10% of all

protein within muscle, it is important to determine the

regulation and expression of this major gene family in order

to more fully understand muscle growth.

Synthesis of myofibrillar proteins is a highly

synchronous process and accumulation of the contractile

proteins during myogenesis is closely coordinated (Devlin and

Emerson, 1978, 1979; Young and Allen, 1979; Affara et al.,

1980). Devlin and Emerson (1978) have shown that the

accumulation of several myofibrillar proteins begins at the

same time, they have similar synthetic rates, and they reach
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their steady state levels at the same time. ‘Using a cell free

translation assay, Devlin and Emerson ( 1979) demonstrated that

coordination of protein synthesis in cell cultures was

regulated at the level of mRNA. Shani et al. (1981),

utilizing cDNA.probes for skeletal muscle actin, myosin.heavy

chain and myosin light chain, found that the coordinated

expression of mRNA is correlated to the coordinated synthesis

of the respective proteins. In addition to the apparent

coordinated regulation of the myofibrillar gene sets, Gunning

et al. (1987) suggested that genes corresponding to each

transcript may also be regulated on an individual basis.

Studies using 4 kg rabbits (Schreurs et al., 1985a) suggest

that there are different relative turnover rates for myosin

and actin and that the myofibril does not turnover as a whole

unit but each subunit or protein is replaced independently.

Because of the generally coordinated expression, monitoring

the synthesis of one myofibrillar marker protein and its

respective gene transcript will helpudetermine the regulation

and assembly of myofibrils in muscle. It is essential that

regulation of the expression of specific muscle proteins be

studied on an individual basis if we are to understand fully

the regulation of muscle protein accretion during development.

Actin is selected here as the representative myofibrillar

protein due to its abundance, limited number of isoforms,

including only one which is skeletal muscle specific, and it

is known that actin is an excellent marker of striated muscle
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tissue during differentiation, embryonic development and

during postnatal growth of the animal (Jockusch et al., 1984;

Sassoon et al., 1988). Actin is composed of a single

polypeptide chain of 374 amino acids, including one 3-methyl

histidine residue, with a molecular weight of 41,785 (Elizinga

et al., 1973). Actin is a globular protein that can

polymerize in the presence of ATP and physiological ionic

conditions (50-100 mM potasssium chloride or .1-10 mM

magnesium chloride) to form a long two-stranded helix of

F-actin, which together with tropomyosin and the troponin

complex, comprises the thin filament. During contraction,

actin forms crossbridges with myosin thick filaments. Actin

has the unique property of activating the ATPase of myosin,

which is a vital step in muscle contraction.

Besides being found in skeletal, cardiac and smooth

muscle, actin is also found in other cell types, functioning

as microfilaments which aid in cytoplasmic movement and

provide cytoskeletal structural support for cells. Actin has

been identified in a large number of cells and tissues

including amoeba (Pollard and Weihing, 1974) and even in

higher order plants (Condeelis, 1974; Jackson and Doyle,

1977). It now seems apparent that actin is ubiquitous to all

eukaryotes, perhaps because of its vital function in

cytoskeletal support and cytoplasmic movement.

Even though the molecular weight of actin from diverse

groups of organisms is similar, their amino acid sequences
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differ. Electrophoretic studies using isoelectric focusing

have resolved six distinct actin isoforms in mammals which

have been isolated from. cardiac :muscle (cardiac alpha),

skeletal muscle (skeletal alpha), smooth.muscle (beta, gamma)

and nonmuscle cells (beta, gamma) (Whalen et al., 1976;

Vandekerckhove and Weber, 1978a) . No fiber type specific

isoforms of actin (i.e., fast and slow or red and white

muscle) have been found. Actin is an excellent marker for

studying the regulation of myofibrillar protein synthesis

since there is only one actin isoform predominantly present

within skeletal muscle. Even though.myosin is more abundant,

there have been over 12 myosin isoforms identified in skeletal

muscle which presents greater complications than just studying

the one skeletal muscle alpha actin isoform (Buckingham et

al., 1984; Buckingham, 1985; Buckingham et al., 1987).

W

As mentioned, six different genes coding for actin have

been identified in mammals (Barton et al., 1987). This

however is not the case in all organisms. Only one isoform

and one gene have been identified in yeast (Gallwitz and

Sures, 1980). Yeast actin also has one intervening sequence

between the codons encoding for amino acids 3 and 4. On the

other hand, slime mold has 17 actin genes that have been

identified, not all of which are functional and none of the

genes has any intervening sequences (McKeon and Firtel, 1981) .

In contrast to all of the above, sea urchins have 11 genes
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that code for actin.and show'great variability in their number

of intervening sequences (Scheller et al., 1981). A great

deal of variability exists among the diverse groups or types

of organisms.

The beta and gamma actin isoforms are slightly more

alkaline due to a highly charged region of 4-5 amino acids

near the N terminus allowing the separation of alpha, beta and

gamma actin on 2- dimensional gels (Obinata et al., 1981).

Cardiac and skeletal muscle alpha actin have similar

isoelectric points due to conservation of their amino acid

compositions. Skeletal muscle alpha actin differs in only 4

noncharged amino acids (<2% of the total) from cardiac alpha

actin (positions 2, 3, 298 and 357) while 24 to 25 amino acid

substitutions (<7% of the total) are present in nonmuscle

beta and gamma actin (Vandekerckhove and Weber, 1978b, 1979).

These 25 replacements are not randomly distributed as residues

18-75 and 299-356 are constant, whereas residues 2-18 and

259-298 show many substitutions (Vandekerckhove and Weber,

1978c). Skeletal muscle actin also differs in 6 to 8 amino

acids from the smooth muscle beta and gamma actins

(Vanderkerckhove and Weber, 1979).

These results indicate a very close relationship between

the four muscle actins in comparison to the nonmuscle actins

but the amino acid substituion patterns indicate that smooth

muscle actins appear to be more closely related to the

nonmuscle beta and gamma actins rather than to cardiac and
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skeletal alpha actins. 'The latter two actins are more closely

related. In spite of the large degree of sequence identity,

Cavadore et al. (1985) demonstrated that structural

differences exist between skeletal muscle and aortic actins

around the C- terminal region and.at regions near residues 227

and 167. These structural differences may be responsible for

the variability in the extent of Mg-ATPase activation of the

two isoforms.

Use of immunological procedures to study the development

and expression of actin isoforms has been limited due to the

shared common antigenic determinants, as expected from the

high degree of amino acid conservation. Antiserum against

chicken embryo brain actin bound to bovine cardiac muscle,

rabbit skeletal muscle, bovine brain and chick embryo brain

(Morgan et al. , 1980) . However, cardiac actin antiserum bound

only cardiac and skeletal actin and not bovine brain actin

which expresses nonmuscle beta and gamma isoforms (Morgan et

al., 1980). Use of antibodies for the detection of isoforms,

very specific antigenic sequences must be used. However,

utilizing immunological methods or determining amino acid

sequences provide only limited information regarding the

expression of the various isoforms during growth and

development.

In order to more easily distinguish between similar actin

isoforms, molecular biological techniques have been applied to

differentiate and characterize actin isoforms. cDNA clones
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specific to skeletal muscle alpha actin and cardiac alpha

actin have been isolated from the rat (Shani et al., 1981;

Garfinkel et al., 1982), mouse (Minty et al., 1981; Sassoon

et al., 1988), chicken (Paterson et al., 1984; Gordon et al.,

1988) and human (Ponte et al., 1983; Gunning et al., 1983;

Hanauer et al., 1983). No cDNA probes for alpha actin have

yet been developed from meat producing animals, i.e., pigs,

cattle or sheep. Both cardiac and skeletal muscle actin mRNA

are approximately 1650 nucleotides in size with a coding

length of 1122 bases and a 3’ nontranslated region of 300

nucleotides with the cardiac 3' untranslated region being 70

nucleotides shorter (Garfinkel et al., 1982; Mayer et al.,

1984). Nonmuscle actin mRNAs are generally 2100 nucleotides

in length (Minty et al., 1981).

There is a greater sequence diversity in the nucleotide

sequence of mRNA as compared to the amino acid sequences due

to the degeneracy of the genetic code. As a result of

different codon usage, approximately a 15% difference in the

nucleic acid sequence between skeletal and cardiac alpha

actins results (Buckingham et al., 1984; Buckingham, 1985).

There is an ever greater diversity between alpha actin and the

nonmuscle, beta and gamma actins (Ponte et al., 1984). For

example, analysis of the DNA sequences of the 5' end

demonstrated that although beta and gamma actin genes start

with a methionine codon (MET-Asp-Asp-Asp and MET-Glu- Glu-Glu,

respectively), the human alpha actin gene starts with a
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methionine codon followed by a unique cysteine codon (MET-CYS-

Asp-Glu-Asp-Glu) (Zakut et al., 1982; Gunning et al., 1983).

Shani et al. (1981) used.a full length.rat skeletal alpha

actin cDNA probe and found that it hybridized well with RNA

extracted from rat, rabbit, dog and chicken skeletal muscle

and, to a much lesser extent with rat heart muscle.

Hybridization to RNA from rat stomach and brain was detected

at low stringency conditions (50°C, .1 x SSC) but not at

higher conditions (60°C, .1 x SSC) . They also utilized a cDNA

probe containing sequences specific to the 3' untranslated

region of rat skeletal muscle alpha actin and found specific

binding only to rat skeletal muscle RNA and to a much lesser

extent to rat cardiac RNA. The 3' probe also hybrized to RNA

extracted from rabbits and dogs but not from chickens. No

hybridization was detected with other tissues. These results

indicate that the coding regions of actin genes are highly

conserved, whereas the 3' nontranslated regions show great

divergence and less conservation of sequence than the coding

region. Hanauer et al. (1983) determined the nucleic acid

sequence for a human cDNA clone for human skeletal muscle

alpha actin and found that it confirmed the complete

conservation of amino acid sequence within human, rabbit and

rat alpha actins. The 5' untranslated region of human

skeletal alpha actin showed good sequence identity with the

corresponding rat gene but a lesser degree with the 3'

untranslated region.
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It now appears that certain segments within the 3'

untranslated region are similar across species and yet other

sequences within the 3f untranslated region can be not only

isoform specific but also species specific and unique to the

species of interest (Gunning et al., 1984). There appears to

be greater homology and conservation of sequence across

species for the same isoform than there is between actin

isoforms of the same species. The coding region is highly

conserved across species, even among the various actin

isoforms. Furthermore, there appears to be conservation of

the 5' untranslated region. The 3' untranslated region shows

the greatest diversity between isoforms even though select

segments are conserved across species (Gunning et al., 1984).

The comparisons among species and isoforms suggest that actin

divergence among higher order vertebrates involves limited

tissue divergence rather than species specificty. Alpha actin

mRNA tissue expression and sequence identity and conservation

have not been determined in pigs, sheep or cattle. However,

based upon these observations, it would appear possible to use

a full length cDNA probe from another mammalian species to

study alpha actin mRNA expression in livestock species.

WWW

Isoforms also can arise and dominate during specific

stages of muscle development. Development can be divided into

three distinct stages: 1) embryonic stage (differentiation

at which time individual functioning muscle units and
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innervation are established), 2) neonatal stage (limited

movement becomes possible), 3) postnatal and adult stage

(full locomotive capability and load-bearing ability). Actin

itself does not have developmental isoforms but the expression

of the various isoforms varies greatly throughout development

of the various tissues.

During early embryonic development, myogenic cells,

called presumptive myoblasts, are mononucleated with a high

mitotic activity that synthesize cytoplasmic proteins similar

to other cell types. During differentiation, the presumptive

myoblasts begin synthesizing muscle specific proteins and

cease dividing (Holtzer, 1970). After transition to the

myoblast stage, the cells begin to fuse and form

multinucleated myotubes which synthesize myofibrillar proteins

and assemble myofibrils. In addition DNA replication and

nuclear division is halted (Okazaki and Holtzer, 1966).

Much research has been performed for the purpose of

understanding the process of myogenesis and differentiation.

Using isoelectric focusing, it was demonstrated that

mononucleated myoblasts in culture contain large amounts of

beta and gamma actins and that after cellular fusion, alpha

actin becomes the major actin isoform in the multinucleated

myotubes (Garrels and Gibson, 1976; Whalen et al., 1976;

Rubenstein and Spudich, 1977; Paterson et al., 1984).

Schwartz and Rothblum (1981) observed low amounts of alpha

actin mRNA in replicating prefusion presumptive myoblasts and
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the majority of actin:mRNA.was accounted for by beta and.gamma

actin. Beginning at myoblast fusion, they discovered that

alpha actin mRNA accumulated and reached peak levels within 95

hours when myotube formation was complete. Conversely, beta

and gamma actin began to decline at the onset of fusion and

was not detectable at the end of myotube formation. In an

interesting case involving the study of carcinogenesis,

accumulation of alpha actin mRNA and alpha actin synthesis was

inhibited by the transformation to tumorigenicity (Leavitt et

al., 1985). Shutdown of alpha actin expression appears to be

a reproducible transformation-sensitive marker in rodent

fibroblasts.

Utilizing a mouse skeletal muscle cell line in culture

and isotype-specific cDNA probes, Bains et al. (1984) showed

that the skeletal muscle alpha actin mRNA pool took several

days to reach its peak and then had reached only 15% of the

level in adult skeletal muscle. However, they demonstrated

that cardiac alpha actin reaches a peak six times greater than

the skeletal alpha actin peak within 24 hours of the

initiation of differentiation. In cloned human satellite

cells, cardiac actin was shown to be the major alpha actin

mRNA in fusing cells with skeletal alpha actin induced to a

lesser extent (Gunning et al., 1987). Bains et al. (1984)

also showed that the decreases in beta and gamma actin after

the onset of fusion were not coordinately regulated as gamma

actin decreased most rapidly.
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Using isoform specific probes, it has been shown that

genes coding for muscle-specific proteins are not

preferentially sensitive to DNase I in proliferating

mononucleated cells of the myogenic cell line L8 (Carmon et

al., 1982; Melloul et al., 1984) . Actively transcribed genes

are sensitive to DNase I digestion and reflect a potential for

gene transcription, whereas nontranscribed genes are not as

sensitive to DNase I digestion (Weisbrod, 1982) . The changes

which render myofibrillar protein genes and alpha actin

preferentially sensitive to DNase I take place during the

transition to terminal differentiation and the onset of

myotube formation (Carmon et al., 1982).

In chick embryonic skeletal muscle, alpha actin is

present in very low amounts at early myogenic stages but

abundance is high in terminally differentiated cells coupled

with decreased expression of the beta and gamma isoforms

(Ordahl et al., 1980; Shimizu and Obinata, 1980). Cardiac

alpha actin is the predominant isoform present in chick

embryonic muscle immediately after differentiation and then

decreases as development proceeds (Paterson and Eldridge,

1984; Paterson et al., 1984). The abundance of the various

isoforms depends on whether one measures the cytosolic or

myofibrillar fraction. In embryonic skeletal muscle,

proportions of the three actin isoforms are in the order beta

> gamma > alpha in the soluble fraction while alpha > beta >

gamma in the myofibrillar fraction (Shimizu and Obinata,
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1980). Cardiac alpha actin also has been.discovered.to be the

major isoform in early developing skeletal muscle of the

rodent. In late fetal limb muscle of the mouse, cardiac actin

represents about 40% of striated muscle actin and declines to

20% immediately after birth. (Minty et al., 1982;

Vandekerckhove et al., 1986). The maximum accumulation of

cardiac actin mRNA occurs in 17 day old fetal muscle of mice

which corresponds to the time when maximum increase in muscle

mass is taking place (Buckingham et al. , 1984) . Garner et al.

(1989) and Alonso et al. (1990) showed that amount of alpha

actin mRNA (skeletal and cardiac combined) is much higher in

heart than in skeletal muscle. On the basis of nanograms of

alpha actin, their results indicate that the amount of alpha

actin mRNA (skeletal and cardiac combined) in cardiac muscle

is almost three times that in skeletal muscle. This may be

due to the higher turnover rate of the cardiac muscle.

The case is similar for development of the heart as both

cardiac and skeletal muscle alpha actin isoforms are

coexpressed. In late fetal and newborn rats, skeletal muscle

alpha actin accumulates, although at this stage of development

cardiac alpha actin is the predominant isoform in the heart

(Mayer et al., 1984; Schwartz et al., 1986). Sassoon et al.

(1988) showed that cardiac alpha actin can first be detected

around 7 days in the developing heart of the mouse embryo.

They also observed that skeletal muscle alpha actin mRNA

accumulated in lower amounts but coexpression was observed
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throughout embryonic development of the mouse heart. For the

chick heart, Ordahl (1986) reported similar amounts of cardiac

and skeletal muscle alpha actin mRNA as early as 2.5 days in

ovo.

Skeletal muscle alpha actin can also be expressed in the

adult heart at low levels (Mayer et al., 1984; Buckingham et

al., 1987). Shani et al. (1981) first reported that probes

derived from the 3' untranslated region of a rat skeletal

muscle alpha actin gene hybridized to adult rat heart RNA at

about 2% of that of rat skeletal muscle RNA. Minty et al.

(1982) also concluded that skeletal muscle alpha actin mRNA is

expressed at less than or equal to 2% of cardiac alpha actin

mRNA.abundance in the adult.mouseiheart~ Garner et al. (1989)

found that adult mice have 95.8% cardiac alpha mRNA and 4.2%

skeletal muscle alpha actin mRNA in the heart. In the case of

BALB/c mice, which have a mutation in the cardiac alpha actin

gene locus but not in the actin coding sequence, skeletal

muscle alpha actin mRNA abundance is increased to 47% of total

actin in the adult. heart and cardiac alpha actin. only

represents 53% (Garner et al., 1986; Garner et al., 1989).

Under conditions of aortic stenosis which leads to cardiac

overload and consequent cardiac hypertrophy, high amounts of

skeletal muscle alpha actin accumulated in adult rodent hearts

in addition to the cardiac alpha actin normally present

(Schwartz et al., 1986). Izuma et al. (1988) and Schiaffino

et al. (1989) both reported the accumulation of skeletal
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muscle alpha actin mRNA in the heart shortly after the onset

of pressure overload. Gunning et al. (1983) reported that

skeletal muscle alpha actin mRNA accounts for about 50% of the

total actin mRNA in a diseased adult heart from transplant

surgery. It appears that skeletal muscle alpha actin can

account for about 2 to 10% of the actin mRNA transcripts in

the normal adult heart from mammals (Gunning et al., 1983;

Vandekerckhove et al., 1986; Kedes, personal communication).

During postnatal growth, cardiac and skeletal muscle

alpha actin become the major isoforms in their respective

tissues. In skeletal muscle of newborn rats, cardiac alpha

actin mRNA is approximately 13% of the cardiac actin present

in heart muscle (Mayer et al., 1984). During 80 days of

postnatal development, cardiac alpha actin decreases by a

factor of 130 in skeletal muscle and increases in heart muscle

by a factor of 3.4. Mayer et al. (1984) also suggested that

skeletal muscle alpha actin in newborn hearts is about 10% of

that found in leg muscle. During development, skeletal alpha

actin decreases twelvefold in heart muscle and increases by a

factor of 2.3 in skeletal muscle. Garner et al. (1989)

determined that cardiac alpha actin mRNA represents 19.6% of

total alpha actin mRNA in newborn mice and 3.3% in adult mice.

In adult rat skeletal muscle, skeletal muscle alpha actin is

the predominant isoform accounting for over 95% of all actin,

with cardiac alpha actin representing 5% or less (Caravatti et

al., 1982; Gunning et al., 1983; Vandekerckhove et al.,
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1986; Barton et al. 1987). A cDNA probe for skeletal muscle

alpha actin could be used to specifically study alpha actin

mRNA abundance and expression in adult skeletal muscle. The

expression of skeletal muscle alpha actin mRNA has not been

studied in skeletal muscle of pigs, cattle or sheep.

WWW

Six different actin genes have been isolated in mammals;

each corresponding to one of six isoforms (Nudel et al., 1983;

Buckingham, 1985). In humans, the cytoplasmic actins, beta

and gamma, are encoded by a multigene family, whereas skeletal

and cardiac alpha actinlgenes are a single copy (Engel et al.,

1982; Ponte et al., 1983). There may be as many as 30 copies

of the actin genes within the human genome and they represent

different gene loci (Engel et al., 1981; Humphries et al.,

1981) . Some of these multicopy fragments may actually be

cytoplasmic actin. pseudogenes (Moos and Gallwitz, 1983;

Scarpulla and Wu, 1983) . Within the mouse genome, the

striated muscle alpha actins are single copy genes with more

than 20 copies of the beta and gamma actin genes in addition

to 20 to 50, similar but not identical, sequences which may be

pseudogenes (Minty et al., 1982). Cleveland et al. (1980)

have shown that the chicken genome may encode several

cytoplasmic gamma genes although only one gamma actin protein

has been found in chickens.

The coding region of the mouse skeletal muscle alpha

actin gene which has over 90% sequence identity with the rat
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or chick, is split by five introns at codons specifying amino

acids 41/42, 150, 204, 267 and 327/328 (Hu et al., 1986).

These intron positions are identical to the corresponding gene

in.chickens (Fornwald et al., 1982), rats (Zakut et al., 1982;

Nudel et al., 1983) and humans (Hamada et al., 1982; Taylor

et al., 1988). In a comparison of rats and mice, the intron

sequences are about. 75% identical and. the. corresponding

introns of chickens are much more divergent in length and

sequence (Hu et al., 1986). The respective intron locations

for cardiac alpha actin are almost identical to the skeletal

muscle gene in the human and mouse genome (Hamada et al. ,

1982; Hu et al., 1986). However, the intron locations for

the cytoplasmic actins are different than those for the human

striated.actin.genes (Hamada et al.,1982). The rat.beta actin

gene has five introns and positions were assigned to 6 base

pairs upstream from the initiator codon ATG and codons 41,

121, 267 and 327 (Nudel et al., 1983).

Comparison of nucleotide sequences for rat, mouse,

chicken and human alpha actin genes revealed several conserved

sequences outside of the protein coding region, including

several inverted repeat sequences which can form hairpin

lloops, and these sequences are not present in the beta actin

genes (Hu et al., 1986). There is high sequence identity in

the promoter region of chicken and rat alpha actin genes,

other than the CAAT, ATA and poly-adenylation signal, AATAAA

(Ordahl and Cooper, 1983).
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Considerable sequence identity exist in the 5'

untranslated region between humans, rodents and, to a lesser

extent, chickens. Comparison of chicken and rat alpha actin

genes reveals conserved sequences around the CAAT box and

about 46 to 59 nucleotides downstream from the cap site

(Ordahl and Cooper, 1983). There also is very high

conservation (85%) in the 5' flanking region between the cap

site and 300 nucleotides upstream of rat, mouse and chicken

skeletal muscle alpha actin genes (Hu et al., 1986). Hu et

al. (1986) found no cross sequence identity between the alpha

and beta 5' untranslated regions. The regions of high

sequence identity in the alpha actin gene across species may

be important in the regulation of alpha actin expression.

Gunning et al. (1984) investigated whether or not the

coexpression of skeletal and cardiac muscle alpha actin in

human skeletal muscle and heart was the result of chromosomal

linkage. They discovered that the two muscle genes do not

cosegregate and are on different autosomes, with the cardiac

actin gene found on chromosome 15 and the skeletal muscle

actin gene on chromosome 1. They concluded that coexpression

is not the result of chromosomal linkage and that.neither'gene

can be the primary target resulting in X-linked muscular

dystrophies. Minty et al. (1982) and Czosnek et al. (1983)

also found that the two striated muscle genes are not closely

linked in the mouse genome and that the skeletal muscle actin

gene is not linked to a nonmuscle actin gene. Coexpression of
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the sarcomeric actin proteins does not depend on or require

the.close structural proximity of these genes (Roberts et.al.,

1985). In chicken primary myogenic cultures, skeletal muscle

'alpha actin appears to be regulated independently from the

cardiac alpha actin gene. Accumulation of skeletal muscle

alpha actin.but not cardiac alpha actin mRNA can.be blocked in

calcium-deficient medium which arrests myoblast fusion

(Hayward et al., 1988).

Minty et al. (1986) suggest that there are two steps

necessary for cardiac alpha actin gene expression: activation

of the gene and subsequent modulation of its transcriptional

activity. These two steps can be separated and the factors

involved in modulation may be distinct from those involved in

gene activation. Regulation can occur by cis-acting factors,

referring to a DNA locus that affects activity of DNA

sequences on its own strand of DNA, or by trans-acting

factors, referring to a diffusible product able to act on all

receptive sites in the nucleus (Richter et al., 1989). Sharp

et al. (1987) suggested that both the 5' and 3' untranslated

region of the actin gene contain sequences important in

regulating expression during development. Other investigators

have confirmed that the alpha actin gene contains sequences

upstream of the transcription start site in the 5' region

which modulate the developmental expression of alpha actin

(Seiler-Tuyns et al., 1984; Nudel et al., 1985; Minty and

Kedes, 1986).
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Grichnik et al. (1986) showed that a 411 nucleotide

sequence flanking the 5' end of the skeletal muscle alpha

actin gene was responsible for a 9- to 15-fold increase in CAT

enzymatic activity during myoblast fusion. Walsh and Schimmel

(1987), using DNA footprint analysis, showed that a segment

located 78 nucleotides upstream of the transcription start

site may be essential for alpha actin expression in developing

myoblasts and myotubes. Unidirectional 5' deletion analysis

demonstrated that the human skeletal alpha actin gene contains

a proximal cis-acting element that is located between

positions -153 and -87 relative to the transcription start

site which is necessary and sufficient for muscle specific

expression and regulation during myogenesis (Muscat and Kedes,

1987). Bergsma et al. (1986) defined the cis- acting

transcriptional control region of the chicken skeletal muscle

alpha actin gene to 200 nucleotides starting at -107 and

included the CCAAT and TATA box homologies.

Organization of the upstream regulatory regions for alpha

actin are completely different from the beta and gamma genes

and, with the definition of key regulatory domains, it has

been found that these regions for skeletal muscle alpha actin

are different from those of cardiac alpha actin. The

nucleotide sequences of the regulatory regions for the two

striated genes have very few similarities in nucleotide

sequence and the cardiac alpha actin gene does not possess the

same additive, enhancer-like characteristics of the respective
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skeletal muscle gene (Minty and Kedes, 1986; Miwa and Kedes,

1987; Miwa et al., 1987; Muscat et al., 1988). From in vivo

transcription and in vitro binding studies, Muscat et al.

(1988) found that both the skeletal muscle and cardiac alpha

actin gene interact with a common trans-acting factor that can

regulate the expression of both genes. On the other hand,

they also discovered that the cis-acting region of skeletal

muscle alpha actin interacts with a trans- acting factor that

does not appear to be used by the cardiac alpha actin gene

promoter. It appears there may be common trans- acting

factors, yet different cis-acting sequences that allow the

coexpression of both skeletal muscle and cardiac alpha actin

during development.

Much progress has been made in understanding the

developmental expression of the various actin isoforms in the

human, rat, mouse and chicken. These can provide an excellent

basis for the study of actin expression in livestock species.

It appears that actin has high sequence identity across all

mammals and this facilitates the study of actin expression in

livestock species using probes that have been isolated and

characterized, such as the human probes. It is important to

realize that no work has yet been published, except that of

Skjaerlund et al. (1993) , regarding the expression of skeletal

muscle alpha actin in cattle, sheep or pigs.

-. fr. ‘,_°19'! .‘ - -. y.- ’G,°.L!

Several investigators have reported that boars have 3 to



49

20% more muscle mass than barrows (Prescott and Lamming, 1967;

Field, 1971; Hansson et al., 1975; Mulvaney, 1984; Knudson

et al., 1985a, 1985b). Knudson et al. (1985a) reported that

body weight of boars and barrows did not differ before the

onset of puberty. At 205 kg body weight, boars had 9% more

muscle than barrows (knudson et al., 1985a). Mulvaney (1984)

observed no difference in muscle mass between prepubertal

boars and castrates but postpubertal boars had 14% more muscle

mass than castrates. Castration of male guinea pigs resulted

in a 10% reduction in muscle weight relative to noncastrates

and was subsequently restored with testosterone propionate

administration (Kochakian et al., 1964; Kochakian, 1976).

Mulvaney (1984) found that castrates implanted with

testosterone also had increased.muscle mass compared to sham-

implanted castrates. Castrated rabbits treated with exogenous

testosterone had increased semitendinosus muscle RNA, DNA.and

protein content compared to castrates (Grigsby et al., 1976).

Not all muscles respond to the same degree to androgen

treatment. Kochakian (1976) suggested that shoulder muscles

may be more sensitive to androgen stimulation than muscles

from the hindquarter. The rat levator ani muscle is highly

sensitive to androgens, whereas the superficial vastus

lateralis muscle lacks androgen sensitivity (Boissonneault et

al., 1990). Mulvaney (1984) reported that weights of the two

shoulder muscles, triceps brachii and brachialis, were 30 and

31% greater in postpubertal boars than barrows while the
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corresponding difference for muscles from the hindlimb,

semitendinosus muscle, and from the back, longissimus muscle,

were only 21 and 10% greater, respectively. The

semitendinosus muscle appears to be intermediate in senitivity

to androgen stimulation and in its allometric propensity for

growth (Mulvaney et al., 1985).

Part of the increased muscle mass can be attributed to an

increase in protein synthesis. Barrows implanted with

testosterone or dihydrotestosterone had greater protein

synthesis than. control barrows (Mulvaney' et al., 1983).

Administration of testosterone to gonadally intact male

rabbits also increased incorporation of [3H]leucine into

skeletal muscle proteins (Grigsby et al., 1976). Likewise,

muscle protein synthesis was stimulated in rats administered

testosterone propionate (Breuer and Florini, 1965) and

trenbolone acetate (Vernon and Buttery, 1978) . Cardiac muscle

protein synthesis rates were decreased in castrated male rats

and were stimulated following treatment with testosterone

(Kinson.et.al., 1991). Serum.from postpubertal boars added.to

media in which porcine skeletal muscle strips were incubated

had 83% greater protein synthesis rates than serum from

barrows (Skjaerlund et al., 1988). Rogozkin (1979) found a

16% increase in [C“]leucine incorporation into myosin and a

16% increase in DNA dependent RNA polymerase activity in

gastrocnemius muscles of rats administered methandrostenolone.

Testosterone proprionate administered to castrated male rats
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increased RNA polymerase activity, ribosomal activity and

chromatin template activity (Breuer and Florini, 1965).

Abundance of actin mRNA in the rat levator ani muscle was

reduced 85% by castration but was restored by injections of

testosterone propionate (Boissonneault et al., 1990).

tremethylhistidine excretion was 23% less in castrated

rats than in intact males (Santidrian et al., 1982)

Castration of 15 and 75 kg boars decreased semitendinosus

muscle protein degradation rates (Mulvaney et al., 1983). If

testosterone elevates protein.degradation.rates, then protein

synthesis rates must be elevated to a greater extent to allow

for the increased muscle accretion. This would be consistent

with the observation that boars have higher metabolizable

energy expenditures for maintenance than castrates (Knudson,

1986). Vernon and Buttery (1976, 1978) observed decreased.N"-

methylhistidine excretion in rats after animals were treated

with trenbolone acetate suggesting that perhaps the mechanism

of action between testosterone and trenbolone acetate may be

different (Lobley et al., 1983).

Circulating testosterone concentrations are elevated in

boars during the first few weeks after birth and are similar

to average concentrations present following the onset of

puberty (Colenbrander et al., 1978; Ford, 1983).

Colenbrander et al. (1978) found that perinatal testosterone

levels were highest (1.3 ng/ml) at 2 to 3 wk after birth,

whereas Martin et al. (1984) found that testosterone
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concentrations peaked (1.7 ng/ml) at 5 to 7 wk of age.

Thereafter, testosterone concentrations decreased to

approximately .5 ng/ml until they increased at 17 or 18 wk of

age or the onset of puberty. Neonatal administration of

testosterone propionate to barrows increased weaning weights

compared to untreated barrows (Mulvaney and Marple, 1987;

Dvorak, 1981) . It is not known what effect the elevated

perinatal testosterone concentrations has on neonatal skeletal

muscle metabolism and protein turnover.
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Beta-adrenergic agonists increase skeletal.muscle growth

and reduce fattening in :many species (for reviews, see

Hanrahan, 1987; Williams, 1987; Thorton and Tume, 1988;

Yang and McElligott, 1989; Bergen.and Merkel, 1991). A.10 to

20% increase in.muscle weight is observed after treating rats

with the beta-agonist clenbuterol for only 1 to 2 weeks (Emery

et al., 1984; Reeds et al., 1986; McElligot et al., 1987).

Lambs fed cimaterol for approximately 2 months showed a 25 to

30% increase in muscle weights compared to lambs fed a control

diet (Beermann et al., 1986, 1987). In clenbuterol-treated

lambs, gastrocnemius muscle increased in weight by as much as

40% (Kim et al., 1987). Ractopamine feeding for 4 weeks

increased semitendinosus muscle mass in finishing pigs more

than 25% compared to controls (Bergen et al., 1989).

Ractopamine and other beta-adrenergic agonists appear to

modulate both protein synthesis and protein degradation so as
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to increase protein accretion. Reeds et al. (1986) concluded

that decreased protein degradation was the reason for

increased muscle hypertrophy as FSR was not altered by

clenbuterol treatment in rats. Earlier work showed that

isoproterenol depressed protein turnover in acute rat hind

limb perfusions (Li and Jefferson, 1977) and Garber et al.

(1976) found.that catecholamines decreased amino acid release

from rat skeletal muscle incubated in vitro. Others have

reported reduced protein degradation in vivo and in cultures

of muscle cells following beta-adrenergic agonist treatment

(Forsberg and Merrill, 1986; Bohorov et al., 1987; Morgan et

al., 1988; Young et al., 1990). Eadara et al. (1988) showed

that feeding cimaterol to rats increased FSR 32% and decreased

If-methylhistidine excretion 25%, with the greatest effect at

1 week of treatment.

Emery et al. (1984) first reported that clenbuterol fed

to rats increased FSR in vivo. Bergen et al. (1989) reported

increased FSR in ractopamine-fed.pigs which could account for

the observed muscle hypertrophy and increased FAR. FSR of

skeletal muscle alpha actin was 55% greater in ractopamine

treated pigs than controls (Helferich et al., 1990).

Clenbutrerol feeding also increased FSR in lambs (Claeys et

al., 1989) and rats (MacLennan and Edwards, 1989). This is

consistent with reports of increased protein synthesis in

cultures of muscle cells containing ractopamine or clenbuterol

(Anderson.et al., 1990), ractopamine (Adeola.et al., 1989), or
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cimaterol (Young et al. , 1990) . Ractopamine and isoproterenol

each enhanced the proliferative activity of chick satellite

cells in culture and this was mediated via the beta-adrenergic

receptor (Grant et a1. , 1990) . Relative abundance of skeletal

muscle alpha actin mRNA in pigs was increased twofold by

ractopamine feeding (Helferich et al. , 1990) and myosin light

chain mRNA abundance was increased in steers fed ractopamine

(Smith et al. , 1989) . The beta-adrenergic agonist L6...” also

increased skeletal muscle alpha actin mRNA abundance in lambs

(Koohmaraie et al. 1991) . These results indicate that

ractopamine and other beta-adrenergic agonists may increase

muscle mass by enhancing protein synthesis pretranslationally.

The effect of beta-adrenergic agonists on muscle growth

is most dramatic early on and after prolonged feeding the

response is attenuated (Yang and McElligott, 1989) . Kim et

al. (1992) found increased weight gain in skeletal muscles of

rats fed cimaterol for up to 2 weeks, but no further increased

occurred with feeding cimaterol for an additional 2 weeks.

Rats fed cimaterol had the greatest accleration in gain within

the first week and gain decelerated after 1 week (Eadara et

al., 1989). Likewise, FSR was elevated at one week but no

change was detected thereafer. This attenuation has also been

reported by others (Reeds et al. , 1986; Beermann et al. , 1987;

Bergen et al. , 1989) . The mechanism mediating the time-course

effect of ractopamine on protein synthesis or enhancement of

mRNA abundance in pigs is not clear. The effect of
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subsequent withdrawal of ractopamine on skeletal muscle

protein metabolism in pigs also is not known.
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CHAPTER 1

SRELETAL MUSCLE GROWTH AND PROTEIN TURNOVER

IN NEONATAL BOARS AND BARROWS
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Abstract

Four boars and four barrows were allotted to one of six

groups to assess skeletal muscle growth and protein

metabolism. Castration was performed within 24 h of birth,

and all pigs remained with their dams until slaughtered at

either 1, 2, or 4 wk of age. Four additional pigs were

slaughtered at birth to obtain initial body composition. All

other pigs were infused with [“Cjtyrosine for 6 h prior to

slaughter to determine in vivo fractional protein synthesis

rates (FSR). At slaughter, muscle bundles were removed from

the semitendinosus and incubated with [3H]tyrosine to

determine in vitro protein synthesis rates. Nucleic acids and

protein were determined on the semitendinosus muscle.

Testosterone concentrations, determined at weekly intervals,

peaked in boars at 3 wk of age. Castration at birth did not

affect combined weights of the semitendinosus, longissimus

dorsi, triceps brachii and brachialis muscles. Likewise,

neither in vitro protein synthesis rates nor in vivo FSR was

affected by castration. However, a developmental decline in

in vivo FSR.and in vitro protein.synthesis rates occurred from

1 wk to 4 wk. Neither concentrations nor total protein, RNA

or DNA in the semitendinosus muscle differed between neonatal

boars and barrows at any age. Concentrations of DNA and RNA

at 4 wk were two- and threefold lower, respectively, than at
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birth. Protein/DNA and protein/RNA ratios increased three-

and sixfold, respectively, from birth to 4 wk. Testosterone

concentrations had little effect on skeletal muscle growth and

protein turnover rates during this neonatal period.
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Introduction

Boars are more efficient in conversion of feed to gain

and.produce carcasses at market weight.with.20 to 30% less fat

than barrows (Field, 1971; Mulvaney, 1984; Knudson et al.,

1985a, 1985b). Gonadally intact males also have 8 to 15%

greater muscle mass than castrated males (Prescott and

Lamming, 1967; Mulvaney, 1984; Knudson et al., 1985a). Five

weeks after castration at 15 and 40 kg, body weight and

skeletal muscle protein accretion of barrows did not differ

from that of boars. In contrast, postpubertal boars had

greater muscle protein accretion rates than barrows that were

castrated at 75 kg (Mulvaney, 1984). Protein synthesis rates

of boars were greater than barrows that had been castrated at

either 40 or 75 kg body weight (Mulvaney, 1984). Castration

reduced.proliferative activity of satellite cells in skeletal

muscle of neonatal pigs (Mulvaney et al., 1988). Circulating

testosterone concentrations are elevated in boars during the

first few weeks after birth and are similar to average

concentrations present following the onset of puberty

(Colenbrander et al., 1978; Ford, 1983). The objective of

this study was to determine the effect of elevated perinatal

testosterone concentrations in neonatal boars (birth to 4 wk

of age) on skeletal muscle growth and protein metabolism

compared with that of barrows castrated at birth.
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53WTwenty-

eight cross-bred boars (Yorkshire x Hampshire x Duroc) from a

total of eight different litters were randomly allocated at

birth to seven groups of four pigs each. Four pigs were

slaughtered at birth to determine initial body composition.

The boars in three of the remaining six groups were castrated

within 24 h of birth. Four boars and four barrows were then

slaughtered at 1, 2 and 4 wk of age. All pigs remained with

and nursed their dams at the MSU Swine Research Unit until

they were infused and slaughtered. No supplemental feed was

provided. The pigs were weighed and blood samples for

determination of serum concentrations of testosterone were

collected at weekly intervals. Fractional protein synthesis

rates (FSR) were measured in skeletal muscle at 1, 2 and 4 wk

by continuous infusion of radiolabeled tyrosine (Bergen et

al., 1987). The pigs were removed from their dam during the

6 h infusion period.and then.immediately euthanized (5 cc, 50%

w/v phenobarbital) and exsanguinated. The left

semitendinosus, longissimus dorsi, brachialis and triceps

brachii muscles were removed, dissected free from fat and

weighed. A subsample of the left semitendinosus muscle was

frozen immediately in liquid nitrogen and stored at -80°C for

determination of in vivo FSR (Mulvaney et al., 1985; Bergen
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et al., 1987).

At slaughter, muscle strips were teased free and removed

from the right semitendinosus muscle for determination of in

vitro protein synthesis rates according to the procedure

described by Bergen et al. (1987) and Skjaerlund et al.

(1988) . The soft tissues of the left side were dissected free

from skin and bone and then ground along with the muscles

listed above for determination of total soft tissue protein.

Protein was determined by micro-Kjeldahl method (AOAC, 1980) .

Nucleic acids (DNA and RNA) from the semitendinosus muscle

were assayed according to a modified procedure (Munro and

Fleck, 1969) as described by Bates et al. (1985).

WBlood samples were collected

weekly from each pig until slaughtered. The blood was allowed

to clot overnight at 4°C, and serum was harvested by

centrifugation at 2500 x g for 30 min. Serum testosterone was

quantified by radioimunoassay using MSU antitestosterone #74

raised against testosterone-3-oxime-human serum albumin. The

assay was validated by Kiser et al. (1978) and previously used

for testosterone detection in boars (Kattesh et al., 1979).

I- ‘91! .._ or, e , e ._ 0.. ’ o_- , _‘, ,-- :

m The FSR were determined according to procedures

described by Mulvaney et al. (1985) and Bergen et al. (1987) .

Twenty-four hours before infusion, pigs were anesthetized with

halothane, and catheters were surgically inserted into the

right and left jugular veins. Catheters were kept patent with
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heparinized sterile saline. The pigs were infused with L-

[U“C]tyrosine (Amersham, Arlington Heights, IL) dissolved in

sterile .9% NaCl at a rate of .011 uCi/g body weight for 6 h.

Blood samples were obtained from the contralateral vein to

determine plasma specific activity of tyrosine (Bergen et al. ,

1987). Following infusion, the pigs were euthanized.

The semitendinosus muscle samples were powered with Dry

Ice at -70°C and a .5 g subsample was treated with 3 mL cold

(4°C) 2N perchloric acid for determination of the free-pool

tyrosine specific activity. Following centrifugation (4000 x

g, 15 min, 4°C) , 1 mL of saturated potassium citrate was added

to the supernatant and centrifuged at 4000 x g for 10 min.

The supernatant was dried with a heating block under a

nitrogen airstream and then resuspended in 3 mL .5 M sodium

citrate, pH 5.5, for subsequent decarboxylation of tyrosine to

yield tyramine.

The pellet was dried with the following separate and

sequential steps: 5 mL 1% potassium acetate in ethanol; 5 mL

ethanol-chloroform (3:1) ; 5 mL ethanol-ether (3:1) ; 5 mL ether

and 5 mL hot 2 N perchloric acid. For determination of bound

tyrosine specific activity, the pellet was hydrolyzed with 20

mL 6 N HCl and autoclaved for 20 h at 121°C. The hydrolysates

were evaporated to dryness and resuspended in .5 M sodium

citrate, pH 5.5. Enzymatic conversion of L-tyrosine to

tyramine was accomplished with L-tyrosine decarboxylase (E.C.

4.1.1.25) and following selective extraction tyramine was
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quantified fluorometrically (Ambrose, 1974). Specific

activities of the free and bound tyrosine pools were

determined from liquid scintillation counts (Bergen et al.,

1987; 1989). FSR was calculated using the equation described

by Garlick.et al. (1974) and.previously applied by Mulvaney et

al. (1985) and Bergen et al. (1987). Daily protein accretion

rate was calculated as the difference in total semitendinosus

muscle protein between adjacent infusion groups (i.e., wk 1 -

birth; wk 2 - wk 1; wk 4 - wk 2) divided by the number of

days. Thus, semitendinosus protein.pool size was the average

over 7 d for the first two slaughter groups and 14 d for the

last slaughter group. Fractional accretion rate (FAR) was

then calculated as daily accretion rate divided by pool size.

Fractional breakdown rate (FBR) was calculated as the

difference between FAR and FSR (Millward et al., 1975).

e ' '0 V' A

modification (Bergen.et.al., 1987; Skjaerlund.et~al., 1988) of

the method described by Fulks et al. (1975) was followed to

determine in vitro protein synthesis rates. Immediately after

exsanguination, bundles of muscle fibers (5 mm wide,

approximately 10 to 12 mm long and 1.0 to 1.5 mm thick) from

the right semitendinosus muscle were bluntly dissected free.

Four muscle strips per pig (approximately 80 mg each) were

clamped off at rest length in situ and then excised. The

strips were preincubated for 30 min at 37°C in a shaking water

bath in 4 mL of oxygenated (95 02:5 C0,) Krebs-Ringer
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bicarbonate buffer, pH 7.4 (Umbreit et al. , 1964) , containing

insulin (.1 U/mL), glucose (10 mM) and 5 x porcine plasma

concentration of amino acids (Bergen et al. , 1987) . The

strips were removed, blotted and placed in a second vial with

4 mL of fresh, oxygenated buffer and 2.5 uCi/mL L-[2,3,4,6-

3H]tyrosine (Amersham, Arlington Heights, IL). After

incubation for 2.5 h at 37°C, the strips were removed,

homogenized (Brinkman Polytron) in 2 mL of cold .01 mM

potassium phosphate buffer, pH 7.4, and protein precipitated

with .5 mL 50% trichloroacetic acid. After centrifugation at

23,500 x g for 20 min, the pellet was washed with .01 mM

potassium phosphate buffer, dissolved in .5 mL NCSll tissue

solubilizer (Amersham, Arlington Heights, IL) and assayed for

3H by liquid scintillation in aqueous scintillant (Skjaerlund

et al. , 1988) . An aliquot of the supernatant was also counted

for 3H and the tyrosine content determined fluorometrically

(Ambrose, 1974) for calculation of specific activity of the

free intracellular pool. Protein synthesis rates were

calculated from 3H tyrosine incorporation (dpm/mg) divided by

specific activity of the intracellular tyrosine pool

(dpm/pmol) and expressed as pmol tyrosine incorporated.mg“.h“.

WData were analyzed by least square

analysis of variance using the general linear models procedure

of the Statistical Analysis System (SAS, 1987 ) . The data were

analyzed using a one-way analysis of variance with treatment

(boars vs barrows) and age (birth, 1, 2, 4 wk) as data
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classes. Fractional accretion rates cannot be statistically

compared since different pigs were slaughtered at the two ages

and FAR.were estimated from.the average semitendinosus muscle

protein. contentu JLikewise, FBR. cannot. be statistically

analyzed because FBR is calculated by the difference between

FAR and FSR.



Results and Discussion

Serum testosterone concentrations determined at weekly

intervals are presented in Figure 3. Castration reduced

testosterone below the detection level of the assay (.28

ng/mL) by 1 wk. Average circulating testosterone

concentration in boars increased approximately threefold from

birth to the peak value (2.6 ng/mL) at 3 wk. Colenbrander et

al. (1978) and Ford (1983) also reported that testosterone

concentrations of neonatal boars peaked between 2 and 3 wk

postnatally and then declined to relatively low concentrations

(.47 ng/mL) until the onset of puberty. These results are

consistent with changes in.the steroid-histochemical activity

(Van Straaten and Wensing, 1978) and morphological differen-

tiation of the testis (Van Straaten and Wensing, 1977) .

Colenbrander et al. (1977) also reported a similar, but

earlier occurring, secretory pattern for serum LH

concentrations. The decline of serum testosterone

concentrations after 3 wk of age may be due to maturation of

the hypothalamo-hypophysial-gonadal feedback system as

suggested by Colenbrander et al. (1978).

Castration did not significantly affect live body weight

or total soft tissue protein content at 1, 2 or 4 wk of age

(Table 1), although boars tended to have greater body weights

at each age. Knudson et al. (1985a) reported that body
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FIGURE 3. Serum testosterone concentrations of neonatal boars

and barrows. Blood samples were collected at weekly intervals

and serum testosterone concentrations were quantified by

radioimmunoassay. Barrows were castrated within 24 h of

birth. Concentration is presented for each boar and the line

represents the average at the weekly interval.
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weight of boars and.barrows did.not differ before the onset of

puberty in boars. Variation in body weight increased with

age from birth to 4 wk, apparently due to differences in

nursing ability of the dams. In a similar study, boars, and

castrates implanted with testosterone propionate weighed 18

and 32% more at 1 and 3 wk of age than untreated castrates,

but no differences in weight were observed at 2 wk (Mulvaney

et al., 1988). Neonatal administration. of 'testosterone

propionate to barrows increased weaning weights compared to

untreated barrows (Mulvaney and Marple, 1987; Dvorak, 1981).

Although nonsignificant, combined weights of the

semitendinosus, longissimus dorsi, triceps brachii and

brachialis muscles of boars were numerically greater,

especially at l (27%) and 2 wk (19%) of age, than barrows

(Table 1). Similar results were observed by Mulvaney (1984)

for these same four muscles between barrows and prepubertal

boars compared at either 40 and 60 kg body weight. He also

found that total carcass muscle of prepubertal boars did not

differ from barrows, but boars tended to have greater total

muscle mass. At 105 kg body weight, however, postpubertal

boars had greater total carcass muscle and greater combined

weight of the four muscles than barrows (Mulvaney, 1984).

Boars tended to have greater (P > .05) protein contents

of the left.hemicarcass soft tissues at 1 (15%) and.2 wk (16%)

than barrows (Table 1). At 4 wk the protein contents were

nearly identical. Similar observations were noted by Mulvaney
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(1984) for barrows and prepubertal boars. waever,

postpubertal boars had greater protein contents of soft

tissues than did barrows when compared at 105 kg body weight

(Mulvaney, 1984).

Castration at birth did not alter (P > .05)

semitendinosus muscle weight at 1, 2 or 4 wk of age, although

muscle weights were numerically greater (21%) in boars than

barrows at 4 wk (Table 2) . These observations are nearly

identical to those noted by Mulvaney (1984) for differences in

semitendinosus muscle weight (19%) between barrows and

prepubertal boars compared at 40 and 60 kg body weight.

Additionally, Mulvaney et al. (1988) observed no differences

in individual muscle weights until 3 wk of age when the

triceps brachii muscle weight of boars was 18% greater than

that of castrates.

Muscles appear to differ in sensitivity to androgens.

Kochakian (1976) suggested that shoulder muscles may be more

sensitive to androgen stimulation than muscles from the

hindquarter. Boissonneault et al. (1990) reported that the

levator ani muscle of the rat is sensitive to androgens,

whereas the.superficial vastus lateralis muscle lacks such

sensitivity. Mulvaney (1984) observed no difference in weight

of shoulder’muscles (triceps brachii.and.brachialis) and those

of the hindlimb (semitendinosus) or back (longissimus dorsi)

between barrows and prepubertal boars. In contrast, weights

of these two shoulder muscles were 30 and 31% greater in
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postpubertal boars than barrows compared at 105 kg, while

corresponding differences for the hindlimb and back were 21

and 10% greater. These observations support the postulation

that muscles of the shoulder are more responsive to androgens

than hindlimb or back muscles, and they also indicate that

muscle responsiveness is amplified postpubertally.

Protein percentage as well as total protein content of

the semitendinosus muscle did not differ between boars and

castrates at 1, 2 or 4 wk of age (Table 2) . Protein

percentage, however, increased 62% from birth to 1 wk and

increased approximately another 10% from 1 to 2 wk, but no

change occurred between 2 and 4 wk of age.

Neither concentration nor total content of RNA and DNA in

the semitendinosus muscles of boars and barrows differed at 1,

2 or 4 wk of age (Table 2). Likewise, none of the nucleic

acid ratios differed between boars and barrows at any of the

slaughter periods (Table 2) . Concentrations of RNA and DNA in

semitendinosus muscles of boars castrated at 15 and 75 kg were

similar to those of boars determined 5 wk after castration

(Mulvaney, 1984) . When castrated at birth, barrows at 100 kg

body weight had only 81% of the semitendinosus muscle DNA

content of littermate boars at this weight (Knudson et al,

1985a) . At 3 wk of age, neonatal boars had greater satellite

cell proliferative activity than barrows in the triceps

brachii muscle suggesting that boars had more DNA (Mulvaney et

al., 1988).
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Treatment of cultured rat myogenic cells with 10‘ M

testosterone reduced cell cycle time by almost 9 h and the G1

phase of the cycle was reduced by 20% (Powers and Florini,

1975) . They also reported that testosterone induced an

increase in DNA labeling index of 'myogenic cells. In

contrast, Gospodarowicz et al. (1976) found that testosterone

had no direct effect on enhancing bovine myoblast

proliferation. Thompson et al. (1989) also observed no direct

effect of the synthetic androgen, trenbolone acetate (TBA), on

proliferation of rat satellite cells in culture. However,

they found that satellite cells isolated from rats treated

with TBA had greater proliferative activity in culture than

satellite cells from control rats. Thus, it appears that

androgens may not have a direct effect on satellite cell

proliferation and DNA accretion.

There were no statistical differences in in vivo FAR, FSR

or FBR between the neonatal boars and barrows at either 1, 2

or 4 wk of age (Table 3). Additionally, in vitro protein

synthesis rates did not differ between boars and barrows

(Figure 4). This is consistent with the observation that no

treatment differences were observed in the protein/RNA,

protein/DNA or RNA/DNA ratios presented in Table 2.

Androgens, whether in gonadally intact postpubertal males or

exogeneously administered, have been shown to stimulate

protein synthesis. However, most of these studies with pigs

have been conducted with peripubertal or postpubertal boars.
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FIGURE 4. In vitro protein synthesis rates for the

semitendinosus muscle from neonatal boars and barrows. Muscle

strips from the semitendinosus muscle were incubated in 4 mL

of Krebs-Ringer bicarbonate buffer containing glucose (10 mM) ,

insulin ( .1 U/mL) , amino acids (5 x plasma concentrations) and

2.5 uCi/mL [3H]tyrosine. Each data point represents four

strips taken from each pig with four pigs per treatment and

time point. Protein synthesis is expressed per milligram wet

tissue basis as a ratio of 3H tyrosine incorporated (per hour)

into the trichloroacetic acid precipitable pool relative to

the specific activity of the intracellular pool. No

differences (P>.05) were detected between boars and barrows at

any age.
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Castration at 15 kg had no effect on semitendinosus muscle

protein accretion rates, while castration at 75 kg decreased

muscle protein accretion rates, and in vitro protein synthesis

rates compared with age-paired boars (Mulvaney, 1984).

Barrows implanted with testosterone or

dihydrotestosterone had greater protein synthesis rates than

control barrows (Mulvaney, 1984; Mulvaney et al., 1985) .

Administration of testosterone to gonadally intact

postpubertal male rabbits also increased incorporation of

|?H]-leucine into skeletal muscle proteins (Grigsby et al.,

1976). Likewise, muscle protein synthesis was stimulated in

rats administered testosterone propionate (Breuer and Florini,

1965) and trenbolone acetate (Vernon and Buttery, 1978) .

Cardiac muscle protein synthesis rates were decreased in

castrated male rats and were stimulated following treatment

with testosterone (Kinson et al., 1991). Testosterone

propionate administered to castrated male rats increased RNA

polymerase activity, ribosomal activity and chromatin template

activity (Breuer and Florini, 1965). .Abundance of actin mRNA

in the rat levator ani muscle was reduced 85% by castration

but was restored by injections of testosterone propionate

(Boissonneault et al., 1990). Serum from.postpubertal boars

added to media in which porcine skeletal muscle strips were

incubated had 83% greater protein synthesis rates than serum

from age-paired barrows (Skjaerlund et al., 1988).

Knudson (1986) compared carcass muscling of boars to
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barrows that were castrated either within 24 h of birth or at

6 wk of age. The latter barrows would have been exposed to

the neonatal elevation of circulating testosterone, while

those castrated at birth would not. No differences in

muscling were observed between the two groups of barrows, but

both groups had less muscle than boars at 105 kg. These data

and those of the present study indicate that neonatal elevated

serum testosterone has little effect on skeletal muscle growth

or rates of protein turnover. Thus, it appears that the

effects of testosterone on muscle growth and protein turnover

are manifested only after the onset of puberty. This

conclusion is consistent with the observations of Mulvaney

(1984).

Despite no significant differences between neonatal boars

and barrows in this study, major developmental changes were

observed. Semitendinosus weight nearly doubled (92% increase)

between birth to 1 wk, did double from 1 to 2 wk (108%) and

more than doubled again from 2 to 4 wk of age. Protein

concentrations of the semitendinosus muscle increased from

9.7% at birth to 15.8% at 1 wk and to approximately 17.4% at

2 and 4 wk. RNA concentrations, on the other hand, decreased

from 10 mg/g at birth to almost half that concentration at 1

wk and then decreased to approximately 3 mg/g at 4 wk of age.

As a result of high RNA concentrations at birth, total RNA

content of the semitendinosus muscle did not change from birth

to 1 wk of age. Because protein concentrations increased and
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RNA concentrations decreased between birth and 4 wk

postnatally, protein/RNA ratios showed a sixfold increase over

these 4 wk. This is consistent with data reported by

Gilbreath and Trout (1973). Hakkarainen (1975) stated that

the developmental decline in RNA concentrations results from

its dilution as protein accumulates. High RNA concentrations

present at birth provide the capacity for high rates of

protein synthesis that occur immediately after birth.

DNA concentrations also declined from birth to 4 wk of

age, although to a lesser extent than RNA concentrations.

Protein/DNA ratio, or the DNA unit (Cheek et al., 1971),

increased threefold from birth to 4 wk of age, most of which

occurred during the first week postnatally during which time

it doubled. Cheek et al. (1971) have suggested that

protein/DNA ratio is indicative of hypertrophy, with the

larger increases in the DNA unit occurring during periods of

rapid growth and high rates of fractional protein synthesis.

RNA/DNA ratios declined approximately 45% from birth to 4 wk

of age. In contrast, Devi et al. (1963) and Winick and Noble

(1966) reported an initial increase in the RNA/DNA ratio

during the first few weeks of postnatal development of the

rat. Millward et al., (1975) and Powell and Aberle (1975)

stated that the ratio of RNA to DNA is indicative of the

capacity to synthesize protein.

These nucleic acid data are consistent with the high

rates of protein synthesis that occurred early postnatally
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(Table 3). In the present study, fractional synthesis rates

declined from approximately 28% per day at 1 wk of age to

approximately 17% per day at 4 wk of age (Table 3). The in

vitro rates (Figure 4) showed a similar postnatal decline in

protein synthesis. This high rate of protein synthesis

immediately after birth is consistent with rates observed in

other animals. Fractional synthesis rates of 22% were

observed in 3 wk old rat quadriceps muscles (Millward et al.,

1975), 34% at.5 d of age (Reeds et al., 1993), 24% in lambs at

1 wk of age (Arnal et al., 1976) and 25% in 2 wk old chickens

(Maruyama et al., 1978). Similar to the dramatic postnatal

decline in.FSR in the present study, FAR.rates were one-third

lower at 4 wk than at birth. Fractional breakdown rates

declined from birth to 4‘wk of age but more slowly than FAR.or

FSR. Fractional accretion rates were halved between 2 and 4

wk, while FBR remained quite constant over this neonatal

period.

The developmental decline in in vitro protein synthesis

rates (Figure 4) was similar to that observed with the in vivo

method. The synthesis rates at 4 wk were half those at 1 wk

of age. Thus, the same developmental changes in protein

synthesis rates were obtained by both methods and the

conclusions are similar. However, the in vitro method cannot

be used to predict absolute rates or to calculate net protein

accretion rates that actually occur in vivo due to inherent

problems with tissue viability. Inadequate diffusion of



80

oxygen into the core of the muscle strips appears to be the

major limiting factor for the in vitro system (see Bergen et

al., 1987; Skjaerlund et al., 1988 for complete discussion).

However, the in vitro strip system can be used to detect

relative changes and responses that occur in vivo (Skjaerlund

et al., 1988) as is evident in this direct comparison of in

vitro and in vivo methods on the same animals and muscle.
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Implications

Castration at birth did not significantly alter neonatal

muscle growth or protein turnover of barrows compared with

boars. Even though postpubertal concentrations of

testosterone stimulate protein synthesis and protein

accretion, the high FSR and FAR characteristic of neonates may

mask any effect of elevated neonatal testosterone on muscle

protein turnover. Dramatic developmental changes in protein,

nucleic acid concentrations and ratios are apparent during

this neonatal growth period of pigs.
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CHAPTER 2

DETERMINATION OF THE RELATIVE ABUNDANCE OE SKELETAL MUSCLE

ALPHA ACTIN mRNA IN MUSCLE OF LIVESTOCK SPECIES
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Abstract

Three market weight animals were slaughtered in order to

obtain tissue samples from each of the meat producing

livestock species: porcine (barrows), bovine (steers), ovine

(wethers) and avian (cockerals). 'The four tissues.of interest

were skeletal muscle, heart, smooth. muscle (stomach or

gizzard) and liver. Total RNA was isolated from each tissue

and then hybridized to a human sk-a-actin [”chDNA probe using

both dot blot and Northern blot hybridization. No

hybridization was observed with RNA from liver or smooth

muscle from any of the species suggesting little or no

hybridization to nonmuscle and smooth muscle beta and gamma

actin isoforms. The human sk-c-actin probe hybridized to RNA

from skeletal muscle of pigs, cattle, sheep and chickens

although relative hybridization was 75% less with chicken RNA.

The hybridization was limited specifically to a band at 1.6

kb, the known length of sk-c-actin mRNA. Hybridization was

also observed with RNA from pig heart (1.6 kb) and the

relative abundance was consistently 7 to 10% of that observed

with porcine skeletal muscle, even as stringency conditions

were increased. These results indicate that the human sk-a-

actin probe can be used to determine a-actin mRNA expression

in skeletal muscle for pigs, cattle and sheep.



Introduction

The accumulation of muscle contractile proteins is a

highly synchronous and closely coordinated process during

myogenesis (Devlin and Emerson, 1979; Young and Allen, 1979;

Affara et al., 1980). Some have suggested a strong

correlation between the concentration of mRNA and the

synthesis of the respective myofibrillar proteins (Devlin and

Emerson, 1979; Shani et al. ,i 1981b) . Monitoring the abundance

of mRNA would provide an indication of muscle specific gene

expression.and reflect pretranslational regulation of protein

synthesis rates.

Actin represents approximately 22% of the total

myofibrillar protein in skeletal muscle (Yates et al., 1983).

The skeletal muscle alpha actin isoform (sk-a-actin)

represents over 95% of all actin present in adult skeletal

muscle (Caravatti et al., 1982; Barton et al., 1987; Garner

et al., 1989). No fiber type specific isoforms of actin

(i.e., fast and slow muscle) have been found. Thus, actin is

an excellent marker for studying the regulation of

myofibrillar protein synthesis because there is only one

predominant actin isoform in adult skeletal muscle.

To date, little work has been done to construct a-actin

probes or to isolate the c-actin gene from livestock species.

This study was conducted to further characterize the use of a
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human sk-a-actin cDNA probe (Gunning et al., 1983) to measure

relative sk-a-actin mRNA abundance in skeletal muscle from

cattle, sheep, chickens and pigs.
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Materials and Methods

W191}; Three market weight

animals were slaughtered to obtain tissue samples from each of

the meat producing livestock species: pigs (barrows), sheep

(wethers) , cattle (steers) and chickens (cockerals) . The four

tissues of interest were skeletal muscle, heart, smooth muscle

(from stomach or gizzard) and liver. All animals were raised

at the Michigan State University farms under normal management

and ad libitum feeding practices. Within species, animals of

similar weight and genetic makeup were selected before

slaughter. The three crossbred (Yorkshire x Hampshire x

Duroc) barrows, wethers (Suffolk) and crossbred (British x

Continental European breeds) steers averaged 108, 54, and 534

kg body weight, respectively. Immediately after stunning and

exsanguination, the tissue samples were removed, dissected

free from visible fat and connective tissue, cut into 8 cm?

pieces and frozen in liquid nitrogen within 5 min. Samples

were stored (<30 d) at -80°C until used for RNA isolation.

The sternomandibularis muscle was selected for the skeletal

muscle sample from pigs, cattle and sheep. Ventricular muscle

from the heart apex was also frozen as well as a 15 9 sample

of liver. Porcine, ovine and bovine smooth muscle was

dissected from the exterior wall of the stomach and frozen as

described for skeletal muscle. Three male Leghorn chickens
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(approximately 1.5 kg body weight) were killed and the entire

heart and liver were removed from each and frozen. Avian

smooth muscle samples were dissected from the gizzard and

skeletal muscle samples were obtained from the breast.

WA full length cDNA

probe coding for human sk-a-actin was obtained from Dr. L.

Kedes Laboratory (University of Southern California, School of

Medicine, Los Angeles, CA) . The probe was characterized by

Gunning et al. (1983) . The cDNA was inserted into the

original Okayama-Berg, modified pBR322 cDNA cloning vector,

2.6 kb in size (Okayama and Berg, 1982) . The insert was

released from the pHMaA-l plasmid vector by digestion with Pvu

II and Pst I as two fragments of 700 and 800 bp in length due

to an internal Pvu II restriction site within actin. There is

also a Pst I site located in the ampicillin resistant gene.

The cDNA probe was labeled with [32P]dCTP (3,000 Ci/mmol) using

the random priming method (Feinberg and Vogelstein; 1983 ,

1984). The procedures for the purification of plasmid DNA,

isolation of cDNA insert and cDNA labeling are included in

Appendices A, B and C, respectively.

Jim—GEM Total RNA was isolated (Helferich et

al. , 1990) using a combination of the urea-LiCl procedure

(Minty et al., 1982) and the guanidinium thiocyanate-CsCl

centrifugation method (Chirgwin et al., 1979) . Precipitation

of RNA from skeletal muscle using urea:LiCl (4M:2M) is a

useful technique, however the preparation is contaminated with
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DNA. This contamination is easily removed by separating RNA

from DNA using a cesium chloride procedure (Chirgwin et al.,

1979) . The combination of these two procedures allows for

greater yield (typically 200—400 ug) of high purity RNA

isolated from skeletal muscle (6 g).

The isolation involves three steps: 1) homogenization

and denaturation of protein and precipitation of RNA in 4 M

urea and 2 M LiCl, 2) suspension of RNA in 4 M guanidinium

thiocyanate and centrifugation of RNA through a 5.7 M CsCl

cushion, 3) further purification of RNA through subsequent

salt and ethanol precipitations. For skeletal muscle and

heart samples, two 3-g portions of frozen tissue were

pulverized and then homogenized in two 50-mL centrifuge tubes

containing 24 mL of cooled (4°C) 4 M urea and 2 M LiCl. After

incubation at 4°C for 48 h, the homogenate was centrifuged in

a cooled (4°C) Sorvall RCS at 10,000 x g for 30 min. The two

pellets were combined and resuspended in 10 mL of 4 M

guanidine thiocyanate, 1 M sodium citrate, 10% N-lauryl

sarcosine, .71 % mercaptoethanol, pH 7.0 at room temperature

and layered onto a 2 mL filtered 5.7 M CsCl cushion in a 15-mL

polyallomer ultracentrifuge tube. For liver and samples for

which tissue quantity was limited (chicken heart, stomach

muscle), 1 g of tissue was homogenized in a Corex tube

containing 8 mL of the 4 M guanidine thiocyanate solution

(step 1 was omitted). After centrifugation at 10,000 x g to

pellet cell debris, the homogenate was transferred to two 5-mL
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ultracentrifuge tubes containing 1 mL 5.7 M CsCl cushion. All

samples were centrifuged at 100,000 x g for 18 to 24 h at 17%:

using a swinging bucket Beckman 27.1 rotor (Beckman

Instruments, Inc., Palo Alto, CA). After centrifugation, the

supernatant was decanted, the sides of the tube wiped clean

and the clear pellet resuspended in 250 uL of 7 M guanidine

hydrochloride, 20 mM sodium acetate, 1 mM dithiothreitol, 10

mM iodoacetic acid, 1 mM EDTA, pH 7.0 at room temperature.

After transferring the suspension to a 1.5-mL microfuge tube,

25 uL of 2 M sodium acetate and 150 [AL of 100% ethanol (-20°C)

were added. After incubation at -2 0°C overnight and

subsequent microcentrifugation at high speed for 10 min, the

RNA pellet was washed with 250 uL of 3 M sodium acetate, 10 mM

iodoacetamide, pH 5.0 (4°C) and then centrifuged for 5 min.

The pellet was then broken up and.washed with 250 uL of 33 mM

sodium acetate in 66% ethanol, pH 5.0 (~20°C) . Following the

final 250 uL wash with 100% ethanol (-20°C) and

centrifugation, the pellet was allowed to dry briefly before

suspension in 25 to 100 uL of TE-8 (10 mM Tris-HCl, 5 mM EDTA,

pH 8.0) , depending on tissue quantity used and size of pellet.

The RNA was stored in the TE-8 buffer at -80°C. RNA solutions

were scanned from 320 to 220 nm (included in Appendix D), the

Axe/Am ratio determined (at least 1.9) , and RNA concentrations

were calculated from the Am. All RNA samples were size

separated on a 1.2% agarose gel and then stained to check any

deterioration in the 18S and 283 bands (example in Appendix
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E) .

WWRelative abundance of a-

actin mRNA was determined by dot blot hybridization methods

previously described (Jump et al., 1984; Helferich et al.,

1990) using a minifold apparatus (Schleicher and Schuell,

Inc., Keene, NH) with 96 wells. Total RNA was blotted onto

Zetabind° nylon membrane (CUNO, Inc. , Meriden, CT) presoaked

in 25 mM sodium phosphate at 1, 2, 3, and 4 ug RNA per dot for

nonskeletal muscle samples and at .1, .2, .3, .4 ug RNA per

dot for skeletal muscle samples, or as otherwise noted. After

prehybridization at 42°C for 2 h in 50% formamide, 5x SSC (1.5

mM sodium citrate and 15 mM sodium chloride), 10x Denhardts

(2% BSA, 2% Ficoll 400, 2% polyvinyl pyrolidine-40), 50 mM

sodium phosphate, 1 mM EDTA with yeast tRNA (500 ug/mL), the

blots were hybridized at 42°C with 3"’Pclabeled human sk-a-actin

cDNA overnight. The hybridization solution contained 55%

formamide, 5x SSC, 1.2x Denhardts, 50 mM sodium phosphate, 1

mM EDTA and yeast tRNA. The dot blots were washed with 2x

SSC, .1% SDS at room temperature and then washed four times

with .1x SSC, .1% SDS at 65°C for 45 min each. Dried blots

were exposed to X-Ray film (Kodak, Rochester, NY) in cassettes

containing two intensifying screens (Dupont, Wilmington, DE)

and the extent of hybridization quantified by densitometry.

WW Total RNA was denatured

and electrophoretically separated in 1.2% agarose, 40 mM MOPS,

10 mM sodium acetate, 1 mM EDTA, pH 7.0, and 18% formaldehyde.
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The RNA was transferred to nylon membrane (Zetabind') with 25

mM sodium phosphate buffer. Additional lanes were used for

188 and 288 RNA markers and standards and removed before

transfer for staining (ethidium bromide) and visualization of

RNA for measurement of migration distances for subsequent size

analysis. After hybridization with the 32P-labeled human sk-c-

actin cDNA, the Northern blots were washed, dried, and exposed

to X-Ray film, as previously described for dot blot

hybridization.
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Results and Discussion

Electrophoretic studies with isoelectric focusing have

resolved six distinct actin isoforms in mammals which include

two beta (3), two gamma (7) and two alpha (a) actin isoforms

(Whalen et al., 1976; Vandekerckhove and.Weber, 1978a). The

beta and gamma isoforms are found in smooth muscle (em-B-

actin, sm-y-actin) and in nonmuscle cells (nm-B-actin, nm-y-

actin). The two a-actin isoforms correspond to cardiac alpha

actin (c-a-actin) and skeletal muscle alpha actin (sk-a-actin)

and are the predominant isoform in adult heart and skeletal

muscle, respectively (Minty et al., 1982; Vanderkerckhove et

al. , 1986) . Sk-c-actin differs from nm-B-actin and nm-y-actin

in 24 to 25 amino acid subsitutions of the total 374 amino

acids that comprise the actin protein (Vandekerckhove and

Weber, 1978b). There are 6 to 8 amino acid substitutions in

the sm-B-actin and sm-y-actin when compared to sk-a-actin

(Vandekerckhove and Weber, 1979) . While the amino acid

sequence of sk-c-actin and c-a-actin are highly conserved with

only four noncharged amino acid substitutions (99% sequence

identity) (Vandekerckhove and Weber, 1978a), there is

approximately 15% difference in their nucleic acid sequence

(Buckingham et al., 1984; Buckingham, 1985).

Sk-c-actin cDNA clones have been isolated from the rat

(Shani et al., 1981a; Shani et al., 1981bq Garfinkel et al.,
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1982), mouse (Sassoon et al., 1988), chick (Gordon et al.,

1984; Paterson et al., 1984) and human (Gunning et al., 1983;

Ponte et al., 1984). There is a high degree of conservation

and similarity across species for each isoform of actin

(Buckingham et al., 1984; Buckingham, 1985; Buckingham et

al. , 1987) . Several investigators have suggested probes

corresponding to the 3' untranslated region may be more

isoform specific and could distinguish between the c-actin

mRNA isoforms (Cleveland et al., 1980; Minty et al., 1981;

Gunning et al, 1984; Ponte et al., 1984). Some sequences

within the 3' untranslated region are similar across species,

whereas other segments are not only isoform specific but also

species specific and. unique. to ‘the species of interest

(Gunning et al., 1984).

RNA was isolated from the longissimus muscle, heart and

liver from.a market weight pig (107 kg). In addition, RNA was

isolated from the hind limb muscle of an adult rat (300 g) for

comparison. RNA (1,2,3 and 4 ug) from pig and rat skeletal

muscle and 5,6,7 and 8 pg RNA from pig liver and heart was

hybridized to the human sk-c-actin cDNA probe using dot blot

hybridization. As shown in Figure 5, hybridization was

detected with pig and rat skeletal muscle RNA.

Liver serves as a control for cross hybridization of the

sk-a-actin probe to the nonmuscle 6- and y-actin isoforms. In

the preliminary experiment, no hybridization was observed to

pig liver mRNA suggesting that the human probe may not
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FIGURE 5. Hybridization of human sk-c-actin probe to rat and

porcine tissues. RNA from the adult pig (107 kg body weight)

heart, liver and longissimus muscle and rat (300 g body

weight) hind limb muscle were dot blotted (quantities

indicated from left to right) and then hybridized to the human

sk-c-actin probe (Gunning et al. , 1984) . The blot was washed

at 65°C with .1x SSC and .1% SDS and subjected to

autoradiography for 8 h at -80°C.



95

hybridize to nm-B- and nm-y-actin or that their abundance in

liver is low and.not.detectableu In subsequent studies, liver

RNA was blotted at 10 times the quantity of skeletal muscle

RNA and exposed to X-Ray film.for’a much longer period of time

to determine whether the human sk-a-actin probe will hybridize

to liver nm-B and nm~y-actin.mRNAu A.small amount of nm-B and

nm-y-actin is present in skeletal muscle but the abundance is

very low compared to that of sk-o-actin.

There have been several reports of sk-a-actin expression

in the heart. Using isoform specific cDNA.probes, expression

of sk-c-actin was observed in normal adult rat and mouse

hearts by Shani et al. (1981), Minty et al. (1982), Mayer et

al. (1984) , Buckingham et al. (1987) and Garner et al. (1989) .

As expected, some hybridization of the human sk-c-actin.probe

to RNA from the pig heart was observed (Figure 5), although

significantly less than for skeletal muscle. The extent of

hybridization to heart RNA, based on equivalent quantity of

RNA applied, was approximately 10% of that observed with

skeletal muscle RNA. This is consistent with observations of

Garner et al. (1989) who used mouse isoform specific probes

and found the abundance of sk-c-actin in adult mouse heart to

be 10.3% of that in adult mouse skeletal muscle. However,

because a porcine isoform specific probe was not used, one

cannot rule out the possibility that the human sk-c-actin

probe may be hybridizing to c-a-actin.

Stringency conditions of the washes following
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hybridization can be raised by increasing the temperature or

decreasing the concentration of salt (SSC) . Under higher

stringency conditions, nonspecific hybridization is reduced.

In order to determine the optimum conditions for washing,

total RNA from pig liver, heart, smooth muscle and skeletal

muscle was size separated on 1.2% agarose denaturing gels and

transferred to nylon membrane. After hybridization to the

full length sk-a-actin probe, the Northern blots were washed

at various temperatures (55°C - 75°C) with .1x SSC and .1% SDS

in an attempt to determine the specificity of binding (Figure

6). In addition, RNA from the same samples were quantified

using dot blot hybridization under conditions identical to

Northern blotting (Figure 7).

At none of the temperatures (55°C, 65°C and 75°C) was

hybridization to RNA from pig liver observed, even at 2.1 kb,

the known size of nm-B- and nm-y-actin mRNA (Minty et al.,

1981). Likewise, no hybridization to RNA from smooth muscle

was detected. Since sm-B- and sm-y-actin are the isoforms

expressed in smooth muscle, these results would suggest that

the human sk-a-actin probe does not cross hybridize with any

of the. porcine: B or' 7-actin mRNA isoforms under these

conditions. Hybridization to skeletal muscle RNA was observed

and was specific to one band only, approximately 1.6 kb in

size, the size of sk-a-actin mRNA (Minty et al., 1981).

Hybridization was also detected with RNA from the heart

and corresponded to mRNA approximately 1.6 kb in size. At
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FIGURE 6. The effect of wash temperature on human sk-a-actin

hybridization with porcine Northern blots. RNA (1 pg per

lane) from liver, heart, smooth muscle (stomach wall) and

sternomandibularis muscle of three market weight pigs (average

108 kg body weight) were size-separated (one individual sample

per lane) on 1.2% agarose gels and transferred to nylon

membrane. After hybridization to the human sk-c-actin cDNA

probe (Gunning et al. , 1984) , the Northern blot was washed at

55°C with .1x SSC and .1% SDS and subjected to autoradiography

for 8 h at -80°C. The blot was then subsequently washed at

the higher temperatures (65° and 75°C) and again subjected to

autoradiography. A single band was observed following

hybridization to the full length human skeletal muscle a-actin

cDNA. The size of this band was estimated to be approximately

1.6 kb using the 18S and 288 ribosomal bands as size markers.
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FIGURE 7. The effect of wash temperature on dot blot

hybridization. RNA (.2 pg per well) from liver, heart, smooth

muscle (stomach) and sternomandibularis muscle of three market

weight pigs (108 kg average body weight) were dot blotted in

duplicate (individual samples top to bottom, duplicate left to

right). The blot was then hybridized to the human sk-a-actin

cDNA probe and washed at 55%: with .1x SSC and .1% SDS.

Following autoradiography for 14 11 at -8UC, the blot was

subsequently washed at the higher temperatures (65%:and 75%»

and again subjected to autoradiography.
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higher wash temperatures (65°C and 75°C) a hybridization band

was still detectable. The higher temperature would allow

hybridization of the cDNA only to mRNA of very similar

nucleotide sequence. As the temperature increased from 55°C

to 75°C, the extent of hybridization with heart RNA relative

to hybridization with skeletal muscle RNA remained a

consistent 7%. This observation is consistent with mouse and

rat data reported by Shani et al. (1981) , Minty et al. (1982) ,

Mayer et al. (1984) , Vandeherckhove et al. (1986) , and Garner

et al. (1989) . For all future experiments, washing conditions

of 65°C and .1x SSC were employed. Again, one cannot rule out

the possibility of the human sk-a-actin probe binding to

porcine c-a-actin since both a-actin mRNAs are identical in

size. The results of Hanauer et al. (1983) , Buckingham et al.

(1984) and Buckingham et al. (1987) suggest that there is a

greater conservation of nucleotide sequence of the same a-

actin isoform across species than between actin isoforms

within the same species. The consistent relative

hybridization to RNA from skeletal muscle and heart, even at

the very high stringency conditions, would indicate that the

degree of cross-hybridization may be minimal.

In order to determine if the human sk-c-actin probe could

be used to measure the relative abundance of c-actin in

skeletal muscle of other livestock species, the human probe

was also hybridized to bovine, ovine and avian RNA. Total RNA

from skeletal muscle, heart muscle, smooth muscle (from
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stomach or gizzard) and liver was isolated from cattle, sheep

and chickens in addition to pigs and was Northern blotted

(consolidated in Figure 8) and dot blotted (consolidated in

Figure 9) and hybridized to the human sk-a-actin probe. No

hybridization was observed with RNA from liver or smooth

muscle from any of the four species even though 10 times more

nonskeletal muscle RNA than skeletal muscle RNA was applied

and subjected to autoradiography for 48 h at -80°C. The

extent of hybridization of the human sk-a-actin cDNA with pig

heart RNA.at 1.6 kb‘was approximately 7% of that observed with

pig skeletal muscle RNA, consistent with the results of Garner

et al. (1989).

A single hybridization band was observed with skeletal

muscle RNA for each of the four species, approximately 1.6 kb

in size, the size of sk-c-actin mRNA (Minty et al., 1981).

The relative abundance of a-actin mRNA in skeletal muscle

appears to be approximately the same in pigs, cattle and

sheep. Hybridization of the human sk-a-actin probe to chicken

breast.muscle is only 25% of that.observed.with.the other'meat

producing species. This reduced hybridization with chicken

RNA may be due to lower abundance of a-actin which may be the

result of different species, muscle types or to less

similarity in mRNA sequences between human and avian a-actin.

The later is most likely. Shani et al. (1981) used a full

length cDNA probe to rat sk-a-actin and also found that

hybridization to chicken muscle was considerably less than
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Skeletal Heart Stomach

Muscle Muscle Muscle Liver

Pig 9" ”‘_

    
 

Beef

 

Sheep 1.6 kb

 

Chicken 1.6 kb

 

 

FIGURE 8. Northern blots of liver, heart, smooth and skeletal

muscle in pigs, cattle, sheep and chickens. RNA was isolated

from the tissues indicated and size separated on 1.2% agarose

gels. Three market weight animals represented each species

(one sample per lane). Threefold greater amounts (3 pg) of

liver, heart and smooth muscle (stomach or gizzard) RNA were

applied per lane than skeletal muscle (1 pg). The RNA was

transferred to nylon membrane, hybridized to human sk-a-actin

cDNA probe (Gunning et al., 1984) and washed at 65°C with .1x

SSC and .1% SDS. The Northern blots were subjected to

autoradiography for 8 h at -80°C. A single band was observed

following hybridization to the full length human skeletal

muscle a-actin cDNA. The size of this band was estimated to

be approximately 1.6 kb using the 18S and 288 ribosomal bands

as size markers.
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FIGURE 9. Dot blot quantification of c-actin hybridization in

pigs, cattle, sheep and chickens. RNA was isolated from the

tissues indicated and blotted onto nylon membrane. Three

market weight animals represented each species. Tenfold

greater amounts of total RNA (1 to 4 pg) were applied for the

liver, heart and smooth muscle (stomach or gizzard) than for

skeletal muscle (.1 to .4 pg). Replicates are from left to

right for each tissue and individual animals are from top to

bottom. All blots were hybridized to the human sk-a-actin

cDNA probe (Gunning et al. , 1984) and washed at 65°C with .1x

SSC and .1% SDS. The blots were subjected to autoradiography

for 16 h at -80°C.
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that observed with rat muscle. When a probe specific to the

3' untranslated region of rat sk-a-actin was used, no

hybridization to chicken muscle RNA was detected. These

results indicate greater a-actin sequence identity and

conservation within mammals than across phyla, e.g. avian.

Cross hybridization to other actin isoforms appears to be

minimal and is insignificant in skeletal muscle where sk-a-

actin represents over 95% of all actin (Caravatti et al.,

1982; Barton et al., 1987). The human sk-c-actin cDNA probe

hybridizes to a specific 1:6 Kb band of skeletal muscle mRNA,

the known size of sk-c-actin. These results indicate that the

human sk-c-actin cDNA probe does hybridize to sk-a-actin.mRNA

in meat producing species and can be used for further studies

in determining the regulation of a-actin gene expression and

mRNA abundance in skeletal muscle from pigs, cattle and sheep.
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Implications

These results indicate that the human sk-a-actin probe

can be used as a specific marker for c-actin mRNA expression

in skeletal muscle for pigs, cattle and sheep. A cDNA probe

for a-actin is a valuable research tool in meat animal

research. This probe can be used to determine the a-actin

mRNA abundance in skeletal muscle and to monitor the changes

that occur in actin gene expression due to physiological,

developmental, nutritional or hormonal regulation.
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CHAPTER 3

SKELETAL MUSCLE GROWTH AND EXPRESSION OF SKELETAL MUSCLE

ALPHA ACTIN mRNA IN PIGS DURING FEEDING AND WITHDRAWAL

OF RACTOPAMINE
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Abstract

Sixty crossbred barrows were used to study the effect of

ractopamine (a phenethanolamine/beta-adrenergic agonist)

treatment and its withdrawal on muscle growth and on the

relative abundance of skeletal muscle alpha actin (sk-a-actin)

mRNA. Ractopamine was fed (20 ppm) for periods of 2, 4 and 6

wk (six pigs per group). Additional pigs (four per group)

were fed ractopamine (20 ppm) for 6 wk and then slaughtered 1,

3, and 7 d after withdrawal of ractopamine. Ractopamine

increased (P<.05) longissimus muscle weight and protein

content, although protein concentrations were not different.

The increased muscle weight and protein content attained by

feeding ractopamine for 6 wk was retained when ractopamine was

withdrawn. The RNA and DNA concentrations did not change,

whereas total DNA and RNA content per muscle was 18 and 26.7%

greater, respectively, in ractopamine treated pigs at 4 wk but

there were no differences at.2 or’6 wk or among the withdrawal

groups. The relative abundance of sk-a-actin mRNA in the

longissimus muscle was 41 and 62% greater (P<.05) in treated

animals at 2 and 4 wk but similar to controls at 6 wk and

during the withdrawal period. These results indicate that the

ractopamine-enhanced muscle growth may result from increased

myofibrillar gene expression at the pretranslational level

which is maximal with short-term treatment of ractopamine.
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Introduction

Administration of the phenethanolamine, ractopamine, to

finishing pigs increases muscle mass, total muscle protein and

RNA content, and fractional protein synthesis rates (Bergen et

al. , 1989) . This is due in part to enhanced fractional

synthesis rates of skeletal muscle alpha actin (sk-a-actin)

and increased relative abundance of sk-a-actin mRNA (Helferich

et al., 1990). A.time-course study in which.muscle growth.and

abundance of sk-c-actin is monitored during administration and

withdrawal of ractopamine to pigs is necessary to identify

possible biological mechanisms mediating ractopamine-induced

muscle hypertrophy. The objective of the present study was to

monitor changes in skeletal muscle protein metabolism.and sk-

c-actin mRNA abundance in pigs fed ractopamine during a 6 wk

feeding period and a subsequent 7 d withdrawal period.
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Materials and Methods

WW Sixty

crossbred barrows (Yorkshire x Hampshire x Duroc) with an

average initial body weight of 72.5 kg were randomly divided

into two groups, one group of 36 pigs for a ractopamine

feeding time course experiment and another group of 24 pigs

for a ractopamine withdrawal experiment. All pigs were housed

at the Swine Research Facility at Michigan State University

and given ad libitum access to a 16.6% corn/soybean meal

finishing diet (Table 4). The first group (36 pigs) was

allotted to four pens (nine pigs/pen) and pigs in two of the

pens were fed the phenethanolamine, ractopamine {1-[4-

hydroxyphenyl)-2-[1. methyl-3(4) hydroxyphenyl) propylamino]

ethanol, Eli Lilly, Indianapolis, IN}. Pigs were fed the

control diet or the control diet plus 20 ppm of ractopamine

for 2, 4, or 6 wk (three pigs/pen/feeding period). After the

designated feeding period, pigs were slaughtered immediately

at the Michigan State University Meat Laboratory, tissues

collected and carcass measurements obtained. The 24 pigs for

the ractopamine withdrawal experiment were assigned to four

pens (six pigs/pen) and fed the control diet with or without

20 ppm of ractopamine (two pens/treatment) for 6 wk. Ractopa-

mine was then withheld and the pigs were fed the control
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TABLE 4. Finishing diet fed to crossbred barrows

 

 __Ingr_e.di_ents Composition;—

Corn grain 79.2

Soybean meal (48% protein) 17.9

Calcium phosphate (dibasic) 1.0

Calcium carbonate .9

NaCl .5

Vitamin-mineral premix. .5

Lysine hydrochloride .1

 

' Premix provided per kg of diet: Vitamin A, 3,300 IU;

vitamin D3, 600 IU; riboflavin, 3.3 mg; nicotinic acid,

17.6 mg; d-panthothenic acid, 13.2 mg; choline, 110 mg;

vitamin Bu 19.8pg; Zn, 74.8 mg; Fe, 9.4 mg; Mn 37.4 mg;

Cu, 9.9 mg; I, .5 mg; Se, 1 mg.
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diet for an additional 1, 3, or 7 d (two pigs/pen/withdrawal

time) before slaughter and collection of tissue samples and

carcass measurements.

Immediately after stunning and exsanguination, samples of

the left longissimus muscle and the liver were excised and

weighed. The muscle sample was dissected free of visible fat

and connective tissue, and both tissues were cut into cubes of

approximately 8 cm3 and frozen by submersion in liquid

nitrogen. All samples were collected and frozen within 5 min

of stunning and then stored at -80°C for subsequent analysis.

The remaining longissimus muscle of the left side was

removed, dissected free of fat, weighed, and added to above

sample weight to obtain total left longissimus muscle mass.

A portion of the frozen longissimus sample was powdered with

solid CO2 at -70°C and used to determine protein, RNA and DNA

content. Nucleic acids (DNA and RNA) were assayed according

to a modified procedure (Munro and Fleck, 1969) as described

by Bates et al. (1985) and protein was determined by the

micro-Kjeldahl method (AOAC, 1980) .

WTotal RNA

for quantification of sk-c-actin mRNA was isolated from

longissimus muscle by a combination of urea-LiCl precipitation

(Minty et al., 1981) and guanidine isothiocyanate-CsCl

centrifugation (Chirgwin et al. , 1979) as previously described

(Helferich et al. , 1990; Skjaerlund et al. , 1993) . Northern

blot analysis was also performed for qualitative purposes only
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to ensure specificity of hybridization as previously reported

by Skjaerlund et al. (1993) . Northern blot analysis was

performed by denaturing total RNA extracted from longissimus

muscle and separated electrophoretically (1 pg per lane) using

a denaturing agarose gel (1.2% agarose, 40 mM 3-N-

morpholinopropanesulfonic acid, 10 mM sodium acetate, 1 mM

EDTA, and 2.2 M formaldehyde). The RNA was transferred to a

nylon membrane, Zetabind'(CUNO, Meriden, CT), using 25 mM

sodium phosphate buffer. Additional lanes were used for 18S

and 28S RNA markers for size determination. Hybridization was

carried out as subsequently described for dot-blots. Relative

abundance of sk-a-actin mRNA was determined by dot-blot

hybridization methods as previously described (Helferich et

al. , 1990) using a minifold apparatus (Schleicher and Schuell,

Keene, NH) with 96 wells. Total RNA was blotted onto nylon

membrane (Zetabind') at .1, .2, .3, .4 pg longissimus muscle

RNA. per’ dot" The conditions for (prehybridization (50%

formamide, 5x SSC, 10x Denhardts, 50 mM sodium phosphate, 1 mM

EDTA, 500 pg/mL yeast tRNA, 42°C), hybridization (55%

formamide, 5x SSC, 1.2x Denhardts, 50 mM sodium phosphate, 1mM

EDTA, soo pg/mL yeast tRNA, 2 million cpm of ”P-labeled

probe/mL, 42°C) and subsequent washings (.1x SSC, .1% SDS,

65°C) were similar to those described by Skjaerlund et al.

(1993). The cDNA probe, a full-length probe coding for human

sk-a-actin.obtained from Dr. L. Kedes' laboratory (University

of Southern California, School of Medicine, Los Angeles, CA)
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and characterized by Gunning et al. (1983), was labeled with

[”PJdeoxycytidine triphosphate (3,000 Ci/mmol, Amersham,

Arlington Heights, IL). The insert was excised from the

plasmid (pHMaA-l) by digestion with PvuII and PstI before

labeling. It was previously determined that this probe can be

used with livestock species (Skjaerlund et al., 1993). Dried

blots were exposed to X-Ray film (Kodak, Rochester, NY) in

cassettes containing two intensifying screens (Dupont,

Wilmington, DE) and the extent of hybridization was quantified

by densitometry. For comparison purposes, all procedures were

conducted simultaneously; all were prehybridized, hybridized

and washed in the same solution, and exposed together to the

same X-Ray film.

Statistiga1__analy§i§4, All data were statistically

analyzed using the general linear models procedure of the

Statistical Analysis System (SAS, 1987). A split plot design

was used, The effect of ractopamine *was tested. using

variation among pens [i.e. , pen (treatment)] as the error

team. The effects of feeding or withdrawal times and the

interaction of treatment with time were tested using pen

(treatment x time) as the error term. Due to the low number

of pens per treatment and degrees of freedom for the error

terms, variation among pens was pooled with variation among

pigs and used as the error term in cases in which the F

statistic for variation for pens was less than 2F.50 as

outlined by Gill (1989); however, there is potential for bias
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from pooling the sum of squares (and corresponding degrees of

freedom) for pens and animals. Means comparisons were made

using the Student-Newman-Kuels procedures in SAS (1987). Sk-

a-actin.mRNA abundance data were analyzed within each feeding

or withdrawal time using the Student's t test (Gill, 1978).
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Results and Discussion

Feeding 20 ppm of ractopamine to pigs in a finishing diet

increased (P<.05) longissimus muscle weight 17.3% at 2 wk, 19%

at 4 wk, and 13.8% at 6 wk relative to control longissimus

muscle weights (Table 5) . Protein contents of the longissimus

muscle from treated pigs were 18, 19, and 17% greater than

those of muscle from control pigs at 2, 4, and 6 wk,

respectively. Protein concentrations were not affected by

treatment. In a similar study, Bergen et al. (1989) found

that ractopamine increased semitendinosus muscle mass 25% over

controls at 4 wk but only by 9% at 6 wk. Other beta-

adrenergic agonists have provided similar responses. In young

male rats, clenbuterol increased weights of selected muscles

by 18 to 39% over controls after 11 d of feeding, but only 0

to 6% after 25 d (Reeds et al., 1986). Cimaterol has also

been demonstrated to increase muscle weight 27 to 33% after 7

wk of treatment, but the difference between controls and

cimaterol-fed lambs was less after 12 wk (Beermann et al.,

1987). Kim et al. (1992) found increased weight gain in

skeletal muscles of rats fed cimaterol for up to 2 wk, but no

further increase. occurred. with. feeding“ cimaterol for an

additional 2 ‘wk, Rats fed cimaterol had. the greatest

accleration in gain within 1 wk and rats no longer gained at

an accelerated rate after 1 wk (Eadara et al., 1989).
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Likewise in their study, fractional accretion rates increased

up to 120% in response to cimaterol at 1 wk but no changes in

fractional accretion rates were detected thereafter. It

appears that beta-adrenergic agonists enhance muscle mass

early on and that prolonged feeding of them does not continue

to increase muscle weight, but the early increment of gain is

maintained. Withdrawal of ractopamine for up to 7 d after the

6 wk feeding period did not diminish the previously increased

longissimus muscle weight or protein content (Table 6). This

further suggests that the effect of.beta-adrenergic agonists

on skeletal muscle accretion occurs early on and that the net

increase is maintained at least for 7 d after withdrawal of

the agonist. The ractopamine-induced gain also has been shown

to be maintained in steers even after 8.78 d withdrawal period

(Schiavetta et al., 1990).

Content of RNA was increased 26.7% compared with the con-

trols at 4 wk (Table 5). There were no differences between

treatment groups in muscle RNA content at 2 or 6'wk or between

the withdrawal groups (Table 6). There were no significant

differences in muscle RNA concentrations although RNA

concentrations tended to be greater in pigs fed ractopamine

for 4 wk and lower in pigs fed ractopamine for 6 wk, including

those after withdrawal of ractopamine. These results are

similar to those reported by Bergen et al. (1989) in which
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ractopamine-fed pigs had increased RNA content by 36% at 4 wk

but not at 2 or 6 wk. The RNA concentrations also showed the

same trend but were not statistically different. Feeding

cimaterol also increased RNA concentrations initially in rat

skeletal muscle (Kim et al., 1988). The RNA content in rat

hindlimb muscle increased greatly after 1 wk of cimaterol

feeding but the increase was less pronounced after 2 and 4 wk

(Eadara et al., 1989). Feeding cimaterol to lambs for 7 and

12 wk increased.RNA.content 36 and 37%, respectively, although

RNA concentrations were not altered (Beerman et al., 1987).

The differences in RNA content between controls and

clenbuterol-fed rats were greatest at 11 d, paralleling the

differences in muscle mass (Reeds et al. 1986).

Longissimus muscle DNA concentration was not altered by

ractopamine at any sampling period. Feeding ractopamine for

4 wk increased muscle DNA content 18% above that of control

pigs, but muscle DNA content did not differ significantly

between treatment groups at other sampling times. Due to the

trends in. nucleic acid. and. protein. contents, ratios of

protein/DNA, protein/RNA and RNA/DNA were not changed by

feeding ractopamine. Even though ractopamine increased the

proliferation of cultured chick breast muscle satellite cells

(Grant et al., 1990), the recruitment of additional satellite

cell nuclei does not seem to be a prerequisite for accelerated

accretion of skeletal muscle as DNA concentrations are not

enhanced with the feeding of ractopamine. The increased
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protein accretion and RNA accounts for the majority of the

ractopamine-induced muscle hypertrophy. The fact that DNA

concentration remained.relatively constant over the treatment

period implies that DNA increases proportionally with the

ractopamine-induced muscle hypertrophy. In rats fed

cimaterol, DNA content did not differ at 1 wk but increased

after 2 and 4 wk following the early induced hypertrophy

evident at 1 wk (Eadara et al., 1989). Longissimus muscle

weight, protein content, and RNA content in pigs fed

ractopamine for 2 and 4 wk were similar to those in control

pigs at 4 and 6 wk, respectively; thus, ractopamine is similar

to cimaterol in that it accelerates muscle growth to attain

more mature stages sooner as suggested by Beermann et al.

(1987).

Total RNA was isolated from the longissimus muscle and

subjected to Northern.blotting for qualitative purposes only,

in order to determine the specificity of hybridization. The

RNA from three randomly selected samples per treatment group

were applied (1 pg/ lane) and hybridized to the sk-a-actin cDNA

probe (autoradiograms consolidated in Figure 10).

Hybridization of the sk-a-actin cDNA probe was observed as a

single band, approximately 1.6 kb in size, the size of sk-c-

actin mRNA (Minty et al., 1981) and corresponds with

hybridization bands observed previously (Skjaerlund et al.,

1993). In order to quantify differences in the relative

abundance of sk-o-actin mRNA, longissimus RNA (.1, .2, .3, and
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FIGURE 10. Northern blots of sk-a-actin mRNA in longissimus

muscle isolated from ractopamine-treated pigs and after

withdrawal. RNA was isolated from longissimus muscle and

size-separated on 1.2% agarose/18% formaldehyde gels. One pg

of RNA was applied to each lane (one animal per lane). The

RNA was transferred to nylon membrane, hybridized to a human

sk-c-actin cDNA probe and washed at 65%:with .1x SSC and .1%

SDS. The single band observed after autoradiography at -80%:

was estimated to be approximately 1.6 kb using the 188 and 28

S ribosomal bands as size markers.



121

.4 pg RNA/dot) from each animal was hybridized to the sk-a-

actin probe using dot-blot hybridization. The results,

quantified by densitometry, are shown in Figure 11. At 2 and

4 wk, pigs fed ractopamine had 41 and 62%, respectively,

greater (P<.05) sk-a-actin mRNA abundance than control pigs.

Helferich et al. (1990) demonstrated approximately a twofold

increase in sk—c-actin mRNA abundance in pigs fed ractopamine

for 4 wk and Smith et al. (1989) observed an increase in

myosin light chain mRNA abundance in cattle fed ractopamine.

Koohmaraie et al. (1991) showed a 30% increase in sk-c-actin

mRNA abundance in lambs fed the beta-adrenergic agonist 1544.969

for 6 wk. The increase in sk-a-actin mRNA abundance is

consistent. with. ractopamine-enhanced fractional synthesis

rates of a-actin observed in pigs (Bergen et al., 1989;

Helferich et al., 1990) and with the increased fractional

accretion rates in hindlimb muscle following feeding cimaterol

to rats (Eadara et al., 1989). McElligott and Chaung (1987)

observed that serum from rats treated with clenbuterol and

serum from normal rats had similar effects on protein

synthesis and degradation and cell proliferation in cultures

of L8 myoblasts. Ractopamine has been shown to directly

increase protein synthesis in cultures of L6 myotubes (Adeola

et al., 1989; Anderson et al., 1990) suggesting that beta-

adrenergic agonists may act directly on skeletal muscle in

vivo to increase muscle growth. The increased muscle mass

observed with feeding beta-adrenergic agonists appears to be
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FIGURE 11. Abundance of sk-a-actin mRNA in longissimus muscle

of ractopamine-treated pigs relative to controls. The

abundance of sk-a-actin mRNA was quanitified using dot-blot

hybridization. RNA (.1, .2, .3, .4 pg/dot for each sample)

isolated from longissimus muscle of each animal were blotted

onto nylon membrane. All samples were hybridized at one time

to the human sk-c-actin cDNA probe and washed at 65°C with .1x

SSC and .1% SDS. The blots were subjected to autoradiography

at -80°C simultaneously. Extent of hybridization was

quantified by densitometry. Abundance of sk-a-actin mRNA in

ractopamine-treated pigs is expressed relative to the

respective controls. An asterisk (*) indicates P<.05.
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due in part to pretranslational enhancement of myofibrillar

protein synthesis. The increased abundance of sk-a-actin mRNA

could result from several pretranslational events, i.e. ,

increased transcription, enhanced processing of the pre-mRNA

or greater stability of the mature message.

Beta-adrenergic agonists most likely elevate mRNA

abundance of muscle proteins sooner than 2 wk. In rats fed

cimaterol, RNA concentration in skeletal muscle increased

after 3 d of administration and the effect was lost at

approximately 2 wk of treatment (Kim et al., 1988). In our

study, the relative abundance of sk-c-actin mRNA was not

significantly different between pigs fed ractopamine for 6 wk

and control pigs and no differences were detected after 1, 3,

or'7 d.of ractopamine‘withdrawal (Figure 11). The RNA content

or concentration also did not differ after feeding ractopamine

for 6 wk, which corroborates data reported by Bergen et al.

(1989). The increase in muscle mass and.relative abundance of

sk-c-actin mRNA resulting from feeding ractopamine may occur

before 6 wk. However, the additional muscle mass attained at

6 wk is maintained after withdrawal of ractopamine for at

least 7 d. Stimulation of muscle accretion by feeding

ractopamine seems to wane with chronic administration. This

attenuation effect with prolonged treatment may be due in part

to a change in beta-adrenoreceptor density. Kim et al. (1992)

and Rothwell et al. (1987) reported a reduction of up to 50%

in the number of skeletal muscle beta-receptor binding sites
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that preceded the attenuation of muscle gain and receptor

affinity was not altered at any time point. Intermittent

feeding, rather than continuous feeding, of beta-adrenergic

agonists may prevent the attenuation in muscle gain that

occurs over time as suggested by McElligott et al. (1989).
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Implications

The results of this study indicate that the ractopamine-

enhanced. muscle. growth is partly' due to increased. gene

transcription or other pretranslational events that increase

mRNA abundance of c-actin and probably other myofibrillar

proteins as well. Continuous feeding of ractopamine may have

a greater short—term effect rather than a sustained, long-term

effect on a-actin gene expression.
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SUMMARY

Even though postpubertal concentrations of testosterone

stimulate protein synthesis and protein accretion, elevated

neonatal testosterone concentrations seem to play a less

significant role in skeletal muscle protein metabolism.

Castration at birth did not significantly alter neonatal

muscle growth or protein turnover of barrows compared to those

of boars. Developmental changes in protein, nucleic acid

concentrations and ratios are apparent during this neonatal

growth period of pigs and these changes are probably the most

dramatic during the entire growth and development period

following birth.

The human sk-a-actin probe can be used as a specific

marker for c-actin mRNA expression in skeletal muscle for

pigs, cattle and sheep. This cDNA probe for a-actin is a

valuable research tool in meat animal research for further

determining pretranslational control of protein synthesis.

This human probe can be used to determine the c-actin mRNA

abundance in skeletal muscle and to monitor the changes that

occur in actin gene expression due to physiological,

developmental, nutritional or hormonal regulation.

The ractopamine-enhanced muscle growth is partly due to

increased gene transcription or other pretranslational events

that increase mRNA abundance of a-actin and probably other
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myofibrillar proteins as well. Continuous feeding of

ractopamine may have a greater short-term effect rather than

a sustained, long-term effect on a-actin gene expression and

muscle growth, although short-term withdrawal of ractopamine

did not reduce the previous gains. This attenuation effect of

beta-adrenergic agonists may perhaps be prevented by

intermittent feeding rather than long-term.continuous feeding;
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APPENDIX A

GROWTH OF BACTERIA AND PURIFICATION OF PLASMID DNA

The alpha actin cDNA was received inserted into the

Okayama-Berg, modified pBR322 and transformed into E. coli.

A colony was used to inoculate 10 mL of culture medium,

L-broth (Bacto tryptone and yeast extract with sodium

chloride), .2% glucose, ampicillin in a 50 mL Erlenmeyer flask

and grown overnight at 37°C in shaking water bath. A 1 mL

aliquot of the overnight culture was added to 250 mL of

culture medium containing ampicillin and grown at 37°C in a

shaking water bath until a density of .8 A600 was obtained.

Chloramphenicol was then added (final .2 mg/mL) and the cells

grown overnight at 37°C in a shaking water bath. The medium

was then transferred to 250 mL polypropylene bottles and

centrifuged for 15 min at 5,000 rpm. The pellet was

resuspended in 25 mL of cold 10 mM sodium chloride and

centrifuged in 30 mL glass Corex tubes for 15 min at 5,000

rpm. The cells were drained and stored at -80°C until plasmid

DNA was extracted.

The sedimented cells were then resuspended in 4 mL of 25

mM Tris-HCl, 10 mM EDTA and 1.5% RNase-free sucrose. After

complete resuspension, an additional 2 mL were added with 6

mg/mL lysozyme. After cells were lysed at 4°C for 15 min, 12

ml. of .8% sodium hydroxide and 1% SDS were added and mixed

thoroughly until the solution clarified. The solution was

centrifuged for 10 min at 5,000 rpm after the addition of 7.5

mL 3 M sodium acetate, pH 5.0. The supernantant was

transferred to a 150 mL Corex bottle and incubated for 20 min

at 37°C with RNase A (20 pg/mL) to digest RNA.

The nucleic acids were extracted with an equal volume (25

mL) of phenol:chloroform:isoamyl alcohol (24:24:1). After

vigorous shaking for 5 min and centrifugation at 3,000 rpm for

5 min, the supernatant was further extracted with an

additional volume of chloroform:isoamyl alcohol (24:1) . After

shaking and centrifugation, 2 volumes of 100% ethanol was

added to the supernatant and stored at -2 0°C for 1 hour or

overnight. The precipitated DNA was recovered by

centrifugation at 5,000 rpm for 10 min and the pellet rinsed

with 10 mL of 70% ethanol. The pellet was then dissolved in

1.6 mL sterile water and transferred to a 15 mL Corex tube

with the addition of .4 mL 4 M sodium chloride (1 M final) and

2 mL 13% polyethylene glycol (6.5% final concentration),

mixing after each addition. DNA was precipitated for 60 min

on ice and the plasmid DNA pelleted by centrifugation at 5,000

rpm for 10 min. The cellular RNA remained in the supernatant.

The pelleted DNA was washed with 70% ethanol and then

resuspended in 1 mL sterile TE-8 and stored at 4°C. DNA
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concentration was determined by UV absorbance at 260 nm and a

quality control check was performed by digesting 1 pg of DNA

with the appropriate restriction enzyme and then analyzed on

a 1% agarose gel with ethidium bromide.
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APPENDIX B

RESTRICTION DIGESTS AND ISOLATION OF INSERT CDNA

The full length alpha actin plasmid DNA (200pg) was

digested first with Pst I for 8 h at 37°C. The DNA was

precipitated with 25 pL 4 M sodium chloride and 1 mL ethanol

and pelleted by centrifugation in a microfuge. After the

addition of water, restriction buffer and Pvu II, the DNA was

cut a second time overnight. The digestion with both Pst I

and.Pvu II allows the removal of the cDNA insert but also cuts

the cDNA in two yielding a 700 bp and an 800 bp segment. The

3' untranslated alpha actin probe was digested for 8 h with

Eco R1 at 37°C and a 136 bp fragment was released.

The DNA was precipitated with 4 M sodium chloride and

ethanol and resuspended after centrifugation in 60 pL TE-8.

After the addition of 60 pL of 2x loading buffer, the digest

was loaded onto a 1% agarose gel and the cDNA inserts

separated from the plasmid DNA. The cDNA insert bands were

cut out and put in a dialysis bag with 1 mL TE-8 and dialyzed

for 3 h with 90 V. After dialysis, the gel was removed and

the TE-8 - DNA suspension transferred to a microfuge tube.

After centrifugation to remove any agarose, the supernatant

was transferred to a new tube and filled to the top with

butanol. After vortexing the bottom layer was transfered and

more butanol added. This procedure was repeated several times

until the bottom layer was approximately 450 pL. This layer

was then separately extracted with an equal volume of

phenol:chloroform:isoamyl alcohol and chloroform:isoamyl

alcohol. The DNA was then precipitated with 1/20 volume (22

pL) 4 M sodium chloride and 1 volume isopropyl alcohol and

placed at -20°C for 1 h. After centrifugation and washing

with 70% ethanol, the pellet was dried and resuspended in 25

pL TE-8. DNA concentration was determined by microtiter

plates with ethidium bromide and UV illumination using pBR322

DNA as standards.

The following page shows the 700 and 800 bp restriction

fragments following 1.2% agarose gel electrophoresis.
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1234

 

The restriction cut (Pst I, Pvu II) plasmid DNA was separated

from the insert DNA on 1.2% agarose gels. The insert bands

were then excised and electroluted. Size of the purified

fragments was confirmed on 1.2% agarose gel stained with

wthidium bromide. Lane 1 contains the full length 700 and 800

bp fragments. Lane 2 contains a 136 bp 3' untranslated insert

cut with Eco R1. Lane 3 is a Hind III cut lambda for size

markers of 23.1, 9.4, 6.6, 4.4, 2.3, 2.0, 1.0 and .6 kb. Lane

4 is a Hae III phiX digest for size markers of 1353, 1078,

872, 603, 310, 281, 271 and 234 bp.
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APPENDIX C

RANDOM PRIMING OF CDNA PROBES

The method of random priming for labeling DNA as

developed by Feinberg and Vogelstein (1983, 1984) was used for

the cDNA probes. A complementary strand is synthesized from

the 3' OH terminal of a random hexanucleotide primer using the

Klenow enzyme. A Boehringer-Mannheim DNA labeling kit was

used to random prime DNA with [3’P]cytidine (3,000 Ci/mmol).

Incorporation was monitored by precipitating a 1 pL aliquot

with TCA and ethanol and washing through a glass fiber filter.

The filter was then placed in scintillation cocktail and

counted. Incorporation was typically 400,000,000 cpm per pg

DNA. The length of the fragments are typically 80 to 200

nucleotides in length.

The isolated insert DNA, approximately 125 ng, was

incubated at 37°C for 30 min in the presence of dATP, dTTP,

dGTP, [32PJdCTP, hexanucleotide primer and Klenow fragment.

The reaction was stopped by the addition of 2 pL of .2 M EDTA

and heating for 10 min at 65°C. The DNA was purified (i.e.

removal of nonincorporated nucleotides) by precipitation after

the addition of 10 pL tRNA (10 pg/pL), 10 pL 5 M ammonium

phosphate and 100 pL isopropanol. The DNA was pelleted by

centrifugation, washed with 70% ethanol and then resuspended

in 100 pL TE-8. An 40 pL aliquot of 5 M ammonium acetate was

added followed by 300 pL of isopropanol to reprecipitate the

DNA. After centrifugation and washing the pellet with 100 pL

of 70% ethanol, the DNA was resuspended in 100 pL of TE-8 and

the specific activity determined before adding to the

hybridization solution.
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APPENDIX D

SPECTROPHOTOMETRIC SCANS OF RNA SAMPLES

USING WAVELENGTHS FROM 320 TO 220 NANOMETERS

All samples were scanned from 320 nm to 220 nm and the

concentration of RNA determined at 260 nm. 280/260 ratios

were also recorded as a quality check. The following scans

are representative of the RNA samples used in chapter 2.
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APPENDIX E

SIZE SEPARATION 01“ RNA SAMPLES ON AGAROSE GELS

For quality control checks, RNA was separated with 1.2%

agarose gel electrophoresis and then stained with eithidium

bromide. This is a representative gel showing the 185 and 288

ribosomal bands.
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