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“We fat all creatures else to [at us, and we fat ourselves for maggots.”

Shakespeare, W. (1603) Hamlet, Prince of Denmark Act IV, Scene iii

“Leam from yesterday, live for today, hope for tomorrow. The important thing is not to
stop questiomng.”

Albert Einstein
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ABSTRACT

Peroxisome proliferator-activated receptor (PPARY) is a transcription factor that
regulates adipogenic genes and preadipocyte factor-1 (pref-1) is a transmembrane protein
that régulates preadipocyte differentiation. The role of PPARy was investigated using
reverse transcription polymerase chain reaction (RT-PCR) by measuring PPARy mRNA
levels in bovine adipose depots and fongissimus dorsi muscle. No signiﬁcént differences
in PPARy mRNA levels were observed between 10 Charolais and 10 Holstein cattle for
either tissue. Differences were observed between depots within these breeds. Correlations
were performed armong PPARY, carcass characteristics, and adipogenic genes. Pref-1
antibodies were used to immunolocate preadipocytes in bovine muscle tissue to the
perimycium, ﬁear fat cells and blood vessels. The preadipocytes may exist in muscle
tissue for short periods of time or may arise from a source external to the muscle. A
computer image analysis program was developed for the qﬁantiﬁcation and

characterization of intramuscular {at in whole muscle tissues.
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1. IntrobUCTION

The cattle iﬁdustry 1s a major contributor to the North American ecohomy. For
example, in 2001, the Canadian éattle industry earned CDN$6.6 billion in farm cash
receipts. One trait that leads to higher sale values for beef carcasses in both the Canadian
' and Amer_ican. Beef markets is increased amounts of marbling, which is the presence of a
discernible amount of intramuscular (i.m.) fat in beef cattle muscle and 1s usually
assessed by a visual inspection by trained inspectors. The tendemess, juiciness and
flavour of the meat has a low association to the amount of marbling in meat (Wheeler et
al., 1994;. Jeremiah, 1996). In addition, during a recent marbling symposium in Australia,
}Qhﬁston .(2003) réported signiﬁéant genetic correlations between i.m. fat and many
eating quality characteristics. Ca.tﬁpion et al. (1975) suggested that grading factors
a(:countgd for no mére than 10% of the variation in tenderness, but, marbling was the
most important grading trait for predicting eating quality. The Canadian meat packing
industry is beginning to employ value-based marketing strategies whereby carcasses
‘containing above-average marbling deposits are rewarded with higher prices whereas
lower meat-yielding and poor marbling carcasses are discounted among other carcass
traifs that results in rewards or discounts.

The amount of marbling that an animal has depends upon iis genetic composition,
length of time on feed, kind of feed (ratio of roughage to concentrate), degree of maturity
(age), and gender. The deposition of 1.m. fat in cattle is a continuously varying trait
exhibiting a high degree of heritability with levels of up to 0.65 when evaluated in

individual cattle at a constant age (Marschall, 1999). The relatively high level of



heritability, along with the poor association between tlie deposition of 1.m. fat and fat in
other adipose depots, opens up the opportunity to select for the marbling traits using |
breeding schemes (Kinghorh and Simm, 1999). Sfudies have therefore been conducted to
Jook for trends between cattle carcass characteristics and fat in the intramuscular (im.)

| adipoée depots.

- One of the objectives of animal scientists who investigate production animais is to
focus on the multi—faceted mechanisms of fat production (triacylglycerol biosynthesis),
néw a..dipocyte development (hyperplasia) and fat deposition into adipocytes
{(hypertrophy) in order to contribute to the future development of meat animal production.
One facet of my research was to investigate the expression of peroxisome proliferator-
activated receptor ¥ (PPARY) in cattle, one member of a family of transcription factors

- khown tc; play a role in the differentiation of preadipocytes into mature lipid-filled
adipocytes (Houseknecht et al., 2002). The mRNA expression level of PPARy was
investigated in four adipose depots and one muscle from Holstein and Charolais cattle.

: I_nit_izﬂ comparisons were performed within and between the different cattle breeds with
subsequent analyses correlating mRNA expression levels with other previously
investigated adipo genic genes such as leptin.

| Microscopically, 1.m. fat comprises a true adipose tissue being composed of

adipocytes embedded in a connective tissue matrix and occurring in close proximity to a

blood capillary network (Hood and Allen, 1973). Even though staining methods to

characterize fully-differentiated adipocytes have long been developed (such as Oil Red O

and Sudan Black), undifferentiated adipocytes (1.e. preadipocytes) cannot be

distinguished solely on the basis of their morphology. Therefore attempts were



undertaken to develop immunohistochemical techniques to locate and determine the
number of preadipocytes in order to assess the size of the preadipocyte population in
different tissues. Thus, a second goal of my research was to develop a method to
immunolocate bovine preadipocytes in muscle tissue in order to determine the adipocyte
developmental potential of muscles in the bovine. Preadipocyte factor-1 (pref-1), a
transmembrane protein known to be expressed abundantly in preadipocytes, and
characterized by complete abolishment of expression during adipocyte conversion, with
constitutive overexpression blocking adipogenesis, was uscd as a marker of
preadipocytes {Smas and Sul, 1993). Anti-pref-1 antibody was tested in a cell culture of
bovine preadipocytes and used to immunolocate preadipocytes in bovine longissimus
dorsi muscle from Helstein and Charolais cattle.

In addition to the microscopic analysis of i.m. fat development, macroscopic
analysis techniques were also employed to characterize the development of marbling fat.
Grading is done on the longissimus dorsi muscle between the 12" and 13" ribs with the
assessment of marbling taking into account the amount of fat deposits, the distribution of
fat deposits and the size of the deposits with comparisons made to marbling reference
standards. The final facet of my research was to develop an objective computer image
analysis program for characterizing the quantity and the distribution of i.m. fat in muscle
tissue. The fat in thin slices of whole muscle was stained to amplify the visible fat
deposits and digital images of the stained muscle tissue were obtained. The digital images
were imported into the computer program and analyzed for various quantitative traits of
i.m. fat deposition. The program development and analysis process is outlined in

Appendix 1.



2. LiteraATURE REVIEW

2.1 The North American Cattle Industry - Inspecting and Grading Beef

Cattle are an important contributor to the North American food production and
manufacturing industry. In 2000, there were 12.8 million cattle and calves on 121,375
ranches across Canada earning CDN$6.6 billion in farm cash receipts (Canadian Agri-
Food Trade Service, 2002). In the same year, Canada exported 446,288 tons of beef and
beef products valued at CDN3$1.9 billion, to the United States, Japan, Mexico, South
Korea, Taiwan and Hong Kong (Canadian Agri-Food Trade Service, 2002). In 2002, the
United States (11.S.) had a total of 105.2 million cattle and caives (National Agricultural
Statistics Service, 2002) on over 1.3 million farms (Profile of Farms with Livestock in the
United States, 2002) with cash receipts from cattle and calves at US$40.4 billion (2001
Cash Receipis for Meat Animals in Montana and the U.S., 2002). With such a large
number of cattle serving a major part of the food manufacturing industry, both Canada
and the U.S. have developed meat inspection agencies or departments that are responsible
for ensuring that safe and wholesome meat reaches the consumer.

The responsibility for meat inspection in Canada lies with the Canadian Food
Inspection Agency (CFIA}. The CFTA is a consolidation of four federal departments that
deliver all federal food, animal and plant health inspection programs (The Canadian Food
Inspection Agency, 2002). Overall their role is to enforce the food safety and nutritional
quality standards established by Health Canada and to set standards and carry out
enforcement and inspection for animal health and plant protection (The Canadian Food

Inspection Agency, 2002). In the U.S., responsibility for meat inspection lies with the



Food Safety and Inspection Service (FSIS) of the United States Department of
Agriculture (USDA) and plays a similar role to the CFIA (Food Safety and Inspection

| Service, 2002). Inspections in both countries are mandatory, whereas in the U.S. quality
grading of meat is optional.

Quality grading is intended to place carcasses into uniform groups of similar
quality, vield, and value, in order to facilitate marketing and production decisions. In
'Can.ada, grading is t.,he responsibility of the Canadian Beef Grading Agency (CBGA),

' Whicﬁ isa private, noh—pr'oﬁt corporation accredited by the CFIA to deliver grading
serViécs for beef in Canada (Canadian Beef Grading Agency, 2002). The Canadian

- Fe'd.er.al government sets the grade standards that are based on recommendations from the
_Iﬁdustry/ Go@mment Consﬁltative Committee on Beef Grading (Canadian Beef Grading
Agency, 20.02).. In the U.S., the USDA’s Agricultural Marketing Service is the agency
respoﬁsible for grading meat (Food Safety and Inspection Service, 2002). After meat
inspection, grading entails an evaluation of traits somewhat related to tenderness,
juiciﬁess and flavour of the meat along with measurements of meat yield. One tréjt that
plays a role in determining the degree of juiciness and tenderness in beef is marbling.

Marbling ié fat deposited within bo.vine muscle tissue {see muscle images in
Figure 1 for examples). In Canada, the CBGA uses three of the ten copyrighted marbling
standards (slightly abundant, small, and slight; sec Figure 2) developed by the USDA

| when grading carcasses (Food Safety and Inspection Service, 2002). Grading is done on
the longissimus dorsi muscle between the 12™ and 13" ribs (see Figure 3) with the
asscssment of marbling taking into account the amount of fat deposits, the distribution of

fat deposits and the size of the fat deposits visible in the muscle (Canadian Beef Grading



Moderately Slightly Moderate
Abundant Abundant

Modest Small ' Slight

Figure 1. Marbling standards from the USDA used in the quality grading of beef in the
U.S. Images obtained from the USDA. The marbling grade depends on the amount and
distribution of intramuscular fat in the longissimus dorsi muscle with each standard

representing the lower end of each respective marbling score range. Represented are six

of the ten marbling standards used by the USDA.
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Figure 2. Marbling grades from the (CBGA) used in the quality grading of beef in
Canada. The four grades correspond to the USDA grades slightly abundant, small, slight,
and trace, respectively. Images obtained from The Beef Information Centre

(httpy/www. beefinfo.org/marbling htinl).



http://wwvy.beefmfo.org/marbling.html

Figure 3. Cross-section of Japanese Black (Wagyu) beef in a Japanese abattoir

demonstrating high degree of marbling typical for this breed. In addition, this is the view
obtained during inspection when the carcass in sectioned at the 12% to 13™ rib. Image
obtained from Dr. Takafumi Gotoh of the Kuju Agricultural Research Center, Kyushu

University, Japan.



Agency, 2002). If a very low degree of marbling is visible, a grade of trace is given,
whereas the grades slightly abundant, small and slight are given subjectively depending
on their simila;ity to the USDA pictonial reference standards (Canadian Beef Grading
Agency, 2002) (Figure 2). The four marbling standards slightly abundant, small, slight
and trace respectively correlate with the following quality grades: Canada Prime, Canada
AAA, Canada AA, and Canada A (Canadian Beef Grading Agency, 2002). It should be
noted that the pictorial standards mdicate the minimum level of marbling required for the
standard (Canadian Beef Grading Agency, 2002).

For grading purposes, the marbling level is established corresponding to the
official CBGA categories. For research purposcs, however, the grader often provides
marbling scores. Currently, in Canada, two marbling score systems are being used: the
inverse 10-point scale and the more popularly applied American Meat Science
Association (AMSA) scale (see Table 1), Unfortunately the inverse scale complicates
statistical analyses and therefore the AMSA scale is currently being adopted across
Canada by researchers interested in the statistical analysis of marbling (Personal

communication, Dr. Wayne Robertson, Agriculture and Agri-Food Canada).

2.2 The Economics of the Beef Carcass

Marbling has been shown to have a low association with meat palatability,
tenderness and juiciness (Wheeler et al.,, 1994; Jeremiah, 1996). In addition, Campion et
al. (1975) suggested that grading factors accounted for no more than 10% of the variation
in tenderness, but, marbling was the most important grading tratt for predicting eating

quality. Recently, during a marbling symposium in Australia, Johnston (2003) reported



Table 1. Marbling score system in use by North American researchers for the purpose of
statistical analysis of marbling in cattle. The inverse 10-point scale is reported to one

decimal place whercas the AMSA system is recorded in increments of 10.

Description | Inverse 10-point scale | AMSA system
Devoid (D) 11 100
Practically Devoid (PD) 10 200
Traces (T) 9 300
- Slight (S1) 8 400
Small (Sm) 7 500
Modest (Mt) 6 600
Moderate (Md) 5 700
Slightly Abundant {S1A) 4 800
Moderately Abundant (MdA) 3 900
Abundant (Ab) 2 1000
Very Abundant (VAb) 1 1100

10



sta.tistiéal cotrelations between i.m. fat and the following Meat Standards Austrélia
(MSA) eatmg quality characteristics in temperate breeds:. MSA - flavour score (r = 0.75),
MSA jﬁiciﬁess score (1 = 0.69) and MSA — tenderness score (r = 0.73). During the same
symposium, Thompson {2003) reported a strong effect of chemical fat percentage on both
sensory Juiciness and flavour scores after adjusting for shear. force. Savell and Cross

| {1989) found that a minimum of 3% i.m. fat was necessary for quality palatability
whereas a maximum of 7% i.m. fat would be the limit of current recommendations for
the daily caléric restrictions for fat in the diét. Results from Wheeler et al. (1994)
indicated that the 3 to 7% i.m. fat ‘Window of Acceptability’ proposed by Savell and
Cross (1989) Would provide a balance between the positive contribution of marbling to
carcass quality along with the negative contribution of increased dietary fat intake.
Nevertheless, marbling continues to be used in major beef producing countries such as
Japan (J apafl Meat Grading Assdciation, 1988), the U.S. (Food Safety and Inspection

' Seﬁice, 20_02), Canada (Canadian Beef Grading Agency, 2002) and Austraha (MLA,
2003) as one of the main {actors in determining beef quality grades.

Product enhancement research funded by the American National Cattlem.en's Beef
Association (NCBA) demonstrateci that consumers (72.6%) visually preferred low
ﬁla:rbled steaks, but, on average, higher marbled steaks were rated more juicy and more
desirable in flavour and overall acceptability than low marbled steaks by consumers
(Product Enhancement Research for 2001, 2003). In addition, consumers were willing to
pay more for highly marbled steaks. A market therefore exists for the development of
highly marbled steaks that do not visually appear to contain large amounts of fat but

contain evenly distributed i.m. fat deposits.

11-



In an effort to assess the status of the quality of steers and heifers in the U.S.
cattle industry, the NCBA funded National Beef Quality Audits (NBQAs) in 1991, 1995,
and most recently in 2000 {sec (NBQA 2000) for the full report and (McKenna et al.,
2002) for the summary]. Results from the NBQA-2000 indicated that producers faced a
lost opportunity of 1JS$100.10 for each steer or heifer harvested in 2000 (NBQA 2000).
Value losses are down from the 1991 value of US$277.81 and the 1995 value of
US$135.88 (NBQA 2000). In 2000, total waste accounted for US$50.96 of the total
‘value-loss’ with US$42.80 and US$8.16 accounting for excess fat {consisting of excess
external fat, excess seam fat, and fat in excess of 20% beef trimmings} and inappropriate
muscling {too light plus too heavy), respectively (NBQA 2000). Taste accounted for
USS$24.45 of the total lost opportunity per animal with US$2.39 for inadequate
palatability (viz. tendemess), US$20.96 for insufficient marbling, US$0.63 for hardboned
carcasses (hard bones occur in beef that is very advanced in maturity), and US$0.47 for
bullock carcasses (a designation for young beef bulls with slightly lower and more
variable palatability). The additional characteristics involved in total value-loss were
management aspects (e.g. hide damage, carcass condemnations, offal condemmnations,
injection-site lesions, bruises, dark cutters and blood splashes, callused ribeyes and
yellow fat) accounting for a loss of US$18.23 and inappropriate carcass weights (too light
and too heavy) accounting for a loss of US$6.46 (NBQA 2000). Over the years that the
audit was conducted, the value-loss for insufficient marbling decreased by only US$0.72
from 1991 with an increase to US$28.41 reported in the 1995 NBQA. Overall, the results
indicated that msufficient marbling is highly variable and 1s an area where major

improvements can be made in the U.S. cattle industry. One of the ‘Top Ten Quality

12



Challenges’ set out in the NBQA-2000 was to ‘improve the level of marbling to better
me& the demand for Choice and Prime carcasses’ (NBQA 2000). Rescarchers have thus
.becn challenged to determine the causes of marbling and develop methods to control
marbling in cattle. The next NBQA in the U.S, will take place in 2005 (McKenna ct al.,
2002).

" The Canadian beef quality audit conducted 1n 1995-96 (Van Donkersgoed et al.,
1997) indicated that quality defects cost the Canadian beef industry CDN$70.52 per head
or CDN$189.6 million énnually. Mosf recently, in 1999, the second such audit was
conducted and indicated a léss of CDN$82.62 per head or CDN$273.7 million annually
(Van Donkersgoed et al., 2001). The average grade losses for steers and heifers amounted
to CDNS$23.11 per head, and for cows and bulls was CDN3$15.26 per head, indicating a
major area where the Canadian beefl indus.try could improve upon carcass value lose by
enhancing marbling. Even though 27% of the steers were AAA and 40% of the heifers
were AAA, only 2% of the heifers and 0.9% of the steers were Canada prime (Van
Donkersgoed et al., 2001). The next Canadian beef quality audit is planned to take place
in 2003/04 pending funding from the National Beef Induastry Development Fund
(personal communication, Rob McNabb, P. Ag. Canadian Cattleman’s Association).

In 2001, the National Renderers Association reported that 49% of a slaughtered
cow was used for meat production, whereas the other 51% was used in rendering
(National Renderers Association, 2002). Even though rendering provides products
ranging from animal feeds to consumer products such as candles and tires, this represents
a major economic loss for beefl producers who would prefer to increase the conversion of

feed to well-marbled meat. As such in 2001, over 18.2 billion pounds of rendered
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products were produced in the U.S. with an estimated production value of US$2.7 billion

for the rendering industry.

2.3 The Importance of Marbling in the Canadian Cattle Market

Once cattle are determined to be ready for slaughter, they may be sold using two
methods. First, cattle can be sold for a price that has been determined by the current
market trend that is based on the daily average. This method does not require the
individual producer to know the yield or quality of their animals and does not reward or
penalise carcasses with high or low quality grades. A second method incorporates value-
based marketing (VBM) of the animals and depends on the marbling grade, the yield
grﬁde and the slaughter weight of the animal (Alberta Agriculture, 2003). By applying
VBM, carcass merits may reward or penalise the cattle. VBM therefore creates an
opportunity for producers to be rewarded for using above-average genetics, with control
over the price a particular animal may receive being placed directly in the hands of the
préducer’ with less emphasis on current market trends. For example, Cargill Foods at
High River, Alberta, Canada, in an alliance with Western Feedlots, has a base for
premims of Y2Z/AA with the highest price rewarded to a Y1/AAA carcass (Alberta
Agriculture, 2003). Carcasses with low meat yields and/or poor marbling are discounted
under the grid system. The base of the price grid system is determined based on the sales
from the previous week (personal communicatton, Cargill Foods). Current pricing
schemes are available from the individual packer and it 1s recommended to producers to
obtain such intion. Gracey (2003), however, stated that grids have two major flaws: by

basing the price on the previous week’s live prices, market movement is being ignored,
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and, the cattle that are presently being graded do ﬁot figure into the price discovery

process. Similar grid systems also exist for XL Beef and Lakeside — IBP, both packing
companies in Alberta. Thus, the packers reward producers supplying high yielding and
geod marbling cattle (among other desirable traits such as carcass weight) with higher
payoifs, but {mprovelnénts need to be made to reflect daily changés in the market. See

Table 2 for a sample grid.

2.4 Digestive 'P_hysiol'o.gy in Raminant Animals

Ruminants have stomachs that consist of four compartments: the rumen,
reticulum, omasum and abomasum. The rumen and reticulum are often considered
together as the reticulorﬁmen because of their unclear separation (Whitehead, 2000).
Within _thé rumeﬁ a large population of bacteria (25 — 50 billion L), protozoa (200 — 500
thousand L) and anaerobic fungi secrete enzymes that carry out partial food digestion
representing the first stage of digestion (Whitehead, 2000). Microbial digestion of
cellulosc and hemicellulose (from roughages) and starch (from grains) results in the
production of energy rich by-products called volatile fatty acids (VFAs) which are
absorbed by the anirﬁﬁl through the rumen wall providing a major source of energy for
the animal (Whitehead, 2000). Some starch is not digested in the rumen and is passed on
- to the abomasum and small intestine (Whitehead, 2000). To further aid in digestion, the
| ruininant will ‘chew their cud’ whereby they re-chew food products that are not fully

digested thus increasing the surface area for ruminant digestion.
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Table 2. Value-based marketing grid sample used to grade carcasses in Canadian packing

plants. Sample grid is in Canadian dollars. Those values in brackets indicate a discount to

the base price, whereas valucs not in brackets indicate a reward for higher quality

carcasses. Carcass weight, cwt (a measure of per 100 1b. carcass weight). For example,

the reward for a carcass with AAA marbling, weighing 880 1b. is calculated as follows:

$13.00 - $5.00 = $8.00/cwt reward, therefore the total reward would be $8.00 * 8.8 =

$70.40.

Base Price Optimum carcass weight range 550 to 850 1b.
$165 Y-1 Y-2 Y-3
Prime $19.00 $16.00 $13.00
AAA $13.00 $10.00 $7.00
AA $3.00 Base ($3.00)
A (3$1.00) {54.00) ($7.00)

< 550 1b. Discount -$ 20/cwt for each cell

> 850 Ib. Discount — $ 5/cwt for each cell

> 950 Ib. Discount — $ 30/cwt for each cell
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The second stage of digestion, which occurs in the abomasum and the intestines,
is similar to simple-stomached animals and is performed by enzymes secreted by the
nlmiﬁanf ifse_:lf (Whitéhead, 2000). Sub.strates for these enzymes consist of partially
- di ge_stéd dietary matert als and microbial biomass synthesised in the rumen (Whitehe.ad,
_2060). Three advantages arise from the ruminant two-stage digestion: (i) diets that consist
~ entirely of fibrous material can be utilised, (ii) nutrients that are inadequate in the diet,
such as B vitamins and individual amino acids are synthesised by rumen microorganisms,
and (iii) nonQprotein forms of N and S are incorporated into the proteins of the
microorganisms’ biomass enabling these forms of N and S to be utilised during the
seconci digestion stage (Whitehead, 2000).

Digestion begins with chewed food being mixed with saliva produced in amounts
: upwzirds of 150 L day ' (Mackawa et al., 2002), which facilitates swallowing. Saliva
coﬁtains biqa,rbonate and phosphate ions that buffer rumen pH (between 5.5 and 7.2), and
provides the necessary fluid volume for fermentation to occur in the rumen. Soluble
éoxﬁpOUHds produced in the rumen are absorbed directly from the rumen into the
- bloodstream or are incorporated into the microbial biomass (Whitehead, 2000). The
microorganisms digest the plant fibre and produce VFAs. Partially digested food passes
to the omasum where water is removed and then to the abomasum where gastric juices
(Coﬁtaining hydrochloric acid) are secreted thus reducing pH and activating the digestive
enzyme pepsin. Secretions from the pancreas and liver neutralise the acid and partially
digested proteins are hydrolysed to amino acids. Soluble products of digestion are
absorbed into the bloodstream after enzyme secretion occurs into the small intestine from

the pancreas, gall bladder and intestinal walls. Water and bicarbonate absorbtion occurs
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in the large intestine with little digestion occurring. As a general rule, the digestibility of
plant material declines as the content of lignin 1n the cell wall increases. Thﬁs, the
physical breakdown of the plant cell wall has a direct impact on the availability of
nuirients from thé cytoplasm. Whitehead (2000) conducted a thorough review of the
metabolic requirem:ent for nutrient elements as well as their homeostatic control. Vernon
(1980) and Hocquette and Bauchart (1999) have published reviews that outline, in detail,
the partitioning, origin and fate of the various classes of fatty acids between the major

body tissues,

2.5 Bovine Fat Depots
During times of decreased food availability or during extended periods away from
an immediate source of food, animals must have a source of energy that is both l£ght and
_compa_ct Triacyiglycerol (TAG) serves this purpose because it is energy dense and
hydrophob_ic, as one gram of TAG contains virtually no water whereas a gram of
gij/cbgen contains upwards of 75% water. The basic structure of TAG consists of a
g]ycerol backbone to which three fatty acid moieties are esterified at the sn-1, sn-2 and
| sh-3 carbon positions of the glycerol backbone (Gurr and Harwood, 1991). The glycerol
-molecule does not exhibit rotational symmetry and thus carbon atoms are classified by
ster.e.ospeciﬁc numbering (sn). TAG can be stored in virtually any cell of the body (Pond,
1992). Lower vertabrates store the majority of their TAG in skeletal muscle and liver
whereas higher vertebrates have evolved a speciality type of cell known as the adipocyte
to store TAGs. Hence, the evolutionary development of TAG storage in adipocytes 1s

restricted to higher animals. Adipocytes are the major cetlular component of adipose
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tissue with the. other major cellular components being connective tissue and
preadipocytes (alse known as fibroblast-like mesenchymal cells). Adipose tissue can be
gither white or brown with the latter performing a role in non-shivering thermogenesis
(Pond, 1999). White adipose tissue (WAT) is characterized by an abundance of spherical
adipocytes that each contain a unilocular drop of lipid and a small volume of cytoplasmic
material af, the cell periphery along with the cell nucleus (Figure 4). Growth of adipose
tissue must account for both hyperplastic (increases in cell number) and hypertrophic
(inc:_reaSes in cell yolume) growth. Hyperplasia refers to the differentiation of
preadipocyte cells found throughout the adipose tissue, whereas hypertrophy mainly
involves the accumulation of intracellular lipids.

The evolution of homeothermy freed animals from certain environmental
c.on'straints but caused an increased metabolic strain on the animal (Pond, 1992) that is
reflected in the complex arl;angement of adipose depots in mammals and birds. -
Anatomical studies by Pond (1986) showed that there are some 16 adipose depots in
mammals and birds in the abdominal cavity, within the musculature and under the skin.
In a study of cattlc adipose tissue growth from 15 to 65% mature weight, Robelin {(1981)
demonstrated that the largest depot is located intermuscularly accounting for about 47%
of total adipose tissue fresh weight. The internal adipose depots (pelvic, channel, kidney,
peritoneal, mesenteric and epicardial fat) (Figure5) account for 37% of total adipose
tissue fresh weight whereas subcutaneous fat (16% total adipose tissue fresh weight)
accounts for the rest of the weight (Robelin, 1981). The study by Robelin (1981) did not
account for the deposition of marbling fat, but later studies indicated that this depot

represents the second least (of 6 adipose depots) amount of fat in the adipose depots of
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Figure 4. Histochemical section of mature adipose tissue (A — adipocyte, V - blood
vessel, M — muscle fibre). Fat cells are unilocular (contain one large droplet of fat per
cell) with the fat within the adipocyte making up the major volume of the cell with the
aqueous cytoplasm surrounding the droplet and the nucleus located in the periphery of
the cell. Adipose tissue remains highly vascularized fulfiiling the requirement for rapid
removal of lipid from the circulation or addition to the circulation for energy needs.
Image adapted from Colour Atlas of Basic Histology, Ed. I. Berman, Appleton & Lange,

1993.
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Figure 5. Distribution of adipose tissue in different adipose depots in cattle. Arrows

indicate the respective location of: A, epicardial adipose tissue; B, mesenteric (intestinal)
adipose tissue; C, subcutaneous adipose tissue; D, omental adipose tissue; E, perirenal
adipose tissue; and F, intramuscular adipose tissue. Images taken at the Research Institute

for the Biology of Farm Animals (FBN), Dummerstorf, Germany.



the bovine carcass (Cianzio et al., 1985).

The foundational research by Hamiond (1955) in bovine adipose tissue
development demonstrated that the adipose depots in cattle are deposited in the following
general order {all with a certain degree of overlap): perirenal, intermuscular,
subcutaneous, and intramuscular. Each adipese depot, however, grows at a different rate
and differently with respect to hypertrophy or hyperplasia. As a general rule, during the
fimshing phase, the early developing depots (1.e. infermuscular, perirenal and mesenteric
fat) have completed their hyperplastic development and thus deposit fat by hypertrophy,
whereas the subcutaneous and 1.m. depots coniinue to develop by hyperplasia and
hypertrophy of already rccruited adipocytes (May et al., 1994; Sainz and Hasting, 2000).
In addition, Wegner et al. (1998) clearly outhned 1.m. adipocyte hyperplasia m four
breeds of cattle over a 24 month period demonstrating that new adipocyles arise in
muscular tissue with age.

Adipocyte hyperplasia in cattle has been shown to occur in the subcutaneous and
i.m. adipose depots after 45% mature weight. This is accompanied by a stabilization of
adipocyte hypertrophy in early developing depots (Robelin, 1981). In addition, many
other investigations have shown apparent subcutaneous (Cianzio et al., 1985; Truscott et
al., 1983) and intramuscular (May et al., 1994) adipocyte hyperplasia in cattle.
Stabilization occurred at a mean adipocyte cell size of 50 x 10* wmn? (cellular diameter of
100 pm) indicating that a critical cell size leads to the redirection of energy from
adipocyte hypertrophy to hyperplasia as indicated by new adipocyte formation (Robelin,
1981). A relationship among adipose depots for cell size and total mass has led to the

subcutaneous adipose depot being viewed as an indicator of overall adipose tissue growth



in the animal (Robelin, 1981). The majority of research in cattle has therefore focussed
on the subcutaneous adipose depot for the reasons outlined above and the i.m. adipose
depot as an _indiéator of beef quﬁlity. In addition, investigétions into bovine subcutaneous
fat development have shown that adipocyte differentiation precedes the induction of a
number of lipogenic genes (Smith et al., 1984). Stearoyt Coenzyme A desaturase was
shown in subcutaneous fat to indicate the extent of terminal differentiation in the bovine
(Martin et al., 1999).

Neurogenic muscular steatosts is a muscular condition characterised by a
replacement of muscle fibres by adipocytes (Ohfuji, 1999). The condition principally
affects feedlot cattle and may be indicated prior to slaughter by an abnormal gait, but is
uéually only found after the animal has becn slaughtered. The condition is characterised
by a posterior weakness and almost all skeletal and diaphragmatic muscles of the carcass
contained considerable adipose tissue v\.rith'some fascicles having complete exchange of
muscle fibres with adipocytes (Ohfuji, 1999). A study by Link et al. (1967) also indicated
- that b'iopsy results in the occurrence of steatosis in bovine skeletal muscle. Anecdotél
evidgnce from Swatland (2003) has indicated that muscular steatosis occurs in cases of
musclé damage or denervation brought about by strenuous muscle exertion, particularly
in the muscles used when an animal rears on its hind legs. Inspection protocols of the
FSIS of the USDA have indicated that the condition does not affect the carcass therefore
the affected arca is removed and the carcass is passed for food (Cattle Head Inspection,
2003). Difficulties arise during slaughter because there is no clear scientifically
determined hine between excessive 1.m. fat deposition and steatosis, with the only

restriction being that steatosis may occur in only one muscle group whereas carcasses
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with excessive marbling have this characteristic in all muscle groups (Swatland, 2003).
Steatosis is also observed in the liver (Schouvert, 2000) and in the pancreas (Kelley et al.,
1996) of cattle. Research has yet to be carried out to determine 1f cells that have
undergone steatosis are adipocytes that héve arisen from preadipocytes or if the native
cells (1.e. muscie fibres) have been converted to adipocytes.

In addition to the function of adipose tissue as a source of encrgy and its use by
the animal in insulation and shock protection, recent research has been conducted
investigating the role of adipose tissue as a an endocrine organ (reviewed in Vernon and
Houseknecht, 2000 and Ahima and Flier, 2000a). Briefly, adipose tissue 1s known to
metabolize sex steroids and glucocorticoids, produce and secrete inflammatory cytokines
(ie. tumour necrosis factor o), regulate proteins involved in coagulation and fibrinolytic

pathways and express proteins of the renin-angiotensin system.

2.6 The Search for Predictors of Intramuscular Fat Deposition in Cattle

In order for selection based on marbling to occur, biochemical and/or genetic
markers must be discovered that can be used as indicators of the degree of marbling in an
animal prior to slaughter. Studies have therefore been conducted to look for trends
between cattle carcass characteristics, or genetic and biochemical measurements and
.in.tramuscularly deposited fat. Studies have inciuded the analysis of lipid biosynthetic
enzymes (Middleﬁon et al., 1998), the use of image analysis (Kuchida et al., 2000),
ultrasound evaluation (Hassen et al., 1999), correlation studies of the fatty acid
composition of meat (Kazala et al., 1999) subcufaneous fat thickness (Jeremiah, 1996)

and serum hormones levels (Wegner et al., 2001).
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in addition, Aﬁstralian researchers have marketed the first commercially based
gc’rictic test for marbling entitled geneSTAR marbling; a genetic test that measures the
_ ailelic__ ffequency of the thyroglo‘i)ulin gene (Genetic Solutions, 2_002).' The same group
also released the geneSTAR tendémess test that detects variants of the bovine gene for
the enzyme calpastatin (Genetic Solutions, 2002). These tests are currently being used in
the selecticn and breeding programs of Australian farmers with markets in 2002 opening
up mn South Africa ( Genetic Solutions, 2002) and in the U.S..

Reséarch work conducted by Fitzsimmons et al. (1998) demonstrated varianis in
the obese gene that led to the development of a DNA-based test for marbling by Quantum
Genetics Inc., an Alberta/Saskatchewan, Cénada-based company (Thomas, 2002). The
test esseﬁtially locks for the presence of a thymine residue, which increases fat
deposition, \ﬂ'hereas the pfesen.cc of a cylosine residue produces a leaner carcass.
Breeders and p'roducers.alike can thus use DNA-based analysis to develop cattle that
' deppsi; gr_eatef amounts of marbling fat in order to supply consumer demands.

Contrary to popular perceptions, beef is a valuable nutritional product. Beef is an
important source of bioavailable Fe, Zn and other trace element such as Cu, and Se, along
with B and D vitamins. Current medical recommendations for fat intake state that energy
intake from fat should not exceed 30-35% of the total energy intake, and that saturated
féuy acids (SFAs) should not exceed 10% of total energy intake (Moloney et al., 2001).
Currently, SFAs represent less than half of the total FAs in beef, with 30% of that
represented by stearic acid, a FA known to be neutral in its effects on plasma cholesterol

levels (Bonanome and Grundy, 1988).
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With the current global emphasis on genomics, the potential to select animals for
sp.eciﬁc_: genetic traits has led to énc of the greatest revolutions in animal ﬁgficulture since
Robert Bakewell began selecting cattle for milk or meat. production (MacLachlan, 2001).
With the advancement in scientific knowledge dealing with the control of livestock traits,
a balance must be drawn. between advancements obtained through genetic selection and
poténtial drawbacks. Certain breeds have already been selected for high muscle |
development (Belgian Blue) based on the expression of the myostatin gene (MbPherron
and Lee, 1997). These double-muscled cattle have reduced meat quality due to the
prevalence of glycolytic fibres, accelerated post-mortem glycolysis (which causes rapid
falls in post-mortem pH with rapid rises in lactic acid) and a greater sensitivity to stress
(Hocqu'ette et al., 1998b). The genes controlling othe.r ﬁfaits, such as fat deposition, are

under investigation.

- 2.7 Microscopic and Histochemical Investigations of Intramuscular Fat
Microscopically, 1.m. fat comprises a true adipose tissue being composed of
adipocytes embedded in a connective tissue matrix and occurring in close proximity to a
blood capillary network (Hood and Allen, 1973) (see Figure 6). In addition, i.m.
adipocytes are generally smaller in diameter (Cianzio et al., 1985) and generally occur in
clusters éf 15 to 20 adipocyte celis (Figure 7) deposited between bundles of muscle fibres
in the perimycium (Nishimura et al., 1999). Mature adipose tissues have been
investigated using histochemical techniques for many years (Gurr and Kirtland, 1978).
Techniques_ for staining adipocytes are varied and many staining protocels, such as Oil

Red O and Sudan Black B, have been developed to preferentially stain adipocytes
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(Hausman, 1981). Additional staining methods focus on staining cells and structures
surrounding 'adipocytes while leaving adipocytes unstained (see Figure 7). Nevertheless,
the limitation of these procedures is that the objects that are stained must contain
structures that can bind to.the stain in use and the objects must be visible using
conventional microscopy. Therefore, only differentiated adipocytes can be identified.
Undifferentiated adipocytes (i.e. preadipocytes) however, canmot be distinguished solely
oni the basis of thelr morphology. Attempts were therefore undertaken to develop
immunohistochemical technigues to locate and determine the number of preadipécytes in
order to assess the size of the preadipocytc population in different tissues.

Histochemical studies with rats indicated that S-100 protein, thought to be a

" . carrier of fatty acids in the lipolytic mechanisms of adipocytes (Haimoto et al., 1985), is

present in normal, early, and late preadipocytes present in mature epididymal adipose
tissue in w‘v‘o and in vitro (Cinti et al., 1989). Additional studies indicated that S-100
pro_tein is expressed in preadipocyte cells of human embryonal subcutis origin
(AtanaSsova,_ 2001). Both studics indicated that S-100 protein might be used as a reliable
biochemical and immunocytochemical marker to distinguish early preadipocyte cells
from fibroblast ceﬂs. S-100 protein was expressed, however, in mature adipocytes, thus

limiting the use of S-100 protein as a preadipocyte-specific marker,

27



Perimycium -

Intramuscuiay oo
Adipocytes

Blood Vessel

Muscle Fibre -

2° Muscle Bundle -
1° Muscle Bundie

Epimyciam o

Figure 6. Muscle fibre structure indicating the location of major components of muscle
fibres along with extramyocellular adipocytes. Intramyocellular triacylglycerol is not

indicated in the individual muscle fibres.

28



Figure 7. Histochemical section of bovine longissimus dorsi muscle. The section was

stained to differentiate among connective tissue (blue), muscle fibres (orange), and

intramuscular adipocytes (white). Image obtained from Dr. Jochen Wegner

(http:/fwrww fhn-dummerstorf. de/fb6/wegner/microphoio hitm) of the Research Institute

for the Biology of Farm Animals, Dummerstorf, Germany.

29


http://vvAvw.fbn-dummerstorf.de/fb6/wegner/microDhoto.htm

Analyses by Wright and Hausman (1990) also indicated that certain cell surface
cbmponents could be used as targets for differentiatin g between immature and mature
.adii)_ocy*tes.. The monoclonal antibodies AD-1 and AD-2 were developed by Wright and
Hausman {1990), and latér Yu et al. (1997) developed the AD;3 antibody, to an :
unidentified cell surface protem, as a marker of preadipocytes.
Structural and histochemical analyses by Hausman and Thomas (1986) indicated
: t_hat. a positive relationship existed between adipocyte cluster size and the proximity to the
émry poinf of large (parent) blood vessels m both perirenal and subcutaneous adipose
tissues. Such a relationship indicates an apparent dependence on blood flow for lipid
- deposition and capillary development. In addition, the supply of blood vessels within 1°
and 2° muécie bundles has been shown to result in the formation of 1.m. adipose tissue in
Japanese Black cattle {Hoshino et al., 1987). Results indicated that adipose tissues were
formed around the vessels within the 2° muscle bundles. Thus, the supply of nutrients to

-the muscle tissue may stimulate the formation of 1.m. adipocytes.

2.8 Investigations into the Deposition of Muscular Fat

From a meat producer perspective, fat deposited in the muscle serves the function
of incfeasing the juiciness, improving the flavour and slightly increasing the tenderness
of the meat that they produce. i.m. fat may or may not serve a physiological function,
however, because i.m. adipocytes may arise from muscular repair mechanisms. In
addition, in cases such as Duchenne and Becker muscular dystrophy, i.m. adipocytes may
arise from the lack of certain integral proteins. Therefore, i.m. adipocytes may be

considered as a vestigial tissue or may arise as a supplementary depot for FAs not
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oxidized by muscle fibres. Investigations have been conducted to elucidate the biological
purpose aﬁd function of skeletal muscle lipid deposition and metabolism.

| - Skeletal muscle.serves four main physiological functions: g'rowth, posture,
physical aclivity and thermogenesis (Hocquette et al., 1998b). The energy requirements
of each of these functions are fulﬁﬂed by extramuscular sources that include non-
estéﬁﬁed fatty acids (NEFAs), TAG, VFA and ketone bodies (KBs) and intracellular
storage molecules (glycogen and TAG) (Hocquette et al., 1998b). The partitioning,
metabolism and in;:orporation pathways for the ditferent FA classes have been
thoroughly reviewed (Hocquette and Bauchart, 1999). Briefly, the majority of acetate and

'KBs extracted by muscle is directly and immediately oxidized whereas 75% of the
NEFAs extracted by muscles enters the i.m. pool of TAG (consisting of both 1.m.
adipocytes and TAG in muscle fibres). NEFA muscle uptake is most likely controlled by
thé differential partitioning among binding sites in the bloed (albumin), plasma
membranes and intracellular fatly acid binding protein (FABP). The FABP may transfer
FA to oxidation or storage (esterification) sites (Veerkamp, 1995), however, because 1.m.
édipocytes express a different FABP, marbling scores are not related to muscle FABP
acti_vity.levels (Moore et al., 1991).

" When examining fat in muscle tissue, the sitnation is complex because TAG 1s
found in muscle tissue in both intramyocellular and extramyocellular locations (Guo,
2001). Intramyocellular TAG (imcTAG) is found within individual muscle fibres, and is
strongly correlated with insulin resistance in human obesity and diabetes (Storlien et al.,
1991). imeTAG is highly variable among muscle fibre types with type 1 (slow-twitch

oxidative) > type A (fast twitch oxido-glycolytic) > type IIB (fast-twitch glycolytic)
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(Guo and Jensen, 1998; Malenfant et al., 2001a). Variability in imcTAG .content also
exists among muscles and organisms (reviewed in Guo, 2001). Reports have also shown
that imcTAG is depleted after exercise in highly trained athletes (Johnsen et al., 2002),
but not in obese human subjects after diet and exercise training (Malenfant et al., 2001b),
possibly indicative of defective lipid oxidation or differences in lipid metabolism
occurring after excrcise in obese subjects. In addition, ifncTAG depletion, resulting from
dietary lipid deprivation, has recently been shown to reverse insulin resistance in
morbidly obese humans (Greco et al., 2002). In humans, imcTAG content is about 1% of
the total TAG content of muscle (Figure 8) (Gorski, 1992), indicative of the importance
of extramyocellular TAG (emcTAG) in muscle as it relates to the storage lipid as an
energy source.

Adipocytes that develop within muscle tissue (i.m. adipocytes) are believed to develop
for the purpose of providing an immediate supply of energy to the muscle cells. The fatty
acids released by hormone sensitive lipase (HSL) (Kazala et al., 2003; Langin et al.,
1996) and other lipases from i.m. adipocytes may be a physiological insignificant energy
source due to low interstitial concentrations of albumin in skeletal muscle (Martin, 1996).
Nevertheless, no conclusive evidence exists for any physiological advantage to animals
that develop 1.m. adipocytes. I.m. adipocytes may serve as storage site for FAs that are
not oxidized by muscle fibres (personal communication, Dr. Gregory Harper, Fat
Deposition Project Leader, CSIRO Livestock Industries, Australia) but FAs from 1.m.
adipocytes may have to be shunted into circulation to serve as a source of energy. As
such, investigations into skeletal muscle lipid metabolism have been undertaken to

characterize how bovine muscie differentially metabolizes energy from a TAG
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Figure 8. Intramyocellular triacylglycerol (TAG) in a, porcine muscle fibres stained with
Sudan Black B and b, human m. vastus lateralis stained with oil red O to emphasise the
location of TAG in the sarcoplasm. In b, the single arrowhead indicates the Jumen of a
blood vessel lacking oil red O staining, while the double arrowhead indicates the
extramyocellular space lacking oil red O staining. The muscle fibres containing the
greatest amount of lipid droplets are type I red, slow-twitch oxidative fibres. Tmage a was
adapted from the homepage of Dr. Swatland

(hitp:/www.aps.noguelph.ca/~swatland/ch7 _2.htim) and image b was obtained from

Koopman et al. (2001).
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soufce {both imcTAG and emcTAG) as compared to from a glycogen source (Hocquette
et al., 1998b).

Investigations analysing the relative contribution of the three major lipogenic
precursors, acetate, lactate, and glucose, showed that glucose provided 50-75% of the
acetyl units n the i.m. fat depot whereas acetate provided 10-25% {Smith and Crouse,
1984). Results also indicate that i.m. fat may be manipulated without any additional
deposition of fat to other adipose depots. A bovine 1.m. preadipocyte cell line was
developed by Aso et al. (1995) from Japanese Black cattle that displayed a transient
increase in glucose uptake during the first 5-day period of differentiation with acetate
being preferentially used as the source of carbon for TAG formation thrbughout the 5-day
trial. Additionally, only glucose transporter (GLUT)-1 and not GLUT-4 were detectable
during differentiation. GLUT-4 is considered to be a major glucose transporter protein in
muscle and adipose tissue and is insulin dependent, whereas GLUT-1 is responsible for
transporting glucose across the blood-brain-barrier and is independent of insulin (Peters
et al., 2002) and may explain the insulin-independent adipocyte differentiation described
by Suryawan and Hu (1995).

A stem cell population that is maintained by ‘asymmetric’ division in muscle
tissue is believed to serve as the source of preadipocytes in humans (Grounds, 1999). As
such, for each cell that differentiates into an adipocyte, another daughter cell is retumed
to the stem cell pool creating a possibly endless source of 1.m. adipocytes. Additionally,
some stem cells i muscle come from a bone marrow source via the blood stream
(Grounds, 1999) possibly indicating that quantification of adipocyte precursor cells in

muscle tissue may not be a viable indication of marbling potential in an animal.
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2.9 The Importance of Lipoprotein Lipase in Muscle Fat Aceretion

The 'hydrolysis of plasma TAG in chylomicrons and very low-density lipoproteins
(VLDLs) 1s catalysed by the capillary-bound enzyme lipoprotein lipase (I.LPL) that has a
role in the regulation of plasma TAG concentrations and TAG fatty acid assimilation into
the muscle. Investigations have been undertaken to investigate the relationship between
LPL expression and activity with the deposition of mﬁscular fal in ruminants. In a study
analysing the partitioning of free fatty acids (FFAs) in adult sheep, 55-60% of FFAs
originate from hydrolysis of circulating TAG catalyzed by LPL with utilization by
skeletal and heart muscle amounting to approximately 40% (Pethick and Dunshea, 1993).
Hocquette et al. (1998a) investigated the differential expression of LPL in bovine muscle
and showed that LPL transcript levels were higher in bovine heart and oxidative skeletal
muscle fibres which preferentially use FFA as a source of energy than in fast-twitch
glycolytic muscle fibres which preferentially use glucose as a fuel source. LPL activity
has been shown to paralle] the imcTAG content levels observed by Guo and Jensen
(1998) and Malenfant et al. (2001a). Hocquette et al. (1998a) also indicated that higher
LPL activity levels were related to a larger size of adipocyte. An increase in the activity
level of muscle LPL may lead to a greater deposition of 1.m. fat. In addition,
investigations have shown that muscle LPL and adipose LPL are reciprocally regulated
suggesting that muscle and adipose tissue communicate with respect to FA distribution.

In an investigation of TAG clearance in rats fed '*C-labelled triolein, Bessesen et
al. (1995) demonstrated that muscle tissue was the primary site for TAG clearance.
Microanatomical studies have shown that no adipocyltes are found in the interfascicular

space (between muscle bundles) or in the intrafascicular space (between muscle fibres) in
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three rat muscles (Guo et al., 2001). These findings indicate that rat muscles (and perhaps
other rodent muscles) are not good systems to investigate the deposition of i.m. fat.
Conversely, investigations with rat muscle may be useful in identifying factors associated
with the deposition of emcTAG. As such, no investigation has been undertaken to
determine if rat muscle contains preadipocyte cells te confirm the microanatomicai
studies. Nevertheless, skeletal muscle, through the action of LPL, has the potential to
strongly influence TAG trafficking, storage and oxidation. Similar investigations in
ruminants have yet to be undertaken.

It may be possibie to improve the deposition of i.m. fat by controlling lipase
activity once TAG has been initially deposited in the muscle. Katamoto et al. (1996)
reported that Japanese Black cattle exhibiting fat necrosis had higher LPL levels than a
control group. In addition, serum concentrations of TAG, cholesterol, and total lipid in o~
lipoprotein were lower as a result of the increased LPL activity. Because LPL controls
the partitioning of TAG between muscle and adipose tissues, the enzyme has been shown

to have a direct role in controlling fat necrosis.

2.10 Current Systems Utilized in the Analysis of Adipogenesis and Adipocyte
Metabolism

Some of the complexities of adipocyte and adipose tissue development have been
investigated through the usc of cell cuiture systems that facilitate the analysis of
preadipocytes progressing into mature adipocytes without the influence of other cell
types in the developmental environment. The models used most frequently are subclones

of the 3T3 cell line (Green and Kehinde, 1974) or the ob17 cell line (Negrel et al., 1978).
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Plaas and Cryer (1980) and Cryer et al. (1984) ihvestigated the development of
bovine adipocytes in cell culture systems in serum-containing media. Cultures were
devel'opie_d from the stromal vascular fraction obtained from bovine subcutaneous adipose
tissue. LPL activity levels were low prior to confluence (reviewed in Suryawan and Hu,
1995}, A_ffer differentiation, cells produced substantial amounts of lipid and LPL activity.
The inclusion of .insul'm, however, did not affect LPL activity, as in humans and rats,
indicating that bovine preadipocytes do not require insulin to undergo cellular
differentiation (Suryawan and Hu, 1995). Tnsulin effects in cattle may be breed
dependent, however, as observed by Miller et al. (1991) in tissue explants from
subcutaneous and i.m. adipose depots.

To advance our knowledge of cellular development in living systems, co-culture
systems have been deVeloped whereby two different cell types are cultured together in
‘order to better mimic the cellular interactions that may occur n vivo. In order to
invéstigate fhe regulation of fat and muscle deposition in meat animals, Dodson et al.
(1997) deyeioped the first muscle and fat co-culture system using sheep myogenic and
preadipocyte stem cells, and demonstrated that each cell type may influence the
eﬁp‘ression of Insulin~like Growth Factor (IGF) binding proteins. Co-culture systems may
also facilitate investigations aimed at characterizing factors involved in the migration,
preliferation and differentiation of satellite cells in muscle tissue. Membranes currently in
use to physically separate the cells may be detrimental to cellular integrity as well as limit
cellular differentiation (Dodson et al., 1997). Additional investigations using muscle and

fat co-culture systems in humans have shown that the release of fat cell factors (such as
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troglitazone) induce insulin resistance in human skeletal muscle cells (Dietze et al.,
2002).

Methods for studying adipose tissue metabolism in vive can be divided into the
following four areas: (ij whole-body turnover measurements, (i) measurements of
arteriovenous differences, (iii) microdialysis measurements, and (iv) adipose tissue blood
flow measurements (Frayn et al., 1997). In human research, measurements of arterio-
venous differences are at the forefront, because it is possible to catheterise the venous
drainage of the subcutaneous abdominal depot {(Frayn, 1999), but not intra-abdominal
adipose tissue.

The biclogical importance of WAT has been better characterized with the
development of a line of transgenic mice that do not develop WAT (Moitra et al., 1998).
Mice lacking WAT had enlarged internal organs, steatosis of the liver, were diabetic, and
had redoced leptin. Elevated serum glucose, insulin, FFAs and TAG also demonstrated
the importance of WAT in growth, glucose metabolism, reproduction and toleration of

fasting (Moitra et al., 1998).

2.11 The Transition from Fibroblast-like Preadipocytes to Adipocytes

Current systems to investigate adipogenesis have provided researchers with
detailed information about how adipocytes form. What follows 1s an explanation of the
current known stages of adipocyte differentiation. Nnodim (1987) provided an exhaustive
historical review of the development of adipose tissue detailing original research as far

back as 1845, whereas Gregoire et al. (1998) provided a more up to date outline of
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adipocyte differentiation processes. The reader is referred to Figure 9, which ouﬂiﬁes the
major differentiation events.

| The origin of the adipocyte precursor cell is still under debate. Research using
multipotent clonal cell lines, however, has suggested that the lincage of preadipocytes
Originate from embryonic stem cell precursors that have the capacity to differentiate into
adipocyte, chondrocyle, osteoblast and myocyte mesodermal cell types (Gregoire et al.,
1998). Conv.ersely, a bone marrow stromal cell type has been shown to give rise to
adipogeniq and osteogenic cells (Gi‘égoire et al., 1998). The majority of research dealing
with adipogenests, however, has used preadipocyte cell lines already committed to an
adipocyte lineage.

Preadipocytes must initially undergo growth arrest and not cell confluence or cell-
celi contact to begin adipocyte differentiation (Gregoire et al., 1998). The low expression
levels of adipogenic transcription factors in preadipocytes has been shown to
coopcratiVely cause growth arrest (Altiok et al., 1997). The subsequent differentiation
process comes about after growth arrest at confluence when preadipocytes receive both
mitogenic and adipogenic signals. Growth-arrested cells undergo at least one round of
D_NA replication and cell doubling leading to clonal amplification of committed cells
(Gregoire et al., 1998). Early gene expression changes include alterations of LPL
-transcript levels, and may reflect the growth-arrest stage of adipogenesis (Amri et al.,
1986). In addition different 1soforms of the peroxisome proliferator-activated receptors
(PPARs) and CCAAT/enhancer binding proteins (C/EBP) transcription factors (see
below) are induced with PPAR transcription factors in response to hormonal

differentiation induction (Brun et al., 1997).

39



Characieristics Tzl Type Molecrdar Fvenis

Pluripoteatial © g Stem Cefl

Mesenchyual
Precuisor

Multipotential

-~ Chondroblast
- Ostecblast
- Miyvoblast
e Pref-1
Preadipoeyte |
Determined 5
: ‘B
« Growth Arrest ; ‘C’{E P
- Post-confluent Mitoses Farly | 9 PPARy
- Clonal Expansion
| e C/EBPa
Commitied
L ?Adipagenic Genes
V Late i * Lipogenic Enzymes ‘
Terminal | . PFA Binding Proteins |
Differentiation D |
- ¢ Sgereted Factors

Mature Adipecyte

i

i
{
i
1
!
i
|
I

ECM Alierations

Cytoskeletal
Remodeling

Figure 9. Adipocyte differentiation stages. Figure adapted from Gregoire et al. (1998).
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Also expressed early 1s the sterol regulatory element binding protein-1¢ (SREBP-
Ic)/adipocyte determination and differentiation factor 1 (ADD1) transcription factor
involved in cholesterol metabolism and adipocyte gene expression (Rangwala and Lazar,
2000). Early changes in gene expression result in the conversion of cells from a
fibroblastic to a spherical shape with concomitant changes in cell morphology,
cytoskeletal changes and modifications in extracellular matrix (ECM) components
(Hausman et al., 1996). Spiegelman and Farmer (1982) demonstrated that ECM
modifications might be the signal for the induction of adipocyte-specific genes. Finally,
early morphological changes have been shown to occur concurrently with dramatic
decreases in preadipocyte factor-1 (pref-1) expression levels (see below and Smas and
Sul, 1993). Late events during adipogenesis include dramatic increases in de novo
lipogenesis, an acquisition of insulin sensitivity along with increases in the expression of
TAG metabolism components (see Figure 10) (Gregoire et al., 1998). The precise stage
of terminal differentiation, however, has not been clearly determined as evidence exists
of cell division in partially differentiated human preadipocytes (Prins and O'Rahilly,
1997), along with the dedifferentiation of mature adipocytes (Sugihara et al., 1986).
Gregoire et al. (1998) have done an elegant review of the hormones, cytokines, and
growth factors that further modulate adipogenesis.

Previous analyses have indicated that once preadipocytes are shunted info the
adipogenic development pathway their fate has been determined. Nonetheless,
preadipocytes have been shown to rapidly and massively acquire high phagocytic
activity, essentially converting to macrophages in a macrophage environment (Charriere

et al., 2003),
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Résuits éf this recent study have strengthened the connection between .adipose tissue and
the 1mmune ﬁystem and have also indicated that preadipocytes have greater plasticity than
previéu‘sly belie;i/ed. |

In addition to the formation of adipocytes from preadipocyte precursor cells,
myoblasts have been shown to have the potential for adipogenesis. Myoblasts are satellite
cells that reside between the sarcolemma and basal lamina of muscle fibres (Snow, 1977).
These cells are known to proliferate, migrate to a site of injury, fuse with existing muscle
fibres and thus regencrate damaged or degenerating fibres (Bischoff, 1994). In cell
culture systems, however, .myobiasts have been shown to convert into adipocyte-like cells
by tréatment_ with thiazolidinediones, potent activators of PPARY (a known activator of
' adipocytg-speciﬁc gere expression, see below) (Grimaldi et al., 1997). Even though
- Lapsys et al. (2000) demonstrated that PPARY is a normal regulator of FA metabolism in
muscie tissue, overexpression of PPARy and C/EBPa (another potent activator of
adipocyte-specific genes) have been shown to stimulate the transdifferentiation of C2C12
myob_lasts (Hu et al., 1995). Additionally, Taylor-Jones et al. (2002) demon.strated that
adipogenic markers were expressed in myoblasts from older mice that were
simuitaneously nndergoing myogenic fusion thus increasing the adipogenic potential of
the_:se cells. This may explain why muscular steatosis is observed in older animals.
Interestingly, PPARy! and y2 (see below) were both expressed in older myoblasts,
concomitant with no repression of myogenic gene expression. Results indicated that
signalling pathways in myoblasts inhibit specific functions of PPARYy contrary to
previous reports that showed an inhibition of myogenic differentiation by this

transcription factor class (Hu et al.; 1995; Lecka-Czernik et al., 1999). Overall, results
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from these inveétigations have suggested that, with aging, mesenchymal stem cell
populations are replaced with cclls that have increased adipogenic potential. Conversely,
aging mesenchymal cells may inherently activate adipogenic gene programs, thus

stimulating adipogenesis. .

212 T.he Role of Leptin in Centrolling Fat Accumulation
~ Once fat has been deposited in an animal, a mechanism must exist by which the

~ adipose tissue informs the body of the energy storage status. As early as 1953, Kennedy

| proposed the Hpostat theory whereby fat storage information is provided to the body by
ways 6f a humoral feedback loop. In 1994, leptin, the 16-kDa protein hormone product of

. the ofa gene, was discovered in mice {Zhang et al., 1994). In monogastrics, leptin has
been shown to contribute to the regulation of body energy homeostasis, appetite
suppression and energy expenditure (see reviews by Ahima and Flier, 2000b, Reidy and
Weber, 2000 and Wauters et al., 2000 along with references therein). Leptin has been
pr_oposéd to be the main factor linking metabolic status to reproduction (Barash et al.,
1996, Cheung et al., 1997). Recently, Williams et al. (2002) reviewed leptin’s role in the
regulation of cattle reproduction. Briefly, leptin in adipose tissue and plasma leptin
concentrations are positively related to the amount and status of the adipose energy store
with nutritional regulation mediated by insulin. Other less characterized roles for leptin,
inctude modulation of the reward circuitry for feeding, glucose metabolism, lipid
oxidation, substrate partitioning and adipocyte apoptosis (Ahima and Flier, 2000b).
Studies in humans and rodents have dominated the leptin research field. This is primarily

due to the increased prevalence of obesity in humans along with the use of readily
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available mouse lines that are either severcly leptin resistant (Agouti veliow, AY/a)
(Halaas et al., 1997) or leptin-deficient (ob/ob).

: 'Analysis of bovine leptin began in 1997 after the bovine leptin mRNA and gene
were .se_quenced (Tellam, 1995; Tellam, 1996). Research was bolstered by the
de‘{felopment of a commercial ‘multi-species’ radioimmunoassay (RIA) for leptin (Linco
Research, St. Charles, MO, USA). Leptin is mainly secreted by WAT, but is. also secreted
by placental and fetal tissues, mammary glands (Smith and Sheffield, 2002), stomach,
muscles and brown adipose tissue (Andrews, 1998). Initial reports demonstrated that no
differences existed in leptin mRNA expression among subcutaneous, perirenal and
omental adipose tissues (Ji et al., 1998). Kim et al. (2000), however, reported higher
Iepﬁn mRNA levels in perirenal adipose tissue, moderate levels in abdominal,
subcuténcous and intermuscular adipose tissue, and low levels in 1.m. adiposc tissue. Ren
et al. (2002) re_cently reported higher leptin mRNA levels in perirenal and omental AT
depots with lower levels in subcutaneous fat. Breed differences were also observed.

| With the close association between leptin and body fat stores observed in humans
and rodents (Friedman, 2002), pigs (Robert et al., 1998) and horses (Braissant and Wahli,
1998), animal scientists sought to determine if similar relationships existed in cattle.
Imitial studies reported relationships between leptin and muscle marbling and body
fatness, respectively, in cattle (Minton et al., 1998, Tokuda et al., 1999). Furthennore,
Tekuda et al. (1999) reported inc;,reases in plasma leptin levels with increases in carcass
fat_tenip.g from 14 tc 22 mo of age. Chilliard et al. (1998) reported a curvilinear

relationship between plasma leptin and subcutaneous adipocyte size. Moreover, plasma
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leptin Waé linearly related to fatness in both growing and adult cattle (Ehrhardt et al.,
2000).

Investigations into the relationship between leptin and bovine fat development
continued with the use of Japanese Black (Wagyu) cattle, a breed known to deposit large
amounts of 1.m. fat (Zembayashi and Lunt, 1995). Cdnl‘rary fo previous investigations,
Kawakila et al. (2001) reported no correlation between backfat thickness or lipid content
of longissimus m. with plasma leptin concentrations but both fat characteristics were
correlated with the rate of increase of plasma leptin. Other investigations using crossbred
Wagyu cattle reported a positive relationship in Jongissimus m. and pars costalis
diaphragmatis m. between 1.m, fat and plasma Ieptin among three Wagyu crosses when
analysed together (Wegner et al., 2001). In the samé study, a positive relationship was
observed in cattle with no Wagyu genetics, no relationship in cattle with 50% Wagyu
genetics, and a negative relationship with 75% Wagyu genetics possibly indicating breed-
related differences in leptin regulation of 1.m. fat deposition. In addition, Geary et al.
(2003) recently reported a relationship between circulating serum leptin and both
marbling scores and kidney, pelvic and heart fat amount. The investigators proposed that
the lack of a relationship between serum leptin and marbling observed by Kawakita et al.
(2001) may have resulted from the period of time between serum collection and marbling
score determination at slaughter. There is no doubt that further investigations are required
to elucidate the true nature of the relationship in cattle between leptin and fat deposition.
Investigations involving the BM 1500 microsatellite and R4C (Fitzsimmons et al., 1998;
Buchanan et al., 2002), showed an association with these genotypes and carcass fat

measures.
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Overall, regulation of leptin in the short-term involves interactions with blood
metabbh'tes (such as glucosc and ketone bodies), and hormones (such as insulin, growth
horr_none, or catecholamines). Tri the medium-term, regulation involves feeding level and
daylength. Long-tei‘m regulation involves increased leptin synthesis from increases in
adipocyte cell size and numbér. The multiple aspects of regulation were elegantly |
: outlined in a review by Chilliard et al. (2001). Furthermore, two research groups have

recently developed bovine-specific leptin RTA (Delavaud et al., 2000; Ehrhardt et al.,
2000). No com_merciaily available enzyme-linked immunosorbent assay or RIA,
however, is carrently available for bovine leptin, which may be due to the low
immunogenicity of ruminant leptin (Dr. Elizabeth Adkisson, Linco Research, Inc.,
pefsonél communication).
Leptin protein 1s believed to regulate energy and appetite via leptin receptors (Ob-
R) and leptin-receptor-immunoreactive neurones located in the hypothalamus (reviewed
in]J equier,. 2002). Leptin receptors have also been located in the anterior pituitary gland,
adipoée tissﬁe, mammary gland and adrenal medullary cells (see Chilliard et al., 2001 for
rcférences). Currently, six splice variants (a-f) have been cloned for Ob-R and, of these,
only the long form of the receptor (Ob-Rb}), and possibly the short form (Ob-Ra), are
- capable of signalling and, thus, are believed to be responsible for mediating the biological
' éffects of leptin (Lee et al., 1996). The effects of dietary fat in Ob-Rb function have
rccently been reviewed (Heshka and Jones, 2001).

Even though current strategies in livestock research focus upon increasing i.m. fat

while concurrently reducing the size of extramuscular adipocyte depots, current

conventional treatments for human obesity via caloric restriction attempt to reduce the
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ovéral] amount of fat in the body. Unfortunately, with caloric restriction methods of
weight reduction, the adipocytes retain their lipogenic enzymes (Zhou et al., 1999)
increasing the risk of TAG reaccumulation upon reinitiation of former lifestyle practices.
Adenovirus-induced hyperleptinemia, however, has been shown to deplete adipocyte fat
content while down-regulating lipogenic enzymes, reducing PPARY, adipocyte lipid
binding protein (aP2), and tumour necrosis factor (TNF)-ct and leptin levels, and
increasing fatty acid oxidation enzymes (Zhou et al., 1999). Pharmacological drug
treatments are currently limited because most obese patients are known to be leptin

resistant (Jequier, 2002).

2.13 The Role of Peroxisome Proliferator-Activated Recceptors (PPARs) in Fat
Accumulation

In general, research into adipogenesis has focussed on a few important regulators
involved in the control of lipid metabolic genes: PPARy, SREBP1/ADD1, and C/EBPs
(recently reviewed in Rosen et al., 2000) and pref-1 (Laborda, 2000). Nonetheless,
researchers continue to characterize new regulators of adipogenesis on a regular basis.
For example, recent studies with Olf-1/early B-cell factor (O/E-1) have indicated
expression in preadipocyte cell lines augments adipogenesis and expression in non-
committed fibroblasts leads to the initiation of adipocyte differentiation (Akerblad et al.,
2002).

Peroxisome proliferators regulate gene transcription by activating a class of
nuclear receptors, the peroxisome proliferator-activated receptors (PPAR), which are

related to receptors for thyroid and steroid hormones (Chawla et al., 1994) and are

48



members of the nuclear hormone receptor superfamuly (Escher and Wahli, 2000).
Synthetic PPAR ligands include peroxisome proliferators, hypolipidemic, anti-

' inﬂammatofy and insulin sensitising compounds whereas natural PPAR ligands include
medium and long-chain fatty acids and eicosanoids (Escher and Wahli, 2000; Willson

| and Wahli, 1997). Three PPAR isoforms, designated «, B and v, have been characterised
in a wide variety of species, with each isoform encoded by a separate gene and
demonsirating h gaﬁd—se]ectivity (Grimaldi, 2001). For example, Belury et al. (2002)
receﬁtly demonstrated that conjugated linoleic acid (CLA) is an activator and ligand for
both PPAR«a and PPARy. CLAs are a mixture of positional and geometric isomers of
octadecadienoic acid (C18:2). Of the nine known isomers, the cis-9, trans-11 form, also
known as ruméhic acid, is the most common natural form with biological activity
(Moloney et al., 2001). CLA has been shown to have anti-carcinogenic, anti-atherogenic,
lean-body mass enhancing and anti-diabetic properties (reviewed in McGuire and
McGuire, 1999). The highest concentrations of CLA are found in the fat from ruminant
animals where it is produced in the rumen from linoleic acid (reviewed in Bauman et al.,
1999). Ruminants themselves synthesise rumenic acid from #rans-11 octadecenoic acid
via the enzymatic action of A’-desaturase normally present in mammary tissue and
adipoée tissue (Bauman et al., 1999).

Octanoate has recently been shown to inhibit the expression of PPARy, C/EBPu
and SREBP-1c¢ at both the mRNA and the protein level along with diminishing the
expression of the adipogenic differentiation markers (Han et al., 2002). Sato et al. (1996)
reported that during their determination of the optimum culture conditions for bovine i.m.

adipocyte differenttation, octanoate was an essential factor for differentiation. It 1s more
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likely, hcowevef, that a metabolite of octanoate may stimulate adipogenesis whereas

octanoate itself attenuates differentiation. Both the amount of PPARY, and the ability to.
produce natural ligands have been shown to lead to depot- and ége-speciﬁc differences in
préadipqcyte differentiation (Soret et al., 1999).

Structurally, the amino-terminal domain of PPARs contains a ligand-dependent

- transactivation function, which is poorly conserved between the three isomets, whereas
the central domain is for DNA binding and the carboxy-terminal domain contain the
ligand-dependent transactivation fanction (Grimaldi, 2001). PPARs heterodimerize to
cis-retinoid X receptors (RXR) with this complex binding to PPAR-response elements
(PPREs} (Schulman et al., 1998). These PPREs are imperfect direct repeats of six
nucieotides with one spacing base (Grimaldi, 2001). Functional PPREs have been
chﬁractcrizcd for several genes involved in lipid metabolism, including FA translocase,
FA transport protein, FA binding protein, aP2, acyl-CoA synthetase (ACS) and acyl-CoA
oxidase, adipocyte FA binding protein, phosophoenol pyruvate carboxykinase and LPL
(Grimaldi, 2001).

'PPARG has been shown to be expressed in cells that have high rates of FA
oxidation and high peroxisome-dependent activities including liver and oxidative muscles
B ~ (Escher and Wahli, 2000). In addition, PPAR« has been shown to regulate mitochondrial
FA fnetabolism, the B-oxidative medium chain acyl-CoA dehydrogenase gene along with
other genes involved in the uptake, activation and degradation (f-oxidation) of FAs
(reviewed in Escher and Wahli, 2000).

PPARJ may have a limited role in the development of the rat central nervous

system by influencing cell proliferation or differentiation transcriptional control (Escher
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and Wahli, 2000). Additionally, Braissant and Wahli (1998) have described a membrane
lipid synthesis and turnover control function for PPARP.
| PPARy was first shown by Chawla et al. (1994) to be highly expressed in adipose
tissue and indu.céd early. during adipocyte differentiatipn. 'fhe bovine PPARYy isoforms 1
and y2 were 1solated, characterized and assigned to bovine chromosome 22 (Sundvold et
al., .1997.). The PPARy1 and PPARY2 isoforms have been isolated from many bovine
tissues including muscle, spleen, lting, ovaries and mammary glands (Sundvold et al.,
- 1997}. Neverthél;:ss, cxpression is greatest in WAT. PPARy may also have a role linking
nutriﬁbnal status to reproduction (Viergutz et al., 2000).

‘The role of PPAR? in adipogenesis has been exhaustively reviewed (Auwerx,
19§9; Gn'ma,ldi, 2001.; Houseknecht et al., 2002). Briefly, ectopic expression of PPARy
has been shown to cdwert_preadipocytes (Chawla et al., 1994), fibroblasts (Tontonoz et
al., 1994) and myoblasts (Grimaldi et al., 1997; Hu et al., 1995) into adipocytes. In
addition, c.o—'e.:xpression of PPARYy with C/EBPw, another potent stimulator of
adipogenesis, has been shown to reinforce the potency of PPARy (Brun et al., 19906). The
currently proposed model of adipogenic transcription factor initiation involves initiation
by hormonal stimulation of C/EBPp and 6. These factors stimulate PPARy expression,
(via promoter binding) and PPARy heterodimerizes to RXRa, which in turn stimulates

- C/EBPw along with known adipogenic genes containing PPREs (thoroughly reviewed in
- Houseknecht et al., 2002 and Rosen and Spiegelman, 2000). Recent investigations have
also shown that PPARY has a role in FA uptake and TAG storage through the regulation

and expression maintenance of aP2, ACS, LPL, HSL and perilipin (Tamor et al., 2002).
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Investigations using bovine adipose tissue-derived preadipocytes have shown that
thc. _expréssion of PPARYy via stimulation with a known synthetic ligand resulted in
preadipoc;yte conversion {o adipocyfes (Ohyama et al,, 1998). Retinoids were éhown to

| inlﬁbit bovine adipogenesis, however, possibly explaining why Japanese beef cattle
showing low serum retinol levels exhibit highly marbled beef (Torii et al., 1996). Similar
investigations (Wu et al., 2000) demonstrated that VLDL was a potent stimulator of
.bovin.e preadipocyte proliferation and differentiation. Additionally, Torii et al. (1998)
isolated fibroblast-like cells.from bovine skeletal muscle and, using a stimulator of
PPARY, demonstrated in cell culture that bovine skeletal muscle contain a population of
cells that can differentiate inio adipocytes.

In addition to the importance of PPARY in adipogenesis, RXRu also plays a
contributory role. Recently, Imai et al. (2001) reported that under a high fat diet, mice
lacking RXRa had smaller adipocytes than wild type mice indicating that hypertrophic
growth of adipocytes and fat accretion during adipocyte differentiation may be mediated
by RXRa-PPARyY heterodimers. In addition to the well-characterized role of PPARY and
PPARw in adipogenesis and FA oxidation, these receptors have been shown to have roles

in atherosclerosis associated with controlling plasma levels of cholesterol and TAG
| {reviewed by Plutzky, 2000, Marx, 2002 and Barbier et al., 2002),

Finally, PPARY has been implicated in having a role in the adipocyte apoptosis of
large and fully differentiated cells (Okuno et al., 1998; Sorisky et al., 2000). Auwerx
{1999} proposed that the combined effect of adipocyte apoptosis and preadipocyte

differentiation by PPARy may favour the replacement of large adipocytes with smaller

adipocytes, potentially leading to a state of PPARYy resistance.
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2.14 The Role of Preadipo.cyte Factor-1 in Fat Accumulation

Mature adipocyte development from preadipocyte cells is accompanied by the
significant changes in the expression level of over 100 proteins (Sidhu, 1979).
Adipogencsis also has been shown to involve the change in expression of approximately
2000 different genes and very few of those genes have been characterized for their
respective function in differentiation (Guo and Liao, 2000). One such protein was shown
to be expressed abundantly in preadipocytes, characterized by complete abolishment of
expression during adipocyte conversion, with constitutive overexpression blocking
adipogenesis and therefore was named preadipocyte factor-1 (pref-1) {Smas and Sul,
1993).

The protein encoded by the pref-1 gene is a transmembrane protein that possesses
six Epidermal Growth Factor (EGF)-like sequences at the extracellular domain, a single
transmembrane domain and a short intracellular tail (reviewed by Laborda, 2000). Pref-1
contains two proteolytic processing sites, that upon cleavage by an uncharacterized
protease, result in 50 and 25 kDa soluble proteins (Smas et al., 1997). In addition, four
major splicing products (pref-1A — pref-1D) are the result of an in-frame deletion of the
Juxtamembrane region of the sixth EGF-repeat (Mei et al., 2002), where pref-1A and
pref-1B lead to the generation of both soluble protems, whereas pref-1C and pref-1D
produce only the smaller protein. Recently, Mei et al. (2002) reported that the 50 kDa
protein, and not the transmembrane or the small protein, inhibited adipocyte
differentiation. Thus, Mei et al. (2002) proposed that pref-1 does not regulate
adipogenesis I a juxtacrine {ashion, but the membrane-bound form may have arolein a

cell growth function. Interestingly, pref-1 has been discovered by six different research
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groups and thus has been given six different names (pG2, FA-1, pref-1, SCP-1, ZOG, and
dik) (Laborda, 2000).

Even though Dik/ has been accepted as the official name (Lee et al., 1995),
researchers focussed on elucidating the relationship to adipogenesis still use the term
ﬁref—l (Laborda, 2000). The gene for pref-1 has also been shown to be expressed in
animais from birds to mammals, but is absent from lower animals suggesting that a
function specific for higher animals may be possessed by pref-1 (Laborda et al., 1993).
Pref-1 upregulation also plays a role in bone marrow stromal cells by modifying their
adipogenic potential and regulating the growth of lymphocyte precursors (Laborda,
2000), and recently has been shown to function in maintaining mouse blastema cells in a
dedifferentiated state during regeneration after physical wounding (Samulewicz et al.,
2002). Pref-1 may function in maintaining the state of preadipocyte cells (Mei et al.,
2002), and Has thus been used as a marker for preadipocytes (Zhou et al., 1999). In
addition, pref-1 null mice have been shown to be obese, exhibit growth retardation and
skeletal malformations, and have increased serum TAG, FA and cholesterol along with a
fatty liver (Moon et al., 2002).

Fahrenkrug et al. (1 9.99) have cloned and genetically mapped the bovine pref-1
gene to the telomeric end of BTA 21. Analysis revealed a splice-form, apparently unique
to the bovine pref-1 gene, which was referred to as splice-form E. The exor/intron
junctions of the bovine pref-1 gene were the same as those observed for mice. The
‘suppression in adipocyte differentiation’ sequence, previously identified by Smas et al.
(1998), was conserved. In addition, Minoshima et al. (2001) confirmed the location of the

pref-1 gene to bovine chromosome 21924 and, via mapping of the regulatory region,
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demonstrated two regions upstream of the putative transcription start site were sufficient
to confer promoter activity. Most importantly, however, was the lack of pref-1A or C2
expression observed in adult bovine subcutaneous fat by Minoshima ct al. (2001}. Pref-1
~ expression is known to be restricted to the stromal-vascular {(SV) fraction, but not the
adiﬁocyte fraction of adipose tissue (Mei et al., 2002}, possibly explaining the lack of

- pref-1 expression in adult tissues reported by Minoshima et al. (2001) due to a lack of
enriched SV cells in their preparation.

| The potential mechanisms for pref-1 action have recently been reviewed
(Laborda, 2000, dlk therein). Two mechanisms of cell differentiation have been
~ proposed: lateral specification and inductive signalling. Lateral specification involves
Jigand and receptor signals in equivalent cells being expressed equally. Modifications in
the respective ligand and receptor expression levels are caused by random fluctuations in
signal ihtensity, and thus, one cell becomes a ligand-expressing cell, while the other
becomes a receplor-expressing cell leading to a spaced pattern of cells in the tissue.

- Inductive signalling results from signals being transmitted between non-
ec;[uivalén_t cells; thus, once one cell differentiates, it signals to its neighbouring cells to
differentiate. Laborda {2000) proposed that inductive signalling is the most likely
~ mechanism by which adipocyte differentiation occurs with pref-1 participating in the
signalling role. Currently, the literature points to pref-1 functioning as a receptor, a ligand
and possibly as an inhibitor of adipogenesis with experimental evidence strong for al}
three cases.

Working under the assurnption that inductive signalling leads to adipose cell

differentiation, Baladron et al. (2002) have attempted to clarify which factors are
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involved in tﬁe nitial signal that leads to differentiation. Initial experiments by Shugart et
al. (1995) reported a strong expression of growth-arrest specific protein 1 (GAS1) during
the initiﬁtion of adipogenesis. GAS1 is a membrane glycosylated phosphatidylinositol
anchor-linked protein whose expression causes growth arrest and was shown to decrease
in expression upon completion of differentiation thus following a similar expression
pattern as pref-1 (dlk therein). Baladron et al. (2002) proposed that a potential interaction
bei.“.feen pref-1 and G—ASl might medulate clonal expansion and growth arrest during
adipocyte differentiation.

Recent research has indicated one mechanism by which pref-1 modulates the
adipocyte differentiation signalling pathway (Ruiz-Hidalgo et al., 2002). In 3T3-L1
preadipocytes, IGF-1 and insulin have been shown to trigger a cascade resulting in the
cxpression of adipogenic transcription factors (Hausman et al., 2001; Smith et al., 1988).
One of the caséadcs is the Ras-Raf-1-Mitogen-Activated Protein Kinase pathway (MAPK
(Hu et al., 1996). Ruiz-Hidalgo et al. (2002) demonstrated that different levels of pref-1
(referred to as dik therein) expression correlated with changes in the level and activation
kinetics of Extracellular-Regulated Kinase (ERK)-MAPK in response to insulin and IGF-
1 activation, and thus the extent of adipocyte differentiation. Therefore, a certain level of
pref-1 expression is necessary for adipocyte differentiation to occur that may be mediated
by ERK~MAPK activation. Hence, increases in pref-1 expression reported .by Hansen et
al. (1998) may result from a necessity for greater interaction between pref-1 and
stimulators of adipogenesis.

Tumor necrosis factor o (TNFe) is a polypeptide hormone with p'leiotrdpic

effects on ccllular differentiation and has been shown to inhibit and reverse adipocyte
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differentiation (Torti et al., 1989). Analyses by Xing et al. (1997) have indicated that

TNFo treatment in differentiating preadipocytes reduces PPARY, but has no effect on
pref-1 mRNA levels. Additionally, the authors proposed that pref-1 expression, once

down-regulated, is non-reversible by their observation that TNFa treatment in fully

differentiated adipocytes results in rapid down-regulation of PPARy mRNA and protein
levels without any effect on pref-1 mRNA expression. Han et al. (2002) observed no
effect on pref-1 levels during attenuation of adipogenic transcription factors and
differentiation markers through the exposure of adipocytes to octanoate.

Adenovirus-induced hyperleptinemia (Zhou et al., 1999}, which has been shown
to convert adipocyles to post-adipocytes (previously mature adipocytes that have lost
their lipogenic enzymes and adipocyte markers), resulted in a 41-fold increase i pref-1
levels. Therefore, pref-1 expression may also be a marker for post-adipocytes, contrary to
the proposal by Xing et al. (1997).

The above results, in addition to the pref-1 analysis by Minoshima et al. (2001),
create a dilemma in the analysis of bovine i.m. adipocyte development. Morphological
and histochemical analysis has clearly demonstrated that i.m. adipocytes develop by
hyperplastic growth throughout the life of many animals including pigs, cattle, chickens
and rabbits. Minoshima et al. (2001) have shown, however, that pref-1 mRNA was
undetectable in abdominal fat samples from 30-month old cattle, suggesting that pref-1
may be expressed in an age- and/or depot-specific manner. Therefore two important
unanswered question relating to bovine adipogenesis arises: first, at which stage does

preadipocyte development in cattle cease in each respective adipose depot, and second,
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do newly developing adipocytes arise from cells present in the depot or do they arise

~from a separate source?
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3. ExpressioN oF PEROXISOME PROLIFERATOR-ACTIVATED
- RECEPTOR (PPARy) mRNA IN ADIPOSE AND MUSCLE TISSUE OF
HoLsTEIN AND CHAROLAIS CATTLE

3.1 Abstract

Peroxisome proliferator-activated receptor ¥ (PPARY) regulates adipogenesis and lipid
metabolism-related gene transcripts. The role, however, of PPARYy in different adipose
depots and muscle in secretion type (Holstein) and accretion type (Charolais) cattle is still
unclear. We used 20 animals (10 from each breed) for semi-guantitative reverse
transcriptase polymerase chain reaction (RT-PCR) to measure PPARY mRNA levels in
subcutaneous (SC), perirenal (PR), omental (OM), and intramuscular (IM) adipose depots
as well as Jongissimus muscle (MU). IM fat was dissected from muscle tissue in MU. The
Holstein were characterized by their higher OM (P < 0.01) and PR (P < 0.05) fat weights
while the Charolais had a higher body Weight (P <0.001) and a larger longissimus
muscle .area (P <0.001). The IM fat content and marbling scores tended to be higher in
the Holstein. No significant differences in PPARy mRNA expression were observed
between different these two breeds for any tissue. In both breeds, MU PPARY had the
lowest expressed transcript (P < 0.05). In the IM fat depot, expression was higher (P <
0.05) than MU, but lower than the SC, PR, and OM fat depot PPARy mRNA levels. Only
OM PPARy mRNA levels were higher (P < 0.05) than SC and PR in the Charolais cattle.
To characterize the role of PPARyY mRNA in bovine adipogenesis, correlations were
performed among PPARy mRINA, carcass characteristics, and adipogenesis-related genes.
A high expression of MU PPARy mRNA in Charolais cattle was correlated significantly

(P < 0.05) with a high deposition of fat (SC, r = 0.78; PR, r = 0.74; and IM fat in the
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semitendinosus muscle, r = 0.66). A high expression of IM PPARy mRNA was correlated
with high SC leptin mRNA expression in both Holstein and Charolais cattle (r = 0.86 and
r= 0.85, respectively). Correlations were also observed between SC PPARy mRNA and
SC lii)oprotein lipase (LPL) mRNA in both Holstein {r = 0.58) and Charolais cattle (r =
0.70). PPARy may have a role in regulating increased fatty acid oxidation in SC fat
through the action of LPL. Leptin mRNA in the SC, PR, and OM fat depots was
positively correlated with SC PPARy mRNA and vegatively associated with Charolais
cattie OM PPARy mRNA. In the Charolais cattle, a high level of PPARy mRNA in SC
was correlated with a low expression in OM (r = -0.87) and a high expression in IM (r =
(0.87). Fat content in cattle may therefore be regulated by the PPARY transcription factor

in a depot-specific manner.

3.2 Introduction
Selective breeding programs have, over time, produced cattle with an enhanced ability fo
metabolize their intake into either muscle (accretion breeds) or as milk (secretion breeds).
The Holstein breed of cattle are known for their ability to excrete a relatively large
proportion of their nutrient intake as milk while also producing muscle. In contrast, the
Charolais breed deposit large amounts of muscle, and less fat, while producing little milk
(for a review see Kiihn et al., 2002). The molecular mechanisms that regulate
adipogenesis in different adipose depots and muscle of accretion and secretion breeds is
still unclear.

The peroxisome proliferator-activated receptors (PPARs) are members of the

nuclear receptor hormone superfarily and are essential for cellular differentiation and
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lipid accumulation dﬁr'mg adipogenesis (Lapsys et al., 2000). Three PPAR isoforms,
PPARo, PPARY, and PPARS, are subject to similar regulation mechanisms, PPARs are a
class of transcription factor that must heterodimerize with another nuclear hormone
“receptor, Retinoid X Receptor, to bind to DNA to be transcriptionally active (Roéen etal,
2000). The three v isoforms of PPAR (y1, v2, and y3) are generated by alternative
promoter uéage and alternative splicing (Auwerx, 1999) and have tissue-specific
distnibution patterns in humans, mice, and rats (Mukherjee et al., 1997; Lapsys et al.,
2000). Bovine PPARY mRNA expression hés been observed in spleen, ovary, fat, lung,
mammary gland, small intestine, kidney, muscle and heart, along with faint signals in the
liver, in an isoform-gpecific manner (Sundvold et al., 1997). Expression of PPARY is
higher in adipose tissue than in other bovine tissues. PPARy1, the most commonly
expressed isoform {Tontonoz et al., 1995), makes up the majority of the total expressed
PPARy in expressing tissues with the only exception being adipose tissue where PPARY2
makes up approximately 20% of the total PPARy mRNA (Auboeufet al., 1997). PPARy3
mRNA gives rise to an identical protein product as PPARyl mRNA (Auwerx 1999).

The understanding of PPARY’s role in bovine adipogenesis is still emerging but
its role in the mammalian adipogenic process has been largely characterized thanks to
work on cell culture systems, particularly murine 3T3-L1 cells. During cell culture
adipogenesis, PPARY expression has been shown to increase dramatically early, and,
thereafter, remain at high levels in fully differentiated adipocytes, suggesting that it is at
least partly responsible for maintaining the differentiated state of the cell (Cowherd et al.,
1999; Lowell 1999). As well, ectopic expression of PPARy results in the conversion of

fibroblast cells (Kubota et al., 1999), 3T3-L.1 preadipocytes (Tontonoz et al., 1994), and
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myoblasts (in the presence of C/EBPw) (Hu et al., 1995) into adipocytes. PPARY is,
therefore, thought to be a key factor invelved both in the stimulation of adipogenesis as
well as the maintenance of adipocytes once they have differentiated. Evidence is also
emerging that PPARY plays a key role in apoptosis of fully differéntiated adipocytes.
Auwerx et al, {1999) theorize that PPARy may be also responsible for the “remodelling”
of adipose tissue resulting in many smaller adipocytes with the end result being
adipocytes which are resistant to PPARy activation.

The objective of the current study was to examine PPARy mRNA expression
levels in different tissues of two metabolic types of cattle and determine if PPARy mRNA
levels may be indicative of the amount of adipose tissue present in a depot. We used
reverse transcriptase-polymerase chain reaction (RT-PCR) to measure the expression of
PPARy transcript levels in subcutaneous {(SC), perirenal (PR), omental (OM), and
intramuscular (TM) fat, and longissimus muscle (MU) tissues of Holstein and Charolais
bulls. The relationship between PPARYy transcript levels and previously investigated
adipogenic genes (leptin and lipoprotein lipase), as well as between PPARY transcript
levels and several carcass characteﬁstics, were investigated to determine if regulatory

relationships exist.

3.3 Materials and Methods

3.3.1 Animals and Diet

An unrelated parental generation of Holstein (n = 10) and Charolais (n = 10) bulls were
used in the investigation. Animals were.cared for according to the regulations of the

Animal Protection Committee from the German Ministry for Consumer Protection, Food
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and Agriculture. Calves were fed with a milk replacer diet up to 4 mo of age. After
weaning, the bulls received a body weight-related diet consisting of concentrates based
on barley, beet pulp and soybean extract meal (92.8% ofganic matter, 15% crude protein,
and 9% crude fibre) and hay. All aniﬁlals were reared using a tethering system in
individual pens and were fed the same diet (Table 3).

3.3.2 Sampie Collection

All animals were slaughtered at 18 mo of age in the Dummerstorf Research Institute’s
abattoir. The SC, PR, and OM fat, and the MU (containing IM fat) were collected within
30 min of slaughter. The SC fat was sampled from a depot overlaying the semitendinosus
muscle. PR fat was from around the kidneys and OM fat was from around the gut. All
tissues were immediately frozen in liquid nitrogen and stored at —70°C until RNA
extraction. Samples of MU were magnified 20x using a dissection microscope (AskAnia
GSZ 2T, Germany) while IM fat was separated from the MU that was held on dry ice.
Respective samples of MU and IM fat were stored in RNAlater (Ambion, Inc. Austin,
Texas) at —20°C until RNA was extracted within a 2 week period.

3.3.3 Measures of Carcass Quality

After slaughter, body weight, and the PR, OM, and SC fat weights were estimated. The
longissimus muscle cross-sectional area was measured using the Interactive
Measurements/Area function of the ImageC program for WinNT (Version 2.52a (Level
510), Aquinto AG, Berlin, Germany). Marbling scores were based on the German 6-point
system where a score of 1 equates to low marbling and a score of 6 to high marbling. The

IM fat content from longissimus and semitendinosus muscle was obtained via the Soxhlet
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extraction method (AOAC, 1984) using petroleum cther as the solvent and determined
gravimetrically after evaporating the extraction solvent.

3.3.4 RNA Extraction, cDNA Synthesis and Polymerase Chain Reaction

Total RNA was isolated from the SC, PR, énd: OM fat samples using the RNeasy mini kit
(QIAGEN GmbH, Hilden, Germany) according to the manufacturer’s instructions. Total
RNA from IM and MU samples was isolated using TRIzol reagent (Life Technologie
GmblH, Karlsruhe, Germany) according to the manufacturer’s instructions. RNA yields
and purities were assessed by absorbance at 260 and 280 nm using a RNA/DNA
calculator (Pharmacia GeneQuant ™, Erlangen, Germany). Ratios of absorbance (260/280
nm) of all samples were between 1.7 and 2.0.

cDNA was synthesized from 1.0 ug of total RNA from each sample. One unit of DNasel
(Roche Diagnostics GmbH, Mannheim, Germany) was added, to eliminate residual
genomic DNA from the RNA sample, prior to RT reactions, and incubated at 37°C for 30
min followed by heat inactivation of the enzyme at 75°C for 5 min (Huang et al., 1996).
Denaturation of the RNA samples occurred by a 65°C incubation for 15 min and were
sﬁbsequent}y placed on ice for 5 min before RT. The final reaction volume of 25 pL
contained 1x reaction buffer, 5 mM MgCl,, I mM of dNTPs, 3.2 pg of random hexamer
primers, 50 units of RNase inhibitor, 0.01 mg/mL gelatin and 20 units of AMYV reverse
transcriptase (1% Strand cDNA Synthesis Kit, Roche Diagnostics GmbH). PCR
conditions were as follows: 25°C for 10 min, 42°C for 60 min, 99°C for 5 min (for
enzyme inactivation), and 4°C for 5 min. The RT products were used immediately for

PCR or stored at —20°C.
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The PCR reaction was performed in a 50 pL reaction volume containing 2 pL of tissue-
specific cDNA (equivalent to 80 ng starting RNA), 1.5 mM MgCl,, 2 units of 7aqg DNA
polymerase (Roche Diagnostics GmbH), 0.2 mM of dNTPs and 0.4 uM of each primer.
For amplification of PPARY, the following primer pair was used: forward 5’-GAC TTG
AAC GAC CAA GTA ACT C-3’ (nt 1200 — 1221) and reverse 5’-CTC TGC TAA TAC
AAG TCCTTG TAG-3" (nt 1711 — 1688), which are specific for both bovine PPARY1
and y2 mRNAs (GenBank accession numbers Y 12419 and Y12420, respectively) and
amplify a 467 bp fragment (Wu et al., 2000).

The primers span exons 5 and 6 and thus are specific to bovine PPARy mRNA (See
Appendix 3, Figures 24 and 25 for the PPARy! and y2 gene sequences, respectively). To
identify the exponential phase of amplification during PCR, the cycle numbers were first
tested for the target gene. Plotting of PPARY PCR signal intensity (expressed as net
intensity) against the number of amplification cycles revealed a linear relationship
between cycles 28 and 34 (r2 = (.96).

Quantum RNA™ 18S primer and competimer (Ambion, Inc., Huntingdon, UK)
were used as internal controls for target gene amplification at a ratio of 2:8. The primer
pair amplifies a 324 bp fragment. Amplifications were performed in a Biometra Personal
Cycler (Biomedizinische Analytik Gmbl, Géttingen, Germany). The following cycle
parameters were used: 60 s at 94°C, 34 cycles at 94°C for 40 s, 55°C for 40 s and 72°C
for 50 s. Bach reaction was followed by 7 min at 72°C for extension and held at 4°C.
After amplification, 10 pL of the PCR products were used for electrophoresis on a 2%

agarose gel to compare the relative signal intensity.
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Table 3. Feed and carcass characteristics fr'om Holstein and Charolais catile.

Holstein” Charolais Significance”

‘Age (months) 18 18 None
Concentrates (kg) 2829+69 (218) 2758+52 (166} None
Hay (kg) 962.7£19.7 (62.4)  929.1x17.0 (53.8) None
Live Weight (kg) 662.8+15.1 (47.7)  744.4+16.4 (51.7) ok
longissimus Area (cm’)* 78.2442.94 (9.29) 122.50+3.93 (12.42) Foak
Subcutaneous Fat (kg) 20.424+1.80 (5.70)  21.28+1.14 (3.62) None
Perirenal Fat (kg) 18.95£1.64 (5.18)  14.67+£0.94 (2.99) *
Omental Fat (kg) 20.30+£1.67 (5.29)  14.10£0.76 (2.41) *x
semitendinosus IM Fat (%)" | 1.91+0.26 (0.81) 1.48+0.34 (1.08) None
longissimus IM Fat (%) 4.35+0.64 (2.03) 3.1420.68 (2.15) None
Marbling” 2.80+0.20 (0.63) 2.30+0.21 (0.67) il

* The values listed in each column represent the mean of n = 10 samples including +
standard error of the mean and (standard deviation) of Holstein and Charolais cattle.

¥ Significance = "(P < 0.10), *(P < 0.05), **(P < 0.01), ***(P < 0.001). t-test calculated
using the SAS System for Windows v. 8.02 (SAS Institute, Inc. 1999).

* The longissimus muscle cross-sectional area was measured using the Interactive
Measurements/Area function of the ImageC program for WinNT (Version 2.52a (Level
510), Aquinto AG, Berlin, Germany).

" The ™M fat content from longissimus and semitendinosus muscle was obtained via the
Soxhlet extraction method using petroleum ether as the solvent and determined
gravimetrically after evaporating the extraction solvent.

¥ German marbling score system based on a 6-point scale with a score of 1 indicating a

carcass devoid of marbling and a score of 6 indicating very abundant marbling.
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Data for lipoprotein lipase (LPL) and leptin mRNA transcript levels, used for
correlation analysis in this study, were obtained from a previous study by our research
group on the same animals (Ren et al., 2002).

335 Semi-Quantification of PCR Products (Image Analysis)

Gels were stained with ethidium bromide and analyzed using the Kodak DS
Electrophoresis Documentation and Analysis System 120 (Eastman Kodak Company,
Rochester, NY, USA). The net intensities of individual bands were measured and the
ratio of the target gene to that of the internal control band (Qu.a.ntumRNATM 18S) was
icalculated prior to statistical analysis. To minimize the between-assay error, samples

from the two cattle breeds were always processed in parallel.

3.3.6 Statistics

Data were analysed using the SAS System for Windows v. 8.02 (SAS Institute Inc.
1999). Significance was calculated using a pair-wise t-test. Significance levels were: (P
< (.10}, *(P < 0.05), ¥*(P < 0.01), ***(P < 0.001). The experimental units were bulls of
two breeds. The statistical aim was to test for differences in PPARy mRNA levels
between the breeds and tissues, and for associations between PPARy mRNA levels and
adipogenesis-related gene transcripts as well as carcass characteristics. Data were
submitted to a simple linear correlation analysis (Pearson product moment correlation)

using SAS. Correlations were performed within the individual breeds.
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3.4 Results

Animals used in this study were a subset of the Segregating Families (SEGFAM)
herd currently under investigation at the Research Institute in Dummerstorf (Kiihn et al,,
2002). Carcass traits for both metabolic types of cattle are summarized in Table 3.
Charolais, as a beef type cattle, with a higher capacity to deposit nutrients as muscle as
opposed to fat, exhibited a higher body weight (P < 0.001) and /longissimus muscle area
(P < 0.001) than Holstein bulls. The Holstein cattle, however, had higher PR (P < 0.05),
OM (P < 0.01) fat weights and a slightly higher (P < 0.10) marbling score indicating a
greater ability to deposit nutrients preferentially as fat. The amount of the SC and IM fat
depots were not significantly different between the breeds.

Using sémi—quantitative RT-PCR analyses we measured PPARy mRNA levels in
5 different tissues from Holstein and Charolais buils. To identify depot- and breed-
specific differences in PPARy mRNA, expression was first corrected for the expression
of 185 rRNA. No significant differences in PPARy mRNA expression were observed
between the two cattle breeds for any tissue, whereas expression differed based on tissue
type (Figure 11). In Holstein no differences were observed between SC, PR, or OM fat
depots while PPARy mRNA expression in 1M fat was lower than each of these tissues (P
< 0.05). The lowest (P < 0.05) expression was observed in MU. In Charolais cattle,
PPARy mRNA expression was higher (P < 0.05) in OM than in SC and PR fat whereas
IM fat was lower (£ < 0.05) and, as in Holstein cattle, MU PPARy mRNA was the lowest
(P <0.05).

In order to identify any relationships in PPARy mRNA expression between the

respective tissues or with previously investigated adipogenic-related genes (Ren et al.,
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2002) and carcass traits, we performed Pearson product moment correlations within the
breeds. The relationships among PPARY, leptin, and LPL mRNA expression levels in the
adipose depots and muscle ﬁssue are shown in Table 4. Correlations within PPARy
mRNA expression levels among the five tissues showed é significant (P < 0.05)
relationship between SC PPARy mRNA and both OM PPARy mRNA (r=- 0.87) and IM
PPARy mRNA (r=0.87).

In order to d:etennine whether carcass fat characteristics influence, or were
influenced by PPARY, we investigated the relationships between carcass characteristics of
the animals and mRNA expression of PPARY. Significant correlations were observed
between MU PPARY and OM fat (r = - 0.62) in Holstein bulls, and between MU PPARy
and SC fat (r = 0.74), PR fat (r = 0.74), and semitendinosus IM fat {r = 0.66) in Charolais
cattle. In addition, IM PPARYy correlated significantly with longissimus IM fat (r = 0.91)
in Holstein, and OM PPARY and longissimus IM fat (r = 0.68) in Charolais cattle,

respectively.
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Figure 11. Depot- and breed-specific PPARY gene transcript expression. PPARy
reverse-transcriptase polymerase chain reaction (RT-PCR) products from subcutaneous
{SC), perirenal (PR), omental (OM), and intramuscular (IM) adipose depots as well as
longissimus muscle (MU) m Holstein (GH; n = 10, except for IM, where n = 4) and
Charolais (CHA; n =10, except for IM, where n = 7) bulls were normalized to the
mternal 18S rRNA standard. Columns show means with vertical bars indicating standard
error of the mean. Means with different superscripts are significantly different (P < 0.05).
Uppercase (A, B, C) letters pertain to Holstein and lower case (a, b, ¢, d) to Charolais. No

significant differences were observed between the breeds in any tissue analysed.
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Table 4. Simple linear correlation coefficients between PPARyY mRNA and fat-related
gene mRNAs in 5 different bovine tissues.

a. Holstein Bulls

PPARY (PPARY/18S rRNA)
SC PR OM M MU
Leptin SC 0.29 -0.28 -0.44 0.86 * -0.29
Leptin PR -0.22 0.01 0.04 -0.62 -0.04
Leptin OM -0.13 0.14 -3.10 -0.74 -0.09
LPLSC 0.58 * 0.06 0.15 0.04 -0.42
LPL PR -0.31 0.36 0.16 -0.23 -0.33
LPI.OM 0.27 -Q.73 % 0.05 0.37 -0.65*
b. Charolais Bulls
PPARy (PPARY/18S rRNA)
SC PR OM ™M MU
Leptin SC 0.85 * -0.24 -0.92 % 0.85* 0.54
Leptin PR (.68 * 0.12 -0.63* 0.86 * 0.50
Leptin OM 0.66 * -0.17 -056 % 0.77 0.50
LPL SC 0.70 * -0.32 -0.69 * 0.69 -0.13
LPL PR 0.23 0.20 -0.23 0.53 -0.41
LPL OM 0.22 -0.22 0.11 -0.29 -0.18

Significance = 1 (2 < 0.10), *(P < 0.05), **(P < 0.01), ***(P < 0.001).
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3.5 Discussion

The Charolais cattle’s higher body weight, and longissimus muscle area are

indications of the breed’s ability to deposit their nutrient intake as muscle rather than

.mill(. Converscly, Holstein cattle tended to have higher marbling scores (P < (.10), as
well as higher OM and PR fat weights, an indication of this breed's genetic predisposition
to | fat deposition. .In our previous investigations in these and other animals, a higher
insulin level previously observed in Holstein was one reason postulated for the breed’s
higher fat content, but cannot completely explain the differences in fat development
between the breeds (Ren et al., 2002). In this study we focussed on the fat deposition in
Holstein and Charolais cattle by investigating PPARy mRNA expression in these two
breeds and its relationship to fat deposition.

Neo differences in thé expréssion of PPARy mRNA between the breeds for each of
the 5 respective tissues were observed suggesting production of PPARy mRNA levels are
produced similarly in the two breeds. Results indicate that PPARy do not cause the
observed differences in fat depots between the two cattle breeds. In human studies
comparing cbese, nonobese and postobese patients, no differences were observed in
PPARy mRNA levels between SC and OM fat depots (Krempler et al., 2000).

PPARy mRNA levels were also independent of the amount of fat in the adipose
depot under mnvestigation. Therefore, PPARy mRNA levels cannot be used as a measure
of the amount of fat in the adipose tissue. In addition, investigations in rats demonstrated
that PPARy mRNA expression was independent of the fat state (Shimoike et al., 1998)

supporting our observations.
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In their investigations of human PPARy mRNA, Vidal-Puig et al., (1997) reported
a drop in PPARY levels after fat loss. Levels of PPARY rebounded to earlier. pre-treatment
levels indicating that a steady-state expression may exist independent of food infake or
body weight. Because short-term weight loss did not result in a decrease in the overall
level of PPARY (Vidal-i)uig et al., 1997), perhaps PPARy mRNA levels are used as a
signal for the maintenance of the depot size. PPARy mRNA levels may be resistant to
change with short-term modification of nutrient intake but may be able to change with
long-term modiﬁcations to diet.

The SC depot is one of the final adipose depots to be filled in ruminants (Mtenga
et al., 1996) and is known to have the smallest adipocytes in the carcass (Mendizabel et
al., 1999). SC adipoéyte hyperplasia is observed as early as S mo of age and up to as old
as 16 mo of age (Martin ¢t al., 1999). Therefore, the expression of PPARy in our animals
may stem from the development of new adipocytes as well as the maintenance of the
current size and number of adipocytes already developed. Martin et al. (1999) theorized
;[hat the total adiposity of growing cattle may be especially sensitive to both dietary and
hormonal manipulations. The equivalent PPARy expression, along with the equivalent
amount of SC fat deposited, may result from the equivalent long-term, weight-related diet
fed to the Holstein and Charolais cattle. As SC is the first depot to be used in cases of
nutritional deficiency (Mervyn and Leat 1983), the level of PPARy mRNA in SC fat may
be indicative of, as well as sensitive to, nutritional levels.

We demonstrated a significant positive correlation of SC fat PPARy mRNA
expression with SC fat LPL in Holstein and Charelais. As LPL contains a functional

PPAR response element (Schoonjans et al., 1996), PPARy may have a role in regulating
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the increase in fatty actd oxidation in SC fat through the action of LPL. Lapsys et al.
(2000) also observed a positive correlation between PPARY and LPL mRNA transcript
levels in human muscle tissue.

A significant correlation was observed only in Charolais cattle, between SC fat
PPARy mRNA and leptin mRNA in the SC, PR, and OM fat depots. Bellmann et al.
(2002) theorized, based on their observations of the same research animals, that catile
which are genetically selected to transform nutrients into muscle components are more
regulated by leptin. This was also observed in an analysis of crossbred Wagyu cattle by
Wegner et al. (2001). Evidence of a regulatory role of PPARY in leptin expression first
came from the localization of a putative binding site for PPARY in the leptin promoter of
rats (Hollenberg et al., 1997). Furthermore, obese human carriers of a silent PPARy
polymorphism had higher plasma leptin levels than wild-type subjects (Meirhaeghe et al.,
1998). A study with rats demonstrated that leptin injection increased the expression of
PPARYy protein in adipocytes (Qian et al., 1998). A leptin-induced signal might cause
PPARy phosphorylation, thus resulting in adipose-apoptotic signal transduction (Qian et
al., 1998). We thercfore hypothesize that PPARy and leptin may directly regulate cach
other and that this regulation can be observed in breeds that are selected for muscle rather |
than fat deposition.

PR fat is an internal depot that protects and supports the kidneys, and is known to
be the first depot to develop in ruminants (Mervyn and Leat 1983). In contrast to SC fat,
PR fat hyperplasia is completed by 8 mo of age with further growth due mainly to
hypertrophy {Hood and Allen 1973; Truscott et al., 1983; Mendizabal et al., 1999). The

equivalent levels of PPARy mRNA measured for both breeds in the PR depot may result
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from the maintenance of the adipocytes at their current size, but more likely could
indicate that a pool of PPARy mRNA is maintained at equivalent concentrations in the
adipose depots.

OM fat is an internal depot responsible for the protection and support of the
intestines. As it is considered to be a commercially valueless depot, little attention is
given to ité characterization. OM fat is observed in all newborn cattle and growth is
observed until at least 24 mo of age (unpublished observations). Growth of the OM fat
depot, as in PR fat, is mainly due to hypertrophy (Mendizabal et al., 1999). Qur observed
equivalent PPARy mRNA levels between Holstein and Charolais cattle is not a reflection
of the amount of OM fat in the carcass as Charolais cattle had less (P < 0.01) fat in the
OM depot than did the Holstein cattle. The higher expression of PPARy mRNA in OM
fat in Charolais cattle is thought to be a reflection of development potential of the
different breeds as well as the different depots. Mtenga et al. (1996) observed in goats
that OM is one of the last depots to develop and fully mature. Adipocyte hyperplasia may
therefore be ongoing in the Charolais cattle at slaughter age and is reflected in the slightly
higher PPARy mRNA levels in this depot. Observations in human subjects have exhibited
contrasting resuits. Montague ¢t al. (1998) and Krempler et al. (2000) reported no
differences in the level of PPARy mRNA between SC and OM fat while Lefebvre et al.
{1998) demonstrated a two-fold higher level of PPARY mRNA expression in SC as

compared to OM adipose tissue. Therefore, in human subjects, as in cattle, PPARy
mRNA levels do not appear to reflect the amount of adipose tissue in the depot.
Deposition of IM fat has been observed in very young cattle, but the majority of

development occurs very late in life (Mervyn and Leat 1983; Albrecht et al., 1996;
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Nighimura et al., 1999). IM fat may serve as an immediate energy source for muscles due

to its immediate proximity to muscle cells and TM fat may also serve as a depot for fatty
acids not oxidized by muscle fibres. The deposition of IM fat is closely aned to breed
(Zembayashi et al., 1995; Herring et al., 1996), the sire used (Vieselmeyer et al., 1996),
and the finishing system (Zembayashi 1994; Allen et al., 1996) and is also associated
.with excessive deposition of fat in other depots of the body, particularly the SC depot
(Mervyn and Leat 1983; May et al., 1992). IM hyperplasia has been observed at 14 mo of
age (Allen 1976; Hood 1977; Enser and Wood 1978) and results from our lab have
shown hypertrophy up to 24 mo of age (Albrecht et al., 1996). Indeed, Nishimura et al.
(1999) demonstrated that Jongissimus IM fat depots have only reached 40% of their
maximum size by the typical age of slaughter in Europe (18 mo of age). The low (P <
0.05) PPARy mRNA levels observed in the IM fat depot suggest that this depot has only
partially matured and still has great potential to develop IM adipocytes. May et al. (1995)
conpluded that IM fat is a less mature depot than SC fat at the time of slaughter in
conveﬁtional management regimens, confirming our observations.

We demonstrated a significant correlation of IM fat PPARy expression with leptin
in the SC fat depot for both Holstein and Charolais bulls. The lipostat theory (Rousseau et
al., 1997) states that leptin serves as a signal reflecting the state of energy stores
(including body fat, cell size and number) in the fat depot. The authors also state that
leptin expression is under nutritional (both quantity and quality) control. We hypothesize
that the SC fat depot may influence IM fat development through leptin. Qian et al. (1998)
previously demonstrated that injection of leptin results in an increase in PPARYy levels,

giving credence to our theory. Smith and Crouse (1984), however, have shown that IM
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fat development is independent of the development of other fat depots. The significant
correlation observed in Holstein between IM PPARYy and /ongissimus IM fat might
indicate that PPARy could serve as a marker for IM fat development because through
biopsy measurements of mRNA expression level may be obtainable early in the life of
the animal. A clear understanding, however, of why the relationship was only observed in
one breed must be obtained prior to further interpretation.

Torii et al. (1998) demonstrated that bovine skeletal muscle contains fibroblast-
like cells that possess functionally active PPARy and suggested that these cells contribute
to the deposition of IM fat. Other reports have described PPARy expression in human
skeletal muscle (Lapsys et al., 2000), fibroblast cells adjacent to murine skeletal muscle
(Lohrke et al., 2000), and human vascular smooth muscle cells (Benson et al., 2000).
Using immunohistochemistry, PPARy expression was observed within the nuclei of
human guadriceps muscle, rat soleus muscle, and adjacent vascular endothelial cells
(Zierath et al., 1998). The origin of the cells expressing PPARy in MU is not completely
clear. One potential source is a population of mesenchymal stem cells resident in rat

skeletal muscle, observed in both neonatal and adult animals (Pate et al., 1993; Lucas et
al., 1995). Conversely, the expression of PPARY in muscle may stem from endothelial
cells that have also been shown to express PPARy (Marx et al., 1999). In our
investigation, PPARy mRNA expression in MU was lower (P < 0.05) compared to SC,

PR, OM, and IM fat depots, as we used whole longissimus, separated from IM fat, as the

source of the mRNA for our analysis. Torii et al. (1998) observed only slightly lower

PPARy protein level in the bovine skeletal muscle-derived fibroblast-like cells when
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compared to PR fat. Differences in protein level and mRNA expression profiles may

account for this difference.

An alternate source of PPARy mRNA is the muscle fibres themselves. Zierath et
al. (1998) clearly demonstrated that PP ARy is cxpressed in the nuclei of muscle fibres.
The number of muscle fibres expressing PPARy was not measured, so the primary source
of PPARy in muscle is not currently known. The fibroblast-like cells expressing PPARy
in skeletal muscle most likely contribute to the formation of adipocytes (Torii et al.,
1998), whereas PPARy expressed in the muscle fibres contributes to the sensitization of
insulin in insulin-resistant cells (Zierath et al., 1998). In addition, Boelsterli and
Bedoucha (2002) have shown that prolonged activation of PPARY in liver has been
shown to result in steatosis. PPARY in the muscle may therefore be a target used in the
prevention of steatosis in cattle. The significant correlations we observed between MU
PPAR_Y mRNA levels and fét carcass characteristics may result from signals between fat
depots and fibroblast cells in the muscle, which possess the ability to differentiate into
adipocytes. A better understanding of the respective roles of hyperplasia and hypertrophy
in the tissues could be obtained if the expression of PPARy that caused adipogenesis
could be differentiated from the expression of PPARy that maintains the adipocyte.

Further investigation in this area could shed new light on the process of bovine

adipogenesis.

3.6 Conclusion
The absolute expression level of PPARY mRNA may be an indication of the extent of

adipocyte development in cattle. As expression of PPARy was equivalent in SC and PR
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depots, and only slightly higher in Charolais bulls for CM fat, the formation of new

~ adipocytes in these depots had most likely finished while hypertrophy continued until
slaughter as long as sufficient nutrients were available. On the other hand, TM fat
hyperplasia is still active while adipocyte hyperplasia in MU tissue is at an early stage of
deVelopment. MU PPARYy expression most likély originates from both muscles and
mesenchymal cells residgnt in the skeletal muscle. Leptin expression from the SC fat
depot may have a role in the regulation of PPARY expression in the IM fat depot,
resulting in the development of marbling fat in the muscle. The nutritionally controlled
SC faf depot, therefore, may have a role in the determination of IM fat development
through PPARY and leptin. This could have an impact on breeding strategies aimed at
tncreasing TM fat formation while decreasing other depot fat stores for better meat quality
and greater production efficiency.
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4. IMMUNOHISTOCHEMICAL LLOCALISATION OF PREADIPOCYTE
Facror-1: PorentiaL MARKER OF PREADIPOCYTES IN BovINE
MuscLg TissSUE

4.1 Abstl;act

The objective of the present study was to develop an immunohistochemical technique to
locate and quantify preadipocytes in bovine muscle tissue. Preadipocyte factor-1 {pref-1)
is a transmembra.m profein that possesses six Epidermal Growth Factor (EGF)-like
sequences at the extracellular domain, a single transmembrane domain and a short
miracellular tail and is part of the family of EGF-like repeat-containing proteins that are
involved in cell fate determination. Pref-1 is highly expressed in preadipocytes, but
expression is completely _abolished during differentiation into an adipocyte. In the present
study, reverse transcription polymerase chain reaction demonstrated the bovine
intramuscular adipose tissue contains the three splice forms of pref-1 (A, C2, and E)
previously demonstrated to be expressed in bovine adipose tissue. As well, Western blots
were used to confirm that the protein for pref-1 was expressed in intramuscular adipose
tissue. The polyclonal antibodies against pref-1 were then tested against a cell culture of
bovine preadipocytes from an embryo source to confirm that the antibody would function
at immunolocating bovine preadipocytes. The antibody was tested in sections of
longissimus dorsi muscle from Charolais and Holstein cattle. Immunohistochemical
results showed that pref-1 is expressed in the perimycium near mature adipocytes and
near blood vessels. The pool size of preadipocytes appeared to be low. Previous reports,
however, have demonstrated that preadipocytes are known to divide providing an endless

source of adipogenic precursor cells.
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4.2 Introduction

During times of decreased food availability or during extended periods away from
an immédiate source of food, animals must have a source of energy that is both light and
compact. Triacylglycerol (TAG) sefves this purpose because it is energy dense and
hydrophobic, as one gram of TAG contains virtually no water whereas a gram of
glycogen contains upwards of 75% water. TAG can be stored in virtually any cell of the
body (Pond, 1992). Lower vertebrates store the majority of their TAG in skeletal muscle
and liver whereas higher vertebrates have evolved a speciality type of cell, the adipocyte,
to store TAG. Adipocytes are the major cellular component of adipose tissue with the
6ther cellular components including blood vessel and tymph channel cells along with
connective tissue and pfeadipocytes (aiso known as fibroblast-like mesenchymal cells).

Anatomical studies by Pond (1986) showed that there are some 16 adipose depots
in mammals and birds in the abdominal cavity, within the musculature and under the
skin. The intramuscular (i.m.) adipose depot comprises a true adipose tissue being
composed of adipocytes embedded in a connective tissue matrix and occurring in close
proximity.to a blood capillary network (Hood and Allen, 1973). In cattle, adipocytes from
the i.m. depot are generally smaller in diameter (Cianzio et al., 1985) and generally occur
in clusters of 15 to 20 adipocyte cells. The smaller i.m. adipocyte size and their proximity

| to blood vessels in muscle tissue suggests that they serve as an immedsate source of

energy for muscle fibres (Pond, 1992).

The development of large deposits of i.m. adipocytes in cattle is called marbling.
Marbling has been shown to have a low association with meat palatability, tenderness and

juiciness (Wheeler et al., 1994; Jeremiah, 1996; Johnston, 2003). Marbling is an
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important trait to the meat packing industry because carcasses containing greater amounts
of marbling are given a higher sale value. In. addition, the deposition of i.m. fat in cattle is
a continucusly varying trait exhibiting a high degree of heritability with levels of up to
0.65 when evaluated in individual cattle at a constant age (Marschall, 1999). The
relatively high level of heritability, along with the poor association between the
deposition of i.m. fat and fat in other adipose depots (Cianzio et al. 1985), opens up the
opportunity to select for the marbling traits using breeding schemes (Kinghorn and
Simm, 1999).

The differentiation process of a preadipocyte to an adipocyte, known as
adipogenesis, involves the change in expression of approximately 2000 different genes
(Guo and Liao, 2000). Of those genes, very few have been characterised for their
respective function in the differentiation process as over 100 expressed sequence tags
representing uncharacterised genes were expressed only in preadipocytes or in adipocytes
(Guo and Liao, 2000). In addition, unlike adipocytes, preadipocyles are capable of
undergoing cell division making attempts at quantification of the adipocyte
developmental potential in tissue difficult (reviewed by Gregoire et al., 1998).

Numerous methods to stain for and quantify fully mature adipocytes in muscle
tissue have been developed and validated {Preece, 1972; Hausman, 1981). These
procedures have been established because the major component of adipocytes, TAG, is
easily visualised microscopically with the use of stains such as Oil Red O and Sudan
Black B. Undifferentiated adipocytes, or preadipocytes, however, cannot be distinguished
solely on the basis of their morphology. Attempts therefore have been undertaken to

develop immunohistochemical techniques to locate and determine the number of
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preadipocytes in order to assess the size of the preadipocyte population in different
tissues. Hollenberg and Vost (1968) first demonstrated the existence of preadipocytes in
adult tissue through studics in rat adipose tissue using thymidine incorporation into DNA.
The ongin of these preadipocytes, however, is still under debate. Research using
multipotent clonal cell lines has suggested that the lineage of preadipocyles originate
from embryonic stem cell precursors that have the capacity to differentiate into
adipocyte, chondrocyte, osteoblast and myocyte mesodermal cell types (Gregoire et al.,
1998). Converscly, a bone marrow stromal cell type has been shown to give rise to
adipogenic and osteogenic cells (Gregoire et al., 1998) thus suggesting an unlimited
supply of progenitor adipocyte celis.

Histochemical studies with rats indicated that S-100 protein, thought to be a
carrier of FAs in the lipolytic mechanisms of adipocytes (Haimoto et al., 1985), is present
in normal, early and late preadipocytes that are found in mature epididymal adipose tissue
in vivo and in vitro {Cinti et al., 1989). Additional studies indicated that S-100 protein is
expressed in preadipocyte cells of human embryonal subcutis (mesenchymal celis
differentiating into fibroblasts and fibrocytes and endothelial cclls) origin (Atanassova,
2001). Both studies indicated that S-100 protein might be used as a reliable biochemical
and immunocytochemical marker to distinguish early preadipocyte cells from fibroblast
cells. S-100 protein was expressed, however, in mature adipocytes thus limiting the use
of S-100 protein as a preadipocyte-specific marker. Analyses by Wright and Hausman
(1990) also indicated that certain cellular cell surface components could be used as
targets for differentiating between immature and mature adipocytes. The monocional

antibodies AD-1 and AD-2 were developed by Wright and Hausman (1990), and later Yu
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et al. (1997) developed the AD-3 antibody, used as a marker of preadipocytes, which
immunolocates an unidentified cell surface protein.

Preadipocyté factor-1 (pfef—l), also known as dlk (Lee et al,, 1995),isa
transmembrane.protein that possesses six Epidermal Growth Factor (EGF)-like sequences
at the extracellular domain, a single transmembrane domain and a short intracellular tail
(reviewed by Laborda, 2000). Pref-1 contains two proteolytic processing sites, that upon
cleavage by an as yet uncharacterised proteaée, result in 50 and 25 kDa soluble proteins
{Smas et al., 1997). Pref-1 is abundantly expressed in preadipocytes, characterised by
complete abolishment of expression during adipocyte conversion, with constitufive
‘overexpression blocking adipogenesis (Smas and Sul, 1993). Results therefore indicated
that pfef—l may serve as a ﬁ'otential marker of preadipocytes. The current study
demonstrates an immunohistochemical method for immunolocalizing preadipocytes in

tissue using pref-1 as a marker of preadipocytes.

'4..3 Materials and Methods
4.3.1 Animals and Diet

German Holstein and Charolais bulls (Bos taurus) were used in the investigation.
Animals were cared for according to the regulations of the Animal Protection Committee
from the German Ministry for Consumer Protection, Food and Agriculture. Calves were
fed with a milk replacer diet up to 4 mo of age. After weaning, the bulls received a body
weight-related diet consisting of concentrates based on barley, beet pulp and soybean

extract meal (92.8% organic matter, 15% crude protein, and 9% crude fibre) and hay. All
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animals were reared using a tethering system in individual pens and were fed the same
diet. The dietary intake of the study animals in described in Kithn et al. (2002).
4.3.2 Muscle Sample Collection

All animals were slaughtered at 18 mo of age in the Research Institute’s abattotr.
Muscle samples were obtained immediately post mortem from the central surfaces of
longissimus dorsi muscles of German Holstein or Charolais cattle. The samples were
immediately flash frozen in liquid nitrogen and stored at -80°C until sectioning or
RNA/protein isolation.

4.3.3 RT-PCR |

Total RNA was isolated from the i.m. fat samples using TRIzol reagent (Life
Technologie GmbH, Karlsruhe, Germany) according to the manufacturer’s instructions.
Samples of muscle tisstie were magnified 20x using a dissection microscope (AskAnia
GSZ 2T, Gérmany) while the i.m. fat was separated from the muscle tissue that was held
on dry ice. L m. fat was stored in RNAlater {Ambion, Inc. Austin, Texas) at ~20°C until
RNA or protein extraction within a 2 week period.

RNA yields and purities were assessed by absorbance at 260 and 280 nm using a
RNA/DNA calculator (Pharmacia GeneQuahtTM, Erlangen, Germany). Ratios of
absorbtion (260/280 nm) of all samples were between 1.7 and 2.0.

The cDNA was synthesised using 1.0 ug of total RNA from each sample. To
eliminate residual genomic DNA from the RNA sample, 1 unit of DNasel (Roche
Diagnostics GmbH, Mannheim, Germany) was added, prior to the reverse transcription
(RT) reaction, and incubated at 37°C for 30 min followed by heat inactivation of the

enzyme at 75°C for 5 min (Huang et al., 1996). RNA samples were denatured at 65°C for
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_ 15 min and placed on ice for 5 min before RT. The final reaction volume of 25 L
éontajned 1x reaction buffer, 5 mM MgCly, 1 mM of dNTPs, 3.2 pg of random hexamer
primer, 50 units of RNase inhibitor, 0.01 mg/mL gelatin and 20 units of AMV reverse
tran écriptase (1% Strand ¢cDNA Synthesis Kit, Roche Diagnostics GmbH). The reaction
Wés performea at 25°C for 10 min, 42°C for 60 min, 99°C for 5 min for enzyme
inactivation, aﬁd 4°C for 5 min. The RT products were either stored at —20°C or used
tmmediately for polymerase chain reaction (PCR).

The PCR reaction was performed in a 50 uL reaction volume containing 2 pL of
tissue—speciﬁc cDNA (equivalent to 80 ng starting RNA), 1.5 mM MgCl,, 2 units of Taq
DNA polymerase (Roche Diagnostics GmbH), 0.2 mM of dNTPs and 0.4 uM of each
primer. For amplification of pref-1 the following primer pairs were used: forward 5°-
GGT QAC TTC CGC TGC CGT TGC-3° .and reverse 5’-GAT GGT GAA GCA GAT
GGC CTG, the latter of which brackets the alternative splice-donors and splice acceptors
and aré both specific for bovine pref-1 (Figure 12) (Minoshima et al., 2001; Fahrenkrug
et al., 1999). After amplification, 10 uL of the PCR products were used for
electrophoresis ona 2% agarose gel. Gels were stained with ethidium bromide and
1maged using the Kodak DS Electrophoresis Documentation and Analysis System 120
(Eastman Kodak Company, Rochester, NY, USA). For the control samples, 2 pL of
water was used instead of the tissue-specific cDNA.

4.3.4 Western blotting

Protein expression was analysed using Western blotting. Equivalent

concenirations of i.m. fat protein (50 pg) were resolved by SDS-PAGE (Laemmli, 1970)

with a separating gel consisting of 12% acrylamide/bis (12% total conceniration; 1.1%

86



M A A T A AL L P A L L L L L A F G R 8

atggccgegaccgcagecctectgecegeectettgetectgetggetttoggecgeagt 60
A H G A E C P P A CHPEWNGF C D DD
geceocatggagctgaatgetteecggectgeoraceetgaaaatggattetgegacgatgac 120
s vV ¢ R C Q P G W O G P L C D Q C V T F
agtgtgtgcaggtgecagectggetggcagggteccetgtgtgaccagtgocgtgaccttt 180
P G C VvV N G L C V E P W Q C I €C K D G W
coeggetgtgtgaacggectetgegtggagecatggeagtgeatetgcaaggacggetgyg 240
b G ¥ L ¢ DL D I RACT S T » € A N N

. gacggacacctcotgtgacctagacatcegggettgeacctegaceccectgegecaacaac _ 300
.G T ¢ L ¥ L. b b 6 Q@ ¥ B C 8 C A P G F 8§

. ggcacctgectgaaccetcgatgacggecagtacgagtgetectgegocooegggttetea 364
G K b ¢ Qg EM D GP C V V N G S§ P C @ H
ggaaaggdattgtecaggaaatggatgggccctgegtggtgaatggectcgecectgeceageac 420
@ G 8§ ¢ vVDDEGT®RAPHUDMALVCLC P P
ggaggcagctgegtggacgatgagggccgggecccccacgetgtotgectgtgeecceact 480
G F 8§ &g N F C E I VvV TN S C I P N P C E
ggcttectogggecaacttetgegagatcgtgaccaacagetgecatcocecaaccegtgegag 540
N Q 6 T.¢ T b I G G D F R C R C P A G F
aaccagggcatctgeaccgacategggaggtgacttecgetgeocgttgeececgeeggette 600
M D K T C S R P VN T T 58 E P C L N G
atggacaagacctgcecagcegececggtgaacacctgcaccagcgagecegtgeoctcaacgge 660
¢ T ¢ L Q H &8 Q VvV 858 F E ¢ L C€C K P A F T
ggcacctgcctgcagcactccgggg‘cztgagcttcgagtgtctgtgcaagcccgcgttcacc 720
G P R C G R KRA A AUG P Qg Q V TR UL P 8§
ggceeccggtgtggeoggaagegegeggegagaoeocageaggdptcaccegtetgececage 780
¢ ¥y 6L T Y R L TP G V HEL P V P Q P
ggttacgggctgacctacecgeetgacceccggggtgeacgagetgeoggtgcegeagoeo 840
E H R VL K VvV 8 M XK E L ¥ K S T P L L 8
gagcaccgcgtoctgaaggtgtccatgaaggagetcaacaagagcactocegetecteotoo 900

E ¢ QA T ¢ F T I L GGV L T S8 L V V L G
gagggacaggd ., pzocatetgetteaccatectgggegtgetecaceagoctggtggtectggge 960

T M 6 T VvV *FP L, K ¢ E A W vV 8§ N L R Y N

accatgggcatcgtcttaoctcaacaagtgegaggectgggtgteccaatetgegetacaac 1020

H M L R K K KX N & L LH ¥ N 8 G E E L A
cacatgttgcgcaagaagaagaacctgetgetgecactacaacageggggaggagcectggec 1080

vV N I V F P E K I D M T TVF T KE A G E
gtcaacategtettococoggagaagategacatgaccaccttecadcaaggaggecggegayg 1140

E E I *
gaggagatctga 1152

Figure 12. Nucleotide and deduced amino acid sequence for bovine pref-1 A. The forward

(single underlined nucieotide sequence) and reverse (double underlined nucleotide
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sequence) primer séquehccs are noted. The reverse primer sequence is broken into two
segments due to the i}'redicted alternative splicing events. The symbols £, and &g
deﬁct'e the alternative splice sites that produce the C2 an E splice forms, Beginning at the
trans]ati;an start stte, the underlined amino acid sequence denotes the respective ].océtion
of the signal peptide, epidermal growth factor (EGF)—]ike repeats 1,2, 3,4, 5, and 6, and

the transmembrane region. -
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crdss-linker), Protein was obtained afier RNA extraction foliowing the TRIzol reagent
pfotocol (Life Technolo gie} aécording to the man.ufacturer’s instructions for protein
extraction. The gel was electroblotted onto nitroceliulose, and placed in 1x TBS. (10 mM
Tris-HCI, pH 7.5, 150 mM NaCl) for 20 min. The blot was blocked for 60 min at room
temperature with shaking in a 3% (w/v) solution of gelatin in TBS. Immunoblotting was
performed following the protocol for the goat anti-rabbit IgG (H and L) horse radish
peroxidase (HRP) lmmuﬁ—Blot Assay Kit (Bio-Rad Laboratories, Miinchen, Germany)
using a pref-1 antibbdy concentration of 1:500. The antibody was designed based on both
the intracellular and extracellular regions of the rat pref-1 sequence and is described by
Carlsson et al. (1997).
4.3.5 liﬁmunocytoéhemﬁcal reaction with pref-1 antibody

Bovine embryonic muscle preadipocytes were acquired from the Federal
Research Centre for Virus Diseases of Animals, Insel Riems, Germany. Cells were
maintained in Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal
bovine serum. Prior to the immunocytochemical reaction, cells were fixed in 4%
paraformaldehyde at 4°C for 20 min. Cell permeabolization was performed using 0.2%
Triten X-100 in llx phosphate buffered saline (PBS) (500 uM KH,POy4, 5 mM Na HPOq,
68.5 mM NacCl, 1350 uM KCI, pH 7.4) for 20 min at room temperature. Cells were
cenﬁ’ifuged at 310 x g for 5 min at room temperature, rinsed with 1x PBS for 5 min, and
centrifuged again. The immunocytochemical reaction followed the protocol for the
Tyramide Signalling Amplification (TSA) Kit #19 (Molecular Probes, Eugene, OR,
USA) with a few modifications. Procedures were performed at room temperature except

where stated. Endogenous peroxidase activity was blocked with 1% H,0; for 60 min and
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cells were subsequently spun at 310 x g for 5 min at room temperature. Cells were
incubated in 1% blocking agent for 60 min at room temperature, incubated with pref-1
antibody diluted 1:30 in blocking agent overnight at 4°C, rinsed once with 1x PBS for
five min, and incubated with a 1:100 d?']ution of HRP conjugate working solution for 60
min. Cells were rinsed once for S min in 1x PBS. Tyfamide labelling of the cells followed
the manufacturers recommended protocol. Counter-staining was performed using
lmg/mL bis-benzimide (Hoechst, see below) (Sigma-Aldrich, Taufkirchen, Germany) to
stain for all cell nucleic acid for a 10 min incubation period. Cells were spun as above,
plated on SupetFrost*/Plus slides (Menzel-Gliser, Karlsruhe, Germany) previously
treated with 0.1% poly-L-lysine (Sigma}, cover-slipped with an aqueous-based mounting
media, and viewed with the ﬂuoresceht MICTOSCOpE.
- 4.3.6 Immunchistechemical reaction with pref-1 antibody

Ten micron thick transverse muscle sections were cut using a Cryostat 2800N
Frigocut (Reichert-Jung, Leica, Bensheim, Germany) set at -21°C. Sections were placed
on SuperFrost*/PIus stides (Menzel-Gliser) previously treated with 0.1% poly-L-lysine
(Sigma). Sections were allowed to sit at room temperature to dry, fixed m 2%
paréformaldehyde, 0.1 M L;lysine, 0.1 M sodium meta-periodate in 0.1 M Na,HPO,, (pH
7.4 (PLP) solution (made immediately prior to use} for 20 min at 4°C and rinsed three
times for five min in 1x PBS. Antigen retrieval was performed by microwaving the
sections two times for five min each in Coplin jars each time in 0.05 M glycine-HCl
~ buffer (pH 3.5) that was changed every five min. Sections were rinsed three times in 1x
PBS for five min, permeabolized with acetone for 20 min at -20°C, and rinsed once with

1x PBS for five min.
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The immunohistochemical reaction followed the protocol for the TSA Kit #19
(Molecular Probes, Eugene, OR, USA). Endogenous peroxidase activity was blocked
with 1% H,Q; for 60 min. Briefly, sections were incubated in 1% blocking agent for 60

‘min at.roorn temperature. The tissue was incubated with pref-1 antibody diluted 1:20 in
blocking agent for 60 min, rinsed three times with 1x PBS for five min each and
incubated with a 1:100 dilution of HRP conjugate working solution for 60 min. Sections
were rinsed three times for 5 min cach in 1x PBS. Tyramide labelling of the sections
followed the manufacturers recommended protocol. Table 5 provides an overview
comparing the immunccytochemical and immunohistochemical staining procedures.
Controls for cell culture and tissue sfaining consisted of the respective immunostaining
protocol with the absence of pref-1 antibody.

4.3.7 Nuclear localisation and adipocyte staining

Bis-benzimide (Hoechst, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany)
was used to stain for all cell nucleic acid. Stock bis-benzimide was made by dissolving
0.001 g of bis-benzimide in 1 mL of deionised water. A sufficient aliquot of the stock to
cover the sections was incubated for 10 min at room temperature after which the sections
or cells were rinsed once for 5 min in water.

A stock solution of Oil-Red O (Chroma GmbH-+Co. KG, Munster-Roxel, Germany) was
prepared by adding 0.50 g oil red O in 0.10 L isopropanol (CHROMA GmbH+Co. KG).
Prior to staining, 12 mL oi] red O stock was diluted in 8 mL deionized water and left to
stand for 20 min. The diluted oil red O solution was filtered through Whatman paper
number 42 (Whatman, Maidstone, UK) to remove any crystallized otl red O. Only muscle

sections were immersed in the final working solution for 10 min at room temperature and
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.washed three times using deionised water for 5 min each. Muscle sections and plated
preadipocyte cells were covered with a co'\:;crslip using MOWIOL (Sigma).

4.3.8 Image acquisiti.on

Cells and sections were visualised using a Microphot-SA ﬂuorescénce microscope
{(Nikon, Europe B.V., The Netherlands) equipped with 3-CCD colour camera (Sony,
Japan) attached to a Pentium [IT 700 MHz PC computer. Immunostained sections were
examined in brightfield as well as in epifluorescence using a FITC/Auramine excitation
filter (420 — 490 nm). Digitally captured images were processed using Image C software
(version 2.52, Level 510, Aquinto, Berlin, Germany). Images containing positive
reactions for pref- 1_ antibody were captured from different areas of multiple sections. All

images (768 x 576 pixels) were saved as TTFF files to maximize image quality.

4.4 Results
4'.4_.1 Expressiqn of pref-1 mRNA

The coding sequence for full length pref-1A shown in Figure 12 was obtained
from Féhr_c—:nkrug et al. (1999) along with the derived information outlined in Vuocolo et
al. (2003); The PCR primers used to anip]jfy the three characterized bovine splice forms
(pref—lA, pref-1E, and pref-1C2) are noted along with the deduced amino acid sequence
and the location of the signal peptide, six EGF-like repeats and the transmembrane
region. RT-PCR was used to amplify the splice forms from bovine 1.m. adipose tissue,
identified based on the size of the migrated bands (Figure 13). Results indicated that i.m.

adipose tissue in cattle contain the mRNA for the three splice forms (two analogous to
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Table 5. Summarized immunocytochemical and immunohistochemical staining protocol
for preadipocyte factor-1 (pref-1). All protocols were performed at room tempetrature
unless otherwise stated. ® This procedure has also been performed using 0.8 M urea with

a lesser degree of permeation. ® This procedure has also been performed using Triton X-

100 for bovine muscle tissue and was unsuccessful due to the delipidising effect of Triton

X-100.

Treatment Bovine Preadipocyte Cell Bovine Muscle Tissue
Culture

Fixation 4% paraformaldehyde, 4°C, PLP, 4°C, 20 min
20 min :

Rinsing Centrifuged 310 x g 5min, 1xPBS, 3x, 5 min

Pretreatment ®

Rinsing

Permeabolization °

Rinsing

Peroxidase Quench

Rinsing
Blocking
Incubation

Rinsing

Incubation

Rinsing

Incubation

Rinsing

Staining
Staining
Rinsing
Mounting

rinsed 1x PBS, 5 min,
recentrifuged

0.2% Triton X-100 (in 1x
PBS), 20 min

Centrifuged 310 x g 5 min,
rinsed 1x PBS, 5 min,
recentrifuged

1% H,0,, 60 min
Centrifuged 310 x g 5 min,
rinsed 1x PBS, 5 min,
recentrifuged

1% Blocking Agent, 60 min
Pref-1 Ab 1:30, overmight at
4°C

Centrifuged 310 x g 5 min,
rmsed 1x PBS, 5 min,
recentrifuged

Horse Radish Peroxidase
conjugate 1:100, 60 min
Centrifuged 310 x g 5 nun,
rinsed 1x PBS, S min,
recentrifuged

Tyramide labelling, 1:100,
10 min

Centrifuged 310 x g 5 min,
rinsed 1x PBS, 5 min,
recentrifuged
Bis-benzimide, 10 min
deionised water, 5 min
MOWIOL

Microwave, .05 M glycine-
HCI (pH 3.5), 2x, 5 min

1x PBS, 3x, 5 min

Acetone, -20°C, 20 min

1x PBS, 3x, 5 min

1% HzOz, 60 min
1x PBS, 3x, 5 min

1% Blocking Agent, 60 min
Pref-1 Ab 1:20, 60 min,

1x PBS, 3x, 5 min

Horse Radish Peroxidase
conjugate 1:100, 60 min
1x PBS, 3%, 5 min

Tyramide labelling, 1:100,
10 min
1x PBS, 3x, 5 min

Bis-benzimide, 10 min
01l-Red O, 10 min
deionised water, 5 min
MOWIOL
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Figure 13. The expression of pref-1 mRNA in the intramuscular adipose depot from
Holstein and Charelais cattle. Total mRNAs were extracted, sampled after slaughter, and
reverse transcriptase-polymerase chain reaction (RT-PCR) was performed using a pair of
boviné-speciﬁc pref-1 primers. PCR products resolved by electrophoresis on 2% agarose
gels for the purpose of confirming the presence of pref-1 mRNA in the intramuscular
adipose depot. The bp ladder is denoted to the left of the gel whereas the proposed splice
forms of pref-1 are denoted on the right. Lanes 1 and 2 are from Holstein whereas 3, 4
and 5 are from Charolais, with lane 6 as a negative control (water replaced cDNA in the
reaction). The letters A, E and C2 designate the respective splice forms known to exist in

cattle.
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the human and mouse forms and one unique cattie form (E)) identified previqusly by
Fahrenkrug et al. (1999).
4.4.2 Expression ef pref-1 protein

To confirm that pref-1 protein was present in bovine i.m. adipose tissue, Westém
analysis of isolated protein Was conducted. Use of pref-1 specific antibody detected
multiple forms of pref-1 in the range of 45 to 60 kDa indicating that bovine i.m. adipose
tissue contains cells expressing pref-1 protein (Figure 14).
4.4.3 Tmmunolocalization of pref-1 in bovine preadipocytes

To confirm that the pref-1 antibody would immunolocate bovine preadipocytes, a
bovine preadipocyte cell culture was used as a positive control. The preadipocyte cells
were used within a 24 hour period of culturing because any delay resulted in the
development of triacylglycerel (TAG) droplets in cach cell due to the presence of fetal
bovine serum in the culture medium stimulating adipogenesis, thus indicating that
cellular differentiation had occurred. In the culture, pref-1 immunoreactivity was
localized to the cellular surface of each preadipocyte. The morphological sign of the
immunocytochemical reaction was a fluorescent green stain in pref-1 positive cells,
whereas nucleic acid was morphologically fluorescent blue. The pref-1 positive cells
were round in shape with centrally located nuclet (Figure 15). Most of the positive cells
in culture displayed strong staining (Figure 15A) to the pref-1 antibody, but not all cells
in culture were positive (Figure 15B). All controls appeared negative (see Appendix 2,
Figure 23). A permeabolization step was required for staining to occur as attempts at

staining using only the TSA procedure resulted in no staining (data not shown).
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Figure .14. The.expres'sio_n of pref-.l protein in the intramuscular adipose depot from bulls.
Total protein was extracted, Sampled after siaughter, and applied to a SDS-PAGE (50 pg
per lane) using a separating gel consisting of 12% acrylamide/bis (12% total
concentration; 1.1% cross-linker). The gel was electroblotted onto nitrocellulose and
-immuncblotted using antibodies against pref-1 (1:500 dilution) for the purpose of
confirming the presence of pref-1 protein in the intramuscular adipose depot. Lanes 1
through 6 denote protein from six different German Holstein bulls, whereas lanes 7
through 12 denote protein from six different Charolais bulls. Western blots performed

with no antibody did not exhibit any banding.
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Figure 15. Immunocytochemical reaction (arrows) for pref-1 (A) and corresponding
nucleic acid stain (B) in bovine embryonic muscle preadipocytes. Results confirm that
the antibody employed in the present study, developed from the rat pref-1 sequence

(Carlsson, et al., 1997), was capable of immunolocating bovine preadipocytes.
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4.4.4 Immunolocalization of pref-1 in muscle tissue sections

The pref-1 imﬁmostaining protocol was applied to muscle sections. Muscle sections
were fixed in PLP to prescrve tissue morphology aﬁd antigenicity. Permeabolization was
performed using acetone rather than Triton X-100 due to the delipiclizing effect of Triton
X-100 on adipocytes in the muscle section. Positive reactions for pref-1 were localized to
two regions: in the perimycium near fully differentiated adipocytes (Figure 16) and in the
perimycium near blood vessels (Figure 17). No differences were observable between

either cattle breed, thus, all experimental results were considered together.

4.5 Discussion
| Pre\rious investigators have developed methods to quantify preadipocytes

(Kirkland et al., 1994}, but the tissne morphology was destroyed during processing. Thus,
no information about preadipocyte localization was obtained. In order to develop an
immunohistochemical procedure to localize and quantify preadipocytes in undisturbed
whole muscle tissue, we used antibodies against pref-1 to immunolocate bovine
preadipocytes. The present study suggests that preadipocytes are expressed in low
numbers in the perimycium of bovine skeletal muscle and are located near mature
adipocytes and blood vessels.

In the present study, RT-PCR analysis demonstrated that bovine i.m. adipose
tissue contains the three splice forms previously reported for bovine pref-1 (Fahrenkrug
et al., 1999). Different expression levels of each isoform are visible in the gel, but

quantification of each isoform was not performed. Minoshima et al. (2001) demonstrated
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Figure 16. Immunohistochemical reaction (arrow) for pref-1 (A) and corresponding
nucleic acid stain (B) in bovine longissimus dorsi muscle; *, Adipocyte, +, Muscle fibre.
A positive reaction for pref-1 in the perimycium may indicate the location of a

developing preadipocyte.
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Figure 17. Immunochistochemical reaction (solid line arrow) for pref-1 in bovine muscle
tissuze near blood vessels (dashed line arrow) (A) and corresponding nucleic acid stain {B)
in bovine fongissimus dorsi muscie; +, Muscle fibre. A positive reaction for pref-1 in the

perimycium may indicate the location of a developing preadipocyte.
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that the pref-1A and pref-1C2 splice forms are present in neonatal fat tissue, but no splice
forms were detectable in aduit abdominal fat tissue (sampled at 30 mo of age), thus
suggesting that p:_ref-l eXpression was supp;ressed in an age-dependent mamner. Pref-1
expression is known to be restricted to the stromal-vascular (SV) fraction, but not the
adipocyte fraction of adipose tissue (Mei et al., 2002), possibly explaining the lack of
pref-1 expression observed by Minoshima et al. {2001) due to a lack of enriched SV cells
in their preparation or possibly due to the use of a detection technique with low
sensitivity.
~The present study also mdicated differences in the expression of pref-1 splice
forms 'in differént breeds of cattle. Resulté suggest tha‘; bovine pref-1 splice forms may be
expressed in a bfeed—speciﬁc manner.Vuocolo et al. (2003) demonstrated expression of
the pref-1C2 splice form in bovine cardiac, kidney and omental fat and in cardiac,
semitendinosus and longissimus dorsi muscle using RT-PCR and quantitative real time
| RT-PCR, techniques known to have greater sensitivity. The use of whole skeletal muscle
tissue as opposed to isolated i.m. fat may explain the expression of only one splice form
of pref-1 as compared to the present study. Vuocolo et al. (2003) were unable to detect
expression in subcutaneous or brisket adipose depots in the two animals used (one at 24
mo of age and onc of unspecificd age) and suggested that these depots have little capacity
for further adipogenesis. Robelin (1981), Cianzio et al. (1985) and Truscott et al. (1983)
have all shown apparent subcutanecus adipose tissue hyperplasia in mature amimals, but
no animals over 20 mo of age were samipled. Results suggest that adipocyte hyperplasia
in the subcutaneous adipose depot may be age-dependent or adipocyte cell size dependent

as suggested by Robelin (1981).
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Each adipose depot grows at a different rate and differently with respect to
hypertrophy or hyperplasia. As a general rule, during the finishing phase, the early
déveloping depots (i.e. intermuscular, perirenal and mesenteric fat) have completed their
hyperplastic develépmeﬁt and thus deposit fat by hypertrophy, whereas the subcutaneous
and intramuscular depots continue to develop by hyperplasia and hypertrophy of already
reéruited adipocytes (May et al., 1994, Sainz and Hasting, 2000). In addition, Wegner et
al. (1998) clearly outlined 1.m. ad;ipocyte hyperplasia in Wagyu crossbreeds over a 24
month pericd in longissimus dorst demonstrating that new adipocytes arise in muscular
tissue with age. Nishimura et al. (1999) provided anecdotal evidence of adipocyte
hyperplasia by demonstrating significant increases in crude fat content after 24 mo of age
in Japanese Black steers. Results indicated that the i.m. adipose depot may develop at a
later stage of bovine development and, thus, the expression of pref-1 mRNA may be
different in this depot. In addition, Aso et al. (1995) demonstrated that the intramuscular
adipose tissue from 24 mo old Japanese Black cattle contain a pool of preadipocyte cells
that can differentiate into adipocytes.

The high sequence similarity among bovine, mouse, human and rat dik proteins
has been described previously (see Figure 2 from Laborda, 2000). Alignment analysis of
the protein sequences from four mammalian species demonstrated a high level of
homology among a vanety of species. Results mmdicated that antibodies developed from a
rat source might be used to immunolocate bovine pref-1 protein. Western blot analysis
confirmed that the rat pref-1 antibody used in this study was capable of detecting the

immobilized blotted antigen.
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The low number of pref-1 positive cells in the cell cﬁlture may be due to a delay
in the harvesting of the cells. Bovine serum is known to stimulate preadipocytes to
differentiate into adipocyteé (Torii et al., 1996). In the present study, differentiation was
visualized by the development of small TAG droplets in the cytoplasm of the
differentiating cells. The first stage in the development of an adipocyte 1s known to be the

slight increase in the expression of pref-1, shortly followed by the complete loss of pref-1
(Hansen et al., 1998).. Therefore, those cells not expressing pref-1 protein have most
likely begun the differentiating steps leading to the formation of an adipocyte.
Nevertheless, a positive reaction for pref-1 in the bovine preadipocyte culture
demonstrated that the antibody in use has the potential to immunolocate bovine
preadipocyles. In addition, the expression of pref-1 in preadipocyte cells suggests that it
has arole in preadipocyte differentiation.

Structural and histochemical analyses by Hausman and Thomas (1986) indicated
that a positive relationship existed between adipocyte cluster size and the proximity to the
entry point of large (parent) blood vessels in both perirenal and subcutaneous adipose
tissues. This relationship suggested that lipid deposition and capillary development
depended on blood flow. In addition, the supply of blood vessels within 1° and 2° muscle
bundles has been shown in Japanese Black cattle to result in the formation of i.m. adipose
tissue (Hoshino et al., 1987). Results indicated that adipose tissues were formed around
the vessels within the 2° muscle bundles. Thus, the supply of nutrients to the muscle
tissue 1s directly related to the formation of 1.m. adipocytes. Results from the present
study demonstrated the expression of pref-1 near blood vessels in bovine skeletal muscle,

but the expression level of pref-1 was low based on the number of pref-1 positive cells in
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the immuﬁohistochemical image. Nevertheless, a stem cell population that is maintaiﬁed
by fmyﬁmetﬂc’ division in muscle tissue is believed to serve as the soufce of
preadipocytes (Grounds, 1999). As such, for cach cell that differentiates into an
adipocyte, _anothe; daunghter cell is rf_::tﬁrned to the stem cell pool creating a possibly
endless source of i.m. adipocytes. Histochemical images from the present study suggest
that pfeadipocytes a;‘ise necar mature adipocytés. Thus, the population of preadipocytes
present 111 the 1.m. adipocyte depot may arise from the same preadipocyte cell. Therefore,
detection of one preadipocyte may indicate the location of a newly developing 1.m.
adipocyte population aﬁd may explain why 1.m. adipocytes arise in clusters of 15-20
cells. Additionally, some stem cells in muscle are derived from a bone marrow source via
the blood stream (Grounds, 1999). Tliles.e results, in addition to the observations in the
present study, possibly indicate that quantification of adipocyte precursor cells in muscle
tissue may not be é viable indication of marbling potential in an animal.

Taylor-Jones et al. (2002} demonstrated that adipogenic markers were expressed
in m’yoblééts from older mice that were undergoing myogenic fusion thus increasing the
adipogenic potential of these cells. The authors’ results may explain an additional source
of adipocyte precursor. cells in skeletal muscle tissue from older cattle not observed in the
present study. Also, PPARYI and y2 (transcription factors that regulate the expression of
several genes involved in lipid metabolism and adipogenesis) were both expressed in
older myoblasts, concomitant with no repression of myogenic gene expression. Results
indicated that signalling pathways in myoblasts inhibit specific functions of PPARY.
Previous reports, however, have demonstrated inhibition of myogenic differentiation by

this transcription factor class (Hu et al. 1995; Lecka-Czemik et al., 1999). Overall, results
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from these investigations have suggested that, with ageing, mesenchymal stem cell
populations are replaced with cells that have increased adipogenic potential. Conversely,
ageing mesenchymal cells may inhcrently activate adipogenic gene programs.

It shoﬁld also bé noted that the Callipyge mutation, causing muscle hypertrophy
and leanness, is co-located to the same chromosomal region as pref-1 (Vuocolo ét al.,
$2003) and that sheep containing the Callipyge mutation over-express pref-1 (dlk therein).
They propose that pref-1 overexpression may indicate a precursor cell population that
contributes that abnormal muscle hypertrophy. Conversely, enhanced pref-1 expression

may suppress muscle differentiation, resulting in abnormal muscle cell growth.

4.6 Conclusion

The following study demonstrates that pref-1 may be used as a biochemical and
immunohistochemical marker for preadipocytes in bovine muscle tissue. Results,
h_owever,_ demonstrated that the number of preadipocytes present in the perimycium is
low suggesting that the preadipocyte population is small, that 1.m. preadipocytes arise
from a cell population external to the muscle, or that the i.m. adipocyte population arise
from the same preadipocyte precﬁrsor cell. Interestingly, Mei et al. (2002) recently
demonstrated that only the large soluble form of pref-1 inhibits adipocyte differentiation.
Thus, the generation of antibodies directed towards each respective protein isoform
synthesized from the spliced mRNA may further characterize their respective roles in

bovine adipogenesis.
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S. CoNCLUSIONS AND IMPLICATIONS

The absolute expression level of PPARYy mRNA may be an indication of the
extent of adipocyte development in the animal, but protein expression levels would better
characterize such a relationship. A pool of PPARy mRNA may have been measured that
explains the equivalent levells observed among some of the depots. We hypothesize,
based on the low PPARy mRNA levels that IM fat hyperplasia is still active while
adipocyte hyiner_plasia in MU fissue is at an early stage of development. MU PPARy
expression most likely originates from both muscles and mesenchymal cells resident in
the skeletal muscle. The SC fat depot may have a role in the determination of IM fat
development. Breeding sirategies aimed at increasing TM fat formation while decreasing
other depot fat stores may potentially apply knowledge about the adipocyte development
potential of the respective depots.

The immunohistochemical technique to localize preadipocytes may be used as a
biochemical or histochemical marker to determine the location and number of
preadipocytes in tissue. The application of the technique may be widespread in that the
determination of the preadipocyte population may be an indication of the adipocyte
developmental potential of a tissue. By determining the potential to which a particular
animal may deposit adipocytes in the muscle, cattle breeders may exploit this trait to
amplify the marbling potential of their animals through the use of immunohistochemical
tests on biopsy sections. Conversely, breeders attempting to develop a leaner animal with
a limited amount of adipocytes deposited in the muscle may wish to know the extent to
which their animals may develop i.m. fat deposits and ‘breed-out” this trait. In either case,

cattle breeders will benefit by knowing their animal’s adipocyte developmental potential.
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- The development of an applicable test, however, is many years away as evidence has
shown that preadipocytes may have an extramuscular origin, not accounted for using the
method presented.

In addition, wifh the significant increase in the number of overweight and obese
people in socicty, testing the adipocyte developmental potential of an individual may be
an indication of their respective risk at developing obesity, or weight-related disorders
such as arteriosclerosis or diabetes. Nevertheless, because preadipocytes may arise from
external sources to the tissue under investigation, the extent to which results of
preadipocyte number may be applied, is limited.

The image analysis computer program to determine the amount of i.m. fat in
whole muscle tissue is in use by Dr. Luigi Faucitano from Agniculture and Agri-Foed
Canada. Results may potentially better demonstrate the effect of different feeding
systems or better charactenize the effect of circulating hormone levels on the deposition
of L.m. fat in muscle tissue. It is expected that this program will be substantially improved

upon based on the experience and requirements of initial users.
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6. Furure DirecTiONs

The following section describes recommended directions that the research
outlined in this thesis may take based on my experiences while conducting this research
project. The suggestions may serve as the impetus for additional projects or directions
that current projects may take. The section is divided into the three main subject areas

investigated in this study.

6.1 Investigations into PPARy Expression in Cattle

“The interpretation of the research results were limited in this part of the thesis
study because mRNA expression levels do not always reflect the level of proteinin a
biological system. Quantification of PPARy protein levels would therefore be a natural
extension of the investigation. As such, the significant experimental correlations observed
herein would be reinforced by significant correlations that may be observed among
PP ARy protein levels, carcass characteristics and protein levels of other adipogenic
genes. In addition, real time RT-PCR measurements would reinforce our semi-
quantitative RT-PCR results. Another extension of the research would involve the search
for DNA polymorphism in the promoter region of PPARy. Such results would show
whether variation in the promoter region of PPARy may result in variations observed in

the cattle population.

6.2 Investigations into pref-1 Expression in Cattle
Adaptations to the methodology presented may indicate the predominant pref-1

splice form expressed in bovine tissue. The antibody used in the present thesis
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immunolocates both the intra- and extracellular portions of the pref-1 protein. Thereforé,
the use of splice-form specific antibodies would produce information abouf the degree of
differential splice-form expression. Furthermore, a time-course application of the
procedure to bovine preadipocyte cell culture systems, from the preadipocyte stage to a
fully differentiated adipocyte, may allow for the visualization of pref-1 expression
throughout adipocyte differentiation. A better understanding of the slice form expression
may provide information about each splice form’s respective role in bovine adipogenesis.
Quantification of the respective splice form expression using real time RT-PCR may also
provide information about the respective role of each splice form.

Through the use of muscle biopsy techniques, currently in use at the Research
Institute for the Biology of Farm Anrmals in Dummerstorf, Germany, samples of muscle
tissue throughout the life of the same animal may be obtained. Therefore, through the
application of the technigue described in this thesis, measurements of preadipocyte
number over an animal’s lifetime may be obtained.

In situ hybridisation analysis of muscle tissue to characterize the mRNA
expression of pref-1 would also be a future direction that the research may take.
Currently, a pref-1 cDNA clone obtained in Japan is available to the researchers in
Gemany. Attempts to locate the mRNA for pref-1 would potentially confirm the protein
expression results and possibly shed light on the location of other potential preadipocytes.

The additional results presented in the Appendix demonstrate that pref-1 may also
be expressed in a muscle fibre type specific manner. Serial sections that respectively stain

for pref-1 and for the three different muscle fibre types may allow for the characterization
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of pref-1 in muscle tissue. In addition, Western blot expression or RT-PCR analysis

would corroborate the histochemical sections already obtained.

6.3 Computer Image Analysis of Visible Intramuscular Adipose Tissue in Muscle

The current computer program may benefit from a number of additions. For
example, one important aspect of the deposition of i.m. fat as it relates to a marbling
grade is the distribution of the fat islands throughout the muscle. Currently, the program
does not produce any data that describes the distribution of fat deposits, but this may be
incorporated into the program. The ImageC program will allow each individual pixel in
an image to be weighted based on the colour intensity of the respective pixel. Using such
a function, the muscle’s virtual centre of gravity may be determined thus allowing the
muscle to be divided into four equilateral sections. Thus, the quantity of visible fat
deposits in'each quadrant may be determined after which the deviation among the four
quadrants can be calculated and the degree of deviation from an equal distribution among
the four quadrants determined. Resulis obtained from the current program, however,
would allow for correlation analysis to feeding systems, the deposition of fat in other
adipose depots, circulating hormone levels such as leptin or insulin along with other
carcass characteristics.

Similar image analysis programs have also been used in the objective analysis of
marbling in a slaughterhouse environment. The only limitation to such an application
would be the necessity to section and stain the muscle, which may result in a greater
amount of work than necessary for the information obtained. The application may

however be viable without the use of staining via the inclusion of UV lighting, a light
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source known to ithuminate connective tissue thus allowing for the subtraction of the

effect of the white connective tissue from the i.m. fat.
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ArpEnDIX 1

- DEVELOPMENT OF A CoMPUTER IMAGE ANALYSIS PROGRAM FOR
THE QUANTIFICATION AND CHARACTERIZATION OF
INTRAMUSCULAR ADIPOSE TISSUE

Introduction

In order to be able to objectively characterise the visible adipose tissue that is
deposited in muscle tissue, computer image analysis (CIA) programs have been
developed. Currently, marbling in the slaughterhouse is subjectively given a marbling
score based upon scales respective to each country’s standards (Canada, Canadian Beef
Grading Agency, 2002; USA, Food Safety and Inspection Service, 2002, Japan, Japan
M;:at Grading Associaﬁon, 1988). Many research groups are using CIA programs as a
méthod to obtain data that is used to evaluate feeding studies, evaluate carcasses, and
characterize adipose tissue deposition based on the amount of fat deposited in the
intraﬁmscular (i.m.) depot (Albrecht et al., 1996, Karnuah et al., 2001; Kuchida et al.,
2000). A CIA program was written that 1s able to characterise adipose tissue deposited
intramuscularly from connective tissucs that often appear as white as the deposited fat.
The following methods and computer program were developed to evaluate the fat content

in bovine and porcine muscle tissue samples. The program is currently being evaluated.

Sample Preparation and Staining
A visual outline of muscle sample preparation and the staining protocol is shown
in Figure 18. A 1.5 to 2 cm slice of the 24 h post mortem muscle tissue under

investigation was obtained (Figure 18A). The slices were fixed in 5%
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formaldehyde/calcium for 1 to 3 days and stored in 5% formaldehyde until further
processing. The variability in the length of time in the 5% formaldehyde/calcium solution
depended on the thickness of the section. Using any standard universal meat slicing
machine (Figure 18B), 1 to 2 mm thick slices of the fixed muscle section were obtained
(Figure 18C) and placed in distilled water for 12 h. Qil-Red O {Chroma GmbH+Co. KG,
Munster-Roxel, Germany) was dissolved to make a stock solution by adding 0.50 g oil
red O in 0.10 L isopropanol (CHROMA GmbH+Co. KG). Prior to staining, 12 mL o1l red
O stock was diluted in 8 mL deionised water and lefi to stand for 20 min. The diluted oil
red O solution was filtered through Whatman paper number 42 (Whatman, Maidstone,
UK) to remove any crystallised oil red O. The muscle slices were placed in the staining
solution (Figure 18D) for 6 to 8 h and ninsed in distilled water overnight. The stained
slices were then placed in a 70% isopropanol solution for 2 to 4 h under constant motion.
Samples are rinsed for a minimum of 12 h and .then stored in 5% formaldehyde until
image acquisition (Figure 18E). Figure 19 provides a close-up view of the final stained

muscle section prior to image acquisition.

Image Acquisition

Muscle sections were visualised using a Kodak DS 120 digital camera attached to
a standard camera stand (Eastman Kodak Company, Rochester, NY, USA). Digital
images were imported into a Pentium IIT 700 MHz PC computer. All images (768 x 576

pixels) were saved as TIFF files to maximize image quality.
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Figure 18. General set up and equipment for staining whole muscle sections for computer
image analysis. A, Muscle tissue after treatment with formaldehyde/calcium; B, meat
slicer; C, muscle section after slicing; D, muscle section immersed in oil red O solution

on shaker, E, muscle section afier staining procedure is completed.
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Figure 19. Close-up image of whole muscle tissue section after oil red O staining

procedure is completed. The muscle tissue section at this stage is ready for computer

image analysis.

.
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Image Analysis

The program for the CIA was written in the Visual Basic Language, a 32 bit
application development language, for the ImageC Image Analysis Program (version
2.52, Level 510, Aquinto, Berlin, .Gennany). The Visual Basic program integrated CIA
.components of the ImageC ﬁrogfam aliowing for the development of an individualised

program. The complete program is as follows:

'#Reference {8ETDF211-6FAS5-11D0-9B10-

0000C06606DF 1 #1.080#C \Programme\IM TRONIC\ImageC\Bin\WIMCDSP . dll#Wimc
dsp '

#Reference {DDE31561-056F-11D0-SAAS8- :

0000C08206DF } #1.0#04C \Programme\IM TRONIC\ImageC'\Bin\WIMCDEVX. dli#wim
cdevx

#Reference {BFSACDCI1-0164-11D0-9A99-
0000B4235D27}1#1.0404C:\Programme\IMTRONIC\mageC\Bin\WIMCBAS2 . dlI#Wim
chas2

Option Explicit

Sub Main( )

Dim Anw As Object

Dim AreaMuscle As Double
Dim Count As Long

Dim stat As New Wimedsp.StatisticX
- Dim ds As Wimcbas2. AtmDataSource
Dim Buffer As Variant

Dim AreaPercentage As Double
Dim FatLength As Double

Dim area3biggestl As Double
Dim area3biggest2 As Double
Dim area3biggest3 As Double
Dim lengthlisland As Double
Dim length2istand As Double
Dim length3island As Double
Dim zaehler] As Integer

Dim zaehler2 As Integer

Dim zachler3 As Integer

Dim areabig As Double

Dim anzahldichtel As Double
Dim anzahldichte2 As Double
Dim anzahldichte3 As Double
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Dim areawholel As Double

Dim areawhole2 As Double

-~ Dim areawhole3 As Double

Dim flichendichtel As Double

Dim flichendichte2 As Doubie

Dim flachendichte3 As Double

Dim gesamtflachendichte As Double
Dim lean As Double

Dim fatweight As Double

Dim leanweight As Double

Set Anw = GetObject( ", "wimc.Anwendung” )

- Anw.AnsichtListe. Fintrag( 0, 0, "Image" ). Aktivieren
Anw.Operations_ClearOverlay

Anw.DokumentListe.Offnen "D:\Huff\Muskel\mucelmethod.osz"

Measure 240,256, True

Set ds = Anw.DokumentListe.Eintrag(C, "ObjectData").Data
. Count = ds.GetNumberOfRecords (Wimcbas2. ADS SRC_OBJ)
Buffer= ds.GetDataArray (Wimcbas2 ADS _SRC _OBJ,"Area$", 1, Count)
stat.Create
stat. PutData Buffer
Dim Results As Variant
Results = stat.StatisticParameters(}
AreaMuscle = Results(1)*Results(2)
stat.Delete

'//////////////////////////////////f’/////////////////f///////f/////
'End of MuscleArea

Anw.AnsichtListe Eintrag( 0, 0, "Image" ). Aktivieren

Anw . Operations_ClearOverlay

Anw.Operations_SeparateChannels 0, 1,0, 0,0, 0, I

Anw.AnsichtListe. Eintrag( 0, 0, "Tmage" ).Ansicht_Farbtabellen O

FilterX

Anw.AnsichtListe. Eintrag( 0, 0, "ObjectData" ). Aktivieren

Anw . DokumentListe.Eintrag( 0, "ObjectData" ).Specimen_DeleteAllData -1
Anw.AnsichtListe. Eintrag( 0, 0, "ObjectData" ). AktuellesBild O

Measure 0,50,False

Count = ds.GetNumberOfRecords (Wimcbas2. ADS_SRC OBJ)
Buffer= ds.GetDataArray (Wimcbas2. ADS_SRC OBIJ,"Area$", 1, Count)

stat.Create
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stat. PutData Buffer
stat.Sort True

area3biggestl=stat.GetData(l)
area3biggest2=stat.GetData(2)
area3biggest3=stat.GetData(3)

zachlerl =0
arcabig =0

Do

zaehlerl= zaehlerl + 1

areawhole! =areawholel +areabig
areabig = stat.GetData(zachler1)
Loop Until areabig <= 21400000
'areawholel = areawholel -areabig
zachlerl=zachlerl-1

zaehler2=zaehler]
areabig =0

Do

zachler2= zachler2 + 1
areawhole2=areawhole2+areabig
areabig = stat.GetData(zachler2)

Loop Until areabig <2700000

'areawhole2=areawhole2-areabig
zaehler2=zaehler2-1

zachler3=zachler2
zaehler2=7zachler?-zachlerl
areabig =0

Do

zachler3= zaehler3 + 1

areawhole3=areawhole3+areabig
areabig = stat.GetData(zaehler3)

Loop Until Count=zachler3
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areawhole3=areawhole3-areabig
zaehler3=zaehler3-zachler2-zaehlerl

Results = stat.StatisticParameters()

Dim AreaFat

ArcaFat = Results(1)*Results(2)

stat.Delete

AreaPercentage =AreaFat /AreaMuscle * 100

‘Buffer= ds.GetDataArray (Wimcbas2 ADS_SRC OBJ,"Faserlaenge$”, 1, Count)

stat.Create
stat.PutData Buffer
stat.Sort True

lengthlisland= stat.GetData(1}
length2island= stat.GetData(2)
length3island= stat.GetData(3)

Results = stat. StatisticParameters()
FatLength =Results(7)/1G000

Dim x]1 As Object
Set x1 =x1S

'umrechnen

lean = {AreaMuscle-ArcaFat)

fatweight =((AreaFat*0.94)/((AreaFat*0.94)+(lean*1.07)))
leanweight =((lean*1.07)/((AreaFat*0.94)+(lcan*1.07)))
iean =lean/100000000

flichendichte 1= areawholel/AreaMuscle *100
flichendichte2= areawhole2/AreaMuscle *100
fiichendichte3= areawhole3/AreaMuscle *100

AreaMuscle= AreaMuscle/100000000
AreaFat=AreaF at/1 000006000

lengthlisland=lengthlisland/10000
length2island=length2island/10000
length3island=length3island/10000

anzahldichtel = zachlerl/AreaMuscle

anzahldichte? = zaehler?/AreaMuscie
anzahldichte3 = zaehler3/AreaMuscie
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area3biggest] = area3biggestl /100000000
area3biggest2 = area3biggest2 /100000000
area3biggest3 = arca3biggest3 /100000000

xl.celis(1,1).value="Muskelfliche:"
xl.cells(1,2).value =Format{AreaMuscle,"0.00")
xlLecells(1,3).value="gcm"
xl.cells(2,1).value="Fettflache:"

xl.celis(2,2). value=Format{ AreaFat,"0. 00")
xl.cells(2,3).value="qcm"
xl.cells(3,1).value="Fettanteil :"

x1.Cells(3,2). Value =Format(AreaPercentage,"0.00™)
xl.cells(3,3).value="%"
xl.cells(4,1).value="Fetistranglinge:"
x1.Cells(4,2). Value =Format(FatLength,"0.00")
xl.cells(4,3).value="cm"
xl.cells(5,1).value="Anzahl Fettinseln:"
xl.cells(5,2).value=Format{Count,"0")
xl.cells(6,1).value="Grébte Fettinsel:"
xl.cells(6,2). value=Format{arca3biggest1,"0.00™)
xl.cells(6,3).value="qcm"
xl.cells(7,1).value="2groBte Fettinsel:"
xl.cells(7,2). value=Format(area3biggest2,"0.00™)
x1.cells(7,3).value="qcm"

xlcells(8,1). value="3gréBte Fettinsel:"
xl.cells(8,2).value=Format{arca3biggest3,"0.00")
xl.cells(8,3). value="qem"

xlcells(10,1).value="14ngste Fettinsel:"

- xLeells(10,2).value=Formai(lengthlisland,"0.00")
xl.cells(10,3).value="cm"
xl.cells(11,1).value="2ldngste Fettinsel:"
xLcells(11,2).value=Format(length2island,"0.00")
xl.cells(11,3).value="cm"
xl.cells(12,1).value="3kingste Fettinsel:"

- xlcells(12,2).value=Format(length3isiand,"0.00")

xl.cells(12,3).value="cm"

xl.cells(13,1).value="Gesamtanzahldichte:"
xl.cells(13,2).value=Format((Count/AreaMuscle),"0.00")
xl.cells(13,3).value="x/qcm"
xl.cells(14,1).value="Anzahldichte >21.4."
xl.cells(14,2).value=Format(anzahldichte1,"0.00")
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xl.cells{14,3).value="x/gcm"
xl.cells(15,1).value="Anzahldichte 21.4>= x >=2.7."
xl.cells(15,2).value=Format(anzahldichte2,"0.00™)
xl.cells(15,3).value="x/gcm"
x].cells(16,1).value="Anzahidichte <2.7:"
x1.cells(16,2).value=Format(anzahidichte3,"0.00")
xl.cells(16,3).value="x/qcm"

xl.cells(19,1).value="Flichendichte >21.4."
xl.cells(19,2).value=Format(flichendichte1,"0.60")
xl.cells(20,1).value="Flichendichte 21.4>= x>=2.7:"
x1.cells(20,2). value=Format(flichendichte2,"0.00")
xLcells(21,1).value="Flachendichte <2.7:"
xl.cells(21,2).value=Format(flichendichte3,"0.00"}

xl.cells(24,1).value="Lean:"
xl.cells(24,2).value=Format(lean,"0.00")
xl.cells(25,1).value="Fatweight:"

xl.cells(25,2). value=Format{fatweight,"0.00")
xl.cells(26,1). value="Leanweight:"
xl.cells(26,2).value=Format(leanweight,"0.00")

End Sub

Sub Measure(ByVal thrs1 As Long,ByVal thrs2 As Long,ByVal Inverse As Boolean)
Dim Anw As Object
Set Anw = GetObject(","Wime. Anwendung")
Dim s As String
s ="ObjectData"
On Error GoTo M1
Anw.AnsichtListe Eintrag( 0, 0, "ObjectData" ). AktuellesBild 0
GoTo M1
s = "Objektsuche”
M1:
Anw.AnsichtListe. Eintrag( 0, 0, s ). AktuellesBild 0
Dim o As Object
Set o = Anw.AnsichtListe.Eintrag( 0, 0, s ).SearchOptions
0.Thrs2 = thrs2
0.Thrs1 = thrsl
o.Inverse = Inverse
Anw.Stop
Anw.DokumentListe Eintrag( 0, s ).Search_SearchOptions.Beenden
Anw.AnsichtListe.Eintrag( 0, 0, s ).NewField
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Anw. AnsichtListe.Eintrag( 0, 0, s ). AutomaticalSearch
End Sub

Function x1S{) As Object
Dim x As Object
Set x = CreateObject{"Excel. Application")
x.Visible =True =~
Set x18=x.WorkBooks.Add ' "test.xlt"
Set x1S = x1S.Sheets(1) ' x1S.Sheets("Tabellel™)
End Function

Sub FilterX

Dim Anw As Object

Set Anw = GetObject("","Wime. Anwendung")

Anw, AnsichtListe.Hintrag( 0, 0, "Image" ). Aktivteren

Anw Filter FiltersExtended

Anw Filter_FiltersExtended.Aktivieren

Anw Filter FiltersExtended.FilterFromName "Median (5x5) circle", 1, False
Anw Filter FiltersExtended Beenden

End Sub
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Digital Image Processing

The stained muscle tissue image was imported as a TIFF file and given a
calibration value to allow absolute data values to be calculated. Using the Micro : Line
Coincidence (LinCo} 2 method of the ImageC program, the image was converted to gray
- scale and a thresheld fﬁnction was performed. The threshold was then set for the entire
image (0 — 256) so tﬁat the entire muscle was selected in order to determine the Muscle
Area. The program allowed for interactive adjustment of the threshold to account for
minor differences between samples. A Median (5x5) Circle filter was then performed
followed by a Green Channel selection on the original colour image. The green
component was used for binanzation becéuse the variance of the green channel was the
largest for fat in meat samples. The (LinCo) 2 method was again performed resulting in a
grey scale image of the filtered original image. A threshold was set to select for the fat
flecks and the following group of marbling characteristics was calculated: marbling fleck
area (sz); proportion (%) of areas of fat flecks as the ratio between the total fat arcas
and the muscle area; number of marbling flecks as a global count of fat flecks on the
muscle surface; number of marbling flecks divided by the total muscle area (flecks/cm?);
total length of marbling flecks (cm); size (cm®) of the first, second and third largest
marbling fleck area (cm?); proportion (%) of the three largest fat areas compared with the
total fat area; length of the first, second and third longest marbling fleck length (cm).

In order to account for the effects of marbling abundance (density), a slightly
modified model from Gerrard et al. (1996) was applied. According to this model,
marbling flecks were classified into two arbitrary categories according to their area (A):

Ay A<2.7 mm?
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Ay 2.7 mm* <A <21.4 mm®

Thus, marbling abundance was evaluated by using the following parameters: number of
marbling flecks in both size categories expressed on the total. muscle area (flecks/cm?)
and sum of marbling area in both size categories. Both parameters define two marbling
densities, being the expression of count density and area density for each fleck size

category, respectively.

Example of CIA Data and Concluding Comments

An example of how CIA data appears after analysis of the muscle sample is
completed is shown in Figure 20. Data provided by the program can be imported into any
statistical analysis software program for the analysis of any combination of i.m. fat
deposition. In addition, because the data is provided in a transferable form, correlation
analysis is greatly simplified. The described program was developed for the purpose of
analyzing muscle tissue from any species that deposits i.m. fat in muscle tissue that can
be visualized with a standard digital camera. Additional researchers who have access to
the computer program have expressed interest in modifying the program to charactenize
the distribution of different coloured areas on the hides of cattle. As of 2003, the program
had been used by Dr. Luigi Faucitano for the purpose of analyzing the deposition of i.m.
fat in the muscle tissue of both cattle and swine from the Agriculture and Agri-Food

Research Centre, Lennoxville, Quebec, Canada.
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Figure 20. Sample output of marbling fat characterisation data in an Excel spreadsheet
obtained using computer image analysis in the ImageC program developed using Visual

Basic.
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muscle fibres indicating the pref-1 may be expressed in a muscle fibre type specific

IManner.
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Figure 22. Immunohistochemical reaction (arrow) for pref-1 (A) and corresponding
nucleic acid stain (B) in bovine longissimus dorsi muscle; ¥, Adipocyte, +, Muscle fibre
containing pref-1 positive reaction. A positive reaction for pref-1 occurred in select
muscle fibres indicating the pref-1 may be expressed in a muscle fibre-type specific

manner,
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Figure 23. Conirol tissue for the pref-1 immunobhistochemical reaction (A) and

corresponding nucleic acid stain (B) in bovine longissimus dorsi muscle.
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APPENDIX 3

clitaccicegeeggtgatcagaagectgegtegtctaaattettaagtccectigetta
gtigttcaggtitgaaagaagccacaacatacaactctaagecagagacatacaagageg
acgtttccgtaaacaagtgicattcctgaacagtcagaaattaccatggttgacacagag
atgecgttttgececaccaactitgggatcagetecgtggaccittetatgatggatgac
cactcccatgectitgacatcaageccticaccaccegttgacttciccagceatticcact
ccgeactatgageacattecgticccaagagetgaceegatggtigeagattataagtat
gacctgaagetccaagagtaccaaagtgcaatcaaagtggagectgtatceccaccttat
tattctgaaaagactcagetgtacagtaagectcatgaagagccitccaactcecteatg
gecattgaatgeegggtetgiggggataaagegtcagggticcactatggagttcatget
tgteaaggatgcaagggtticttccggaggacaatcagattgaaactiatttacgatagg
tgtgatcttaacigicggateccacaagaaaagtagaaataaatgtcagtactgteggtit
cagaagtgccitgeigigggeatgicicataatgecatcaggtitgggegeatgecacag
gecgagaaggagaageigitageggagalctccagegatatcgaccaactgaacccagag
tctgetgaccteegggecctggeaaageatttgtatgactegtacataaagtecticecg
ctgaccaaagcaaaggegaggacgatcttgacggpaaagacgacagacaaatcaccgiit
gttatctatgacatgaactecttaatgatgggagaagataaaatcaagticaagcacale
aglccectgecaggageccageaaagaggtggecatcegeatettccaggggteteagtit
cgetcegtggaagecgtgcagpagatcacagagtacgecaagaatatceceggettigtg
aaccitgacitgaacgaccaagtaacictectaaaatacggegigeacgagateatttac
acgatgetggectectigatgaataaggatggggteetcalalccgagggecaaggatte
atgacaagggaglilctaaagagectgegaaageccittggtgactttatggageccaag
ticgagtttgctgtgaagltcaacgeactggaattagatgacagegacttageaatattt
atagetgtcattattctcagtggagaccgeccaggtttgetgaacgtgaageccattgag
gacatacaagacaatcigclgeaagectiggagetgeagetcaagetgaaccacceegag
tcotcccagctctttgccaagctgctctagaaaatgacagacctcagacagattgtgaca
gaacacgtgcagcetgtigcaagtaataaagaaaacagagacggacatgagtctccaccea
ctectacaggaaatetacaaggaciigtattagcagagaagtcegagticactgacagea
lettecticicocaatigeactattattitgagggaaaatcigacacctaasaatiactg
tgaaagcattgaaaagaaagittagaataat

Figure 24. Nucleotide sequence for bovine PPARy1. The forward primer (single
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cetggtectetgtgagttaticecacctectccaaacatitggaaacggacgtettgact
cattggtgegttcccaagttttactgocatgeatcttitictttgaacggaactggectt
ttgcaagaaatagaccaaatatcggtgggagtegtgpcaaatecetgttcegtgctgtga
tgggtgaaacictgggagalgetetiattgacccagagagtgageccticgetgtcacag
tgictgcaaggacctcacaagaaattaccatggttgacacagagatgeegttttggeeca
ccaactttgggatcagetecgtggacetitciatgatggatgaccactcecatgectitg
acatcaagceccticaccaccgitgacttctccageatticcactecegeactatgaggaca
ttccgticccaagagetgaccegatggitgcagattataagtatgacctgaagetocaag
agtaccaaagtgcaatcaaagtggagectgtatcecccaccttatiatictgaaaagactc
agctgtacagtaagectecatgaagagecttecaaciceetcatggecattgaatgeeggg
tctgtggeggataaagegtcagggticcactatggagticatgettgtgaaggatgcaagg
gittcttccggaggacaatcagatigaaactiatitacgataggtgtoatcttaacigte
goatccacaagaanagtagaaataaatgtcagtactgteggtitcagaagtgeettgetg
tggouatgtctcataatgecatcaggtttgggegeatgecacaggecgagaaggagaage
tgttagcggagatcteccagegatatcgaccaactgaacccagagictgetgaccteeggg
ccetggeaaagceatttgtatgactegtacataaagtecttccegetgaccaaageaaagg
cgagegcpateitgacgggaaagacgacagacaaatcaccgtitgtiatctatgacatga
actccttaatgatgggagaagataaaatcaagticaageacatcagtccectgeaggage
ccagcaaagaggtggecatecgealottccaggggtgteagittcgetcogtggaagecg
tgcaggagatcacagagtacgecaagaatatccocggetitgigaaccettgacttgaacy
accaagtaactctectaaaatacggegtgeacgagatcatttacacgatgetggectect
tgatgaataaggatgggatcctcatatcegagggccaaggattcatgacaagggagittc
taaagagcctgegaaagecctttggtgactttatggageccaagttcgagtttgetgiga
agttcaacgcactggaattagatgacagegacttagcaatatttatagetgteattatic
tcagtggagaccgeccaggtitgetgaacgtgaageecatigaggacatacaagacaatc
tgctgeaagecttggagetgeagetcaagetgaaccaccecgagtecteccagetetitg
ccaagctgeteccagaaaatgacagacctcagacagattgtgacagaacacgtgeagetgt
tgcaagtaataaagaaaacagagacggacatgagictccacecactcetacaggaaatet
acaaggacttgtattagcagagaagiccgagticactgacageatcttcetictcccaat
tgcactattatttigagggaaaatctgacacctaaaaattactgteaaageattgaaaag
aaagtttagaataat

Figure 25. Nucleotide sequence for bovine PPARy2. The forward primer (single
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