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ABSTRACT

The GfiJN-corpulent (cp) rat obesity model was a congenic rat strain developed at the 

National Institutes of Health by C. T. Hansen (1983)1. The LA/N-c/? rat originated from 

breeding the Koletsky rat, possessing the corpulent gene, with the normotensive LA/N 

inbred rat. The autosomal recessive single gene mutation, cp, produces obesity with 

hyperphagia, hyperinsulinemia and elevated activities of liver and skeletal muscle lipogenic 

enzymes in the LA/N-c/? rat model. The Zucker-/<7//j? mutation, which was mapped to rat 

chromosome 52, resulted in a comparable, but not identical obesity syndrome. Breeding 

experiments by Yen et al (1977)3 have suggested the cp and fa genes to be homologous 

and possibly allelic. To verify this hypothesis, we established interstrain crosses, LA/N-c/? 

(c/?/+) with 13M/Vc (fa/+), which yielded 10 obese and 32 lean offspring, a 1:3.2 ratio 

(X =0.030, p>0.95). Our results support the cp - fa gene homology. For molecular 

analysis, crosses segregating the cp gene were constructed using a genetically distant 

counterstrain, Brown Norway (BN)/Crl (+/+) rats. Fourteen crosses between (LA/N-c/? x 

BN) (c/?/+) Fi offspring yielded 31 obese and 80 lean F2 progeny, a 1:2.6 ratio (x2=0.230, 

p>0.50). We have mapped the chromosomal location of cp in 30 obese (LA/N-c/? x BN) 

F2 progeny using microsatellite markers for two genes flanking the fatty locus: glucose 

transporter 1 (Glutl) and phosphoglucomutase 1 (Pgml). PCR-amplified sequence 

polymorphisms detected four Brown Norway alleles (representing 4 crossovers) at the 

Glut! locus and 1 BN allele at the Pgml locus in 60 meioses. Our results place the cp 

mutation on rat chromosome 5, flanked by Glutl and Pgml. Pgml — 1.67 centiMorgan 

(cM) —fcf— 6.67 cM — Glutl. With the proposed homology verified through our 

complementation studies, our physical mapping supports cp and fa as mutations in the 

same gene (lepr)*. Thus, the new symbol fcf is now the proper designation for the obese 

syndrome, corpulent (cp).



INTRODUCTION

Obesity is the most common nutritional disorder in the United States afflicting

nearly 60 million Americans and costing approximately 100 billion dollars per year.

According to the most recent study by the National Center for Health Statistics of the

Centers for Disease Control and Prevention, 22.5% of the American population is obese

[body mass index (BMI) > 30.0], and 54.4% are classified as overweight (BMI 25.0)

(Figure I)5. Results from the third National Health and Nutrition Examination Survey

(NHANES III) show an increase of 8.0 percentage points in the prevalence of obesity in

just 14 years. The number of Americans considered overweight and obese has continued

to rise since 1960 in all groups measured, irrespective of race, ethnicity, or gender (Figure

2)5 The disturbing trend has also been observed in pre-teen (ages 6-11) children. Boys

classified as overweight has increased (15.2 - 22.3%) between 1963 and 1991; overweight

girls rose to 22.7% in 1991 from 15.8% in 1980. In African-American children and

adolescents, obesity has risen considerably in boys (from 2.0% to 13.4%) and girls (5.3%

to 16.2%). Evidence of an increasing world-wide epidemic is observed through reported

rising trends in obesity in the United Kingdom, Brazil, Canada, and Mauritius, Africa6.

Economically, obesity and its related disorders have contributed substantially to the

burgeoning health care budget. Obesity, defined as a preponderance of body fat or adipose

tissue to lean body mass, costs employers $4 billion annually in lost productivity of their

afflicted employees. In 1995, the total financial cost attributable to obesity was estimated

to be $99.2 billion dollars; $52 billion dollars of that as direct medical costs. This

represents nearly 6% of the National Health Expenditure in the United States7'8.
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The implications of obesity with regard to morbidity and mortality have been well

documented. Examinations by Manson9 of 115000 women in the Nurses’ Health Study

index; obesity contributed to 53% of all deaths of women with a BMI>29. Human

obesity has been linked to numerous chronic disorders including diabetes mellitus,

Diabetes risk is increased 28-fold in women with a body mass index > 3O13. Men show a

6.7-fold risk increase with a BMI of 29 or more14 and nearly a quarter of men aged 40-49

who are 25% or more overweight develop diabetes15. The prevalence of cardiovascular

disease (CHD) is impacted by weight gain as an increase of 10% raises the risk of CHD by

with obese subjects

manifesting left ventricular hypertrophy19, diastolic dysfunction, and increases in stroke

possessed higher mortality from cancer of the prostate, colon and rectum. Obese women

are more likely to die from cancer of the gall bladder, breast, cervix, uterine endometrium,

and ovary10. Colorectal adenomas are twice as likely to be found in obese men and

women compared to lean controls; three obesity-related variables (current BMI, recent

weight gain and large weight changes during adulthood) are independently associated with

. In women, obesity in conjunction with diabetes greatly

increases the risk of endometrial cancer27. Extensive case-control analysis has shown a

contribution of body weight

development of breast cancer, particularly in postmenopausal women32. Recent studies of

Epidemiological studies have linked obesity to site-specific malignancies. Obese men

showed increasing risks of mortality corresponding to increasing categories of body mass

38%16. Obesity is predictive of coronary atherosclerosis9,17,18

colon and rectal cancer24’2S’26

:28’29, weight gain’0, and body fat distribution’’1 to the

volume and cardiac output20,2l’22’23

coronary heart disease, hypertension, gall bladder disease and various cancers10, 12
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The physiological manifestation of the obese phenotype is a global organismal

balance between energy input and output.

The first law of thermodynamics, the law of conservation of energy, states that the

total energy of a system remains constant - stored energy (free energy) equals the

difference between energy intake (change in entropy) and work (change in enthalpy). The

“set point hypothesis” model has been used extensively to describe this maintenance of

energy homeostasis in mammals. Afferent signals indicating the quantity of energy stores

are integrated in the central nervous system, with subsequent mediations through efferent

. The involvement of endocrine

and neural signals originating from adipose tissue, the hypothalamic integration in the

have been well documented. The molecules involved (Table 1) in the maintenance of body

composition and the mechanisms by which they impact on these processes is under intense

The genetic dissection of the human obese phenotype is a complex endeavor. Human

involving the integration of genetic, environmental and

behavioral factors. Research involving families, adoptees, and twins have confirmed the

contribution of genetics to body fatness. Parental obesity is a major risk factor for

overweight children, doubling the risk of future adult obesity among children under ten

. Adoptees separated from their biological parents soon after birth have

men and women in Los Angeles have also shown a four-fold increase in renal cell

obesity is a “multifactorial trait”46

carcinomas33.

years of age47’48

investigation41’42’43, 45

pathways to regulate energy expenditure and intake34,35’36

Cns37’38-39'40, and the resultant endocrine, neurological and gastrointestinal responses
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body weights closely correlated with the biological parents49, are genetically comparable

to biological siblings50, and show no correlation of BMI with their foster parents51.

Recent work has further strengthened the genetic impact showing the insignificance of

environmental factors and childhood family environment on adult adoptees’ obesity and

. Studies of monozygotic and dizygotic twins have shown genetic

factors to be responsible for between 66% - 72% of BMI variances54; heritability has been

implicated in the variability of central abdominal fat55 and long-term (ten year) changes in

BMI in women56.

Previous work has attempted to correlate heredity with characteristics of obesity and

excess body weight at the organismal level. Advancements in molecular genetic

technologies have permitted a direct analysis of the genes, products and pathways

involved. The use of candidate genes and genome scanning techniques provide avenues

into the human genome. Candidate genes are single gene mutations identified in animal

models based on their phenotypic effect or their role in specific physiological mechanisms

of a particular disease57. To date, 6 rodent obesity genes have been cloned and human

homologues identified. The current work of this thesis has been designed to contribute to

the use of a rodent obesity gene, corpulent (renamed lepr\ as a potential candidate in

human obesity studies.

Large-scale analysis of entire genomes has elucidated chromosomal regions involved

with the obese phenotype. Genome scanning is achieved using polymorphic markers (ex.

or microsatellites) spaced throughout the genome to identify Quantitative

. QTLs linked to the human obesity

syndrome have been identified on all 23 autosomes, with chromosomes 1, 2, 6, 8, 11, and

“alumorphs”58

Trait Loci (QTL) affecting a particular phenotype57'59

body mass indices52'53
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. Rodent interstrain crosses

have been established to identify obesity-linked loci in mice and rats. By crossing

phenotypically divergent strains and genotyping polymorphic loci, 18 QTLs have been

identified. Crosses between the diabetic Goto-Kakizaki (GK) rat and non-diabetic strains

Fischer 344 and Brown Norway have identified 10 loci including one locus (Niddml) on

rat chromosome 1 segregating for glucose and insulin control63’64. This same rat locus has

13M)

Single-gene rodent obesity models serve as excellent candidate genes for human

obesity.

Rodents serve as excellent genetic models for obesity, atherosclerosis, hypertension,

and human lipid metabolism including diabetes and hyperlipidemia. The fast breeding rate,

large average litter size, and highly inbred, genetically homogeneous strains of mice and

rats are optimal for biochemical and molecular genetic analysis. Mutations at six genetic

loci (obese, diabetes, fat, tubby, agouti, adipose) and one in rats (fatty) manifest rodent

obesity syndromes66.

The most intensely studied rodent obesity genes are obese (ob) and diabetes (db). The

ob mutation67, occurred spontaneously at Jackson Laboratories in 1950 and was

transferred to the inbred C57BL/6J background. Ob/ob mice exhibit an obese syndrome

characterized by hyperphagia, infertility, transient hyperglycemia, elevated plasma insulin

concentrations associated with increases in the size and number of islet of Langerhans

. The second mutation, db™. arose

been implicated as a modifier of the leptin receptor gene (formerly fa) in (WKY x

rat crosses65.

beta-cells and hypertrophic-hyperplastic adiposity68,69

20 containing at least three putative loci on both arms60’61’62
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in the C57BL/KsJ strain and manifests a different phenotype from ob in that db/db mice

maximum at 2-3 months of age with beta-cell hyperplasia and hypertrophy, infertility, and

. Classical parabiosis experiments by Coleman have shown that ob/ob

mice failed to produce unidentified circulating factor(s) that suppress food intake; db/db

mice were able to manufacture the factor, but could not respond to it71.

The recent cloning of the leptin gene, and the subsequent cloning of its receptor

72supported this hypothesis. In 1995, Zhang et al cloned the obese gene using positional

cloning techniques. The gene product, named leptin73, encodes a 16 kiloDalton, highly

conserved 167 amino acid peptide translated from a 4.5 kilobase adipose tissue mRNA.

Leptin is synthesized and secreted from white adipocytes and acts via an undetermined

pathway(s) in the brain to increase energy expenditure and reduce food intake74. Tartaglia

base substitution at this locus yielding a truncated, nonfunctional receptor for leptin76.

The VAfN-corpulent rat serves as a model of human obesity.

Two spontaneous mutations have been identified in the rat. The fatty mutation arose

spontaneously in 1961 in the 13M rat strain77. Rats (13M) were derived from crosses

human early-onset obesity79 and similar to Type II diabetes [non-insulin dependent

diabetes mellitus (NIDDM)] with insulin resistance80.

the db mutation also include progressive, early-onset hyperinsulinemia reaching a

et al (1996)75 cloned the leptin receptor (Jepr) and attributed the diabetes mutation to a

are severely diabetic and hyperglycemic leading to a decreased lifespan. Characteristics of

hyperphagia68'69

between 13C and M (Merck) rats (Figure 3)78’81’82’83’84’85’86. The Zucker-/# is a model of
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The second spontaneous obese mutation in rats was discovered in the Koletsky
0*7 

hypertensive strain in the early 1970’s and designated f. Later, the gene was introduced

into a normotensive inbred strain, Lister / Albany (LA) developed at the National

Institutes of Health (NTH) by Hansen1 who changed the designation to corpulent (cp)

characteristics of human type IV hyperlipoproteinemia including normoglycemia or mild

. The autosomal

recessive mutation manifests characteristics similar to human obesity and dysfunctional

energy expenditure including increases in adipocyte number and total lipid content in all

principal fat depots, significant elevation of total carcass fat, preservation or modest

hypertrophy of the lean body mass93, and impaired glucose tolerance91. The

hyperinsulinemia is accompanied by hypoglucagonemia with decreased hepatic receptors

. Even without sustained hyperglycemia, obese rats exhibit beta

cell islet lesions including enlarged islets, decreased insulin secretory response to glucose,

increased glucose oxidation and reduced islet-specific transporter protein (Glut?)96.

, heart and

kidneys97, with decreased gastrocnemius muscle weight and overall body water97.

and kidney

decreases in protein synthesis and degradation result modify maintenance energy

requirements and allow a greater proportion of energy for lipid deposition and storage93.

gluconeogenic enzyme activity91 with these tendencies exaggerated by sucrose feeding90’91’

• • • 00 QOand basal hyperinsulinemia ’

Previous studies have shown that the obese rat has elevated liver lipogenic91'92

hyperglycemia90, hypertriglyceridemia91'92

Corpulent rats have increased weights of the liver, epididymal fat pads91'92'97

for both hormones94,95

(Figure 4)81'83,87'88,89 The LA/N-c/? rat is an obese rat model exhibiting metabolic

92. Glycolysis, gluconeogenesis, and lipogenesis are elevated in the obese liver98;
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Tulp and his group have extensively analyzed thermogenesis and energy expenditure

homeostasis in the LA/N-cp model. Abnormalities in peripheral thyroid hormone

deiodinase enzyme activity. Liver, kidney, and skeletal muscle reductions in T3

Obese rats manifest lower resting oxygen consumption values, and significantly reduced

responses to exogenous sympathomimetic challenge, acute ingestion of chow and

. Analysis of interscapular brown

adipose tissue (IBAT) shows a greater proportion of thermogenically-Iess active type IV

and elevated, compensatory basal deiodinase

. Manipulations of energy expenditure through exercise partially ameliorate

prevent obesity.

Recent work in Kahle’s lab has demonstrated the significant role of skeletal muscle in

the manifestation of obesity in the LA/N-c/j model. Elevated enzymatic markers for

tricarboxylic acid (TCA) flux in predominantly red muscle fibers of the hindlimb of obese

rats versus lean littermates has been observed104. We have reported increased femoral

artery and vein serum triglycerides and free fatty acids in microvessel cannulation

into de novo fatty acid synthesis in red fiber hindlimb and postural muscles of obese rats

compared to lean. Recent studies focusing on the ultrastructure of skeletal muscle satellite

cells, have shown differences between obese and lean rats using electron microscopy

carbohydrate meals, and cold challenge exposure93’101

activity93’99

and V lipid locules in cp/cp animals102

studies105. Further evaluation showed increased in vivo incorporation of tritium from 3H20

neogenesis99 predict impaired capacity for nonshivering or diet-induced thermogenesis100.

weight and fat gain and alter liver glycolytic and lipogenic enzyme activity103, but do not

metabolism93 include decreased obese serum T3 levels and impairment in the T4-5’-
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(differences in cytoplasmic volume, organelle development and cell membrane

structure)106 and confocal microscopy (increased lipid content)107.

The aim of this research is to develop the first molecular genetic analysis of the

corpulent locus.

The relationship between the obesity syndromes manifested by the fatty and corpulent

mutations has been extensively studied. The cp and fa mutations cause similar obesity

syndromes but not homologous dysfunction in energy metabolism. The LA/N-c/? model is

normoglycemic, more hyperinsulinemic, and develops lean tissue to normal size and

obesity in these models resulted from a single gene mutation inherited in a recessive

manner. Interstrain crosses by Yen3 between rats carrying the fatty and corpulent gene

mutations have suggested the genes to be homologous. This region of rat chromosome 5

possesses synteny homology with the region of mouse chromosome 4 containing the

diabetes receptor (Jepr} obesity mutation and with the short arm of human chromosome 1

implications on human genetic obesity.

To date, the chromosomal location of corpulent has not been determined. We will

attempt to map the chromosomal location of the cp gene with regard to molecular markers

tightly linked to the fatty locus. Through crosses between LA/N-cp and 13M/Vc Zucker-

fa rats, we will confirm the established homology of the cp and fa genes. This cross will

reevaluate Yen’s hypothesis using a slightly varied derivative of the genetics in his

Koletsky strain.

mass92. Initial breeding data by Zucker (1961)77 and Koletsky (1973)87 suggested that

108 * ■« • • •(1 p31-34) . Therefore, the discovery of the putative obesity gene in rats will have direct
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To map the gene, we will segregate cp on the nonobese counterstrain, Brown Norway.

Outcrosses of LA/N-cp on to BN followed by intercrosses of Fj heterozygotes should

produce 25% obese F2 progeny. The manifestation of the obese phenotype will be

observed in the (LA/N-cpx BN) offspring. Organismal (overall body weight) and organ

(liver, fat pads) weights will indicate the degree of adiposity in this new hybrid. Also

plasma levels of glucose, insulin, and a glucocorticoid (corticosterone) will be evaluated as

a measurement of glucose homeostasis. The parent LA/N-cp is hyperinsulinemic with

. There is also evidence that elevated

levels of glucocorticoids interact with insulin to increase food intake91. Phenotypic

characterization of this newly created obese strain will provide a preliminary observation

of the affect of the background genome on the penetrance of the cp gene.

The obese F2 progeny will be utilized to map cp at polymorphic molecular markers

has placed fa

approximately 7.5 cM proximal to Glutl and 1 cM distal to Pgml on rat chromosome 5.

Following these techniques of positional cloning or "reverse genetics," this thesis research

aims to map the corpulent (cp) mutation within the rat genome and establish a genetic

relationship between cp and the previously mapped fa mutation.

normal or slightly elevated blood glucose levels90’92

flanking fatty. The previous work of Truett et al2 and Kershaw et al113



11

Figure 1. Increasing trends of Americans classified as obese (BMI >30) between 1960-1994. 

Values are a compilation of the three classes of obesity: I (BMI 30.0 - 34.9), II (BMI 34.9 - 

39.9), and III (BMI > 40.0) and stated as percentages of the entire sample population. Survey 

periods include: NHES I (1960-1962), NHANES I (1971-1974), NHANES II (1976-1980), and 

NHANES III (1988-1994). Data compiled from the National Center for Health Statistics of the 

Centers for Disease Control and Prevention by Flegal et al (1997).5
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Figure 2. Prevalence of overweight (BMI > 25.0) and obesity (BMI > 30.0) in Americans 

by race-ethnic group and sex. (A) Non-Hispanic White. (B) Black. (C) Mexican- 

American. (D) All ethnic groups. Shaded region indicates the obese subset within the 

total overweight population. Data compiled from the National Center for Health Statistics 

of the Centers for Disease Control and Prevention by Flegel et al (1997)5.
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Table 1. List of the molecules and systems currently investigated for their role in the 

modulation of body weight (energy intake and energy expenditure). Information compiled 

from Bray (1986)41, Bray et al (1989)42, Lardy and Shago (1990)43, Rosenbaum et al 

(1997)44, and Woods et al (1997)45.

I
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INDICATION

GASTROINTESTINAL ENDOCRINE

PERIPHERAL / CENTRAL NERVOUS SYSTEM ADIPOSE TISSUE

BLOOD

INTEGRATION cachectin

HYPOTHALAMUS

REGULATION

norepinephrine
dopamine 
gamma-aminobutyric acid 
galanin

sympathetic vs. parasympathetic nervous sy stem
• thyroid hormones

corticotropin-releasing hormone 
orexins A and B 
dynorphin
agouti-related protein

epinephrine 
insulin 
peptide YY 
glucocorticoids 
estrogens 
androgens 
progesterone

leptin
adipsin
uncoupling proteins 1,2,3

EFFERENTS 
(modulate energy intake vs. energy’ expenditure

AFFERENTS 
(indicate nutritional status)

neuropeptide Y 
serotonin 
melanocyte-concentrating hormone 
glucagon-like peptide 1 
beta-endorphin

glucagon
cholecystokinin
bombesin
opioids
neurotensin
growth hormone releasing hormone 
somatostatin
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Figure 3. Derivation offatty rat strains. Information compiled from references 81-86. 

aWK (Wistar-Kyoto) outbred stock obtained from Dr. Hitoshi Ikeda at the Kyoto 

University School of Medicine in Japan. The Wistar rat line was originally derived from 

the Wistar Institute, Philadelphia, Pennsylvania83. bWKY/N strain was obtained from the 

National Institutes of Health, Bethesda, Maryland via Harlan-Sprague Dawley, Inc., 

Indianapolis, Indiana. WKY/N was derived at the NIH from the outbred WK line of 

Kyoto University .
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[Connecticut Agricultural Experiment Center |

Sherman stock

4/
J 3C Stock

M (Merck)

<

<■

13M/Vc

Takeda Chemical Industries, Ltd. 
Osaka. Japan

Laboratory of Comparative Pathology 
Stow, MA

(received breeding stock in 1974) 
(closed / outbred)

Vassar College
Obesity Research Center
Animal Model Core Lab.

Indiana University SOM
Diabetes Research Training Center

Merck Institute for 
Therapeutic Research

Rahway, NJ

Sherman stock albino females 
x 

local wild males

WDF/Ta-/a 
(backcrossed, inbred)

Osborne-Mendel Stock 
albino stock, large size 
established about 1909 

unknown origin

c 
ZDF/Drt-/a 

(Zucker-/affy selectively inbred for 
hyperglycemia and glucose intolerance)

B
WDF/Ta-/a (inbred from Wistar fatty)

l
WDF/Ta Drt-/a

F8 WKa (inbred) 13M Zucker-/b (fa/+)

13C (albino^ x M (black) 

13M (outbred, agouti with variable white patches) 

spontaneous mutation

Zucker-/atty

transferred about 1919
____ X_____ ________
Columbia University 
Dept, of Chemistry’ 
Dr. H. C. Sherman

A
WKY/Nb x Zucker/a
(backcrossed-congenic)

l
WKY/N Drt-/a
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Figure 4. Derivation of the fattrf rat strains. Data compiled from references 81, 83, and 
87-89. aSprague-Dawley strain was established about 1925 from an unknown origin by 
Robert Dawley, University of Wisconsin, Madison, Wisconsin83. kMice of unknown origin 
obtained from the Mead Johnson Company of Evansville, Indiana in 1930 .
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WI (outbred)

WKY/N > WKY/N-cpNational Institutes of Health

Bethesda, MD
SHR/N > SHR/N-cp

ALB/N (inbred)

<

<■

>

SHHF / Mcc-cp

Albany Medical College 
.Albany. NY

Ohio State Univ. 
Columbus, OH

LA/N-cp 
(normotensive, obese) 

(backcrossed - congenic)

Transferred at N5, not a true 
congenic strain

University of Alberta 
Edmonton. Alberta

SHR (spontaneously hypertensive rat) 
(inbred)

Kyoto University SOM 
Kyoto. Japan

Case Western Res. Univ. 
Cleveland, OH

Wistar Institute 
Philadelphia, PA

Transferred at N7, not a true 
congenic strain

Jcr: LA-cp 
(closed, outbred)

WI (spontaneously hypertensive) male x female w/ elevated b.p.
♦

LA/N

LA/N x cp 
outcross-test cross)

I

SHR/N female x normotensive SD male*

I
inbreeding

spontaneous cp mutation

.ALB/N x hooded stock of unknown origin

“Albany strain” 
(high incidence of spontaneous 

mammary tumors)
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Table 2. Segregation analysis of Zucker, Koletsky, and Zucker X Koletsky hybrid rats.
(A) Original breeding data for Zucker and Zucker (1961) of 13M Zucker-/a/(y rats77.

(B) Breeding data for Yen et al (1977)3. Results include frequencies for Koletsky and 
Zucker parental strains as well as Koletsky-Zucker hybrid animals.
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r

STRAIN CROSS P

Zucker
fa/+ x yh/+ 49 475 0.19994 6.602 <0.10

fa/+ x fa/fa 6 55 19 0.345 2.187 >0.10

3Yen et al (1977)

Zucker
fa/+ x yh/+ 131 1037 244 0.235 1.196 >0.10

fa/+ x fa/fa 15 90 42 0.467 0.400 >0.10

Koletsky
5cp/+ X cp/+ 54 11 0.204 0.617 >0.10

Hybrid
cp/+ x fa/+ 12 136 31 0.228 0.245 >0.10

# OF 
LITTERS

TOTAL 
RATS

OBESE 
PROGENY

FREQ. OF 
OBESE 7?

Zucker & Zucker (1963)77
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MATERIALS AND METHODS

I. ANIMALS

(2) 13M/Vc Zucker-/a/Zy (fa). Progenitor animals were provided by Ruth Kava of Vassar 

College (Poughkeepsie, New York) in September 1992. Propagation of the 13M/Vc 

strain was also accomplished via the breeding of heterozygotes (fa/+) (Figure 6).

Animal Care Protocol. Rat strains were maintained in the Marshall University Biology 

Animal Facilities with routine husbandry guidelines recommended by the Marshall 

University Animal Care Committee. All rats were housed in plastic cages with the 

standard wood chip bedding. Animals were maintained in a light (on-off: 0600-1800 

hours) and temperature (22°C) controlled environment. All rats were permitted rat chow 

(PMI Feeds, St. Louis, Missouri); proximate analysis: 58% carbohydrate from cane 

molasses and grains, 23.5% protein, 4.5% fat, 6% fiber, and 8% ash plus vitamins and 

minerals) ad libitum and free access to tap water from plastic and glass water bottles with 

rubber stoppers and stainless steel sipper tubes.

Progenitor Breeding Stock. (1) LMN-corpulent (cp). Progenitor animals were 

provided by Carl T. Hansen of the Small Animal Breeding Section of The National 

Institutes of Health (Bethesda, Maryland) in 1991. Homozygous (cp/cp) obese males and 

females exhibit extremely reduced fertility and possible sterility necessitating the use of 

heterozygote (cp/+) lean males and females as breeding stock. Heterozygosity was 

determined either tediously by random male-female matings, or whenever possible, by 

mating of an unknown animal with a known heterozygote of the opposite sex. An 

animal’s heterozygosity is confirmed by its parentage of an obese litter (i.e. a litter 

containing at least one obese member). Obese litters statistically yielded 25% 

homozygous lean, 50% heterozygous lean and 25% homozygous obese animals (Figure 

5).
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(3) Brown Norway. Progenitor animals were provided by Charles River Breeding 

Laboratories (Wilmington, Massachusetts) in September 1992. BN was a non-obese 

strain propagated through the breeding of random fertile males and females disregarding 

phenotype and genotype.

Interstrain Crosses. (1) LA/N-cp x 13M/Vc Zucker-/<z Heterozygote LA/N-cp rats 

were crossed with heterozygote / homozygote 13M/Vc Zucker-/^ rats to confirm the 

homology of the cp and fa genes (Figures 8,9).

Litter Care Protocol. A heterozygote male was placed in a cage with 1-5 fertile 

heterozygote females. Beginning at approximately 14 days post-introduction, females 

were observed for overt signs of pregnancy. The pregnant dam was removed from the 

sire prior to parturition and placed in a clean cage. Upon birth, record was made of the 

date, number of pups, and the dam and sire of the Utter. The cage was visually inspected 

on a daily basis to observe the growth of the pups and document potential abnormalities. 

Initial attempts were made at 21 days of age to discern expression of the obese phenotype. 

Visual inspection of the entire litter with specific comparison of animals according to sex 

allowed a preliminary designation of phenotype.

Breeding was alternatively accomplished by replacing heterozygote males with 

homozygote (fa/fa) obese males; selective obese Zucker males are fertile109. Obese litters 

sired by a homozygous fa/fa statistically contain 50% heterozygous lean and 50% 

homozygous obese progeny (Figure 7).

(2) LA/N-c/? x Brown Norway. A two-step breeding protocol was constructed using 

the outcross-intercross methodology123. First, LA/N-cp heterozygotes were bred 

with the non-obese wild-type Brown Norway (+/+) (outcross). Half of the Fl progeny 

were predicted to be carriers of the cp gene. The resultant F] heterozygotes (cpcp/+BS>) 

were crossed to produce an F2 generation with the expected population of 25% obese 

mutants (intercross) (Figure 10).
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II. PHENOTYPIC ANALYSIS

Rats were weaned at 31 days of age, which involved removal of the dam, separation of 

male and female pups, ear-tagging for identification, and documentation of each animal in 

a record book. Documentation included the animal’s ear tag number, sex, and phenotype 

and geneotype at the obese locus (where applicable).

If no obese animals were discernible by 31 days, the animals were maintained as a litter 

for an additional 7-10 days to recheck for obesity. Lack of obesity by age 42 resulted in 

designation as a nonobese litter.

Tissue Collection. Rats, following a 15 to 20 hour overnight (beginning at 1800-2000 

hour) fasting period, were weighed (nearest 0.1 gram) and then sacrificed by intra

peritoneal injection of sodium pentobarbitol (Nembutol) (50 mg / 1 kg rat BWT). A 

midventral incision through the skin and muscles into the body cavity was made beginning 

at the inguinal region continuing anteriorly to the diaphragm. Two flaps of the body wall 

were pulled laterally to expose the thoracic cavity. Beginning at the diaphragm, a cut was 

made along the midventral line through the sternum to a point midway between the 

forelegs opening the peritoneal cavity and exposing the heart. Whole blood (1-2 

milliliters) was withdrawn by cardiac puncture using a 3 cc syringe, immediately 

transferred to a labeled 1.5 mL polypropylene microcentrifuge tube with sodium heparin 

(1000 Units/ mL) in isotonic saline as an anticoagulant, and stored on ice until processed.

The liver was removed by cutting the hepatic veins from the postcava and the hepatic 

artery from the descending artery; the spleen was removed by cutting the splenic artery 

and vein and associated messentery. The excised tissues were cleaned of extraneous tissue 

and blood, weighed (nearest milligram), wrapped individually in aluminum foil, and quick 

frozen in liquid nitrogen. (A new, autoclaved forceps was used for each animal to prevent 

foreign contamination). Expediency was necessary in handling the liver and spleen to 

prevent degradation of DNA by nuclease activity. Tissues were stored at - 70°C for future 

analysis.
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III. GENOTYPIC ANALYSIS

Fat pads were removed based on sex. In males, the testes were pushed anteriorly into 

the body cavity from the scrotal sac and the right inguinal pad was cut from the entire 

length of the right vas deferens. In females, the right ovarian fat pad was removed from 

the right uterine horn beginning anteriorly at the level of the ovary. Fat pads were 

removed and weighed (nearest milligram).

Plasma Preparation. Whole blood was centrifuged in a microcentrifuge at 14000 rpm 

for 5 minutes. The plasma was decanted, placed in a clean and labeled 1.5 mL tube, and 

stored at -70°C for subsequent analysis of insulin, glucose, and corticosterone. Analysis of 

plasma was conducted by Dr. Sam J. Bhathena at the Carbohydrate Nutrition Laboratory, 

Beltsville Human Nutrition Research Center, Agriculture Research Service, United States 

Department of Agriculture (Beltsville, Maryland). Plasma insulin was measured by a 

radioimmunoassay kit (Immunonuclear Corp., Stillwater, Minnesota) with rat insulin 

standards (gift of Eli Lilly, Indianapolis, Indianapolis). Plasma corticosterone was 

measured via an RIA kit (ICN Biochemicals, Inc., Costa Mesa, California). Plasma 

glucose was analyzed enzymatically (hexokinase) using a Centrifichem Automated System 

(Trace-America, Miami, Florida).

Genotype at the corpulent locus. F2 animals were scored for genotype at the cp locus 

with regard to three criterion: appearance at sacrifice, body weight at sacrifice, and 

adiposity index of body fatness110. At the time of sacrifice each rat was designated lean or 

obese based on its appearance and weighed (nearest 0.1 gram). The adiposity index was 

calculated from the weight of the right inguinal (male) or ovarian (female) adipose tissue 

weight as a percentage of total body weight.

DNA Extraction. High molecular weight DNA was extracted from liver111. A liver 

sample was removed from storage at -70°C and a small section (approximately 200 

milligrams) expeditiously cut. (A new, autoclaved scalpel and forceps was used for each
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sample). The section was immediately minced and placed in a sterile 15 mL polypropylene 

Falcon tube containing 3.0 mL of freshly prepared digestion buffer [100 mM NaCl (Fisher 

Scientific, Pittsburgh, Pennsylvania), 10 mM Tris-HCl, pH 8 (Fisher), 25 mM EDTA, pH 

8 (Fisher), 0.5% sodium dodecyl sulfate (Fisher) and 0.1 mg/mL proteinase K (Fisher)]. 

The tube was wrapped with parafilm and incubated in a 55°C shaking water bath for 18 - 

20 hours. Approximately 3-4 times during the course of incubation, each tube was 

removed, vortexed gently to mix components, and “spiked” with 50 p.1 of 10 mg/mL 

proteinase K to enhance protein degradation. Samples were removed from the water bath 

and centrifuged (10 minutes at 1200 x g) to pellet undigested tissue and debris. The 

supernatant was carefully poured into a new 15 mL tube and heated to 95°C for 10 

minutes to “kill” the proteinase K.

Each tube received an equal volume of phenol:chloroform [10:9 (v/v)], was inverted 

several times to mix phases, and centrifuged (10 min at 1700 x g). The aqueous (top) layer 

was transferred to a new tube and organic extraction performed a second time to enhance 

the DNA collected. The second aqueous layer received 0.5 volumes of 7.5 M ammonium 

acetate (Fisher) and 2 volumes of 100% ethanol (Fisher). The DNA was recovered in a 

white pellet by centrifugation (5 min. at 1700 x g). The supernatant was decanted, pellet 

washed with 70% ethanol to remove residual salt and phenol, and pellet allowed to air dry. 

The DNA pellet was resuspended in TE (10 mM Tris / 1 mM EDTA), pH 8 by gentle 

shaking or incubation in a 65°C water bath for 10-15 minutes. DNA concentration and 

purity was determined by the measurement of optical density (OD) at 260 and 280 

nanometers using a spectrophotometer. DNA was stored at -20°C until further use.

Genotype at Glutl and Pgml. (1) Chromosomal analysis at the Glut 1 locus2. F2 

progeny were scored for LA/N-cp and BN/Crl alleles at the Glutl locus through the 

detection of PCR-amplified simple sequence length polymorphisms (SSLP). 

Oligonucleotide primers (Marshall University DNA Core Facility) were constructed to 

flank a CA repeat within intron H of Glutl2 (Figure 11). DNA samples were thawed, 

vortexed, and diluted to the correct concentration. A master mix of reagents [50 mM 

KC1, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl2, 0.001% (w/v) gelatin, 0.2 mM dATP,
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dCTP, dGTP, and dTTP, 250 ng of each primer and sterilized, deionized
water] (GeneAmp PCR Core Reagents, Perkin-Elmer, Norfalk, Connecticut) was 

prepared, vortexed, and distributed equally (50 pl each) among samples and controls. 

Each tube received 1 pg of DNA template, was overlaid with 50 pl of light mineral oil, 

and heated to 95°C for 1.5 minutes. Two units of AmpliTaq polymerase (Perkin-Elmer) in 

5 p.1 of IX PCR Buffer was added with a new pipet tip for each sample. The “Hot Start” 

modification was used to prevent mis-priming and optimize results112. Thirty-two cycles 
were performed at 94°C to denature, 60°C to anneal, and 72°C to extend; each cycle lasted 

30 seconds. An additional 10 minute extension at 72°C was added to allow completion of 
amplification. Tubes were removed from the thermal cycler and stored at 4°C until 

evaluation. The PCR-amplified polymorphisms yielded strain-specific products: LA/N 
[195 base pairs (bp)] and BN (185 bp). Each PCR assay contained control DNA from 

LA/N-cp and BN rats.

(2) Chromosomal analysis at Pgmln\ F2 progeny were scored for LA/N-cp and BN 

alleles at a (GT)i8 repeat microsatellite locus by an amplified sequence polymorphism. 

Oligonucleotide primers (Marshall University DNA Core Facility) were constructed for 

the D5Rhml locus approximately 1 cM fromfattyXVi(Figure 11). The PCR master mix 

was prepared including [50 mM KC1, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl2, 0.001% 

(w/v) gelatin, 0.2 mM dATP, dCTP, dGTP, and dTTP, 100 ng of each primer and water], 

A 20 p.1 reaction mixture was used containing 100 ng of template DNA. The “Hot start” 

modification was used with a three minute preincubation at 95°C and then the addition of 

2 Units of Ampli Taq polymerase in 5 pL of IX PCR Buffer II to each tube. The thermal 

cycler was programmed for the “touchdown protocol”114: 94°C to denature, 65°C to 55°C 

decreasing 0.5 degrees per cycle to anneal, and 72°C to extend at 30 seconds per segment 

for 20 cycles. This was followed for an additional 34 cycles at the final setting (94°C I 

55°C / 72°C). Amplification was completed in a final 10 minute extension period at 72°C. 

Upon completion, tubes were stored at 4°C until gel electrophoresis. The PCR-amplified 

polymorphisms yielded strain-specific products: LA/N (178 bp) and BN (190 bp). Each 

PCR assay contained control DNA from LA/N-cp and BN/Crl rats.
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Agarose Gel Electrophoresis of Amplification Products. PCR amplified products were 

observed on a 2% agarose [1.5 g NuSieveTM: 0.5 g SeakemTM GTG (FMC Products)] 

gel in IX TBE [Trizma base, boric acid, EDTA (Sigma, St. Louis, Missouri)]. Fifteen pL 

of amplified DNA product plus 5 pL of loading buffer (bromphenol blue I xylene cyanol / 

glycerol / EDTA) was loaded in each well. The Haelll digest of pBR322 (8bp - 587 bp) 

was run in the middle lane as a molecular weight standard. The gel was run at 60 

milliamps for approximately 2 hours with IX TBE as the running buffer. Upon 

completion, the gel was stained for 30 minutes with ethidium bromide (5 pg I mL) and 

visualized and photographed in the dark under UV illumination.

Statistical Analysis. Standard statistical analyses were performed using 

STATGRAPHICS for Windows, Version 2.0 (Statistical Graphics Corp.) computer 

software. A chi square analysis was performed on litter gene segregation data using the 

“Yates Correction for Continuity”115 which corrects for small sample sizes. Degrees of 

freedom (df) was calculated as the number of classes of phenotype minus one. 

Acceptance of the null hypothesis (the difference between observed and expected 

observations attributed to chance alone) occurred below the critical probability value of 

0.05 or 5%. Independent Student’s t-tests were used to analyze physiological 

characteristics. A level of p<0.05 was established for significance for all tests.
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Figure 5. LA/N-c/; x LA/N-c/? cross. Cross used to propagate progenitor strain, LA/N- 
cp. The cp superscript denotes an allele derived from the LA/N-cp strain.
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Figured. 13M/Vc Zucker/#//y x 13M/Vc Zuckev-fatty cross (fa/+ sire). Cross used to 

propagate progenitor strain, 13M/Vc Zucker-/? using a heterozygote sire. The fa 

superscript denotes an allele derived from the 13M/Vc Zucker-/# strain.
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Figure 7. 13M/Vc Zucker-fatty x 13M/Vc Zucker-fatty cross {fa/fa sire). Cross used to 

propagate progenitor strain, 13M/Vc Zucker-/#, using obese male sire. The fa superscript 

denotes an allele derived from the 13M/Vc Zucker-/# strain.
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Figure8. VKJN-corpuIent x 13M/Vc Zucker-yri/Zy cross (fa/+ sire). Cross constructed 

to test the proposed homology of the cp and fa genes, using LA/N-cp heterozygotes and 

13M/Vc Zucker-yh heterozygotes. The cp and fa superscripts denote alleles derived from 

the LA/N-c/? and 13M/Vc Zucker-/<? strains, respectively.
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Figure 9. LMN-corpulent x 13M/Vc T^uck&r-fatty cross (fa/fa sire). Cross constructed 

to test the proposed homology of the cp and fa genes, using LA/N-cp heterozygotes and 

13M/Vc Zucker-/^ obese males. The cp and fa superscripts denote alleles derived from 

the LA/N-cp and 13M/Vc Zucker-/a strains, respectively.
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Figure 10. ~L,MA-corpulent x BN cross. Cross constructed to molecular map cp gene, 

using LA/N-c/? heterozygotes and the non-obese wild-type counterstrain, Brown Norway 

(BN). The cp and BN superscripts denote alleles derived from the LA/N-c/? and BN 

strains, respectively.
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Figure 11. PCR primer sequences for Glutl and Pgtnl assays. Oligonucleotide sequences 
used to amplify strain-specific simple sequence repeats in (LA/N-cp x BN) interstrain 
rats. (A) Glutl. (B) Pgtnl.
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(A) G/lltl

rGlutl-1 5’ GAA TGA AGC TAA GAA TTG ACC TTA GGT 3’

vGhitl-2 5’ GTC CAT GCC TGT CCT TTA GTG CTC TTG 3’

(B) Pgrnl

forward 5’ GCG TGA TGG CTG AGA GAG A 3’

5’ CTG GCC ACC CCC TCC CT 3’reverse
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Figure 12. Representation of genetic linkage between cp and Glutl. Illustration of the 
crosses used to follow genetic linkage between the cp and Glutl loci throughout two 
generations. Only Fi progeny resulting in an obese phenotype are depicted.

Recombinants indicate the existence of a crossover event as shown by the presence of a 
BN allele at the Glutl locus.
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Figure 13. Representation of genetic linkage between cp and PgmI. Illustration of the 

crosses used to follow genetic linkage between the cp and PgmI loci throughout two 
generations. Only F2 progeny resulting in an obese phenotype are depicted.
Recombinants indicate the existence of a crossover event as shown by the presence of a 

BN allele at the PgmI locus.
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RESULTS

Confirmation of homology between cp and fa. To confirm homology of the corpulent 
and fatty loci, interstrain crosses were established between LMN-corpulent (cp) and 

13M/Vc Zucker-/a/(y (fa) rats. Table 3 lists comparative segregation analysis of the two 
progenitor strains, LA/N-cp and 13M/Vc Zucker-/a. The frequency of obese progeny in 

both parental strains was not significantly different from the 0.25 expected of an 

autosomal recessive trait: LA/N-c/? (104 obese /434 total rats = 0.240) (%2 = 0.197, 

p>0.10) and Zucker-/« (10/43 = 0.232) (%2 = 0.008, p>0.10). Six crosses using 

heterozygotes of each strain yielded 10 obese and 32 lean progeny (Table 3). The 

interstrain (LA/N-cp x Zucker-/^) hybrid evaluation was numerically similar to that of 

both parent strains (10/42 =0.238) (%2 = 0.030, p>0.10).

Identification of cp/cp rats. The cp mutation was segregated through interstrain crosses 
with BN. Obese cp/cp rats were classified according to two criteria: (1) visible 

appearance and body weight at sacrifice compared to littermates and (2) adiposity index 

calculated from the weight of the inguinal (male) or ovarian (female) fat pad weight as a 

percentage of total body weight. Visual inspection established the presence of 30 obese 

(10 male / 20 female) cp/cp and 81 lean (-/+ or +/+) rats. The frequency of obese 

progeny produced through F2 crosses (31 obese / 112 total rats = 0.277) is consistent 

with that expected of an autosomal recessive trait (%2 = 0.230, p>0.10) (Table 4). Body 

weights of the 30 obese rats (mean + SEM) (215.2 + 9.3 g) were significantly greater than 

the lean (172.3 + 4.2 g) (Table 6). An adiposity index [right inguinal or ovarian adipose 

tissue weight / body weight x 100] was calculated for each LA/N-cp x BN) F2 generation 

animal. The adiposity index divided both the male (Figure 14) and female (Figure 15) 

groups into 2 distinct and unambiguous populations within sex. The adiposity values 

(mean + SEM) 0.86 + 0.05 for the obese rats and 0.27 + 0.02 for lean animals, were 

highly significant (p <0.0001).
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Genotypes at Glutl and PgmL The 30 cp/cp F2 rats were scored for LA/N-cp and BN 

alleles at the Glutl and Pgml loci using the SSLP assays described in the Materials and 

Methods section. Pedigree analysis of the specific DNA haplotypes manifested by each rat 

was established (Figure 16). Four BN alleles were detected at the Glutl locus through

Physiological analysis of (LA/N-cp x BN) F2 rats. Characterization of the obesity 

phenotype in the newly created (LA/N-cp x BN) interstrain was established through body 

weight, tissue weights, and plasma analysis. Table 6 summarizes the physical 

characteristics of the rats used. At sacrifice, obese rats weighed more, possessed heavier 

livers and fat pad weights than their lean counterparts. These differences were also 

present when males and females were analyzed separately. Also, significant differences 

were observed (male > female) when lean males and lean females were compared. The 

same pattern existed for the obese rats, with the exception of adiposity indices. While the 

mean values for obese males were greater (0.90 + 0.06) vs. (0.84 + 0.07), they were not 

statistically significant. Further analysis showed obese females to have a greater 

percentage increase compared to lean females in body weight (143%) and adiposity index 

(646%) than was observed in male animals: liver (118%) and adiposity index (225%). 

Increased liver weights for both obese sexes compared with their lean counterparts were 

similar 136% (male) and 132% (female).

The characteristics of glucose homeostasis in the F2 progeny are provided in Table 7. 

Fasting plasma insulin concentrations were highly elevated in both sexes of the cp/cp rats 

above their lean counterparts. Both sexes of obese animals exhibited plasma glucose 

values compared with their lean littermates. Corticosterone levels are not significantly 

different between obese males and females and lean rats. Values are slightly elevated in 

obese males (412 + 90 pg / L) vs. lean males (370 + 25 pg / L); in females, lean rats have 

higher corticosterone levels (543 + 50 pg / L) compared to obese cp/cp mutants.
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amplified sequence polymorphisms; only 1 BN allele was detected at the Pgml locus 

(Figures 12, 13). No rat inherited more than a single BN allele at either locus.

Linkage analysis and genetic distances Linkage and map distances were derived from 

the recombination frequencies between Glutl, Pgml, and cp (Table 8). The 30 obese rats 

are homozygous for LA/N-cp alleles at the cp locus; therefore, recombinant chromosomes 

are represented by BN alleles at the GlutlanA Pgml loci. The recombination fraction 

between cp and Glutl ( 4 recombinations in 60 meioses) does not approach 50 

recombinations per 100 meioses (%2=43.35), suggesting that cp and Glutl are linked.

Similarly, cp and Pgml are linked (1 recombination in 60 meioses) (x2=54.15). Assuming 

that one centiMorgan represents 1 recombination / 100 meioses, the gene order with 

intervening calculated map distances is: Pgml — 1.67 cM — cp — 6.67 cM — Glutl 

(Figure 17).
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Table 3. Comparative segregation analysis of progenitor strains, 'LAJN-corpulent and 
131WVc Zucker-/n/(y, and hybrid interstrain (LA/N-cp x 13M/Vc Zucker-yh).
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STRAIN PCROSS

PROGENITOR

LA/N-cp
434 104 0.240 0.197cp/+ x cp/+ 61

Zucker 13M/Vc Zucker-fa

fa/+ x fa/+ 5 43 10 0.232 0.008

3 27 9 0.333 8.026 <0.10

INTERSTRAIN HYBRID

LA/N-cp x 13M/Vc Zucker-fa

fa/+ x cp/+ 6 42 10 0.238 0.030

c 3 26 8 0.308 8.500 <0.10fa/fa x cp/+

Df equals 1 for all crosses.

# OF 
LITTERS

TOTAL 
RATS

OBESE 
PROGENY

FREQ. OF 
OBESE

2 
Z

cUse offa/fa obese male as the sire.

>0.10a

>0.10a,b

“ Acceptance of null hypothesis (P>0.10) as ratio conforms to that expected of an autosomal recessive trait.

^Highly significant at P>0.90.

>0.10a'd

p
fa/fa x fa/+
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Table 4. Segregation analysis of the (LA/N- cp x Brown Norway) interstrain cross for 
molecular mapping techniques.
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STRAIN CROSS P

LA/N-cp x BN

14 112 31 0.277 0.230Fi cp/+ x F-| cp/+

Df equals 1.

# OF 
LITTERS

TOTAL 
RATS

OBESE 
PROGENY

FREQ. OF 
OBESE

2 
X

>0.10a

a Acceptance of null hypothesis (P>0.10) as ratio conforms to that expected of an autosomal recessive trait.
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Table 5. Body weight at 60 days of age in obese, lean, and combined populations of 

compound mutant (LMA-corpulent x 13M/Vc Zucker-/tf//y) rats.
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Sex Phenotype n

a.bMale Obese 5 230.4 + 6.4‘

bLean 8 207.5 + 6.7'

Female Obese a5 209.8 + 10.4'

Lean 9 147.9 + 3.6

aCombined Obese 10 220.1 ± 6.5

Lean 17 175.9 + 8.4

All values are stated as means + SEM.

Body Weight
(g)

^Genotypic (obese vs. obese, lean vs. lean) variance - statistically significant at p<0.05 by 
an Independent t-test.

"Phenotypic (obese vs. lean) variance - statistically significant at p<0.05 by an Independent 
t-test.
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Table 6. Body weight at sacrifice, liver weight, and adiposity indices in obese, lean, and 

combined populations of (Lf^JN-corpulent x BN/Crl) hybrid rats.
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Sex Phenotype n

b .b,c bMale Obese 10 235.5 + 15.3 8.672 + 0.499 0.90 + 0.06

•C CLean 199.7 + 4.541 6.339 + 0.157 0.40+ 0.02

b b 0.84 + 0.076Female Obese 20 205.1 + 11.3' 6.832 + 0.350

Lean 39 143.6 + 3.4 5.152 + 0.149 0.13+ 0.01

.b .bbObeseCombined 30 215.2 + 9.3 7.446 + 0.325 0.86 + 0.05

Lean 80 172.3 + 4.2 5.760 + 0.127 0.27+ 0.02

All values arc stated as means + SEM.

Liver Weight
(g)

Body Weight
(g)

Adiposity’ Index*2

^Phenotypic (obese vs. lean) variance - statistically significant at p<0.05 by’ an independent t-test.

^Genotypic (obese vs. obese, lean vs. lean) variance - statistically significant at p<0.05 by’ an independent 
t-test.

a Adiposity’ index = [(weight of the right inguinal (male) or ovarian (female) adipose tissue I body weight) 
x 100].
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Table 7. Fasting glucose, insulin, and corticosterone concentrations in obese, lean, and 

combined populations of (LA/N-cp x BN/Crl) hybrid rats.
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Sex Phenotype n

a aMale Obese 10 144.1 + 17.3' 2175 + 815 412 + 90

bLean 40 111.1 + 5.1 490 + 86 370 + 25

a flFemale Obese 20 120.8 + 5.4 2731 + 509 515 4- 68

Lean 39 108.2 + 4.5 256 + 46 543 + 50

a fl 480 4- 54Combined Obese 128.8 4- 7.1 2545 4- 42930

455 4- 2979 109.7 4- 3.4 374 + 51Lean

All values are stated as means + SEM.

Glucose
(mg ZdL)

Insulin 
(pmol/1)

Corticosterone 
(Rg/1)

^Phenotypic (obese vs. lean) variance - statistically significant at p<0.05 by an Independent t-test.

^Genotypic (obese vs. obese, lean vs. lean) variance - statistically significant at p<0.05 by an Independent 
t-test.
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Figure 14. Male adiposity indices of (LA/N-c/? x BN) F2 rats segregating cp plotted in 

comparison to littermates within litter. The plot results in two clusters: upper cluster 

(>~0.6%) as obese (cp/cp) and lower cluster (<~0.6%) designated as lean (cp/+) or
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Figure 15. Female adiposity indices of (LA/N-cp x BN) F2 rats segregating cp plotted in 

comparison to littermates within litter. Plot results in two clusters: upper cluster 

(>~0.4%) as obese (cp/cp) and lower cluster (<~0.25%) designated as lean (cp/~) or 

(+/+).
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Figure 16. Haplotype pedigree analysis of (LA/N-c/? x BN) interstrain rats. The plot 

includes the number of rats inheriting a particular DNA haplotype at each genetic locus 

and the overall genetic pattern of loci. Solid boxes represent inherited LA/N-c/? alleles; 

open boxes represent BN alleles.
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Locus

Pgml

corpulent

Glutl

# rats 25 4 1 0

LA/N-cp allele

BN allele



67

Table 8. Linkage data with calculated map distances for the cp, Glutl, and Pgml loci 
mapped in 30 obese F2(LA/N-c/? x BN) interstrain progeny.
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PAIRED LOCI

Pgrnl - cp 1/60 54.15 1.67+1.65

4/60 43.35 6.67 + 3.22

RECOMBINATION FRACTION 
PER TOTAL MEIOSES SCORED

MAP DISTANCE 
cM (+ SEM)7?

cp - Glutl
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DISCUSSION

The relationship between corpulent and fatty was established over 15 years ago by Yen 

et al (1977)3. His breeding of Koletsky and Zucker rats yielding obese hybrid progeny 

supported a hypothesis that the mutations emanated from genetic defects at the same 

locus. In 1977, limitations in molecular genetic techniques prevented further analysis. 

Our work is the first to establish the molecular genetic locus of the fcf (formerly 

corpulent) gene. This was accomplished through complementation breedings between cp 

and/a and segregation of cp on a non-obese counter strain with subsequent mapping using 

microsatellite markers for two genes flanking fa.

Preliminary complementation studies to establish genetic relationship.

Obese syndromes produced by mutations in the cp and fa genes are similar, but not 

identical92. Difficulty in analyzing complex phenotypic characteristics is due to the 

evolution of the mutations on different strain backgrounds with varied lineages and 

impacting epistatic loci116’117. Discriminating the primary genetic defect from resultant 

secondary effects further obscures the dissection of a distinct phenotype118.

We revisited the work of Yen using a descendent of the Koletsky rat, the LA/N-cp. 

The congenic LA/N-cp strain was created by Hansen at NIH using the Koletsky rat as the 

contributor of the cp gene1. With the placement of cp on the LA/N background through 

more than ten backcross generations and the intervening fifteen years, the potential for 

additional mutations at this locus exists. This genetic locus has been shown to be highly 

mutable with five mutations documented in the mouse119, two in rats (including cp)77,87\ 

and one in humans . Therefore, the possibility of a different obese expression in our 

hybrid rats existed

Our interstrain crosses between LA/N-cp and 13M/Vc Zucker-/? rats produced Fi 

generation obese cp /fa compound mutants displaying a 3 (lean): 1 (obese) ratio. By 

comparing breeding results and segregation analysis between the progenitor strains 

(LA/N-cp and 13M/Vc Zucker-/?) and the hybrid (LA/N-cp x 13M/Vc Zucker-/?) animal, 

we see no differences and our results are those typically expected for a fully penetrant
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Segregation of the cp gene on a non-obese counterstrain, Brown Norway.

Through interstrain crosses using the Brown Norway background, we created a new 

obese rat strain, (LA/N-c/? x BN). Our crosses successfully established the cp mutation on 

BN as shown by obese F2 progeny. (LA/N-cp x BN) F2 rats exhibited obesity in the 

expected 3 (lean): 1 (obese) ratio. Obese rats were heavier with liver hypertrophy and 

significantly increased adiposity. These progeny were hyperinsulinemic and although not 

statistically different, they showed trends of glucose homeostasis characteristics different 

from the parental LA/N-c/? strain. Interstrain animals are more hyperglycemic than the 

LA/N-cp and differ from the expression offa on the Zucker background in several 

characteristics92,124.

The variability of phenotypic expression is most likely due to the effect of the 
i 1 *7

background strain and epistatic influences . Interstrain crosses inherently create

autosomal recessive trait. Through these crosses we were able to replicate the previously 

suggested homology of cp and fa, and provide the impetus for the use of molecular 

markers defining the exact chromosomal location (mapping) in the rat.

We did not attempt to extensively analyze the phenotype of the hybrid cp/fa mutant 

rats. The recent cloning of both fam and fd122 genes, which represent the leptin receptor 

(lepr), has shown that they are the result of two different mutations at the same genetic 

locus. The analysis of the hybrid cp/fa mutant would provide insight into the potentially 

differing molecular pathways involved in the manifestation of two different alleles.

Our results confirm the work of Yen and his co-workers more than 20 years ago. The 

cp and fa mutations occur within the same gene. The use of a derivative of the original 

Koletsky rat crossed with the 13M/Vc Zucker-/# produced rats that were 25% heavier 

than their lean counterparts. However, these crosses could not permit definitive analysis 

of chromosomal gene location. The breeding analysis or resultant phenotypes could not 

conclusively establish if cpand /# are allelic or the same mutation. Therefore, we 

attempted to map the cp gene mutation utilizing established molecular markers tightly 

linked to/#.
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admixtures of alleles at individual genetic loci. After the F2 cross, heterozygosity (BN and 

LA/N-cp alleles) would theoretically be expected at greater than 87% of loci; only 12.5% 

of all loci would be expected to be “fixed” for one parental allele123. Therefore, unique 

genetic combinations exist producing undetermined phenotypes.

Background-dependent phenotypic expression is conclusively established in rodent 
obesity models. When maintained on the same background strain, the db and ob mouse 

mutations manifest identical obesity syndromes. On the C57BL/6 background there is 

severe obesity with mild glucose intolerance and transient hyperglycemia, while ob/ob or 

db/db expression on the C57BL/KsJ strain leads to a rapidly developing and life- 

shortening diabetes ’ ’ ’ . This phenomenom is also present in rat models where 

both fa and cp have been placed on different backgrounds to compare phenotype. In 

addition to LA/N-cp, 5 other strains incorporate the corpulent mutation: SHR/N-cp1, 

WKY/N-cp129, Jcr: LA-cp88, SHHF/Mcc-cp89, and DSS/N-cp130. Expression of the cp 

phenotype on the SHR/N and WKY/N backgrounds demonstrates impaired glucose 

tolerance advancing toward non-insulin dependent diabetes mellitus (NIDDM), while 

LA/N-cp rats remain nondiabetic throughout their entire lives131. Partially backcrossed 

(prior to complete congenic status) substrains derived from Hansen’s breeding, the Jcr: 

LA-cp (separated at N5) and SHHF/Mcc-cp (N7) exhibit phenotypic variability from the 

completely congenic (> 10 backcrosses) LA/N-cp and SHR/N-cp, respectively. Jcr: LA-cp 

obese rats suffer atherosclerosis and myocardial lesions88; the SHHF/Mcc-cp strain 

manifests obesity with congestive heart failure89. The Dahl salt-sensitive/NIH-cp rat is a 

newly created congenic strain derived from SHR/N-cp and DSS/N rats which manifests 

organ vasculopathy with vascular lesions in the kidneys, intestines, pancreas, and testes130.

We segregated the cp mutation on a non-obese counterstrain, BN. The Brown 

Norway has been used previously in mapping studies of loci flanking fa1. In microsatellite 

loci that have been PCR-amplified, BN alleles exhibit differential sized polymorphisms11"' 

with respect to both cp and fa. By expressing both LA/N-cp and BN alleles at various 

loci, the newly created strain will allow us to “track” and map strain-specific 

polymorphisms.
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To quantify crossovers occurring between cp and the flanking Pgml or Glutl, we used 

single sequence length polymorphism (SSLP) assays for microsatellites at each locus.2'113 

Microsatellites, or simple sequence repeats (SSR), are short (1-4 base pair) sequences 

repeated multiple times in a tandem array interspersed throughout mammalian genomes. 

They are highly polymorphic among different rat strains. Variability in length of the 

repeated sequences can be measured through PCR amplification and product length 

determination via electrophoresis132.

Complementation crosses between LA/N-cp and Zucker-yh provided the preliminary 

information to place cp at the fa locus. Because of our breeding results and segregation 

analysis, we were confident that cp and fa were homologous mutations on rat 

chromosome 5. This information allowed us to map cp using molecular markers linked to 

fa and did not require us to scan the entire genome. The cp gene was segregated by 

interstrain crosses between LA/N-cp and a genetically distant counterstrain, Brown 

Norway (BN). This breeding protocol allowed the use of molecular mapping techniques . 

Scoring by visual appearance, body weight, and adiposity indices divided the (LA/N-cp x 

BN) F2 population into two unambiguous non-overlapping populations. Analysis of DNA 

haplotypes for 30 obese F2 rats (60 informative meioses) yielded 4 BN alleles at the Glutl

Molecular mapping of corpulent using polymorphic microsatellite markers flanking 
fatty.

To map the cp gene in the (LA/N-cp x BN) F2 rats, we relied on classical genetics and 

meiotic mechanisms to create a physical molecular map. Mendel’s 2nd law or the law of 

independent assortment, states that the segregation of a gene at a particular locus will 

have no influence on the segregation of a gene from any other locus. This law fails when 

the genes are located on the same chromosome (linked). Linked genes will segregate 

together during meiosis unless a crossover event has occurred. Crossovers occur during 

the first prophase period of meiotic division with the exchange of chromosomal segments 

between nonsister chromatids. By counting the number of crossover events between two 

genetic loci, a map distance in centiMorgans (1 cM equals 1% recombination) can be 

calculated115.
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The leptin receptor and skeletal muscle in the LA-N-/i/model.

Following the discovery of the ob gene product (leptin),72 Tartaglia et al (1995) 

reported the expression cloning of its corresponding receptor, lepr, as the putative cause 

of obesity in the db mouse model75. The leptin receptor is an alternatively-spliced, single

membrane spanning receptor related to the class 1 cytokine receptor family136. Synteny 

homology between mouse chromosome 4 (db mutation) and rat chromosome 5 (fa 

mutation) permitted the establishment of the rat fatty mutation as a defect in lepr. Fatty is 

the result of a base transversion at nucleotide 880 converting amino acid 269 from 

glutamine to a proline residue121. Our placement of cp within the same chromosomal 

region asfatty was supported by Wu-Peng et al (1997) with the cloning of the Koletsky 

gene (/). The nonsense mutation (a thymine to adenine base transversion at nucleotide 

2349 within the intracellular domain) converts a tyrosine residue to a stop codon yielding 

a truncated receptor122.

To date, the significance of the leptin receptor in the obesity syndrome is unclear and 

remains to be elucidated. The primary effect of leptin takes place via receptors in the 

central nervous system. However, leptin receptors have been identified in peripheral 

tissues, including skeletal muscle74. The role of skeletal muscle in overall organismal

locus and 1 BN allele at Pgml. A resultant BN allele at either the Glutl or Pgml locus 

represented a crossover event.
Our results place cp on rat chromosome 5, flanked by Glutl and Pgml: Pgml — 

1.67cM — cp — 6.67cM — Glutl. Thus, we have mapped cp to the same genetic 

interval as fa. Gene order and map distances are similar to research previously reported 

for/a. Pgml - 1 OcM — fa — 8.6cM — Glutl2. The symbol fattyf (ft/) is now used to 

represent corpulent (cp) and Koletsky (/) and reflects the fact that both fa and fc/ occur at 

the same genetic locus. Mapping// to this locus on chromosome 5 solidifies the synteny 

between rat chromosome 5, mouse chromosome 4 and the short arm of the first human 

chromosome (Figure 17)108,133,134. The db obesity mutation on mouse chromosome 4, 

which is homologous to the fa mutation in rats, is found within a well-conserved syntenic 

group shared by mice and humans135.
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lipogenesis and fatty acid synthesis has been documented137. Kahle’s lab has established 

ultrastructural differences (increased lipid content) in skeletal muscle satellite cells in the 

LA/N-/</model107. Recent studies by Muoio et al (1997)138 have shown the role of leptin 

in lipid partitioning and those of Wang et al (1998)139 showed induction of leptin gene 

expression by the nutrient-sensing hexosamine biosynthetic pathway in skeletal muscle139. 

Further implication of the role of skeletal muscle metabolism in the LA/N-yj/ model with a 

defective leptin receptor provides the foundation for future analysis.



75

Figure 17. Syntenic relationship between human chromosome 1, mouse chromosome 4 

and rat chromosome 5 at the lepr locus. Compiled from Truett et al (1991) , Kershaw et 

al (1996)113 and current data.
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