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Chapter 9 - Rat Nutrition, pp. 219–301
I. and II. 
Introduction & Nutrient Requirements

Nutrition is an environmental factor which can have profound effect on the quality of experimental results. The Nutrient Requirements of Laboratory Animals, published by the National Research Council (NRC) in 1995, is the most reliable resource for the estimated nutrient requirements of rats. Bear in mind, however, that adequate nutrition may be conditioned on genetic or environmental factors. In general, the nutrient requirements for rats do not vary markedly from those of other mammalian species. 

III. 
Required Nutrients

A. 
Protein and Amino Acids

Protein requirements decrease with maturity of the animal. The most rapid increase in total body protein occurs during the suckling period. Requirements discussed here are based on diets with approximately 5% fat; as fat content or calorie density of the diet increases, increasing protein to maintain a constant protein:calorie ratio is desirable. 
Protein deficiency results in poor growth, poor reproductive and lactation performance, hypoproteinemia and anemia, edema, and muscle wasting. Deletion of a single essential amino acid can result in an almost immediate reduction in food intake, along with chronic signs attributable to protein deficiency. Young rats fed diets deficient in a single amino acid had poor haircoats with areas of alopecia and chromodacryorrhea; they were weak, lethargic and lost weight. Many experimental results may be altered by protein deficiency, most particularly chemical toxicity and carcinogenesis, immunologic and enzymatic processes, and response to infectious agents. Rats may be able to adapt to the deficiency of some amino acids by coprophagy or alterations in protein synthesis or catabolism.
Methods used to evaluate adequacy of dietary protein:

Protein efficiency ratio (PER): grams weight gain per gram protein ingested

Net protein utilization (NPU): proportion of food nitrogen retained by test animal
Measurement of plasma amino acids or metabolic studies with radiolabeled amino acids Interactions exist between certain amino acids; for instance, phenylalanine requirements may be spared by tyrosine, methionine requirements may be spared by cystine. Tryptophan deficiencies have been reported to cause cataracts, but this effect may be alleviated with supplementation of alpha-tocopherol. Amino acids fed at levels higher than requirements may be toxic; in particular methionine is toxic at only twice the dietary requirement and cystine can be toxic. 
For growing rats, feed efficiency and growth rate was greatest at about 12% protein (from lactalbumin), but PER was maximal at 8% protein and retention efficiency for most amino acids was maximal at 6% protein. In practice, diets made of natural ingredients with 18 to 25% crude protein support high rates of post-weaning growth. Adult maintenance requirements are about 7% protein in diets utilizing natural ingredients. 

B. 
Energy

The energy content of foods is partitioned into:
Gross Energy (GE) energy of foods determined by complete oxidation in a bomb calorimeter

Digestible Energy (DE) GE minus energy in fecal material

Metabolizable Energy (ME) DE minus urinary and gaseous energy losses 

“Physiological fuel” values are widely used to estimate the ME of foodstuffs; these values are 4 kcal/gram of protein and carbohydrate and 9 kcal/gram of fat. The primary sources of energy in animal diets are carbohydrate and fat.
Requirements for dietary energy are often expressed as a function of basal metabolic rate (BMR). Klieber established the concept of metabolic body size as a function of body weight to the 0.75 power (BW.075). However, physiologic state has a profound effect on energy requirements. For instance, the energy needed to support rapid growth may reach 3 to 4 times that required by an adult at maintenance, and lactating rats have an energy requirement 2 to 4 times that of nonlactating females. 
In general, energy requirements for rats can be met by diets with a wide range of energy densities, and animals will adjust their intakes to meet their requirement. Diets for weanlings should contain at least 3 kcal of ME per gram of feed. Chronic energy excess results in obesity, which has been shown to decrease life span and increase incidence and severity of degenerative disease and neoplasia. In general, rats consume less of purified diets compared to diets comprised of natural ingredients. 
C. 
Fat
Diets for rodents generally contain between 5 and 15% fat; a level of 5 to 6% is recommended for weanlings and females during reproduction and lactation. Dietary lipids contain essential fatty acids (EFA), deficiency of which cause reduced growth rate, roughening and thinning of hair, necrosis of the tail, fatty liver, renal damage and reproductive failure. The three polyunsaturated fatty acids (PUFA) considered essential in the rat are linoleic, linolenic and arachidonic. Oils from seeds and corn are high in PUFA and the requirements of rats can be met by adding soybean oil to the diet.

D. 
Carbohydrate 

Carbohydrate-free diets for growing rats result in impaired growth and glucose metabolism. Carbohydrate-free diets in pregnant rats did not maintain pregnancy unless supplemented with 4% glucose, and low carbohydrate diets in lactating rats retarded post-natal pup growth.
Rats can use a variety of carbohydrates: glucose, fructose, sucrose, maltose, dextrins and starch. High sucrose or fructose diets increase plasma and liver lipids. High concentrations of lactose or xylose result in diarrhea in weanlings.
E.  
Fiber
There is no known fiber requirement for rats, but dietary fiber decreases digestive transit time, increases fecal bulk and improves gastrointestinal health. Crude fiber is the insoluble residue remaining after treatment of food with acid and alkali; however, this measurement underestimates total fiber by undervaluing lignin and hemicellulose. The analysis of fiber is also subject to error because of resistance of starch to degradation in the analytical process. The “detergent fiber” system (Acid-Detergent Fiber or ADF, Neutral Detergent Fiber or NDF) is used to define physiologically functional components of dietary fiber. Fiber as an energy source depends on fermentation in the hind-gut. Increases in the size of cecum and colon are seen when fiber is included in rat diets. Addition of insoluble fibers (oat hulls, wheat bran) at concentrations of up to 20% in rat diets do not affect growth rates even though energy content is diluted. Viscous polysaccharides (pectin, guar, carboxymethylcellulose) may decrease food intakes and body weight gains. 
F. 
Minerals

Total diet mineral content is expressed as “ash.” A good quality natural ingredient rat diet contains from 7 to 8.5% ash. The mineral contents of most natural ingredient rats diets are higher than the published requirements to compensate for low bioavailability of some minerals in feed. 

Macrominerals 
Calcium (Ca++) is the most abundant divalent cation in the body. About 1.5% of total body weight is Ca++, about 99% of which is in the skeleton and teeth. Absorption of Ca++ is regulated by the calcitriol (1, 25 (OH)2 vitamin D3)-dependent system. This system utilizes the Ca++-transport protein calbindin in the small intestine and is stimulated by low dietary Ca++.  When Ca++  intake is relatively high, the predominant process is a saturable, passive paracellular mechanism. Dietary protein, fiber, phytates, oxalates and fats affect Ca++ availability. Calcium homeostasis in the blood is controlled by parathyroid hormone (PTH), calcitriol and calcitonin. PTH increases blood Ca++ through effects at the bone and kidney; calcitonin lowers serum Ca++ by inhibiting osteoclast activity. 
Calcium is critical for normal bone mineralization; low calcium intakes (.25%) through adolescence in rats had a nonreversible effect on bone density. Calcium is also critical for blood clotting, nerve conduction, muscle contraction, enzyme regulation and membrane permeability. Flux of Ca++ across membranes is regulated by the calcium-binding protein calmodulin. Calcium is required to activate protein kinase C and phosphodiesterase, which explains its effect on glucose transport, gastric acid release, and the action of substances such as insulin, glucagons and angiotensin. 
Calcium deficiency is manifested by slow growth, anorexia, reduced BMR and activity, infertility in males and poor lactation in females, osteoporosis, internal hemorrhage and rear-limb paralysis. Female rats are more susceptible than males; females should receive a diet containing 1% calcium during lactation. 
Calcium interacts with other dietary minerals, particularly other divalent cations. For instance, high dietary Ca++ can reduce absorption of iron and zinc. Rats fed diets high in Ca++  (2.5%) had reduced absorption of dietary fatty acids, and high dietary calcium reduces blood pressure in rat hypertension models. Calcium supplementation reduced colon cancer incidence and increased resistance to Salmonella. Feeding a dietary Ca:P molar ratio below 1.3 resulted in nephrocalcinosis in rats. 
Phosphorus (P) metabolism is closely-related to calcium. 85% of body P is found in the skeleton. In addition to its role in bone mineralization, P is a critical element in DNA and RNA, in phospholipids, phosphoproteins, adenine nucleotides and 2nd messenger systems. Depletion of P causes decreased food intakes, reduced weight gains and impaired nitrogen and carbohydrate metabolism. Absorption of P is affected by dietary phytates, calcium, magnesium  and aluminum. 
Magnesium (Mg++) is the most abundant intracellular divalent cation. About 60% of the body’s magnesium is found in the skeleton. Absorption of Mg is a passive process, adversely affected by dietary fiber, phytate, lactose and unabsorbed fatty acids (as in steatorrhea). Magnesium is an enzyme activator or cofactor for over 300 chemical reactions including those in the Krebs cycle, glycolysis, nucleic acid and protein synthesis, muscle contraction and lipid oxidation. Magnesium is required for the synthesis of PTH and competes with Ca for binding sites for reabsorption in the kidney.
Symptoms of Mg++ deficiency in rats include hyperemia of the ears, irritability and tonic-clonic convulsions. In young rats, hypomagnesemia results in slow growth rate, alopecia and skin lesions. Also reported are skeletal fragility, crystalluria and degenerative changes in kidney, muscle, heart and aorta. Magnesium-deficient rats had elevated blood pressure, increased risk of alloxanic diabetes, and higher plasma triglycerides in response to sucrose feeding. 
Potassium is the principle intracellular cation. However, extracellular K+ is important for the excitability of nervous tissues as well as contractility of cardiac and skeletal muscle. Potassium is necessary for maintaining electrolyte and pH balance. Most K+ excretion is via the urine although diarrhea results in significant K+ losses.  Potassium depletion results in alkalosis, impaired carbohydrate metabolism, reduction in plasma aldosterone and increased plasma sodium. The supplementation of K+ can attenuate hypertension in rats fed high-salt diets and reduces the incidence of stroke in Dahl rats. Hyperkalemia can result in cardiac arrhythmias and cardiac arrest. 
Sodium is the major extracellular electrolyte; about 70% of the body’s Na is found in extracellular fluid, nerve and muscle tissue. Sodium is involved in nerve-cell conduction and transport across enterocyte and other cell membranes. Although most dietary Na is absorbed, Na metabolism is controlled by vasopressin, natriuretic hormone, renin, angiotensin II and aldosterone.  Most of these hormones respond to increased Na concentration or to hypothalamic osmoreceptor stimulation. Various rat strains are susceptible to increased blood pressure when fed high-salt diets. Hypertension in salt-sensitive SHRs is due to a loss of the regulatory effect of dietary sodium on the angiotensinogen/angiotensin II system; in the Dahl/Rapp model, the L-arginine/nitric oxide pathway is involved. Salt-loading also is associated with insulin-resistance. Salt deficiency results in reduced appetite, impaired growth, delayed sexual maturity and male infertility and corneal lesions. 

Chloride along with sodium and potassium is responsible for osmotic pressure and acid-base balance. Chloride is required for production of HCl from the gastric epithelium and functions as the exchange ion for HCO3- in red blood cells (the “chloride shift”). Chloride deficiency develops slowly because of chloride-conserving mechanisms; signs of deficiency are poor growth, reduced feed intake, decreased blood chloride. Sprague-Dawley and Dahl rats fed consuming high-chloride diets develop high blood pressure. 
Microminerals

Zinc (Zn) is a divalent cation with diverse catalytic, structural and regulatory functions. Absorption of zinc is relatively poor; absorption is improved by small molecular weight ligands (amino acids) and reduced by large molecular weight compounds (phytates). The estimated zinc requirement is 12 mg/kg diet (ppm) for growth and 25 mg/kg for reproduction. Zinc is an essential cofactor in over 300 enzymes. Zinc serves as a structural component of DNA transcriptases which regulate gene expression in response to a variety of hormones. Zinc plays a critical role in the structure and function of cell membranes and binds to the cell-skeleton protein tubulin. 
Zinc deficiency results in decreased plasma zinc and anorexia within 3 days; prolonged deficiency retards growth, affects immune function, causes alopecia and defects in hemostasis. Zinc deficiency during pregnancy causes defects in fetal skeletal, neurological, and other soft tissue systems. Zinc deficiency intensifies the effects of essential fatty acid deficiency in rats. Growth retardation due to zinc deficiency is in part due to defects in the growth hormone signaling pathway and impairment of the IGF-1 system. Effects of zinc-deficiency on appetite may be due to alteration of leptin metabolism. Zinc interacts with dietary vitamin A, copper, iron, calcium, folate, cadmium, lead and silica. Zinc competes with other divalent cations for absorption and transport, hence reduced dietary iron (for example) increases zinc absorption and reduced dietary zinc increases iron absorption. 
Copper (Cu) regulates gene expression of metal-binding proteins (metallothioneins) and functions as an important enzyme cofactor. Copper is required by cytochrome c oxidase, the terminal step in the mitochondrial electron transport system and also a requirement for phospholipids synthesis in nervous tissue. Ceruloplasmin, containing six copper atoms, transports copper in the blood and also oxidizes ferrous (Fe2+) iron. Other copper-containing enzymes: superoxide dismutase (SOD) scavenges superoxide radicals and protects cell membranes from oxidative injury; amine oxidases such as lysyl oxidase (essential in cross-linkage formation in collagen & elastin) and tyrosinase (essential in melanin formation). 
Universal signs of copper deficiency are anemia, neutropenia and osteoporosis. Depletion of copper in the perinatal period results in long-term neurochemical and behavioral abnormalities. Other manifestations of copper deficiency are reduced growth rate, alterations in platelet function, skeletal abnormalities, depigmentation and impaired keratinization of hair, reproductive failure and cardiovascular disorders such as myocardial degeneration and rupture of major blood vessels. Copper deficiency causes hypercholesterolemia and hypertriglyceridemia and may affect hepatic lipogenesis. Both cellular and humoral immune functions appear to be impaired by copper deficiency. Copper metabolism is adversely affected by diets high in simple sugars.
The Long-Evans Cinnamon (LEC) rat is a model for Wilson’s disease in humans, which results in excessive accumulation of copper in the liver. Copper requirements for growth and reproduction in rats are 5 and 8 mg/kg of diet, respectively. Although copper is potentially toxic, rats seem relatively resistant to high levels of copper in the diet; hepatic necrosis and reduced growth were observed in Fischer 344 rats fed 1250 mg/kg copper in the diet.

Iron (Fe) is essential as a component of hemoglobin in erythrocytes and a site of electron transport in cytochromes and cytochrome oxidase. Several other heme-containing enzymes require iron: catalase, myeloperoxidase and thyroperoxidase. Iron & sulfur provide an active site for enzymes such as aconitase and NADH ubiquinone oxidoreductase. Only ferric (Fe3+) and ferrous (Fe2+) oxidative forms of iron are stable in aqueous environments. Iron balance is determined primarily by absorption; heme iron is much more readily absorbed than non-heme iron. Some non-heme ligands can enhance iron absorption, examples of such enhancers are ascorbic, citric and tartaric acids, fructose, sorbitol and amino acids. Conversely, phytates, oxalates, polyphenols, calcium, manganese and zinc can inhibit iron absorption. The Belgrade rat is deficient in Nramp2, a protein responsible for iron absorption, and hence this rat exhibits a hereditary microcytic anemia. Mobilization of iron from ferritin storage sites is dependent on the copper-containing protein ceruloplasmin; in general, increasing dietary iron decreases copper absorption and storage.

Iron deficiency in pregnancy results in growth retardation, cardiac hypertrophy, and altered dopaminergic functioning in rat offspring. Wistar and Fischer rats are more susceptible to iron deficiency than the Sprague-Dawley strain, and the Fischer 344 strain is less susceptible. Iron overload results in excessive iron deposition in the liver, leading to hepatic cirrhosis and/or fibrosis and increased lipid peroxidation. 

Selenium (Se) varies in soils and food plants worldwide more than any other essential trace mineral. Organic selenium (seleno-amino acids) is better absorbed than inorganic. Many seleno-proteins are involved in selenium transport and storage, the most well-characterized being selenoprotein-P. Selenoprotein-P is an extracellular glycoprotein located in plasma and associated with endothelial cells.

Selenium is an essential cofactor for the several forms of glutathione peroxidase (GSH-Px), which reduces organic peroxides and hydrogen peroxide. Diets deficient in selenium result in lower liver and brain GSH-Px activity and increased lipid peroxidation. Selenium and vitamin E have an interdependent relationship in their role as antioxidants; this relationship is also affected by levels of iron, zinc and copper. Selenium also affects iodine metabolism in its role as iodothyronine deiodinase and plays an important role in arachidonic acid metabolism. 
Selenium deficiency impacts many biochemical systems; deficiency symptoms include alopecia, growth retardation and reproductive failure. Spermatogenesis and maturation are affected. GSH-Px in plasma is often used as an indicator of selenium status. The NRC considers the minimum dietary Se concentration required for growth and maintenance to be 150 μg/kg diet, although some investigators report a minimum requirement of 400 μg/kg for pregnancy and lactation. 
Chromium (Cr), as a cofactor in glucose tolerance factor, is involved in carbohydrate metabolism via potentiation of insulin secretion and activity. Early work in the rat confirmed chromium’s role as an essential trace mineral. Amino acids and ascorbic acid improve chromium absorption while zinc supplementation decreases chromium absorption. Chromium deficiency results in growth retardation, insulin hyper-responsiveness to glucose infusion, increased insulin resistance, decreased glycogen reserves and impaired amino acid utilization for protein synthesis. 

Manganese (Mn) is active in superoxide dismutase (SOD) and binds with transferrin for transport. Magnesium (Mg2+) may substitute for manganese (Mn2+) in a number of enzymatic reactions. Enzymes activated by manganese include oxidoreductases, lyases, ligases, hydrolases and transferases. Manganese-containing SOD is located in the mitochondria (as compared to Cu-Zn SOD which is located in the cytoplasm) and protects against mitochondrial lipid peroxidation. Decreased SOD activity may affect cancer susceptibility. Manganese absorption efficiency increases with decreased dietary concentrations, and decreases with increasing dietary fiber, oxalic acid, calcium, phosphorus and iron. Litters from Mn-deficient dams displayed ataxia, skeletal defects and an early incidence of post-natal death. The Sprague-Dawley strain is more sensitive than the Wistar strain in the impact of Mn-deficiency on cholesterol, HDL and apolipoprotein E metabolism. Because of strain differences, the NRC estimates a requirement of 10 mg/kg Mn in the rat diet, even though for many strains 5 mg/kg is adequate for normal growth and development. 
Iodine (I) is an essential component of thyroid hormones. Iodine is well-absorbed from dietary sources and aggressively trapped by the sodium-dependent iodine pump in the thyroid gland. Iodine deficiency results in goiter, impaired reproduction, and decreased levels of thyroid hormones. Both selenium and iodine are required for adequate thyroid function. The iodine requirement for rats is estimated at 150 mg/kg of diet; concentrations of iodine in excess of 500 mg/kg increased number of stillbirths and decreased pup survival rates. 
Molybdenum (Mo) is an essential part of molybdopterin, which is a cofactor in several oxidation-reduction metalloenzymes: sulfate oxidase, aldehyde oxidase and xanthine dehydrogenase (XDH).  XDH is important in purine metabolism.  Although diets very low in Mo result in decreased XDH activity, no deficiency signs are observed. Tungsten is a molybdenum antagonists. Diets exceeding 6 mg/kg Mo results in significantly reduced long bone growth. 
Fluorine (Fl) promotes the formation of apatite from calcium and phosphate, but this is not considered an essential function. Fluoride also reduces the development of dental caries in rats. Most fluoride is found in the skeleton in the form of fluoride apatite. Excessive dietary fluoride contributes to the development of urinary calcium oxalate crystals and urolithiasis. 

Arsenic (As) has not been defined as an essential element, but As appears to play a role in the conversion of the amino acid methionine to taurine and arginine. Arsenic may also play a role in phospholipids synthesis. Methylated organic arsenicals are the least toxic and most readily absorbed. 
A biochemical role for boron has not been defined, but it appears to play a role in the composition, structure and integrity of bones. Boron supplementation synergized with estrogen treatment to improve calcium and phosphorus absorption and trabecular bone quality in ovariectomized rats. Boron appears to influence extracellular transport of calcium. Similarly, silicon is not defined as an essential element, but appears to be involved in the growth and development of bone, connective tissue and cartilage. Supplementation with silicon appears to prevent aluminum accumulation in brain tissue.
A specific function for nickel also has not been identified. Nickel functions in several metallo-enzymes but can be substituted for by other minerals. Nickel-deficient rats had reduced sperm counts, reduced sperm mobility and decreased weight of seminal vesicles and prostate glands. 

G.  
Vitamins
Vitamins are organic compounds required in minute amounts which are not catabolized or used for structural purposes. Vitamins are typically classified by their solubility in fat or water.

Fat-soluble vitamins

Vitamin A is required for vision, differentiation and integrity of epithelial cells, reproduction, immune function, and development of the skeletal, cardiovascular and central nervous systems. Dietary retinyl esters support vision, reproduction and epithelial tissues but dietary retinoic acid does not support vision or reproduction. Plants contain carotenoids which are pro-vitamin A compounds. Rats do not readily absorb carotenoids from the diet (and as such are “white fat” animals). Dietary vitamin A is susceptible to oxidation but the retinyl esters used in rodent diets are stabilized and retain 90% of their activity for six months under good storage conditions. 
Dietary vitamin A is well-absorbed and transported in chylomicrons. 90% of vitamin A storage is in the liver, from which it is mobilized as retinol linked to retinol-binding protein. Neonates have very low vitamin A stores and rely on dam’s milk and post-weaning diet for vitamin A. Deficiency causes anorexia and retarded growth,  xerophthalmia, epithelial metaplasia and keratinization, reproductive failure and immune compromise. Offspring of vitamin A deficient rats have craniofacial defects, microphthalmia, umbilical hernias, and abnormal tissue structure in the liver, heart and thymus. Tissues particularly sensitive to vitamin A deficiency are the trachea, skin, salivary glands, cornea and testes. Vitamin A appears to be required for T-cell function, for antibody response to pathogens, for neutrophil maturation and phagocytosis and for NK cell activity. Hypervitaminosis A results in weight and hair loss, osteoporosis and renal and cardiac calcification. 
Vitamin D is formed by the exposure of provitamin D forms (ergosterol in plants and 7-dehydrocholesterol in animals) to sunlight. In animals, cholecalciferol (vitamin D3) is formed in skin following exposure to UV light. Since animals are able to produce their own cholecalciferol, vitamin D does not meet the classical definition of a vitamin and is more accurately called a prohormone. The active forms of vitamin D are formed by successive hydroxylations in the kidney and liver (1, 25 dihydroxycholecalciferol or calcitriol). Vitamin D is transported first in chylomicrons and then bound to vitamin-D binding protein in plasma. 
Vitamin D acts in concert with calcitonin and parathyroid hormone to act on bone, kidney and intestine to regulate blood calcium and phosphorus concentrations. Vitamin D receptors are also found in brain, pancreas, immune cells, pituitary and muscle, and new roles for vitamin D are being elucidated in muscle function, immune and stress response, and hormone secretion.
Deficiency of vitamin D results in low growth rate, irritability and tetany, and bone demineralization. Fat malabsorption, liver disorders and gastric surgical procedures can result in vitamin D deficiency. Vitamin D toxicity results in calcification of the heart, lung, kidneys and other soft tissues. The NRC estimates requirements at 1000 IU/kg diet. 
Vitamin E refers to tocopherols and tocotrienols; the compound with the greatest biological activity is considered alpha-tocopherol. Vitamin E functions as an antioxidant to maintain biological membrane activity. Deficiency in rats causes reproductive failure, kyphoscoliosis, erythrocyte destruction, neurological and behavioral abnormalities, skin ulcers and depigmentation, kidney and liver degeneration. Requirements are affected by level of dietary polyunsaturated fatty acids (PUFA), ascorbic acid, selenium and vitamin A. Requirements increase with age and are also strain-dependent (SHR more sensitive to deficiency than Wistar-Kyoto and Sprague-Dawley). 
Vitamin K activity is found in phylloquinones (from plants) and menaquinones (produced by bacteria). Coprophagous rats obtain menaquinones produced by gut microflora. Menadione is the synthetic form of vitamin K used in commercial rat diets. Vitamin K is required to form alpha-carboxy glutamate functional groups on prothrombin and clotting factors VII, IX and X and as such is required for normal blood coagulation. Vitamin K availability in the diet is affected by fat malabsorption and by high levels of vitamins A and E. 
Water-soluble vitamins

Vitamin B6 (pyridoxine, pyridoxal, pyridoxamine) is converted by the liver into coenzymes pyridoxal phosphate (PLP) and pyridoxamine phosphate. PLP serves as a coenzyme in over 100 enzymes involved primarily in amino acid metabolism but also gluconeogenesis, fatty acid metabolism, erythropoiesis, and neurotransmitter synthesis. The form of B6 produced by intestinal microflora is not readily absorbed, so B6 must be supplied in the diet even for coprophagous rats. Vitamin B6-deficient rats develop symmetrical scaling dermatitis (acrodynia), hyperirritability, convulsions, muscular weakness, and microcytic anemia. Other signs of deficiency are deficits in active and passive avoidance learning, depressed response to auditory and tactile stimuli, and an abnormal rear limb gait.  Vitamin B6 affects both humoral and cell-mediated immune responses and is involved in the synthesis of niacin, histamine, taurine and dopamine. PLP modulates gene expression and steroid hormone receptor affinity. 
Niacin is the vitamin from which the liver synthesizes nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP). NADH is critical for electron transfer to ADP during ATP synthesis; NADPH is required for the biosynthesis of fatty acids, cholesterol, steroid hormones and deoxyribonucleotides.  Plants and bacteria synthesize the pyridine ring of NAD but animals cannot. However, coprophagic rats can take advantage of gut microflora synthesis of NAD, and rats can synthesize a limited amount of NAD in the liver from tryptophan.  Deficiency of niacin results in reduced growth, diarrhea, degenerative changes in motor, sensory and autonomic neurons, convulsions and alopecia. Niacin deficiency appears to increase susceptibility to development of cancer.
Biotin deficiency was first reported in 1916 animals fed raw egg white. Egg white protein contains avidin, a biotin antagonist. Animals developed dermatitis, hair loss, and neuromuscular abnormalities (“kangaroo gait”). Other deficiency signs are anorexia, hyperkeratosis, stillbirth and embryonic resorption and depressed immunity.

Biotin is required for carboxylation reactions in gluconeogenesis, fatty acid synthesis and amino acid metabolism. Odd-chain fatty acids accumulate in tissues when biotin is deficient, and the development of dermatitis can be prevented by supplying n-6 PUFA in the diet of biotin-deficient rats. Rats do not require dietary biotin supplementation if permitted to consume feces. The NRC recommends 0.2 mg/kg biotin when casein is the protein source, but 2 mg/kg biotin is required when raw egg white is the protein source. 
Folate or tetrahydrofolic acid is a coenzyme required in the transfer of single-carbon units during the synthesis of amino acids (serine, methionine, glycine and histidine) and nucleotides (purines and pyrimidines). As such, folate is required for cell division.

The rat is resistant to folate deficiency because of coprophagy and the ability to absorb folate from the lower bowel. Deficiencies can be induced by antibiotic treatment, malabsorption syndromes, liver disease or pregnancy. Folate deficiency results in decreased growth, leucopenia and anemia, hyperhomocysteinemia and increased hepatic lipid peroxidation. The hyperhomocysteinemia and oxidative stress are associated with increased risk of cardiovascular disease. Folate interacts with vitamin B12 and ascorbic acid. Vitamin B12 and folate deficiencies produce identical megaloblastic anemias in humans and many animals; the interaction between the two vitamins is explained by the “methyl trap hypothesis”. 
Vitamin B12 consists of a family of four cobalamins which function in methymalonyl coenzyme A mutase and methionine synthase. Although vitamin B12 deficiency is not easily induced in rats, feeding of vegetable protein and increased dietary pectin increase susceptibility. Germ-free animals also require supplementation. Deficiency symptoms include hydrocephaly, decreased birth weight and growth in pups from B12-deficient dams, and abortions, cannibalization and short-lived pups in germ-free animals. Rats do not develop the megaloblastic anemia or neuropathy characteristic of B12-deficiency in humans. 
Thiamine is phosphorylated to form thiamine pyrophosphate (TPP). TPP catalyzes aldehyde transfers in the oxidative decarboxylation of alpha-keto acids, a key energy generating pathway, and the transketolase reaction which produces NADPH for fatty acid synthesis. Thiamin is also a cofactor for enzymes in the TCA cycle (pyruvate dehydrogenase) and the pentose pathway. Thiamine is absorbed by both active and passive mechanisms. Absorption is affected by dietary antithiamine factors such as thiaminase, by processing (autoclaving or irradiation), and by folate and protein status. 
SHR/NCrj rats have a defective fatty acid translocase. This model was used to demonstrate cardiac effects of thiamin deficiency. After two weeks on a thiamine deficient diet, rats had characteristics of cardiovascular beri-beri. Signs of thiamine deficiency in the rat include anorexia, weight loss, rough appearance, cardiac hypertrophy, ataxia, opisthotonus and neuropathy with peripheral axonopathy. Catecholamines have been shown to be decreased in the brain of thiamine deficient rats. 
Riboflavin is the precursor of the flavin coenzymes, flavin mononucleotide and flavin adenine dinucleotide (FAD). FAD is an electron carrier in the electron transport chain. The flavoproteins are involved in the synthesis and catabolism of fatty acids, most notably phospholipids and arachidonic acid. Riboflavin is necessary to convert pyridoxine and folate to their active forms. Riboflavin deficiency causes corneal inflammation and opacity, alopecia and seborrhea, hyperkeratosis, angular stomatitis, glossitis, anestrus, fetal resorption and birth defects.

Pantothenic Acid is a component of coenzyme A and hence is essential in the Krebs cycle. Fatty acid, phospholipid and sphingolipid synthesis also require pantothenic acid, as does the production of the amino acids methionine, leucine and arginine. Deficiency signs in the rat include hyperkeratosis, exfoliative dermatitis, achromotrichia and porphyrin-caked whiskers.
Choline is a precursor to the neurotransmitter acetylcholine, to cell membrane constituents phosphatidlycholine and sphingomyelin, and to platelet-activating factor. Prenatal choline supplementation produces permanent enhancements in central nervous function. Choline modulates brain cytoarchitecture during development with resulting improvements in spatial and temporal memory. Choline deficiency results in fatty liver due to impaired triglyceride transport, hemorrhagic kidney degeneration and myocardial necrosis. Choline is the only nutrient for which dietary deficiency causes the development of hepatocarcinoma in the absence of a known carcinogen. 
H.  
Water
Water is an essential nutrient with many functions. Thermoregulation is a particularly vital function of water. On a fat-free basis, the adult animal is about 70% water. The water concentration in the total body declines with age. Water quality standards for rats should meet the National Primary Drinking Water Standards. Allowable levels of contaminants in these standards are set by the Environmental Protection Agency (EPA). The Maximum Contaminant Level Goal (MCLG) is the maximum level in drinking water at which no known or anticipated adverse effect on human health would occur; the MCLG is a non-enforceable public health goal. The Maximum Contaminant Level (MCL) is the maximum permissible level of contaminant delivered to any user of a public water system. The MCL is an enforceable standard. MCLG’s are equal to or less than MCL’s, with adequate safeguards to assure that exceeding the MCL slightly does not pose any significant risk to public health. 
The EPA sets a secondary drinking water standard of non-enforceable guidelines regulating contaminants that cause cosmetic (discoloration of teeth or skin) or aesthetic (smell, taste) effects.  Although the EPA does not require compliance with these secondary standards, some states do. Adult rats typically require 10 to 12 ml of water per 100 g BW daily, although requirements vary with environment and physiological state. 
IV. 
Naturally-occurring contaminants

Approximately 70 non-nutritive chemicals which occur nationally in plants are reported to possess mutagenic, antimutagenic and antioxidant properties. Major classes of these chemicals are: flavonoids, phenolics, phenylpropanoids, coumarins, depsides, cyclitols, isothiocyanates, catechins, simple phenols, monoterpenes, sesquiterpenes, amino acids, and anthraquinones. 
Harvest, processing and storage conditions may affect concentrations of these chemicals. Natural-ingredient diets also may contain varying levels of metal contaminants such as arsenic, cadmium, mercury, lead and selenium, as well as nitrates and residues from pesticides and herbicides. Reputable manufacturers have quality control measures in place to assure a consistent product. Purified diets do not contain toxic endogenous contaminants. 

A. 
Non-nutrient constituents of diets that have biological consequences

Non-nutrient antioxidants: flavone derivatives (isoflavones, catechines, coumarins, phenylpropanoids, polyfunctional organic acids, phosphatides), tocopherols, ascorbic acid, carotenes. Reducing compounds, interrupt free radical chains, quench singlet oxygen

Phytoestrogens: flavonoids (isoflavonoids, lignans, flavones, flavanones, chalcones, coumestans, stilbenes). Bind estrogen receptors (ER-alpha and ER-beta); may be estrogenic or anti-estrogenic. Present in soybean meal, alfalfa (coumestans), other legumes. 

B. 
Mycotoxins, aflatoxins, fumonisins

Results from fungal growth either pre- or post-harvest. Contamination is common and usually from more than one toxin. Aflatoxin B1 (from Aspergillus) is most prevalent and causes hepatocellular adenomas and carcinomas; this is the only aflatoxins for which FDA has set action levels. Commonly infest cereal grains, peanuts and cottonseed. Fusarium species produce zearalenone, which is estrogenic and associated with mammary tumors. Other Fusarium species produce fumonisins B1 and B2 (FB1 and FB2), T2 and fusarin C, which produce cancer and preneoplastic lesions in liver and kidney. Fumonitoxins also alter sphingolipid synthesis and disrupt lipid biosynthesis, particularly of phosphatidylcholine and phosphatidylethanolamine. 
V. 
Diet Restriction
Restricted intakes to control body weight increases life expectancy, slows the onset of degenerative diseases, delays onset of neoplasia. Inhibits senile bone loss and maintains reproductive capacity. Ad libitum feeding is the most important factor associated with obesity and shortened life expectancy in research rodents. Dietary restriction between 10 and 40% of ad libitum intake avoids malnutrition. Restriction appears to decrease metabolic rate and maintain function of metabolic antioxidant systems. Restriction can be achieved by decreasing quantity fed or caloric density of feed; restriction in calories is critical factor, rather than fat or protein. Dietary restriction also supports greater spontaneous physical activity, which independently increases longevity. 
IV. 
Classification and selection of diets

Diets for laboratory rats are classified according to the degree of nutrient refinement.
A. 
Natural ingredient diets

These diets are formulated using appropriately processed cereal grains (wheat, corn or oats) or other commodities (fishmeal, soybean meal). They may be called “cereal-based,” “chow,” or “unrefined” diets. Autoclavable formulations have also been published. Natural ingredient diets are readily available, economical, and well-accepted by rats. These diets are subject to inherent variability in the feed constituents; while this variability may have little effect on rats under “practical” conditions, concern is justified if concentration of a specific nutrient is critical to the research objectives. The manipulation of the intake of a single dietary nutrient may be difficult using natural ingredient diets. Natural ingredients also hold potential for contamination with man-made or naturally-occurring contaminants, such as pesticides or aflatoxins. This limits the utility of natural ingredient diets in toxicology studies.

B. 
Purified diets 
Purified diets are formulated with only refined ingredients. They also may be called “semipurified,” “synthetic” or “semisynthetic.”  Examples of ingredients are: casein (protein), sugar or starch (energy), cellulose (fiber), vegetable oil (fat). These standardized ingredients allow very precise formulation and minimal variation in nutrient content, and minimize the opportunity for inadvertent contamination by non-nutrient chemicals. Purified diets are more expensive and their acceptability by some strains of rats is poor. 

C. 
Chemically defined diets

These diets use chemically pure ingredients (e.g. amino acids, essential fatty acids, etc.). Their use is limited because of cost, instability and difficulty in formulation and preparation. 

D. 
Closed formula diets

Quantitative information about ingredients in these diets is considered privileged and amount of ingredients can change without the users’ knowledge; the manufacturers must provide a list of ingredients and a “guaranteed analysis.” 

E.  
Open formula diets

Quantitative information about ingredients in the diet is readily available to the customers. Changes in formulation may occur in response to variation in characteristics of component ingredients, but customers are informed of those changes.

VII. 
Diet Sterilization

Autoclaving is the most common method of sterilizing diets; autoclavable diets contain additional vitamins to offset losses due to heat and steam.  Steam autoclaving at 121º C for 15 to 20 minutes is recommended, but some types of diets doe not tolerate this amount of steam and heat. Pasteurization at 100º C for 5 minutes significantly reduces microbial load but does not sterilize feedstuffs. Pasteurization is more successful in removing microbial contaminants in pelleted diets than in ground meal diets. Ionizing radiation and ethylene oxide may also be used to sterilize diets. An absorbed dose of 30 to 40 kGy is required for total sterilization of feed (radappertization). Other specialized irradiation applications include radicidation which uses low doses ( 0.1 to 8 kGy) of irradiation to reduce pathogen number, and radurization which uses similarly low radiation doses to increase shelf life. Diets high in refined sugars may suffer nutritional or palatability losses due to high levels of radiation; the biological activity of vitamins may also be compromised and additional supplementation may be required. 
Although debate continues about the safety of irradiated feeds (and food), most radiolytic products identified in irradiated feedstuffs are also produced by other processing procedures, including cooking. The World Health Organization has concluded that irradiation of any food product with doses less than 10 kGy causes no toxicologic hazard and no nutritional or microbiological problems. Germ-free rats have been maintained for many generations on irradiated feed without observable changes in fertility, weaning index, or number of fetal malformations. 

VIII, IX , X and XI. 
Diet Formulation, Manufacture, Physical Form and Storage
The process of meeting animals’ requirements for 50 known essential nutrients requires: knowledge of planned dietary nutrient concentration; selection of major ingredients and determination of nutrient concentrations in each; determine the amount and ratios of ingredients required to produce the desired nutrient composition of the diet. Vitamin and mineral requirements are generally met with the addition of a trace nutrient premix. Tabular information about nutrient requirements and ingredient nutrient contents is available from the NRC. 

Manufacture typically involves fine grinding of natural ingredients, mixing in appropriate proportions, making into and acceptable form (e.g. pellets or cubes) and packaging. To avoid inadvertent contamination with antibiotics, hormones or rodenticides, laboratory animal diets should be purchased from companies who manufacture specifically for this market. Custom-formulated diets may be made to the individual investigator’s specifications. Purified diets may be prepared in laboratory conditions with minimal special equipment. 
Feeds for laboratory rats are commonly pelleted. Ground feed is forced through a die under heat and pressure. Diets in meal form are inefficient to use because of wastage by the animals and poor storage characteristics. Liquid diets also are available for rodents. 

In general, stability of diet materials increases as storage temperature and humidity decrease. As a rule, natural ingredient diets stored in conventional areas should be used within 180 days of manufacture. Purified diets or diets high in fat may require special storage procedures (freezing or refrigeration). 
QUESTIONS:
T/F
1.  Adult rats require about 7% protein from natural ingredients in the diet for maintenance.

T/F
2.  The primary sources of energy in rodent diets are carbohydrates and protein.

T/F
3.  Total diet mineral content is expressed as “ash.”

T/F
4.  Metabolic body size is expressed as a function of body weight (BW) to the 0.75 power.

T/F
5.  Carbohydrate-free diets in rats do not support reproduction.

T/F
6.   Rats have a specific requirement for fiber in their diets. 

T/F
7.   Linoleic, linolenic and arachadonic are the three essential fatty acids. 

T/F
8.   Supplementation of potassium to rats on high sodium diets can attenuate hypertension.

T/F
9.  In general, dietary phytates increase mineral availability to the animal.

T/F
10.  Ceroloplasmin is a copper-transport protein. 

T/F
11.  Transferrin is an iron-transport protein 

T/F
12.  The Long-Evans Cinnamon (LEC) rat is a model for Wilson’s disease in humans, an inappropriate accumulation of copper in the liver. 

T/F
13.  The Belgrade rat displays a hereditary microcytic anemia due to a defect in iron absorption. 

T/F
14. Manganese is a cofactor in cytosolic superoxide dismutase (SOD).
T/F
15.  Rats readily absorb carotenoids from the diet. 

T/F
16.  Vitamin D toxicity results in calcification of soft tissues, such as heart & kidneys.

T/F
17.  Rats can meet their vitamin K requirement by coprophagy. 

T/F
18.  Acrodynia is a symptom of vitamin B6 (pyridoxine) deficiency. 

T/F
19.  Raw egg white contains avidin, which can precipitate biotin deficiency. 
T/F
20.  Rats do not develop the megaloblastic anemia characteristic of vitamin B12 deficiency in humans. 

Multiple choice

1. 
Blood calcium concentration is controlled by?

a. 
Parathyroid hormone


b. 
Calcitonin


c. 
Calcitriol (1, 25 (OH)2 vitamin D3)


d.  
All of the above

2.  
The skeleton is the major storage site for which of the following minerals?

a. 
Calcium


b. 
Phosphorus


c. 
Magnesium


d. 
All of the above

3.  
Sodium metabolism is controlled by?

a. 
Vasopressin


b. 
Natriuretic hormone 


c. 
Renin & angiotensin II


d. 
Aldosterone


e. 
All of the above

4.  
The three minerals most intimately involved in acid-base balance are?

a.  
Sodium, chloride and potassium


b.  
Calcium, phosphorus and magnesium


c.  
Copper, zinc and manganese

5.  
Selenium is a cofactor in which of these metalloenzymes?

a.  
Superoxide dismutase


b.  
Catalase


c.  
Glutathione peroxidase


d.  
Iodothyronine deiodinase


e.  
C & D

6.  
Which of the following are not considered essential trace elements?

a. 
Fluorine


b. 
Arsenic


c. 
Boron


d. 
Nickel


e. 
None of the above minerals are considered dietary essentials
7.  
Vitamin A deficiency can cause?

a. 
Xerophthalmia


b. 
Reproductive failure


c. 
Epithelial metaplasia


d. 
Cranio-facial defects in pups

e. 
All of the above
8.  
The SHR/NCrj rat is a model for which of the following nutritional deficiencies?

a.  
Scurvy (vitamin C)


b.  
Rickets (vitamin D)


c.  
Beri-beri (thiamine)


d. 
Fatty liver (choline) 

9.  
The following is true of mycotoxins?

a. 
Result from fungal growth either pre- or post-harvest


b. 
Common contaminants in cereal grains, peanuts and cottonseed


c. 
Usually more than one mycotoxins present


d. 
All of the above
10.   
“Natural Ingredient” diets are?

a. 
Less expensive


b. 
More variable


c. 
More palatable to rats


d. 
All of the above

ANSWERS:

T/F
1. 
T

2. 
F (carbos & fat)

3. 
T

4. 
T

5. 
T

6. 
F (no requirement)

7. 
T

8. 
T

9. 
F (decrease)

10. 
T

11. 
T

12. 
T

13. 
T

14. 
F (mitochondrial SOD)

15. 
F

16.
T

17. 
T

18. 
T

19. 
T

20. 
T
Multiple Choice 
1. 
D

2. 
D

3. 
E

4. 
A

5. 
E

6. 
E

7. 
E

8. 
C

9. 
D

10. 
D
