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CHAPTER I 

INTRODUCTION 

The primary goal of animal nutritionists working 

with animals used for human consumption is to meet 

nutritional requirements of the animal while at the same 

time trying to maximize gain and feed efficiency for 

obvious economical reasons. One nutritional factor that 

limits feed efficiency in ruminants, as compared to non-

ruminants, is their apparent inability to digest large 

quantities of starch in the small intestine. Numerous 

factors are involved in the extent and site of digestion 

of dietary starch in ruminants. 

Since the early work of Karr et al. (1966) and 

Tucker et al. (1968) showed that large quantities of 

dietary starch may escape rumen fermentation, a 

considerable amount of research has focused on intestinal 

starch assimilation and absorption and the factors that 

are involved. The lower biochemical efficiency of 

ruminants utilizing volatile fatty acids produced from 

rumen microbial fermentation of starch compared to 

utilizing glucose from intestinal starch assimilation is 

theoretically apparent. 

Starch is the primary nutrient used in ruminant 

diets to maximize level of production. Thus, research 

directed towards optimizing starch utilization has and 
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will lead to concepts that increase our understanding of 

nutrient metabolism. With the evolution of ruminants to 

digest celluloytic materials, limited capacity for 

intestinal digestion of starch has apparently evolved. 

Information gained from starch utilization research 

with monogastrics is often used in ruminant research. 

This information can be seen in relationships between 

gastrointesinal nutrient flow and exocrine pancreas 

secretions. The exocrine pancreas in non-ruminants is 

well studied. Research data suggests that there are many 

interactions between nutrients and intestinal processes 

that affect the digestion of starch. The secretion of 

amylase from the exocrine pancreas is of primary interest 

in understanding intestinal starch digestion. This 

interest is primarily focused on nutritional adaptation 

of the exocrine pancreas to intestinal nutrient flow in 

the nonruminant. This concept has not been fully 

elucidated nor understood in the ruminant. Thus, it was 

the primary objective of this research to gain insight 

into this physiological relationship between intestinal 

nutrient flow and digestion and absorption of nutrients, 

especially starch. Specific objectives were to develop a 

pancreatic duct surgical procedure that would allow 

collection of exocrine pancreatic fluid, study the 

influence of intestinal pancreatic fluid removal on the 

digestibility of nutrients, to determine the relationship 
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between protein quantity and quality on intestinal starch 

and protein digestion and absorption and relate these 

relationships with blood metabolites and hormones. 



CHAPTER II 

LITERATURE REVIEW 

Chemistry and Structure of Cereal Starch 

Starch is a heterogeneous polysaccharide existing in 

two polymer forms: amylose and amylopectin. A minor 

component, termed "branched amylose," may also represent 

a portion of cereal starch (Rooney and Pflugfelder, 

1986). Amylose has a molecular weight of 100,000 to 

600,000 and is a linear molecule of 900-3000 D-

glucopyranose units. These units are connected by alpha-

1,4 bonds. Amylopectin is a much larger, highly branched 

polymer of glucose units consisting of alpha-1,4-linked 

D-glucan chains connected by alpha-1,6 cross linkages; 

this structure is highly organized (French, 1973; French, 

1984) . 

Proportions of both amylose and amyolopectin in 

cereal grains are dependent on starch sources (Boyer et 

al., 1976). Normal cereal starches (corn, sorghum, 

barley, rice and millet) contain 20 to 30% amylose and 70 

to 80% amylopectin, depending on genotype of the cereal 

(Rooney and Pflugfelder, 1986). These two distinct 

starch structures also interact, developing starch 

granule integrity (Jane et al., 1986; Jane et al., 1992). 

Distribution of starch granules within the kernel is 



dependent on cereal grain type and cultivar (Kotarski et 

al., 1992). 

Cereal kernels contain three general components: (a) 

the pericarp (protective outer coating), (b) the germ 

(embryo) and (c) the endosperm (Kotarski et al., 1992). 

The endosperm is comprised of most of the kernel starch. 

Starch granules are pseudo-crystals that have both 

crystalline and amorphous regions. The crystalline 

region is comprised mainly of amylopectin and is 

considerably resistant to water infiltration and 

enzymatic hydrolysis. Amylose, however, is amorphous in 

nature and readily accessible to water entry and amylase 

hydrolysis (Seckinger and Wolf, 1973). 

Gelatinization of starch granules is a term widely 

used in the feeding and baking industries that describes 

the irreversible lose of native starch structure. Starch 

gelatinization can be attained by mechanical, thermal or 

chemical agents in the presence of free water (Zobel, 

1984) . More specifically, Olkku and Rha (1978) describe 

gelatinization of starch as follows: (a) granules hydrate 

and swell to several times their original size, (b) 

granules lose their birefringence, (c) clarity of the 

mixture increase, (d) marked, rapid increase in 

consistency occurs and reaches a peak, (e) linear 

molecules dissolve and diffuse from ruptured granules and 

(f) mixture retrogrades to a paste-like mass or gel. 
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The degree of cereal grain processing affects the 

extent and site of starch digestion in ruminants. With 

increasing degree of grain processing, more dietary 

starch is digested ruminally. This in turn decreases the 

amount of starch available for assimilation as glucose in 

the lower digestive tract. 

Starch Digestion and Utilization 
by Ruminants 

Starch is the primary nutrient used to promote high 

levels of production in ruminants. It is apparent that 

ruminants have evolved consuming and utilizing cellulosic 

plant material with a symbiotic digestive system that is 

optimized for the conversion of fibrous feedstuffs into 

utilizable products, but with limited capacity for 

enzymatic hydrolysis of alpha-linked glucose (Owens et 

al., 1986). Starch digestion by ruminants had been 

widely shown to result primarily from microbial 

assimilation in the rumen. Several reports have 

indicated that total ruminal digestion of dietary starch 

can range between 39-94% (Harmon, 1993), depending on 

extent of grain processing, level of intake, 

administration of metabolism modifiers, composition of 

diet, and numerous other factors. The fermentation of 

starch in the rumen is accompanied by inevitable losses 

in methane and heat (Hungate, 1966), which can account 



for 12 to 20% of the ingested energy (Orskov, 1986). 

Theurer (1986) concludes that processing and grain source 

studies indicate that the extent of ruminal starch 

digestion is positively related to maximal total tract 

starch digestibility. 

Microbial starch digestion in the rumen and the 

large intestine will yield volatile fatty acids as 

metabolic end products. It has been suggested that if 

more digestion and absorption of starch could be shifted 

to the small intestine versus the rumen, that the 

efficiency of energy utilization would be improved due to 

the metabolic utilization of glucose compared to volatile 

fatty acids (Judson et al., 1968; Owens et al., 1986). 

Starch, amylose and amylopectin, is hydrolyzed by 

pancreatic alpha-amylase through specific binding of five 

glucose residues adjacent to the terminal reducing 

glucose unit. Specific catalytic subsites of alpha-

amylase cleaves the polysaccharide between the second and 

third alpha-1,4-linked glucosyl residues producing the 

tri-, di- and mono-saccharides, maltotriose, maltose and 

glucose, respectively (Robyt and French, 1970). 

Karr et al. (1966) and Tucker et al. (1968) were 

some of the first researchers to show that large 

quantities of starch may escape rumen fermentation and be 

presented to the small intestine when high concentrate 

rations are fed. Thus, postruminal digestion of starch 



assumes increased importance when high concentrate diets 

are fed. 

In a summary by Theurer (1986), he reported that 4 

to 60% of dietary starch intake may escape ruminal 

digestion and reach the small intestine in cattle fed 

high concentrate diets. Grain source, method of 

processing and degree of processing all accounted for the 

extreme range of starch that escaped ruminal digestion. 

Grain particle size effect on total tract starch 

digestion has been widely investigated. Turgeon et al. 

(1983) evaluated whole shelled corn, cracked corn and a 

50:50 mixture in finishing diets on site and extent of 

starch digestion. They concluded that corn particle size 

did not affect (P > .05) the percentage or the total 

amount of starch digested ruminally or post-ruminally. 

However, numerous reports have indicated that decreased 

grain particle size increases riiminal starch digestion 

and increases total tract starch digestion (Adeeb et al., 

1971; Waldo, 1973; Wilson et al., 1973; Hironaka et al., 

1979). Without regard to extent of grain processing, 

total tract digestibility of sorghum, corn and barley 

diets ranges from 78 to 94% (Waldo, 1973; Sowe, 1982, as 

cited by Theurer, 1986; Theurer, 1984). 

Feed grain source appears to have a marked influence 

on the amount of starch that reaches the small intestine. 

Spicer et al. (1986) reported that the percentage of 
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starch that escapes ruminal fermentation for an 82% 

sorghum grain diet was approximately twice as high as 

that for steers fed an 82% barley grain diet. However, 

there was no difference in total tract digestion of 

starch from sorghum, corn and barley-based diets fed to 

steers (97-99%). 

Based on a summary of 40 different experiments with 

cattle, Owens et al. (1986) reported that between 18 and 

42% of the dietary starch from corn and sorghum grains 

fed to cattle reaches the small intestine for digestion. 

The proportion of dietary starch that escapes microbial 

assimilation alters end products of digestion and site 

and extent of nutrient absorption. 

However, an apparent limititation in intestinal 

starch assimilation exists. Numerous reports have shown 

that the extent of starch digestion in the small 

intestine is incomplete (Owens et al., 1986; Axe et al., 

1987; Theurer, 1989). Possible causes of the limitations 

in small intestinal starch digestion have generally 

included inadequate amylase production and/or secretion, 

suboptimal intestinal pH for amylase activity, inadequate 

maltase activity, inadequate glucose absorption, 

structural effects of the starch granule and an increased 

rate of passage (Russell et al., 1981). 

It is generally hypothesized that altering starch 

digestion from the rumen to the post-ruminal tract 
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results in increased glucose absorption and improved 

energy economy for the animal (Theurer, 1989). In 

nonruminants and ruminants, starch hydrolysis in the 

small intestine occurs by pancreatic amylase cleavage to 

produce oligosaccharides, which are further hydrolyzed to 

the final monosasaccharide glucose by two integral brush 

border enzymes at the intestinal surface: glucoamylase 

and alpha-dextrinase. Glucose, along with sodium, is 

cotransported into the enterocyte by specific brush 

border 75-kDa transport proteins. Intestinal absorption 

appears to be the rate-limiting step for overall starch 

assimilation in nonruminants (Gray, 1992); however, 

nonruminants are more efficient than ruminants in this 

process. 

In a series of experiments by Mayes and Orskov 

(1974), they observed that sheep were able to digest and 

absorb 100-2OOg of raw starch daily in the small 

intestine which was infused directly into the abomasum. 

They concluded that the capacity for digestion in the 

small intestine was primarily limited by the inadequate 

quantity of pancreatic enzymes secreted that are involved 

in hydrolysis of short chain di- and oligosaccharides and 

the inadequate amount of time during which these enzymes 

could act. Also, there appeared to be limited intestinal 

capacity for glucose absorption. This would imply that a 
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ceiling exists for the extent of intestinal starch 

digestion and glucose absorption. They further 

elucidated that due to limited capacity for starch 

digestion postruminally and high variability among 

animals, deliberate attempts to decrease ruminal and 

increase postruminal digestion of starch are unlikely to 

be beneficial and are likely to create digestive 

problems. Owens et al. (1986) also make the assumption 

that the residence time of starch in the intestinal tract 

may be limited under conditions of different feeding 

regimens. 

Owens et al. (1986) reviewed the literature on the 

relationship between starch supplied versus starch 

digested in the small intestine of cattle fed corn grain 

diets with corn fed in the whole, cracked, ground, high 

moisture or steam flaked form. They indicated that on 

the average only 60% of the starch that reaches the small 

intestine is digested and absorbed there, regardless of 

the method of processing. This may imply that the 

factors which limit ruminal starch digestion may also 

limit intestinal starch digestion. Possible factors 

could be rate of passage, particle size, luminal surface 

area or enzymatic activity. 

Russell et al. (1981a) fed yearling Holstein steers 

a corn silage-corn based diet at one, two and three times 
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maintenance metabolizable energy intake. After a 42-day 

adjustment period, intestinal starch digestibilities were 

81.4, 76.4 and 76.0%, respectively. Steers fed the 

highest level of intake tended to digest a larger amount 

of alpha-glucoside in the small intestine. 

There is information suggesting that nutrient 

quantity and quality available for intestinal absorption 

sites do not equal nutrients presented to the hepatic 

portal blood (Gross et al., 1990). Evidence suggests 

that the gut membrane is responsible for considerable 

nutrient metabolism (Bergman and Wolff, 1971). 

The relationship between intestinal pH and 

intestinal amylase activity has recieved considerable 

attention. Zinn and Owens (1980) evaluated the influence 

of intestinal chyme pH on starch digesition. Using 

intestinal contents from steers fed a 80% concentrate 

diet, they were able to demonstrate through in vitro 

procedures that raising the pH of intestinal contents 

from 6.0 to 6.5 substantially increased the extent of 

starch digestion (57%). When the pH of the contents was 

increased to 7.0 or above, starch disappearance was 

depressed. It was later determined that the optimum pH 

for pancreatic alpha-amylase is 6.9 (Russell et al., 

1981). 
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Fecal pH has widely been used as a quick determinant 

of fecal starch and therefore starch digestion. Wheeler 

and Noller (1977) showed that fecal pH and fecal starch 

were highly correlated (-.82 and -.94) in two cattle 

trials feeding high concentrate (88%) finishing diets. 

Xiong et al. (1991) fed steers varying density levels of 

steam-flaked sorghum diets (82-91% concentrate) and 

indicated the correlation between fecal starch and pH was 

-.51. 

In monogastrics, starches are almost completely 

digested within the intestinal lumen by alpha-amylase 

secreted via the pancreatic duct (Gray, 1992). 

Malabsorbed cereal grain carbohydrate consists mainly of 

non-starch glycans that are beta-linked and hence are not 

cleaved by alpha-amylase (Englyst and Cummings, 1985). 

An insignificant amount of glucose is formed by alpha-

amylase action under normal physiological conditions 

within the intestinal lumen (Kaczmarek and Rosenmund, 

1977). 

The Exocrine Pancreas 

The pancreas is a mixed gland containing both 

endocrine and exocrine tissue portions. The pancreas 

consists of 90-95% exocrine tissue and less than 5% 

endocrine tissue (Brannon, 1990). The exocrine pancreas 
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is one of the major digestive glands in the body, as 

extensively outlined by Go et al. (1986) and Howat and 

Sarles (1979). 

The study of the pancreas is hampered by being 

deeply placed in the upper part of the posterior 

abdominal wall and lying in close proximity to vital 

blood vessels and viscera. The exocrine pancreas 

produces two secretions for intestinal digestive 

function, one containing a high concentration of 

bicarbonate ions and the other a number of nutrient 

assimilating enzymes. 

Taylor (1962) suggests that observations of 

pancreatic secretion in ruminants shows a continuous flow 

of pancreatic juice and protein with little or no 

postprandial fluctuation. This would suggest that the 

ruminant does not exhibit a true cephalic phase of 

pancreatic secretion, as extensively reported in the non

ruminant. Croom et al. (1992) proposes that a "ruminal 

phase" is involved in pancreatic regulation; however, 

Harmon (1992a) questions the relevance of this 

physiological process. 

The exocrine pancreas is predominated by acinar 

cells that are responsible for synthesizing and secreting 

the digestive enzymes. The most striking features of 

acinar cell type are the extensive granular endoplasmic 
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reticulum and an accumulation of zymogen granules in the 

cytoplasm (Go et al., 1986). These zymogen granules 

discharge their content into the acinar lumen by the 

process of exocytosis. This process involves a 

directional movement of zymogen granules towards the 

luminal plasma membrane. Acinar polarization reflects 

the unidirectional flux of digestive enzymes during their 

synthesis and secretion (Brannon, 1990). In humans, as 

much as 20g of pancreatic enzymes are synthesized daily 

(Go et al., 1986). 

In most species, there are two primary duct systems 

draining the exocrine pancreas; the main pancreatic duct 

(chief duct) and accessory duct (Birnstingl, 1959). 

However, it is generally accepted that the main 

pancreatic duct system is the site of most bicarbonate, 

ion and enzyme secretion from the pancreas in all 

species. 

The duct system in the human pancreas can be 

subdivided into three major parts (Schulz, 1981). The 

first part is referred to as the intralobular ducts which 

drains pancreatic juice from the acinar units. The 

primary role of the intralobular duct system is the 

mixing of fluid and protein and in the propulsion of 

pancreatic juice along the initial portion of the duct 

system. The second part is the interlobular ducts. This 
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duct system communicates with the major branches of 

vessels and nerves innervated with the pancreas. It also 

drains into the third distinct segment, the main 

pancreatic duct. 

The interaction of several secretagogues with the 

acinar cells of the pancreas regulates the synthesis and 

secretions of these cells. Two classes of receptors that 

differ in their stimulus-coupling mechanisms are directly 

involved in the regulation of enzyme synthesis (Gardner 

and Jensen, 1986). These two classes of receptors act 

through a phosphatidylinositol- and calcium-mediated 

pathway or through a cyclic AMP mediated pathway 

(Williams and Hootman, 1986). The former class primarily 

consists of cholecystokinin (CCK) and 

muscarinic/cholinergic receptors. Generation of signals 

by both classes of receptors can lead to altered 

phosporylation of regulatory or structural proteins 

synthesized by the pancreatic acinar cells (Brannon, 

1990). 

The exocrine pancreas secretes all of the enzymes 

necessary for assimilation of protein, fat and 

carbohydrate. One class of protein digesting enzymes, 

secreted in their zymogen form, are termed "serine 

proteases" (Go et al., 1986). Trypsin, chymotrypsin and 

elastase are the most prominent members of this group. 
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They are characterized by the reactivity of a peptide-

serine residue to the active site of the enzyme. Another 

class of proteases is the exopeptidases. These 

metalloenzymes are less specific by generally cleaving 

amino-terminal amino acid residues from proteins or 

peptides. Other classes of pancreatic enzymes include; 

lipases, esterases, ribonucleases and carbohydrases. 

The major pancreatic carbohydrase in mammals is 

alpha-amylase. The final products of amylase hydrolysis 

are 1,4-linked tri- and disaccharides and an assortment 

of oligosaccharides containing both alpha-1,6 and beta-

1,6 linkages (Argenzio, 1984). These oligosaccharides 

are known as alpha-dextrins. Intestinal lumen 

carbohydrases are involved in the hydrolysis of these 

products to monosaccharides so they can be absorbed 

across the intestinal brush border membrane. 

The Role of Cholecystokinin in 
Pancreatic Response 

Endocrine and paracrine transmitters of the 

gastrointestinal tract play important roles in the 

regulation of food intake and the digestion, absorption, 

and metabolism of nutrients. One transmitter of the 

upper small intestine that participates in these 

physiological processes is cholecystokinin (CCK). The 
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major hormonal stimulants of pancreatic protein and 

enzyme release are believed to be cholecystokinin and 

CCK-like peptides (Blomfield et al., 1982). In the 

duodenal mucosa, CCK is produced by discrete endocrine 

cells (Solcia et al., 1987). Cholecystokinin interacts 

with the gastrointestinal tract by regulating pancreatic 

enzyme synthesis and secretion, gallbladder contraction 

and gut motility (Walsh, 1981). 

Liddle et al. (1985) reported that after a meal, in 

a highly coordinated fashion, CCK regulates the movement 

of nutrients through the gastrointesinal tract, contracts 

the gallbladder and stimulates the pancreatic exocrine 

secretion to facilitate digestion, and to maintain 

euglycemia, potentiates amino acid-induced insulin 

secretion and delays gastric emptying. However, the 

relative importance of CCK in the regulation of the 

ruminant exocrine pancreas has been indicated to be 

insignificant (Catherman et al., 1988). 

Harada et al. (1986) have shown through intraportal 

injection that the ruminant pancreatic protein and fluid 

response was greater for secretin than that of CCK. 

Also, it has been shown that pancreatic secretions of 

rats and pigs are more responsive to CCK than the 

ruminant pancreas (Harada et al., 1982). 
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Reynolds and Heath (1981) intravenously infused 

sheep with CCK at levels of 0, .5 and 1 IDU's per minute 

and reported that total pancreatic excretion volume and 

protein concentration of the secretion were unchanged. 

These reports would suggest that the role CCK plays in 

regulating pancreatic function in ruminants is not of 

similar significance as in the monogastric animal. 

Adaptation of the Exocrine Pancreas 
to Dietary Protein 

The hydrolysis of dietary and microbial protein 

components in the ruminant occurs mainly in the abomassum 

and in the intestinal tract due to action of pepsin and 

pancreatic and intestinal enzymes. Alteration in dietary 

composition leads to an adaptation of the synthesis and 

concentration of enzymes secreted by the pancreas in 

nonruminants. Although information on the mechanisms 

regulating pancreatic enzyme synthesis and secretion in 

nonruminants is vast, our understanding of the ruminant 

exocrine pancreas is much less developed. 

Few ruminant studies have focused on the nutritional 

adaptation of the exocrine pancreas and its relationship 

to intestinal digestion. The use of large quantities of 

feed grains in ruminant finishing diets has prompted 

researchers to investigate the limitations of starch 
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digestion postruminally as related to the exocrine 

pancreas. 

Numerous investigations have indicated that the 

enzymic complement of the exocrine pancreas adapts to 

changes in dietary composition (Bucko and Kopec, 1968; 

Grossman et al., 1943; Howard and Yudkin, 1963). The 

adaptation of the exocrine pancreas has been extensively 

studied in the rat, dog (Behrman and Kare, 1969), pig 

(Flores et al., 1988), and chicken (Imondi and Bird, 

1967) . 

Grossman et al. (1943) reported that "variations in 

the principal pancreatic enzymes take place in a parallel 

manner; in other words, a rise or fall in any one enzyme 

is accompanied by a coincident change in each of the 

others" (p. 676). Since that time, many investigations 

on this physiological occurence have dealt with the 

influence of varying proportion and type of protein and 

carbohydrate in the diet. Thus, the pancreatic juice 

formed in response to various diets may vary in 

concentration, but not in the relative amounts of the 

several enzymes that are secreted. 

The mechanisms regulating the response of digestive 

enzymes to dietary substrates and their effect on 

intestinal digestion are complex and are not fully 

understood. The time period for pancreatic adaptation to 
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a change in dietary composition has been shown to be 

variable among species and variable among researchers. 

Poort and Poort (1981) reported that the enzyme 

complement of the rat pancreas does not adapt to protein-

rich or carbohydrate-rich diets in five days, but does 

adapt between five and twenty-one days. However, Dagorn 

and Lahaie (1981) have shown that by 24 hours after 

starting a high-protein diet, chymotrypsinogen and 

trypsinogen synthesis increases by 70 and 50%, 

respectively, and amylase synthesis decreases by 25% in 

the rat. 

The exact mechanism by which proteins or their by

products of digestion alter enzyme synthesis of the 

pancreas is still unclear. As indicated in the review by 

Brannon (1990), the monogastric exocrine pancreas can 

increase typsinogen and chymotrypsinogen content by 80-

600% in response to high protein diets. However, it was 

not noted to what extent the synthesis of amylase changes 

during increases in protease synthesis. 

Wang and Grossman (1951) reported that the enzymic 

output by the pancreas is influenced by the presence of 

amino acids and peptides within the small intestine. In 

a early report by Howard and Yudkin (1963), they 

determined that the pancreatic tissue in the rat adapts 

to a higher level of casein in the diet by increasing the 
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synthesis of proteolytic enzymes and decreasing the 

synthesis of amylase. However, Lee et al. (1984) 

indicated that increases in dietary protein level not 

only stimulates protease activity of the rat pancreas, it 

also increases amylase secretion. These results indicate 

the changes in secretion of pancreatic enzyme components 

do not always occur in an inverse manner. 

Snook (1965) conducted a series of experiments 

studying the dietary regulation of the synthesis, 

secretion and inactivation of trypsin, chymotrypsin and 

amylase in rats fed a nitrogen-free diet or diets 

containing casein, whole-egg protein or hydrolysates of 

these proteins. Analysis of the enzyme content of the 

pancreas indicated that substitution of the nitrogen-free 

diet for the casein diet depressed synthesis of the three 

enzymes (trypsin, chymotrypsin and amylase). However, 

replacement of a higher quality protein source, such as 

whole-egg protein, increased synthesis of trypsinogen and 

chymotrypsinogen but not amylase. Snook concluded that 

relatively more of the amino acid pools in the pancreas 

are diverted to the synthesis of proteases when the 

protein quality of the diet is increased. 

In a later study by Snook (1971), indication that 

the amino acid pattern in the gastrointestinal tract was 

a major mechanism by which diets affect pancreatic enzyme 

22 



levels was shown. Hong and Magee (1957) conducted a 

series of experiments to identify the relationship 

between certain amino acids and pancreatic enzyme 

secretion in rats. In low casein-based diets, they were 

able to demonstrate that threonine reduced all enzymes 

secreted, while arginine and histidine increased protease 

and lipase activities. Isoleucine and valine had a 

stimulatory effect on amylase secretion. 

Johnson et al. (1977) noted in rats that if poor 

quality proteins (gelatin, gluten or zein) were 

substituted for casein (high quality protein), the 

exocrine pancreas was unable to adapt to increased 

intestinal starch by increasing amylase synthesis and 

secretion. Also, pancreatic protease secretion was 

positively related to protein quality. However, if 

dietary zein was supplemented with its two most limiting 

amino acids, lysine and tryptophan, adaption of 

chymotrypsinogen occurs. 

There is minimal information regarding the influence 

of dietary protein on intestinal nutrient digestion as 

affected by intestinal enzyme secretions in ruminants. 

Streeter and Mathis (1992) evaluated the influence of 

increasing levels of ruminal escape protein (fishmeal) on 

ruminal and intestinal starch digestion using steers 

equipped with ruminal, duodenal, and ileal cannulaes. 
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They determined that fractional starch digestibility in 

the small intestine tended (P < .10) to be greater for 

diets supplying intermediate levels of bypass protein 

compared to the diets containing the highest or lowest 

levels of fishmeal. This may indicate that either the 

quantity of protein arriving at the small intestine or 

the protein and amino acid makeup may have influenced the 

secretion of pancreatic proteases and/or carbohydrases. 

Adaptation of the Exocrine Pancreas 
to Dietary Carbohydrate 

Pancreatic adaptation to dietary carbohydrate has 

been investigated widely in various species. The general 

consensus is that the synthetic and secretion rate of 

amylase is proportional to level of starch, especially in 

nonruminants (Schick et al., 1984). 

Clary et al. (1969) analyzed pancreatic tissue for 

amylase from two groups of twenty-four steers, one group 

maintained on legume-grass pasture and the other fed 74% 

ground shelled corn diet. Specific amylase activity of 

these tissue samples showed that the corn-fed steers had 

30% more amylase activity than did the grass fed animals. 

They also measured the pancreatic secretion response to 

increasing level of dietary starch in sheep surgically 

fitted with common bile and pancreatic cannulas. A 
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significant linear regression was obtained for the 

response of dietary starch level to specific amylase 

activity (Y = 122 + 3.57X; where Y = amylase activity and 

X = percent starch in the diet). However, ruminant 

pancreatic secretions are lower in amylase activity 

relative to the activity of proteases compared to 

pancreatic secretions of other species (Desnuelle and 

Rovery, 1961). 

Another important factor involving pancreatic 

regulation that is specific to the ruminant is the 

involvement of volatile fatty acids (VFA). Harada and 

Katoh (1983) have shown through intravenous infusions in 

sheep, that acetate, butyrate and propionate all are 

involved in the stimulation of both pancreatic juice 

volume and protein secretion, with butyrate showing the 

largest response. 

Few studies have examined the influence of starch 

intake on intestinal digestion independent of 

metabolizable energy intake. Most studies indicate that 

either starch or metabolizable energy influences 

pancreatic amylase secretion. Kreikemeier et al. (1990) 

indicated that steers consuming a 90% roughage diet at 1 

and 2 times their maintenance energy requirements had 68 

and 84% more pancreatic amylase activity at slaughter 

than did steers consuming a 90% concentrate diet at equal 
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energy intakes. This relationship between pancreatic 

amylase and level of concentrate feeding would signify 

that metabolizable energy intakes, not starch 

consumption, influences the concentration of pancreatic 

alpha-amylase. 

Chittenden et al. (1984) also concluded that 

intestinal starch quantity does not positively influence 

pancreatic amylase secretion. They reported in a series 

of duodenal infusion trials, using sheep, that 2OOg of 

starch infused per day decreased (P < .01) pancreatic 

amylase secretion after 16 days. These sheep were 

maintained on 500g of alfalfa hay daily. The same amount 

of glucose infused duodenally increased amylase secretion 

by 35% after 16 days. 

Using in vitro methods, Kotah and Tsuda (1985) were 

able to demonstrate an increased calcium efflux and 

membrane potential of sheep acinar cells as influenced by 

short-chain VFA's. There is the possibility that VFA's 

either exert their action on the pancreas through 

involvement of insulin release (Katoh and Tsuda, 1984) or 

by direct action on pancreatic acinar cells (Harada and 

Kato, 1983). There is no research supporting the theory 

that VFA's exert their effects through receptor-specific 

binding, leaving the exact mechanism unclear. 
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Increases in plasma glucose levels appear to be 

positively related to amylase activity in monogastrics 

(Howard and Yudkin, 1963; Grossman, 1944) and possibly 

ruminants (Clary et al., 1969). However, D-glucose 

infused intravenously in the canine produces significant 

and dose-related inhibition of volume of pancreatic 

secretion and the outputs of protein, amylase, lipase and 

protease activity (Nakajima and MaGee, 1970). Earlier 

studies had indicated that hyperglycemia inhibits and 

hypoglycemia stimulates pancreatic enzyme secretion in 

humans (Okada, 1933; as cited by Nakajima and MaGee, 

1970). 

Insulin has been reported to stimulate the 

biosynthesis of pancreatic amylase by possibly favoring 

the entry of amino acids into the acinar cells (Palla et 

al., 1968). 

Although the specific role of the many individual 

nutrients, hormones, neural mechanisms and parocrine 

mechanisms that are involved in the control of the 

synthesis and secretion of pancreatic enzymes have been 

studied individually, the integrated involvement of these 

elements and how they interact after food is consumed by 

an animal is not well understood. 
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Summary 

Inadequate synthesis and secretion of pancreatic 

amylase has been proposed to limit intestinal starch 

digestion in ruminants fed high concentrate diets. It 

was the intent of this research to determine if there is 

a dietary protein/amylase secretion interaction in 

ruminants, as exists in non-ruminants. Therefore, the 

overall objectives of the following research were to 

develop a surgical procedure for cannulation of the 

pancreatic duct in sheep, determine if pancreatic fluid 

exclusion affects intestinal nutrient digestion and 

determine if intestinal starch digestion is altered with 

increasing dietary protein level and/or quality. 
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CHAPTER III 

SURGICAL PROCEDURE FOR CANNULATION 

OF THE PANCREATIC DUCT IN SHEEP 

Abstract 

The design and installation of a reentrant cannula 

(catheter) for the common bile duct in sheep and the 

corresponding surgical procedure are described. This 

procedure should provide access to pancreatic juice for 

the measurement of flow-rate and enzyme content. 

Approximately 30 crossbred wether lambs were used for the 

development of this surgical procedure. This procedure 

allows direct entry of the cannula into the pancreatic 

duct. The cannula is made of two segments of elastic 

tubing with tapered ends and attached collars to secure 

it within the lumen of the pancreatic duct. The cannula 

allows for exterior collection of pancreatic juice since 

it provides for the continuous flow of juice from the 

pancreatic duct to the proximal duodenum. The foreseen 

advantage of this procedure, compared to previous 

techniques, is that it leaves the small intestine intact 

and alleviates the problems associated with surgical 

entry into the intestine, such as leakage and resulting 

infection. Most lambs achieved complete recovery from 

surgery and maintained functional cannulas for at least 2 

weeks post-surgery. However, problems associated with 
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the attachment of the cannula within the lumen of the 

duct and blockage of cannulas from back-flow of 

intestinal digesta prevented cannulas from functioning 

for a longer duration. Thus, research directed toward 

measuring pancreatic juice secretion and its enzyme 

content in lambs surgically fitted with pancreatic duct 

cannulas was unsuccessful. 

Introduction 

Surgical procedures for the cannulation of the 

pancreatic duct in monogastrics and ruminants have been 

reported for the study of intestinal and pancreatic 

digestive processes. However, previous procedures 

require surgical methods that are relatively complicated 

such as removal of rib sections, intestinal entry of 

cannula and formation of an intestinal pouch with access 

entry from the sphincter of Oddi (Phaneuf, 1961). Hill 

and Taylor (1957) described a surgical procedure for the 

separation of bile and pancreatic secretions in sheep. 

This procedure required ligating the common bile duct 

between the gall bladder and the pancreas, transecting 

the initial section of the jejunum, restoration of the 

digestive tract by an end-to-side anastomosis to the 

jejunum caudal to the transection and connection of the 

gall bladder to this section with polyethylene tubing. 

These surgical procedures are difficult to perform and 
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the survival rate of the experimental animal is usually 

low. Therefore, the objective of this research was to 

determine if an elastic cannula could be surgically 

fitted directly into the pancreatic duct of lambs and be 

functional for a significant period of time. 

Materials and Methods 

Approximately thirty crossbred wether lambs ranging 

in weight from 35 to 50 kg were used for the pancreatic 

duct surgery. Lambs were fasted for 24 to 36 h and did 

not have access to water for 12 h prior to surgery. 

After initial anesthesia with xylazine,^ the lambs were 

placed on an operating table in right lateral recumbency 

and legs restrained. Anesthesia was then maintained with 

a rebreathing (closed) system and atropine sulfate^ was 

administered. Anesthesia for later surgeries was changed 

to administering xylazine and ketamine HCl.' Lambs were 

sedated with .2 mg/kg of xylazine (100 mg/ml, i.m.) and 

11 mg/kg of ketamine HCl (100 mg/ml, i.v.). 

The right paralumbar fossa region was shaved and 

disinfected with an organic iodine solution and surgical 

^Anased Injectable, Xylazine sterile solution. Lloyd 
Laboratories, Shenandoah, IA 51601. 

^Atropine Sulfate Injection. Vedco Incorporated, St. Joseph, 
MO 64504. 

^Ketaset, Fort Dodge Laboratories Incorporated, Fort Dodge, 
lA 50501. 
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scrub. After thorough cleansing of the area, an 

approximate 15 cm incision through the skin, abdominal 

muscle layers and peritoneum was made 4 cm from and 

parallel to the last rib. The area of surgical entry was 

later changed to a midlateral incision approximately 3 cm 

parallel to the midline and approximately 20 cm in 

length. The pyloric sphincter of the abomasum was 

located and exteriorized along with the initial section 

of the duodenum. The anatomical relationships between 

the duodenum, liver, common bile duct, pancreas and the 

sphincter of Oddi were then noted. After the entry 

position of the pancreatic duct into the duodenum 

(sphincter of Oddi) was identified, the pancreatic duct 

was isolated and exposed. The overlying peritoneum and 

connective tissue was surgically removed approximately 2 

cm proximal to the entrance of the pancreatic duct into 

the small intestine and the duct exposed and elevated by 

the use of forceps. A stab wound of about .5 cm was then 

made in the exposed pancreatic duct. Figure 3.1 

illustrates the anatomical relationships of surrounding 

viscera and entry position of the cannula into the 

pancreatic duct. 

Two 50 cm pieces of elastic tubing^ (I.D. 3/32 and 

O.D. 5/32), with tapered ends and fitted with collars. 

^Tygon tubing T6034-3T, Baxter Scientific Products, Grand 
Prairie, TX 75050. 
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were used to form the cannula. The collars were small 

strips of elastic tubing and were glued to the end of 

each cannula. One section of the cannula tubing was 

inserted approximately 2 cm into the stab wound (lumen of 

duct) anterior to the small intestine (towards the 

pancreas) and a purse string suture (non-absorbable) was 

placed and secured directly behind the collar to maintain 

the tubing stationary in the duct. The second segment of 

tubing was inserted posterior into the duct and directed 

through the sphincter of Oddi and into the small 

intestine. Once again, a purse string suture was used to 

secure the tubing in the duct. Approximately 3 cm of the 

tubing resided in the intestinal lumen. 

Before closure of the surface incision by 

conventional methods (size 2 silk thread), the two ends 

of the catheter were exteriorized through a stab wound in 

the paralumbar fossa region and cut to suitable length to 

allow for connection by a two-way connector. It was 

better to make the final adjustment in cannula length 

after the lamb has recovered from the anesthetic and is 

standing, thus allowing the viscera to assume a normal 

position. This re-entrant catheter provides continuation 

of the pancreatic duct so that pancreatic flow can be 

directed to the exterior surface of the animal and then 

redirected back into the small intestine. 
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After surgery was completed, lambs were placed in a 

post-operative room and offered feed and water. 

Antibiotics^ were administered (5 cc, i.m.) for 7 days 

and rectal temperature was taken for 5 days post

operative. The catheter was observed to determine if 

there was continuous flow of pancreatic secretion. If 

lambs survived and cannulas appeared functional, they 

were then placed into metabolism stalls and haltered to 

prevent their interference with the exterior segment of 

the cannulas. Alfalfa hay was fed if lambs did not 

consume an adequate amount of the pre-surgery high 

concentrate diet. If intake of the lambs remained 

insufficient, they were then drenched with riimen fluid 

collected from a roughage fed donor-steer to stimulate 

intake. 

Results and Discussion 

The primary concern in this surgical cannulation 

procedure is the extensive time required for 

identification and isolation of the pancreatic duct. The 

normal time required for the surgery averaged 

approximately 3.5 h, with a considerable amount of that 

time required for identification and isolation of the 

duct. The pancreas and pancreatic duct are deep within 

^Penicillin and Dihydrostreptomycin, Pfizer Animal Health 
Division, New York, NY 10017. 
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the body cavity, lying in immediate contact with a number 

of vital blood vessels and viscera. This deep location 

severely impedes surgical access and cannulation. The 

duct is also narrow in diameter and covered with 

connective tissue. This tissue has to be dissected 

before gaining access to the duct. 

The exterior cannula should be observed regularly 

for free flow of pancreatic secretion. There are 

apparent pressure differences between the lumen of the 

small intestine and the lumen of the pancreatic duct, 

before and after feeding. Small clots and feed 

particles within the cannula can block the flow of 

pancreatic secretion. These obstructions can usually be 

freed easily by disconnecting the tubes and attaching a 

syringe half-filled with sterile saline and applying 

gentle to-and-fro pressure. However, some cannulas 

became disconnected during this procedure. 

Another possible problem associated with this 

surgical procedure is protease degradation of the 

pancreatic duct membrane. While most proteases are 

secreted in an inactive form (zymogens) from the 

pancreas, a possibility exists that proteases can be 

activated in the small intestine and then back-flow 

through the catheter and into the lumen of the duct, 

leading to the degradation of the duct. While back-flow 

of digesta from the small intestine was observed 
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occasionally in some of the lambs, there was no 

indication of destruction of the duct membrane from 

protease activity. 

There may be differences between the flow of 

secretion through the catheter and into the small 

intestine from what occurs during normal physiological 

regulation of secretion by the sphincter of Oddi. Flow 

of pancreatic juice through the sphincter of Oddi is 

regulated by several gastrointestinal hormones and neural 

mechanisms. However, this regulation of pancreatic juice 

emptying from the duct was prevented since the cannula 

passed through the sphincter. The ruminant exocrine 

pancreas secretion, via the sphincter of Oddi, does not 

show a true cephalic phase of secretion, as occurs in 

monogastrics (Croom et al., 1992). Sham-feeding of sheep 

fails to elicit increased pancreatic fluid secretion 

through the sphincter unless the sheep have been deprived 

of food (Taylor, 1962). Since digesta passes almost 

continuously through the small intestine of a ruminant 

consuming feed ad libitum, preventing the physiological 

regulation of secretion via the sphincter should not be 

of concern. 

Although the surgical procedure gave initial 

success, its reliability for studying pancreatic juice 

flow and enzyme secretion in long-term experiments is 

limited. The connection of the cannula to the pancreatic 
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duct must be improved before this procedure allows for 

maintaining long-term functional cannulas. Of the 30 

lambs used in this procedure, approximately 20 recovered 

from the surgery. Approximately 18 sheep maintained 

functional cannulas for only 2 to 5 weeks and two lambs 

were observed to have functional cannulas for at least 3 

months. 
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PYLORIC 
SPHINCTER DUODENUM 

Figure 3.1. Illustration for cannulation of the common 
bile duct in sheep and proximity of viscera to the 
common bile duct. 
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CHAPTER IV 

THE EFFECT OF PANCREATIC FLUID EXCLUSION FROM THE 

INTESTINE ON NUTRIENT UTILIZATION IN SHEEP 

Abstract 

To determine the significance of pancreatic fluid 

secretions into the small intestine on nutrient 

digestibility and blood nutrient levels, three lambs 

surgically fitted with pancreatic duct cannulas were used 

in a metabolism experiment. Lambs were subjected to 

continuous (normal) flow of pancreatic fluid to the small 

intestine (control) for 7 d or exclusion of fluid for 7 

d, in a single crossover design experiment. Percent 

digestibility of DM, OM, starch and N and N-balance (g/d) 

were all decreased (P < .05) with pancreatic fluid 

exclusion. The decrease in post-ruminal starch digestion 

with pancreatic fluid exclusion was estimated to be 61%. 

Exclusion of fluid resulted in negative N-balance, a 

decrease (P < .05) in plasma glucose at 6 h post-feeding 

and an increase (P < .05) in PUN. Results indicate that 

pancreatic exocrine fluid is essential for optimum 

nutrient digestion and utilization in ruminants. 

Introduction 

The exocrine pancreas is an essential digestive 

gland (Go et al., 1986) responsible for assimilation of 
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nutrients in the small intestine. The exocrine pancreas 

synthesizes and secretes a highly concentrated fluid of 

nutrient degrading enzymes. This enzyme fluid is 

primarily responsible for the degredation and utilization 

of protein, carbohydrate and lipid fractions of the 

digesta in the intestinal tract. However, the diversion 

or exclusion of this fluid from the duodenum and the 

subsequent effects on intestinal nutrient digestion, 

especially starch, has not been studied in ruminants. 

Miyasaka and Green (1984) excluded the pancreatic juice 

in rats to determine the relationship between the 

percentage of pancreatic secretion diverted from the 

intestine and pancreatic exocrine secretion volume. 

However, they did not study the exclusion of juice on the 

intestinal digestion of nutrients. 

It was the intent of this research to determine the 

extent to which exclusion of pancreatic juice affects 

total tract starch digestion, N metabolism and blood 

metabolite and hormone levels. 

Materials and Methods 

Three crossbred wether lambs (45 kg) surgically 

fitted with pancreatic duct reentrant cannulas were used 

in a single cross-over design to determine the extent to 

which pancreatic fluid exclusion affects total tract 

nutrient digestion, and blood metabolite and hormone 

40 



levels. Treatments consisted of allowing pancreatic 

fluid to flow to the duodenum (control) and exclusion of 

pancreatic fluid from the duodenum. Surgical procedures 

used for the cannulation of the pancreatic duct are 

outlined in Chapter III. Lambs were allowed to 

recuperate from surgery for 10 to 14 d before being 

housed in metabolism stalls equipped for total collection 

of urine and feces. Lambs were haltered to prevent them 

from interfering with cannulas. Clean water was provided 

ad libitum. 

Pancreatic duct cannulas were checked periodically 

each day to ensure they were functional and pancreatic 

juice was flowing. If flow of juice through the cannula 

was blocked by digesta, the cannula was disconnected and 

flushed with distilled water to ensure continuous flow of 

fluid. Lambs were weighed after completely recovering 

from surgery. Amount of the experimental diet (Table 

4,1) offered during both collection periods supplied 1.7 

times their maintenance energy (ME) requirement (167 kcal 

ME/kg'^ of body wt.). Lambs were given 14 days to adjust 

to the diet before the collection trial began. Lambs 

were fed once daily. Each treatment, or collection, 

period lasted 7 d. The pancreatic fluid exclusion period 

immediately followed the non-exclusion, or control, 

period. For the exclusion period, the pancreatic duct 
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cannula was disconnected and a tube attached for draining 

the pancreatic fluid. 

Feed refusals (orts), feces and urine were collected 

daily and pooled for each 7 d collection period. Orts 

and fecal samples were partially dried at 60°C (fecal 

samples for 72 h, ort samples for 24 h), ground through a 

Wiley mill (l mm screen), mixed, pooled and subsampled 

for chemical analysis. Urine was collected into vessels 

containing 200 ml of 20% (vol/vol) HCl for prevention of 

uninary-N loss. Daily urine volume was recorded and a 

10% subsample was removed and pooled for the 7 d. If 

daily urine volume was less than 1,000 ml (urine plus 200 

ml HCl), the urine sample was diluted to 1,000 ml with 

distilled water and subsampled, to prevent precipitation 

of solids during freezer storage. Daily samples of feed 

were pooled for each period, partially dried and ground 

for chemical analysis. 

Blood samples were taken via jugular puncture on d 6 

of feeding in each period at 0, 2 and 6 h post-feeding. 

Samples were placed into both plasma and serum collection 

tubes^ and placed on ice. Samples were centrifuged 

(1,900 X g for 15 min), the serum and plasma seperated, 

respectively, and stored at -6°C for later analysis. 

Plasma samples were analyzed for glucose by the glucose 

^Terumo Medical Corporation, Elkton, MD 21921. 
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oxidase method^ and plasma urea-N (PUN) by the urease 

procedure (Chaney and Marbach, 1962; Searle, 1984). 

Serum samples (6 h post-feeding) were analyzed for 

insulin via radioimmunoassay^ procedures. 

Nitrogen concentration of feed, orts, urine and 

fecal samples were determined by Kjeldahl^ (AOAC, 1985) 

procedures. Concentration of total and available starch 

in the feed, ort and fecal samples was determined by a 

modified procedure of Xiong et al. (1990). Glucose 

solutions (0 to 800 mg/dl) were used as standards for the 

starch analysis procedure. During the boiling procedure 

for determination of total starch, tubes containing 

sample and buffer solution were vortexed every 15 min. 

The effects of pancreatic fluid exclusion or non-

exclusion on nutrient digestibilities, N utilization and 

blood nutrient and hormone levels were evaluated using 

the GLM procedure of SAS (1985). All means are reported 

as least-squares means. 

^Glucose Procedure No. 510-A, Sigma Chemical Co., St. Louis, 
MO. 

^Cambridge Medical Diagnostics, Inc., Catalog No. 372, 
Billerica, MA. 

^Tecator Kjeltec System, Herndon, VA. 
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Results and Discussion 

No ill-effects from exclusion of pancreatic fluid 

were noticed in lambs. Exclusion of pancreatic fluid 

resulted in a decrease (P < .05) in DM, OM, available 

starch, total starch and N digestibility (Table 4.2). No 

differences (P > .05) were shown for percent fecal starch 

(total and available). However, percent starch in feces 

from control lambs was numerically higher. Increased 

total fecal excretion by the fluid-excluded lambs 

resulted in the decrease in starch digestion. Exclusion 

of pancreatic fluid resulted in a negative N-balance (-.2 

g/d). Serum insulin levels tended (P < .20) to be higher 

for control lambs. Considerable variation (SE = 6.6) 

existed for serum insulin levels. 

Plasma glucose level 6 h post-feeding for control 

lambs was increased (P < .05), whereas lambs subjected to 

pancreatic fluid exclusion did not show a plasma glucose 

response (P > .20) to feeding (Figure 4.1). An increase 

in plasma glucose may indicate an increase in intestinal 

glucose absorption (Owens et al., 1986). 

Pancreatic fluid exclusion increased (P < .05) PUN 

concentrations for all blood sampling times (Figure 4.2). 

A decreased utilization of post-absorptive N response to 

fluid exclusion was expected. 

While total starch digestibility differences were 

small (95.4 for control vs. 92.1% for exclusion), 

44 



intestinal differences were probably much larger. 

Theurer (1986 and 1989) suggests that feedlot cattle 

consuming high-sorghum finishing diets will digest 70-80% 

of dietary starch in the rumen. Considering the lower 

level of feeding in this experiment and the increased 

ruminal starch digestion capabilities of sheep compared 

to cattle (Theurer, 1986), these circumstances may result 

in rumen partial digestion of starch approaching 90%. 

Assuming 10% of the dietary starch escapes ruminal 

fermentation, and then determining the amount of starch 

presented to the small intestine, it can be estimated 

(using starch digestibility values in Table 4.2) that 54% 

of starch presented to the small intestine was digested 

in control lambs compared to 21% in lambs with pancreatic 

fluid exclusion, a 61% decrease in intestinal starch 

digestion. 

It appears that exocrine pancreatic secretion in 

ruminants plays a major role in the digestion and 

absorption of all nutrients analyzed in this experiment, 

especially protein. Also, as indicated by OM and N 

digestion (78 and 66%, respectively, for the control 

lambs), it appears the pancreatic duct cannulation 

procedures used (outlined in Chapter III) had no adverse 

effects on nutrient digestion. These digestibility 

coefficients are very similar to the values obtained in 

lambs fed a 13.0% CP diet, not infused with starch 
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(non-infused), in Chapter VI (81.0 and 66.8% OM and N 

digestibility, respectively). 
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Table 4.1. Composition of diet.^ 

Ingredient % of diet'' 

Sorghum grain, dry rolled 68.76 
Cottonseed hulls 15.00 
Cottonseed meal 8.86 
Molasses, cane 4.00 
Calcium carbonate 1.46 
Ammonium chloride .50 
Potassium chloride .49 
Sodium chloride .25 
Vitamin A premix'^ .20 
Vitamin D premix^ .13 
Vitamin E premix® .10 
Trace mineral premix^ .25 

Analysis 
DM 88.4 
OM'' 95.3 
CP'' 12.8 
Available starch'' 13 .0 
Total starch'^ 47.3 

^Formulated to contain 12.5% crude protein; .70% Ca; .34% 
P; .20% S; 25 ppm Zn; 2.47 Meal ME/kg of diet (DM basis). 

''DM basis. 

'^Provided vitamin A, 1322 lU/kg of diet (DM basis) . 

^Provided vitamin D, 143 lU/kg of diet (DM basi s ) . 

^Provided vitamin E, 17 lU/kg of diet (DM b a s i s ) . 

^Provided 3.1 ppm I; 2 0.2 ppm Mn; 21.0 ppm Zn; 2.1 ppm Cu; 
.1 ppm Co; 10.1 ppm Fe (DM basis). 
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Table 4.2. Least-squares means for nutrient 
digestibilities, nitrogen balance and serum 
insulin as influenced by pancreatic fluid 
exclusion to the intestine. 

Item Control 
Exclusion of 

pancreatic fluid 

^Treatment means differ (P < .05). 

'Treatment means differ (P < .01). 

*̂ Treatment means tended to differ (P < .20). 

SE 

Dry Matter 
Intake, g/d 
Digestibility,%° 

Organic Matter 
Intake, g/d 
Digestibility,%^ 

Starch Digestibility 
Total,%^ 
Available,%^ 

Fecal Starch 
Total, % 
Available, % 

Nitrogen 
Intake, g/d 
Digestibility, %'' 
Retained, g/d^ 

Serum Insulin, mcIU/ml'' 

1173 
77.2 

1118 
78.1 

95.4 
93.5 

9.2 
3.5 

27.1 
66.4 
8.6 

32.8 

1149 
68.7 

1095 
70.1 

92.1 
90.8 

9.6 
3.6 

26.6 
40.5 
-.2 

14.4 

.72 

.68 

.41 

.30 

1.07 
.41 

1.60 
1.55 

6.6 
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Plasma Glucose, mg/dl 

Time (hrs) 

Figure 4.1. Least-squares means for post-feedina plasma 
glucose response to pancreatic fluid exclusion (SE asma 
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PUN, mg/dl 

Figure 4.2. Least-squares means for post-feeding PUN 
response to pancreatic fluid exclusion (SE = .62). 
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CHAPTER V 

INFLUENCE OF DUODENAL STARCH AND PROTEIN 

QUALITY INFUSION ON TOTAL TRACT NUTRIENT 

DIGESTION AND UTILIZATION IN SHEEP 

Abstract 

The interaction between duodenally infused starch 

and protein sources of different quality on total tract 

nutrient digestion, especially starch, and N utilization 

in growing lambs was evaluated. Four protein sources, 

duodenally infused with varying biological values (casein 

+ methionine, zein, yeast and urea) were evaluated. 

Protein sources were infused at a rate, plus dietary 

protein intake, that equaled 1.3g N/kg*^/d. Dietary feed 

N was offered from a low protein diet (7.4% CP, DM 

basis). Lambs were also infused with 200 g corn starch 

per day. Lambs were fed at 2.0 times their maintenance 

energy requirement, which included infused starch energy. 

Corn starch was added to the diet of the urea-infused 

lambs to ec[ualize ME intake. The experimental design was 

a 4 X 4 Latin square. Protein source infusion did not 

affect DM or OM digestion (P > .20). Yeast infusion 

tended to decrease (P < .20) total starch digestion as 

compared to the other protein sources (87.1 vs. 91.4%). 

Available starch digestion was increased (P < .20) with 
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the casein and zein treatments, as compared to the yeast 

and urea treatments. Nitrogen retention, as g/d, was 

greater (P < .05) for casein infusion (9.2 g/d) compared 

to the zein and urea treatments (6.4 and 5.5 g/d, 

respectively). Protein source did not affect (P > .20) 

plasma glucose. The urea infusion resulted in an 

increase in PUN (P < .001) over the 10 d experimental 

period. Serum insulin tended (P < .20) to be increased 

on d 7 and 10 for casein infusion. In conclusion, it 

appears that the quality of protein reaching the small 

intestine has minimal effects on starch digestion and 

absorption, except in the case of infused yeast, which 

reduced starch digestion. 

Introduction 

Increasing the amount of starch that escapes rumen 

microbial fermentation and therefore arrives at the small 

intestine of ruminants has been suggested to increase 

pancreatic exocrine secretion of alpha-amylase with a 

corresponding increase in starch digestion (glucose 

absorption) in the small intestine. However, Chittenden 

et al. (1984) reported in a series of duoedenal infusion 

trials with sheep that 2OOg of starch infused per day 

decreased (P<.01) pancreatic amylase secretion after 16 

days. These sheep were maintained on 500g of alfalfa hay 
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daily. The same amount of infused glucose increased 

amylase secretion by 35% after 16 days. The response of 

the nonruminant pancreatic enzymatic complement to 

dietary components has been studied primarily to 

determine regulatory mechanisms involved rather than 

digestive and absorptive effects. Johnson et al. (1977) 

determined the effect of protein quality on the enzymic 

adaptability of the pancreas in the rat. They were able 

to demonstrate that the quantity of amylase secreted in 

rats fed a high carbohydrate diet was dependent on the 

quality of protein in the diet. When the rats were fed a 

64% sucrose diet with 19% casein, there was a two- to 

three-fold increase in the synthesis of amylase over 

diets containing gelatin, gluten or zein of the same 

protein concentration. Harmon (1992) suggests that 

nutrients other than carbohydrate may be involved in 

regulating pancreatic amylase secretion in ruminants and 

that protein may play an important role in this 

physiological process. It was the intent of this 

research to examine the influence of a range of different 

protein quality sources on intestinal starch and N 

digestion and to determine if adaptational changes occur 

over time for intestinal nutrient digestion. 
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Materials and Methods 

Four shorn, crossbred wether lambs (52 kg) were 

surgically fitted with intraduodenal infusion catheters^ 

(i.d. 3/32, o.d. 5/32). Lambs were fasted 24 h and did 

not have access to water 6 h before surgery. Lambs were 

initially sedated with .2 mg/kg of xylazine^ (100 mg/ml) 

(i.m.) and given .6 mg/kg of atropine sulfate^ (15 mg/ml) 

(i.m.). After 15 minutes, lambs were given 11 mg/kg of 

ketamine HCl^ (100 mg/ml) (i.v.) for complete sedation. 

Lambs were given additional ketamine when needed during 

surgery. When complete sedation was achieved the lambs 

were placed on a operating table in midlateral 

recumbency. The surgical field was closely shaved, 

cleaned with warm water and surgical soap, and further 

prepared using a povidone iodine surgical scrub. After 

thorough cleansing of the surgical site, an approximate 

10 cm incision 4 cm from and parallel to the midline was 

performed to gain entrance into the peritoneal cavity on 

^Tygon Tubing T6034-3T. Baxter Scientific Products, Grand 
Prairie, TX 75050. 

^Anased Injectable, Xylazine sterile solution. Lloyd 
Laboratories, Shenandoah, lA 51601. 

^Atropine Sulfate Injection. Vedco Incorporated, St. Joseph, 
MO 64504. 

^Ketaset, Fort Dodge Laboratories Incorporated. Fort Dodge, 
lA 50501. 
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the right side of the lamb. After initial palpating and 

viewing of anatomical tissues, the pyloric region of the 

abomassum, the pyloric sphincter and the initial proximal 

duodenum were exteriorized through the incision. A small 

stab wound in the lower pyloric region of the abomassum 

(approximately 4 cm from the pyloric sphincter) was then 

made to allow for a catheter (i.d. 3/32; o.d. 5/32) to be 

inserted intralumenally. After insertion of the 

catheter, it was then directed through the pyloric 

sphincter with approximately 5cm residing in the proximal 

duodenum. The length of the catheter was predetermined 

and a collar was fitted at the correct length to secure 

it between the serosal and mucosal musculatures of the 

abomassum while remaining in the proximal duodenum. A 

purse-string suture was then placed around the stab wound 

to secure the catheter. The remaining catheter was then 

exteriorized through a stab incision in the paralumbar 

fossa region, approximately 15 cm above the original 

incision with an additional collar securing it within the 

peritoneal cavity. Collars were made from elastic tubing 

and glued to the catheters. The catheter was cut so that 

12 cm remained exterior to the lamb and a cap was then 

fitted on the end to prevent it from leaking. This 

surgical procedure allowed for infusion directly into the 

small intestine region. 
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After suturing both incision sites, the surgical 

area was cleaned and a topical dressing was applied 

(nitrofurazone dressing, .2%). Lambs were given 5 cc of 

penicillin^ immediately after surgery and the following 4 

days. The lambs were allowed 14 days to recover from 

surgery before being placed in metabolism stalls. 

Lambs were randomly allotted to one of four 

treatments in a 4 X 4 Latin square design. Four nitrogen 

sources were used for the infusion treatments. The four 

treatments consisted of casein^ plus DL-methionine^, 

zein®, yeast' and urea. Casein was supplemented with 

methionine to equal 3.5% total methionine of the protein 

content of casein. Nitrogen from each source was infused 

at a level that, added to the dietary nitrogen, would 

give an overall intake of 1.3g N/kg-^ of body weight per 

d. This level of N per unit of metabolic weight was 

calculated from the daily CP requirement (NRC, 1985) for 

^Penicillin and Dihydrostreptomycin. Pfizer Animal Health 
Division, New York, N.Y. 10017. 

^Sigma Chemical Company, P.O. Box 14508, St. Louis, MO 63178 

^ICN Biomedicals, Incorporated, Irvine, CA 92713. Catalog No 
102281. 

^Sigma Chemical Company, P.O Box 14508, St. Louis, MO 63178 
Product No. Z3625. 

'sigma Chemical Company, P.O. Box 14508, St. Louis, MO 63178 
Product No. YBD (Inactive). 
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sheep of similar weight. In addition to the nitrogen 

sources, all lambs were infused with 200 g corn starch 

daily. Lambs were fed at 2.0 times their maintenance 

energy (ME) requirement (196 kcal/Wt'^) including the 200 

g of corn starch infused. However, it did not account 

for the ME from the nitrogen infusion. Corn starch was 

added to the diet of the urea-infused lamb in each 

period. This starch addition enabled metabolizable 

energy (ME) intake to be equal for each treatment, since 

urea contributes no ME. Casein, zein and yeast were 

assumed to contribute approximately the same amount of ME 

per unit of N. Lambs were fed at 10:00 a.m. daily. The 

experimental diet was based on dry rolled sorghum grain, 

cottonseed hulls and corn starch (Table 5.1). A protein 

source, or supplement, was not added to the diet in an 

attempt to minimize the CP level of the diet. 

The intestinal cannulas were connected via tygon 

txibing (i.d. 3/32, o.d. 5/32) to a peristaltic pump.^° 

Tubing used for infusion lines were inserted into 

cassettes, which were clamped on the drive-shaft of the 

pump. Rotation of the drive-shaft produced the 

peristaltic action in the infusion lines. The three 

protein (casein, zein and yeast) and starch slurries were 

^°Monostat Corporation, 519 8th Ave., New York, NY 10018 
Catalog No. 72-500-000. 
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each mixed in IL of .186 N NaOH solution using distilled 

water, the weakest concentration that enabled all protein 

sources to be soluble in solution. The urea treatment 

was dissolved in a .09 N NaOH solution, the lowest 

concentration that prevented the solution from being 

viscous. After the treatments were mixed in solution 

with use of a blender, starch was then added and the 

slurries were remixed. After all infusion treatments 

were mixed, they were transfered to 2L plastic beakers on 

stirring plates and were continuously stirred while being 

infused over a 22 h period per day. 

At the beginning of each period, the amount of 

starch and nitrogen infused was increased every third day 

by one-third increments until reaching the desired 

amount, which was infused for one additional day before 

initiation of the experimental period. Each infusion 

period lasted for 10 d after adjustment. A minimum 

period of 6 d with no infusion was used between periods 

to allow intestinal physiology to return to preinfusion 

conditions. 

Urine, feces and feed refusals (orts) were collected 

daily over the 10-day collection (infusion) period. 

Fecal samples were partially dried for 3 days at 60°C in 

a forced-air drying oven. They were then ground in a 

Wiley mill to pass a 1 mm screen and composited over the 
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10 days and samples on days 1, 4, 7 and 10 were also used 

for analysis. Loss of urinary-N was prevented by the 

daily addition of 200 ml of 20% (vol/vol) HCl to the 

urine receptacles.Urine volume was measured daily and a 

10% subsample was taken and pooled for the 10 d 

collection period. If daily urine volume was less than 

1,000 ml (urine plus HCl), the sample was diluted to 

1,000 ml with distilled water, mixed and sampled. This 

dilution procedure was done to prevent precipitation of 

solids during freezer storage at -6°C. Samples of feed 

were taken at each feeding and the pooled sample was 

ground and used for analysis. Pooled feed, fecal and ort 

samples were further dried at 100°C for 24 h and ashed at 

600°C for 6 h to determine the DM and OM of the samples, 

respectively. Fecal samples from d 1, 4, 7 and 10 were 

also analyzed seperately. Nitrogen levels of the feed, 

orts, urine and fecal samples were determined by 

Kjeldahl^^ (AOAC, 1985) procedures to calculate N 

digestibility and N-balance. Total and available starch 

in the feed, ort and fecal samples were determined by a 

modified procedure of Xiong et al. (1990) as previously 

described in Chapter IV. 

"•̂ Tecator Kjeltec System, Herndon, VA. 
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Blood samples were taken by jugular puncture on days 

1, 4, 7 and 10 at 0 and 4 h postfeeding during each 

period. Lambs were constrained in their crate during 

this procedure. Twenty ml of blood was drawn and 

approximately 10 ml was put into both plasma and serum 

vacuum tubes. They were then put on ice and transported 

to the laboratory. Blood samples were centrifuged for 15 

minutes, plasma and serum seperated into vials and stored 

at -6°C until analyzed for glucose and PUN, and insulin, 

respectively. Plasma samples were analyzed for PUN using 

a spectrophotometric assay (Chaney and Marbach, 1962; 

Searle, 1984). Plasma glucose levels were also analyzed 

by spectrometric procedures using a glucose oxidase 

procedure^^. Serum insulin levels were analyzed by the 

use of radioimmunoassay^^ kits. 

Nutrient digestibilities and their interactions were 

evaluated using the GLM procedures of SAS (1985). Data 

used for evaluating adaptational changes to treatment 

source were analyzed by split-plot analysis of variance 

with animal, period and treatment as main sources of 

variation, day (1, 4, 7 and 10) and time (0 and 4 h 

^^Glucose Procedure No. 510-A, Sigma Chemical Co., St. Louis, 
MO. 

"•^Cambridge Medical Diagnostics, Inc., Billerica, MA. Catalog 
No. 372. 
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post-infusion) as a subplot, and animal by period by 

treatment interactions as the error term. All means are 

reported as least-squares means. 

Results and Discussion 

Percent N values for casein, zein, yeast and urea 

were analyzed as 12.95, 14.52, 6.93 and 45.10%, 

respectively, on an as-fed basis. The effects of protein 

source on nutrient digestion are reported in Table 5.2. 

Protein source did not affect (P > .20) DM or OM 

digestion. However, there was a slight improvement for 

the zein treatment for both variables. A depression in 

total starch digestion was noted for the yeast treatment 

(87.1 vs. 91.4%, P < .20). Available starch digestion 

was increased (P < .20) with the casein and zein 

treatments, as compared to the yeast and urea treatments. 

A large animal by treatment interaction (P < .001) 

prevented the detection of starch digestibility 

differences. Available starch digestion values were 

numerically lower than the total starch digestion values. 

These differences were unexpected since the available 

starch fraction should be 100% susceptible to enzymatic 

hydrolysis. However, since total starch digestibility 

was limited (mean of 90.3% for all treatments), there may 

have been a conversion of unavailable starch to available 

61 



starch in the lower digestive tract of these animals and 

limited starch digestion allowed this fraction to be 

excreted. Correlations (r^) of .74 and .82 were 

indicated for OM digestion and total and available starch 

digestion, respectively. 

Apparent digestibility of N was not different for 

the casein and yeast treatments (P > .20). However, N 

digestion for the urea treatment was higher (P < .05) 

than for the zein treatment. This result may be an 

indication of the low solubility of zein. No correlation 

(r^ = -.03) existed between apparent N digestion and 

total starch digestion. It has been suggested that an 

increase in N digestion (resulting from an increase in 

pancreatic protease activity) will result in a 

corresponding decrease in intestinal starch digestion 

(decrease in pancreatic amylase activity) in non

ruminants (Snook, 1965). 

Results for efficiency of post-absorptive N (N 

balance) indicates that N retention, as g/d, was 

increased (P < .05) for the casein treatment (9.2 g/d) as 

compared to the zein and urea treatments (6.4 and 5.5 

g/d, respectively). Similar results are shown for N 

balance as a percent of intake. Nitrogen balance, as a 

percent of absorbed N, was lower for the urea treatment 

when compared to the casein and yeast treatments, as 
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expected. There were strong relationships for N balance 

between g/d and percent of intake (r̂  = .97) and percent 

of intake and percent of absorbed (r̂  = .91). 

Fecal samples on d 1, 4, 7 and 10 for each period 

were analyzed seperately for total starch to determine if 

an intestinal adaptation to treatment could be identified 

with increasing time of infusion. A treatment by day 

effect (P < .05) was observed for total fecal starch with 

increasing days of infusion (Figure 5.1). This effect 

can be explained by the decrease in fecal starch with 

urea infusion. However, mean-seperation revealed that 

there were no treatment effects (P > .20) when averaged 

for the 4 d of measurement. 

There was no treatment effect (P > .20) for percent 

fecal total starch (Figure 5.2). However, percent fecal 

available starch for zein infusion was decreased (5.1%, P 

< .10) compared to the other treatments (mean = 7.3%). 

Results for pre-infusion and 4 h post-infusion plasma 

glucose response to treatment are shown in Figures 5.3 

and 5.4, respectively. Split-plot analysis indicates 

there was no protein source effect (P > .20) on plasma 

glucose. However, there was a large day effect (P < 

.001) for glucose response for both time periods. Plasma 

glucose levels for day 4 were considerably lower at both 
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bleeding times; the reason for this is not clear. No 

animal or period effect (P > .20) existed. 

The effect of protein source on PUN response, 

averaged for both pre- and post-infusion times, indicates 

that the urea treatment resulted in higher (P < .001) PUN 

levels for all days measured (Figures 5.5 and 5.6). 

Elevated PUN levels for the urea infused lambs can be 

explained by simple diffusion, or absorption, of urea 

from the intestinal tract. A day effect (P < .001) also 

existed. Observation of day effect indicates an increase 

in PUN with increasing time of infusion. 

Main effects for serum insulin levels (mcIU/ml, 

Figure 5.7) indicated a large response (P < .001) to 

protein source. Serum insulin for casein infusion tended 

(P < .20) to be increased on d 7 and 10. 

The quality of protein sources used in this 

experiment was based on their biological value (BV) for 

ruminants. The BV of the four protein sources ranged up 

to approximately 90 (Maynard et al., 1975). Since casein 

is limiting in methionine, the addition of methionine 

improves the BV. The BV of corn zein and yeast 

(microbial protein) are approximately 60 and 68, 

respectively. Urea has a BV similar to microbial protein 

when fed to ruminants. 
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six infusion mishaps occurred during the experiment. 

Occasionally infusion lines became disconnected or 

infusion catheters became blocked from intestinal 

digesta. When infusion losses occurred, estimations of 

these losses were made and accounted for in the 

digestibility analysis. 

Increasing intestinal pH has been proposed to 

increase intestinal starch digestion. Wheeler and Noller 

(1977) suggested that maintaining a more optimal rumen 

and intestinal pH in animals consuming high concentrate 

diets with use of dietary buffers, particularly 

limestone, would increase starch digestion. The 

theoretical mechanism by which this effect would work is 

increase the activity of starch digesting enzymes. 

However, Zinn and Owens (1980) indicated that dietary 

buffers (2.8% CaCOj and 1% NaHCOj plus 2.8% CaCOj of diet 

DM) do increase intestinal pH, but no effect on 

intestinal starch digestion was detected with increased 

intestinal pH. Owens et al. (1986) reported that 

removing duodenal digesta, increasing its pH with NaOH 

and then reintroducing the digesta had no effect on ileum 

pH. This suggests that the small intestine compensates 

when the pH is altered. They also indicated that 

attempting to increase the pH of the small intestine to 

increase intestinal starch digestion appears 
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physiologically infeasible. This information indicates 

that intestinal pH does not limit starch digestion. 

In conclusion, it appears that protein quality may 

influence intestinal starch digestion. While starch 

digestibility differences were small, a large animal by 

treatment interaction prevented the detection of some 

treatment differences for digestion. Daily samples (d 1, 

4, and 10) indicated there was not a digestive adaptation 

to protein source for fecal nutrients, blood metabolites 

or blood hormone levels. 
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Table 5.1. Composition of diet.^ 

Ingredient % of diet'' 

Sorghum grain, dry rolled 57.49 
Cottonseed hulls 25.00 
Corn starch 10.00 
Molasses, cane 5.00 
Calcium carbonate .70 
Ammonium chloride .50 
Potassium chloride .44 
Trace mineral premix*^ .32 
Sodium chloride .25 
Vitamin A, D and E premix*^ .30 

Analysis 
DM 87.2 
OM'' 96.2 
CP'' 7.4 
Available starch'' 15.8 
Total starch'' 49.2 

^Formulated to contain 7.35% crude protein; 2.26 Meal 
ME/kg; .42% Ca; .22% P; .70% K; .20% S; 35 ppm Zn; 8 ppm Cu 
(DM b a s i s ) . 

''DM basis. 

*^Provided 3.9 ppm I; 25.9 ppm Mn; 26.9 ppm Zn; 2.6 ppm Cu; 
.2 ppm Co; 12.9 ppm Fe (DM basis). 

^Provided vitamin A, 1907 lU/kg of diet; vitamin D, 192 
lU/kg of diet; vitamin E, 5 lU/kg of diet (DM basis). 

67 



Table 5.2. Least-squares means for nutrient 
digestibilities and nitrogen balance in lambs 
infused duodenally with starch and various 
protein sources. 

Item 
PROTEIN SOURCE 

Casein Zein Yeast Urea 

Initial wt., kg 56.9 56.4 54.5 56.7 

Dry Matter 
Intake, g/d 1387 1294 1328 1236 
Digestibility, % 70.7 73.7 71.0 72.2 

Organic Matter 
Intake, g/d 1344 1255 1275 1175 
Digestibility, % 71.2 74.1 71.6 72.2 

Total Starch 
Intake, g/d 
Digestibility, % 

Available Starch 
Intake, g/d 
Digestibility, % 

Nitrogen 
Intake, g/d 
Digestibility, % 

Nitrogen Balance 
g/d 
% of Intake 
% of Absorbed 

538 
90 .8^ 

173 
87.6^ 

498 
91.6^ 

159 
88 .3^ 

469 
87. l' 

473 
91.7^ 

150 152 
79.4'' 80.7'' 

28.4 27.2 26.1 26.7 
61.7*=̂  53.9*^ 58.2'̂ '̂  64. 0*=̂  

.cd 

SE 

1.90 

1.89 

1.79 

3.81 

2.95 

9.2'' 6.4̂ ^ 8.0̂ =° 5.5° .90 
32.4"^ 23.4*=̂  30.6̂ = 20.3^ 2.76 
52.4^ 44.1^^ 52.8^ 30.2^ 4.58 

'̂'Means in the same row with different letters in their 
superscripts tend to differ (P < .20). 

'̂ '̂ eans in the same row with different letters in their 
superscripts are different (P < .05). 
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FECAL TOTAL STARCH,* 

DAY 

CASEIN+MET » ^ ZEIN YEAST UREA 

Figure 5.1. Least-squares means for fecal total starch 
due to protein source and day within experimental 
period (SE = 2.42). 
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FECAL STARCH, % 

UREA YEAST ZEIN 

PROTEIN SOURCE 
CASEIN+MET 

FAS FTS 

Figure 5.2. Least-squares means for fecal available 
starch (FAS) and fecal total starch (FTS) due to 
protein source (SE = .77 for FAS; SE = 2.78 for 
FTS) . 
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Plasma Glucose, mg/dl 

SOY 

7 0 -

6 0 -

CASEIN+MET ^^M ZEIN YEAST UREA 

Figure 5.3. Least-squares means for 0 h post-feeding 
plasma glucose response due to protein source and 
day within experimental period (SE = 1.20). 
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Plasma Glucose, mg/dl 

DAY 

CASEIN+MET ^ ZEIN YEAST UREA 

Figure 5.4. Least-squares means for 4 h post-feeding 
plasma glucose response due to protein source and 
day within experimental period (SE = 1.21). 
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PUN, mg/dl 

CASEIN+MET ^ZEIN YEAST UREA 

Figure 5.5. Least-squares means for 0 h post-feeding 
PUN response due to protein source and day within 
experimental period (SE = .24). 
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PUN, mg/dl 

CASEIN+MET ^ ZEIN EZ! YEAST ^M UREA 

Figure 5.6. Least-squares means for 4 h post-feeding 
PUN response due to protein source and day within 
experimental period (SE = .25). 
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SERUM INSULIN, mclU/ml 

DAY 

CASEIN+MET K«3 ZEIN YEAST UREA 

Figure 5.7. Least-squares means for serum insulin 
response due to protein source and day within 
experimental period (SE = 5.71). 
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CHAPTER VI 

INFLUENCE OF DIETARY PROTEIN LEVEL WITH 

OR WITHOUT DUODENAL STARCH INFUSION ON 

TOTAL TRACT NUTRIENT DIGESTION AND 

UTILAZATION IN SHEEP 

Abstract 

Two experiments were conducted to determine the 

relationship between dietary crude protein (CP) level and 

duodenal starch infusion on total tract digestibility of 

nutrients. Blood nutrient and hormone levels were also 

measured. In Experiment 1, to evaluate dietary CP level 

(9.5, 13.0, and 16.5% of diet DM), six lambs (42 kg) were 

used in a replicated 3 X 3 Latin square design to 

determine total tract nutrient digestion while being 

duodenally infused with 2 00 g corn starch daily. Lambs 

were fed at 2.0 times their maintenance energy 

requirement (MER) including infused starch. Diets 

consisted of cracked corn (62 to 74%) with 15% cottonseed 

hulls. Protein levels were achieved by substituting a 

high ruminal by-pass protein mixture for corn. To 

determine the CP effects without starch infusion, three 

lambs (39 kg) were similarly fed (1.45 times MER) using 

the same design. All lambs were permitted a 12 d 
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adjustment period to treatment and infusion before 

digestive collection began. In Experiment 2, three lambs 

from the infused squares were randomly chosen to 

determine CP level effects on the glycemic and 

insulinemic response from a single (bolus) starch 

infusion (2.2 g/kg of body wt.) at the end of each 

period. Blood samples were taken at 0, 90, 120, 150, 180 

and 240 min post-infusion. In experiment 1, there were 

no treatment effects for DM or OM digestion (P > .20) 

across squares. No effects (P > .30) for available or 

total starch digestion (96.6 and 98.5%, respectively) 

were noted for CP treatment without infusion. However, 

there was an interaction (P < .01) for starch digestion 

between CP level versus infused and non-infused squares. 

For the infused squares, there was a linear increase (P < 

.001) in total starch digestion with increasing level of 

CP whereas there was no change when corn starch was not 

infused. Apparent N digestion and NBAL (g/d) increased 

linearly (P = .001) with increasing CP. Plasma glucose 

levels tended (P = .15) to be higher for the 16.5% CP 

level and plasma urea-N showed a linear increase (P < 

.05) with increasing dietary CP. In experiment 2, mean 

delta plasma glucose values following a bolus infusion of 

starch were 1.86, 6.67 and 5.52 mg/dl (P < .05) for 9.5, 

13.0 and 16.5% CP levels, respectively. Delta serum 
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insulin means for the same treatments were -1.46, -1.49 

and 4.82 mcIU/ml, respectively. These results suggest 

that increasing dietary rumen bypass protein level 

improves intestinal starch digestion as indicated by the 

metabolism and bolus starch infusion experiments. 

Introduction 

Incomplete intestinal starch digestion in ruminants 

was first detected by Larson et al. (1956). Since that 

time, several factors have been shown to influence the 

extent of intestinal starch digestion. Russell et al. 

(1981) report that intestinal starch digestion is limited 

by low intestinal pH, inadequate pancreatic amylase 

secretion, inadequate intestinal maltase activity, and 

inefficient glucose absorption. All these factors have 

shown to be physiological barriers for increasing 

intestinal starch utilization in ruminants. Of 

particular recent interest to researchers is inadequate 

pancreatic amylase secretion and possible methods for 

increasing the secretion of pancreatic amylase. 

Intestinal nutrients are believed to alter 

pancreatic enzyme secretion by indirect mechanisms in 

non-ruminants. Wang and Grossman (1951) reported that 

protease and amylase secretion of the exocrine pancreas 

is increased by certain dietary amino acids and peptides 
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within the small intestine of monogastrics. Lee et al. 

(1984) have indicated that pancreatic amylase secretion 

in the rat is positively increased by an increasing level 

of high quality dietary protein. This pancreatic 

adaptation mechanism has not been studied in the ruminant 

animal. If increasing protein level does increase 

pancreatic amylase secretion in the ruminant, then this 

response could possibly be measured by intestinal starch 

disappearance. 

It was the intent of this research to determine if 

dietary protein level does influence intestinal starch 

digestion. This response was measured by total tract 

nutrient digestion, and blood nutrient and hormone levels 

in lambs intestinally infused with a large quantity of 

corn starch compared to non-infused lambs. Lambs were 

subjected to intestinal infusion of corn starch at a 

level that should exceed the animal's post-ruminal 

digestive capabilities for starch. 

Materials and Methods 

Experiment 1. Six medium-wool crossbred wether 

lambs were used in an intestinal infusion trial to 

determine the influence of dietary protein level on total 

tract digestion of nutrients. Lambs were surgically 

fitted with duodenal infusion catheters as described in 
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Chapter V. Lambs were allowed to recover for 7 days 

before sutures were removed and an additional 7 days 

before being placed in metabolism stalls. The lambs were 

randomly paired together and then randomly assigned to 

experimental treatments in a replicated 3 X 3 Latin 

square design. 

The three dietary crude protein (CP) level 

treatments consisted of 9.5%, 13.0% and 16.5% of the diet 

DM. The three diets consisted mainly of cracked corn, 

cottonseed hulls and molasses with adequate vitamin and 

mineral additions (Table 6.1) to meet or exceed their 

nutrient requirements (NRC, 1985). Nutrient composition 

of ingredients for formulations was obtained from a 

ruminant feed ingredient table (Preston, 1992). A high 

ruminal by-pass protein supplement (Table 6.1), as 

described by Preston and Bartle (1990), was substituted 

for corn to meet the desired protein level of the three 

diets. All diets were formulated to contain 2.77 Meal 

ME/kg of diet (DM basis). A large batch of the protein 

supplement was mixed, before initiation of the 

experiment, to allow for an adequate amount of the 

mixture for the duration of the experiment. 

After complete recovery from surgery (see Chapter 

V), the lambs were placed in metabolism stalls in a 

temperature-controlled room and constrained by use of a 
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halter and chain. All lambs, that were to be infused 

with corn starch, were connected via tygon tubing (i.d. 

3/32, o.d. 5/32) to a peristaltic infusion pump̂  for 

continuous infusion of starch, as described in Chapter V. 

Flow rate versus pump setting was predetermined in the 

laboratory. Lambs were infused with 2OOg corn starch^ 

daily over an approximate 22-h period. Starch slurries 

were mixed daily in 1 L of distilled water before being 

transferred to 2 L plastic beakers. The 2 L beakers were 

stationed on stirring plates which allowed for continuous 

stirring of the slurries. The start of infusion was at 

approximately 10:00 am daily. After slowly adjusting the 

lambs to the starch infusion (50 g increments every 4 d 

for 16 days) and a non-treatment diet initially, a 12-day 

adjustment period to the treatment diets and starch 

infusion was followed by a 6-day digestive collection 

period for each period rotation. Fresh water was 

available ad libitum. 

Lambs were fed at 2.0 times their maintenance energy 

requirement (196 kcal ME/W-^) , which included the ME of 

both the diet and infused starch. The lambs were weighed 

^Monostat Corporation, 519 8th Avenue, New York, NY 10018 
Catalog No. 72-500-000. 

2iCN Biochemicals, Inc., Irvine, CA 92713. Catalog No. 
102281. 
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initially and again after completion of each period. 

Lamb weights were used to adjust dietary intake for each 

period. 

Urine, feces and feed refusals (orts) were collected 

daily over the 6-day collection period. Daily fecal and 

ort samples for each lamb were partially dried for 72 

hours at 60°C, pooled and ground through a 1 mm screen in 

a Wiley mill. The pooled samples were mixed and a 

subsample was taken for further analysis. To obtain 

complete DM and OM of pooled samples, a subsample was 

weighed in porcelain crucibles and dried at 105*'C for 24 

h followed by an overnight ashing at 600°C. Feed samples 

were treated similarly. 

Urine was collected into vesicles containing 200 ml 

of a 20% HCl (36%) solution (vol/vol). Daily urine 

volume was recorded and a 10% subsample was taken and 

pooled over the 6 days. If daily urine volume was less 

than 1,000 ml (urine plus 200 ml HCl), the volume was 

diluted to 1,000 ml with distilled water, mixed and 

sampled. This dilution procedure prevents precipitation 

of solids during refrigerated storage. Urine samples 

were stored at -6°C until further analysis. Feed, ort, 

urine and fecal samples were analyzed for N (Kjeldahl-N^; 

^Tecator Kjeltec System, Herndon, VA, 
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AOAC, 1985). Feed, fecal and ort samples were also 

analyzed for available and total starch using a modified 

procedure of Xiong et al. (1992) as described in Chapter 

IV. 

Blood samples were taken on day 6 via jugular 

puncture at 6 h post-feeding. Samples were placed into 

both plasma and serum collection tubes as previously 

described. Blood samples were placed on ice, transported 

to the campus laboratory, centrifuged and the serum and 

plasma seperated, respectively. Samples were stored at -

6°C for later analysis. Plasma samples were analyzed for 

glucose by the glucose oxidase method^ and plasma urea-N 

by the urease procedure (Chaney and Marbach, 1962; 

Searle, 1984), while the serum samples were analyzed for 

insulin by radioimmunoassay.^ 

An additional three lambs were used in a 3 X 3 Latin 

square design to determine the extent of total tract 

nutrient digestion as influenced by the same three 

dietary protein levels. These lambs, however, were not 

infused with corn starch. These lambs were also housed 

in metabolism stalls. Lambs were fed at 1.45 times their 

^Glucose Procedure No. 510-A, Sigma Chemical Co., St. Louis, 
MO. 

^Cambridge Medical Diagnostics, Inc., Billerica, MA. Catalog 
No. 372. 
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maintenance energy requirement (142 kcal ME/W-^) . This 

level of feeding was approximately the same level of feed 

offered to lambs receiving starch infusion, not including 

the ME from the corn starch infusion. Total collection 

of urine, feces and feed refusals was performed as 

previous described. Each period lasted 18 d, 12 d for 

adaptation to dietary protein treatment and 6 d for 

collection of urine, feces and orts. Lambs were weighed 

before initiation of each period and the feed offered was 

adjusted accordingly. Chemical analysis of feed, fecal, 

ort, and urine samples was the same as previously 

described. 

Experiment 2. Three lambs, one from each treatment 

sequence, were randomly chosen in Experiment 1 to measure 

the effect of a single bolus-dose of corn starch infused 

intraduodenally on blood glycemic and insulinemic 

responses over time as influenced by CP level. Lambs 

were fed one-half of their required feeding level from 

Experiment 1 on the last day of collection. A single 

corn starch infusion dose was performed 24 h later at the 

end of each period. On the day of the infusion, lambs 

were removed from their stalls, weighed and constrained 

by haltering. No feed or water was offered until blood 

sampling was complete. A single dose of corn starch 

(2.2g/kg of body wt.) mixed in 150 ml of distilled water 
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was infused intraduodenally over a 5-minute period into 

each lamb. Each lamb was previously fitted with a 

jugular catheter for repeated blood sampling as follows: 

after a jugular puncture with a 14 gauge needle, a 

sterile catheter^ (polyethylene tubing; i.d. .86mm, o.d. 

1.27mm) was inserted through the needle into the jugular 

vein. Flushing with physiological saline (9 g NaCl/L) 

prevented blood from clotting in the catheters. The 

catheters were sealed and taped to the neck. Blood 

samples were taken at times 0, 90, 120, 150, 180 and 240 

minutes post-infusion. Optimum sampling times (90 to 240 

min) for measuring the glycemic response after a single-

dose starch infusion were determined from preliminary 

data using a spare lamb. Samples were placed into plasma 

and serum collection tubes as previously described. 

Plasma samples were analyzed for glucose and serum 

samples analyzed for insulin as previously described. 

After the blood samples were taken, lambs were placed 

back into their stalls and offered feed for their next 

treatment sequence in Experiment 1. For all periods, 

pre-infusion values for plasma glucose and serum insulin 

were subtracted from post-infusion samples to give delta 

values. 

^Becton, Dickinson and Company; Parsippany, NJ 07054 
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The experimental design of each experiment was a 

Latin square. The effects of CP level, starch infusion 

and their interactions on nutrient digestibilities, N 

utilization and blood variables were evaluated using the 

GLM procedure of SAS (1985). All means are reported as 

least-squares means. Comparisons between the starch 

infused squares and the non-infused square were made. 

Results and Discussion 

Experiment 1. One lamb from the starch infusion 

treatment was removed because of inadequate adjustment to 

feed offered and starch infusion. Five lambs remained 

for the starch infused squares. Infused lambs received 

200 g of corn starch daily. This level of infusion, plus 

any dietary starch that escapes ruminal fermentation, 

should exceed intestinal starch digestion capabilities of 

lambs, according to Orskov et al. (1971). Adjusting 

lambs to 250 g corn starch infused daily was attempted 

initially. However, the feces voided by these lambs 

became increasingly fluid and could not be collected. 

The effects of dietary CP levels on dry matter 

digestibility (DMD), organic matter digestibility (OMD), 

and available and total starch digestibility (ASD and 

TSD, respectively) are shown in Table 6.2. Feed intake 

for the infused lambs includes the corn starch infused. 
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The variation in intake across the infusion and CP level 

treatments is primarily accounted for by differences in 

lamb weights since feed refusals were low. Palatability 

differences between dietary treatments were not apparent. 

No differences or infusion interactions (P > .20) 

were identified for DMD or OMD. This was not foreseen 

since the 13.0% CP level is approximately the CP 

requirement for lambs of this weight and the 9.5% CP 

treatment is considered deficient. Both ASD and TSD 

increased linearly (P < .005 and P < .001, respectively) 

with increasing CP level in the infused lambs. Both 

available and total starch digestibilities for the 

infused lambs were higher than for similarly infused 

lambs in Chapter V. There was an interaction between 

infused and non-infused lambs for both variables (P < 

.05). It appears that intestinal starch digestion was 

positively influenced by CP level in lambs receiving 

starch infusion. No differences (P > .05) for total 

tract starch digestibilities of starch in non-infused 

lambs was identified. 

Results for apparent nitrogen digestion (AND) and 

nitrogen balance (NBAL) are reported in Table 6.3. As 

expected, there was a linear (P < .01) increase in AND 

with increasing CP and an interaction (P < .05) existed 

between infused and non-infused lambs. Greater numerical 
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differences in AND for the non-infused lambs is probably 

explained by an increased rate of intestinal passage of 

digesta postruminally from starch infusion. 

Efficiency of N utilization indicated similar 

findings. Nitrogen balance (NBAL), in g/d, was linear (P 

< .001) across squares and a quadratic effect (P < .01) 

was noted for NBAL as a percent of intake with increasing 

CP level. Starch infusion increased retention efficiency 

of post-absorptive N, as indicated by the relative 

differences between N digestibility and NBAL (g/d) 

between infused and non-infused lambs. Nitrogen balance, 

as a percent of intake, gave a quadratic response (P < 

.01) with starch infusion. 

Responses for available and total starch digestion 

as influenced by CP level are illustrated by regression 

analysis (Figures 6.1 and 6.2, respectively). Regression 

analysis indicates that the effect of CP level on AND 

gave similar slopes for infused and non-infused lambs 

(Figure 6.3). 

Linear decreases (P < .005) were shown for both 

percent fecal total starch (Figure 6.4) and percent fecal 

available starch (Figure 6.5) with increasing level of CP 

in infused lambs. An interaction (P < .05) between 

infusion and non-infusion was noted for both variables. 

Dietary CP level did not influence (P > .05) percent 
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fecal available starch (2.0%) or fecal total starch 

(3.2%) in the non-infused lambs. These results indicate 

that total tract digestion of the dietary starch for the 

three treatments was not influenced by CP level. 

Therefore, differences in starch digestion for the 

infused lambs can only be related to intestinal starch 

digestion and utilization. 

The effects of CP level on PUN, plasma glucose and 

serum insulin are shown in Figures 6.6, 6.7 and 6.8, 

respectively. Plasma urea-nitrogen increased linearly 

(P < .05) with increasing CP level (5.9 to 10.6 mg/dl) as 

expected (Preston et al., 1965; Prewitt et al., 1971). 

Plasma glucose levels in lambs receiving the 16.5% CP 

level tended (P = .15) to be higher (74.1 mg/dl) than the 

lower two CP levels (64.6 and 59.3 mg/dl for 9.5 and 

13.0% CP treatments, respectively). Chittenden et al. 

(1984) reported that sheep abomassally infused with 2 00 g 

of corn starch daily had plasma glucose values ranging 

from 65 to 70 mg/dl. The effects of CP level on serum 

insulin levels were variable (SE = 4 . 2 ) . No differences 

(P > .2 0) were noted between treatments (mean serum 

insulin, 25.2 mcIU/ml). Serum insulin levels were 

similar to those reported by Matras and Preston (1989) 

for lambs fed similarly. 
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The quantity of starch disappearance from the 

hindgut of ruminants does not necessarily relate to 

complete portal-arterial glucose absorption. Huntington 

and Reynolds (1986) reported that in heifers abomassally 

infused with starch, that only 35% of intestinal starch 

disappearance could be accounted for in the portal blood. 

This loss could reflect utilization of glucose by 

intestinal tissue during absorption, similar to 

utilization of amino acids during intestinal absorption 

(Tagari and Bergman, 1978; Webb et al., 1992). 

Further fermentation of starch to VFA's occurs in 

the large intestine. Large intestinal fermentation of 

starch in sheep is usually low (Armstrong and Smithard, 

1979) and ranges from 4 to 18% of total starch presented 

to the large intestine. In a review, Theurer (1986) 

states that post-ileal starch digestion ranges from 1 to 

13% of the total starch ingested, with most values being 

2 to 3% of ingested. 

Experiment 2. Results for the delta plasma glucose 

and serum insulin responses to the single starch infusion 

dose are shown in Figures 6.9 and 6.10, respectively. 

There was a treatment effect (P < .05) for mean delta 

plasma glucose as influenced by CP level. Mean delta 

plasma glucose levels for post-infusion were 1.86, 6.67 

and 5.52 mg/dl for the 9.5, 13.0 and 16.5% CP treatments, 
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respectively. Equations derived for changes in plasma 

glucose from pre-infusion values (90, 120, 150 180 and 

240 min post-infusion) are: y = 16.1 - .15X + .0003x2, ^2 

= .65; Y = -7.2 + .21X - .0007X2, r̂  = .55; and Y = 2.5 + 

.086X - .0004X2, r2 = .62, for 9.5, 13.0 and 16.5% CP 

treatments, respectively, where X equals minutes post-

infusion. No treatment effect (P > .20) was noted for 

delta serum insulin. However, delta serum insulin was 

increased (P < .05) at 240 min post-infusion for the 

16.5% CP level as compared to two lower %CP treatments. 

These serum insulin levels generally indicate that plasma 

glucose concentration was not elevated enough in this 

experiment to elicit an insulin response. In 

nonruminants, absorbed glucose is considered to be the 

primary stimulator of insulin secretion. However, in 

ruminants, carbohydrate digestive end products such as 

VFA's are more responsible for insulin secretion than is 

glucose (Johnson et al., 1982). 

In conclusion, it appears that CP level does 

influence starch digestion post-ruminally. Even though 

pancreatic amylase was not measured, it can be concluded 

that an increase in dietary CP level resulted in a 

corresponding increase in amylase secretion. Also, a 

single-dose starch infusion appears to be a valid 

procedure for determining intestinal dietary adaptation 
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for starch assimilation. This method appears to give a 

direct indication of intestinal starch digesting 

capabilities in ruminants. 
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Table 6.1. Composition of diets. 

% of diets" 

Ingredient 9.5% 13.0% 16.5% 

Corn, cracked 
Cottonseed hulls 
Molasses, cane 
Protein supplement^ 
Calcium carbonate 
Dicalcium phosphate 
Ammonium chloride 
Potassium chloride 
Vitamin A, D and E premix' 
Trace mineral premix® 
Sodium chloride 

d 

Analysis 
DM 
OM" 
CP'' 
Available starch'' 
Total starch'' 

7 4 . 3 0 
15 .00 

6 .00 
.68 

1.45 
.97 
.50 
.25 
. 35 
. 25 
. 25 

8 6 . 8 
9 5 . 3 

9 .7 
1 3 . 8 
4 9 . 9 

68 .18 
15 .00 

6 .00 
7 .49 
1.34 

.43 

.50 

. 2 1 

.35 

.25 

.25 

8 7 . 2 
9 4 . 9 
1 3 . 5 
1 1 . 9 
4 6 . 1 

61.92 
15.00 

6.00 
14.32 

1.26 
.00 
.50 
.15 
.35 
.25 
.25 

8 7 . 7 
9 4 . 5 
17 .2 
10 .7 
4 2 . 8 

^Formulated to contain .90% Ca; .45% P; .80% K; 2.77 Meal 
ME/kg (DM basis). 

''DM basis. 

^Protein supplement contains 33% hydrolyzed feather meal, 
22% cottonseed meal, 22% meat and bone meal, 15% blood meal 
and 8% corn gluten meal (as fed basis) . Calculated to 
contain 65.16% CP, 2.57% Ca, 1.77% P, .73% K and 2.42 Meal 
ME/kg (DM basis). 

^Provided vitamin A, 2162 lU/kg of diet; vitamin D, 216 
lU/kg of diet; vitamin E, 6 lU/kg of diet (DM basis). 

^Provided 3.1 ppm I; 20.2 ppm Mn; 21.0 ppm Zn; 2.1 ppm Cu; 
.1 ppm Co; 10.1 ppm Fe (DM basis). 
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Figure 6.1. Regression of total starch digestion (TSD) 
on CP level for lambs infused or non-infused with 
starch (SE = .73) . 
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Figure 6.2. Regression of available starch digestion 
(ASD) on CP level for lambs infused or non-infused 
with starch (SE = 1.81). 
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F i g u r e 6 . 3 . R e g r e s s i o n of apparent n i t r o g e n d i g e s t i o n 
(AND) on CP l e v e l f o r lambs i n f u s e d or n o n - i n f u s e d 
w i t h s t a r c h (SE = 2 . 6 7 ) . 
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Figure 6.4. Regression of fecal total starch (FTS) on 
CP level for lambs infused or non-infused with 
starch (SE = 1.00; infused linear, P < .001). 

99 



10 

8 

Fecal Available Starch, % 

Non-Infused -(- Infused 

4-

11 13 

CP Level,% 
15 17 

Figure 6.5. Regression of fecal available starch (FAS) 
on CP level for lambs infused or non-infused with 
starch (SE = .62; infused linear, P < .005). 
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Figure 6.6. Least-squares means for plasma urea 
nitrogen response to CP level (SE = 1.44; linear, P 
< .05). 
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Figure 6.7. Least-squares means for plasma glucose 
response to CP level (SE = 5.60). 
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Figure 6 . 8 . L e a s t - s q u a r e s means f o r serum i n s u l i n 
r e s p o n s e t o CP l e v e l (SE = 4 . 2 1 ) . 
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Figure 6.9. Least-sc^uares means for delta plasma 
glucose response over time to a single-dose 
duodenal infusion of starch (SE = 1.46). 
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Figure 6.10. Least-squares means for delta serum 
insulin response over time to a single-dose 
duodenal infusion of starch (SE = 3.06). 
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CHAPTER VII 

INTEGRATED SUMMARY 

Cereal starch is the primary nutrient used to promote 

high levels of production in r\iminants fed in feedlots. 

However, ruminants have evolved consuming and utilizing 

cellulosic plant material with a symbiotic digestive system 

that is optimized for the conversion of fibrous feedstuffs 

into utilizable products and therefore, have limited 

capacity to hydrolyze alpha-linked glucose and absorb 

glucose post-ruminally. Inadequate pancreatic amylase is 

largely responsible for limited intestinal starch 

assimilation in ruminants. 

The synthesis and secretion of pancreatic amylase in 

non-ruminants has been shown to be dependent on dietary 

protein quality and level. However, this relationship 

between dietary protein content and starch 

digestion/absorption, as influenced by pancreatic amylase, 

has not been studied in ruminants. Surgical procedures 

developed in this thesis for cannulation of the common bile 

duct in sheep were unsuccessful for collection and 

measurement of pancreatic enzyme secretion. Exclusion of 

the pancreatic exocrine secretion from the intestine 

resulted in a decrease in digestibility of all nutrients. 
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including an estimated 60% decrease in intestinal starch 

digestion. 

Therefore, it was the intent of this research to 

determine, by an indirect method, if increasing dietary 

protein level and protein quality stimulates pancreatic 

amylase secretion by measuring intestinal starch digestion, 

and blood nutrient and hormone levels in sheep. 

Digestion/metabolism experiments were conducted with 

lambs to determine if protein source (casein, zein, yeast 

and urea), infused intraduodenally, and/or dietary protein 

level (9.5, 13.0 and 16.5% CP) influences intestinal starch 

digestion in lambs infused daily with 200 g of starch. The 

effect of protein source indicated that yeast decreased 

intestinal starch digestion with no effect of the other 

sources. An increase in serum insulin was shown for the 

casein treatment. Results from the dietary protein level 

experiment indicated a linear increase in N, available 

starch and total starch digestibilities with increasing 

protein level. A single-dose of intestinal starch (2.2 

g/kg of body wt.) revealed that increasing dietary protein 

level (13.0 and 16.5 vs. 9.5% CP) elicits an increased 

glycemic response for 120-180 min post-infusion in sheep. 

This method appears to be a valid procedure for measuring 

intestinal adaptation to dietary changes for starch-
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hydrolyzing/starch-digesting/glucose-absorbing capabilities 

in ruminants. 

In conclusion, these results support the hypothesized 

dietary protein-amylase secretion mechanism in ruminant 

intestinal starch digestion, as occurs in monogastrics. 
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