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Chapter 1. NEUROENDOCRINE 
ADAPTATIONS IN DOMESTIC 
ANIMALS 

1. Hypothalamo-pituitary axis 

For many years, the pituitary gland was considered the master endocrine gland this was because of the large 

numbers of hormones that it produces and their widespread physiological effects throughout the body. However, 

since negative feedback loops and secretions of hypothalamic hormones ultimately regulate secretion of the 

pituitary hormones, the question of master and servant is a real one. Regardless, the pituitary hormones are 

essential and critical important in control of animal function directly related to animal agriculture productivity, 

i.e., rate of growth, muscle development, reproduction, lactation and environmental adaptation. Secretion of the 

hormones of the anterior pituitary is tightly related to secretion of other hormones that are produced by cells 

located in the nuclei of the hypothalamus. Although these releasing hormones (or releasing inhibiting 

hormones in some case;) are produced only in very small amount, they are able to impact the activity of cells of 

the pars distalis because of a unique arrangement of blood vessels between hypothalamus and the anterior 

pituitary. This is called the hypothalamic-hypophyseal portal blood system. Simple stated, venous blood that 

drains from the hypothalamus mixes with arterial blood and passes to anterior pituitary before it goes into the 

general venous circulation. The importance of this special anatomic relationship was confirmed by animal 

experiments in the 1960s and 1970s that showed that placing a foil barrier between the hypothalamus and 

pituitary markedly inhibited the secretion of all of the anterior pituitary hormones except prolactin. Of course 

the pituitary gland must also receive oxygenated arterial blood. Arterial branches of the circle of Willis supply 

most of this blood. 

The pituitary gland, or hypophysis (Fig. 1.1.), is located at the very base of the brain, in a depression of the 

sphenoid bone. It is divided into three divisions or lobes. The largest is the adenohypophysis or anterior 

pituitary. Much of the anterior lobe contains cords of closely compacted epithelial cells, which secrete many 

hormones of the more familiar pituitary hormones, i.e., STH (GH), Prl, FSH, etc. A smaller region of tissue, the 

pars intermediate lob, is sandwiched between the anterior pituitary and the second largest division called the 

posterior, pituitary or pars nervosa. This later region of the pituitary gland has a very different cellular structure 

than the anterior lobe. The cells of the region are, in fact, neurosecretory cell nerve endings and associated 

supporting cells. The hormones of the posterior pituitary are actually synthesized by cell bodies of the 

hypothalamus but released from the neural cells that populate the posterior pituitary. 

Figure 1.1. Fig. 1.1. The connections between the hypothalamus and hypophysis 

(Husveth, 2000). A: Neurosecretory products from hypothalamic nuclei are transported 

to the hypophysis and from there transferred to the general circulation. B: 

Neurosecretory products are transported from axons of hypothalamic neurosecretory 

cells to the adenohypophysis via a portal circulation. (1) Optic chiasma, (2) 

hypothalamic nuclei, (3) hypophysial stalk, (4) neurohypophysis, (5) adenohypophysis. 

 

Negative feedback loops Secretion of most of the anterior pituitary hormones is controlled at multiple levels. 

Control begins in the hypothalamus with the synthesis and secretion of the hypothalamic hormones (releasing 

hormones, RH; Table 1.) into the hypophyseal portal blood supply. 
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Because these agents reach their target cells in the pars distalis with minimal dilution, they are very effective. 

One means of regulations is to alter the rate at which these hypothalamic hormones are made. Changes in higher 

brain function that impact the hypothalamus also alter production many of these agents and thereby activity of 

the pituitary. The hypothalamus functions as a crucial interface between the nervous and endocrine system, 

where secondary information is integrated and used to regulate the endocrine output of the pituitary gland. Much 

of these information is related the status of the internal environment in question (e.g., extracellular fluid 

osmolality, blood glucose concentration, body temperature and metabolic rate). Release of anterior pituitary 

hormones can also be regulated more different negative feedback loops based on the blood concentrations of 

the hormones involved. The hormone produced by the target endocrine gland of a specific trophic hormone can 

act on (1) the hypothalamus to reduce the production of its releasing hormone and (2) anterior pituitary to 

reduce its release of the trophic hormones. The tropic hormones of the anterior pituitary may also reduce 

hypothalamic releasing hormone via a short negative feedback loop (acting between hypothalamus and anterior 

pituitary). 

2. Hormones of the anterior pituitary 

All of the pituitary hormones are peptide or protein hormones based on their chemical structure. Several 

hormones stimulate distant endocrine glands to increase production of their own hormones. These stimulatory 

hormones anterior pituitary hormones are often called trophic or tropic hormones. Given the importance of 

these hormones in regulation of growth, development, lactation reproduction and adaptation to various 

environmental conditions, it is apparent that these agents are critical to understanding and improving animal 

agriculture. Following hormones are secreted in the anterior pituitary: growth hormone (GH; also known as 

somatotropic hormone; STH), adenocorticotropic hormone (ACTH), thyroid-stimulating hormone (TSH), 

gonadotropich hormones (FSH and LH) and prolactin (Prl). As the regulatory roles of GH will be discussed in 

Chapter 10, and those of gonadotropic hormones and Prl in Chapters 11 and 12, here the physiological role of 

only TSH and ACTH will be discussed. 

Thyroid-Stimulating Hormone (TSH) 

TSH is a glycoprotein that shares a structure having an α and a β chain. This hormone TSH ultimately binds to 

receptors in the thyroid to promote the synthesis of colloid by thyroid gland cells and stimulates the release of 

thyroid hormones. Associated with these functions are the accumulation of iodine, organic binding of iodine, 

and formation of thyroxine with the thyroid gland. 

Adrenocorticotropic hormone (ACTH) 

ACTH is a 39-amino-acid peptide processed from a larger precursor molecule called pro-opiomelanocortin 

(POMC) In the corticotrophs of the anterior pituitary, the mRNA from the POMC gene directs the synthesis and 

processing of the transcript ti yield at least eight biologically active fragments. The ACTH primarily stimulates 

the secretion of glucocorticoids from the cortex of the adrenal gland. Two of the fragments are derived from 

ACTH. the first 13 amino acids of ACTH are β-MSH and the ACTH 18-19 corticotropin-like intermediate lobe 

peptide (CLIP). The larger precursor POMC appears in the intermediate lobe of the pituitary in many species 

and is associated with secretion of melanocyte-stimulating hormone (MSH). Biological effects of adrenal 

steroids will be considered in a subsequent section. 

Although ACTH is the focus, a family of diverse peptides is derived from POMC. Secretion of ACTH is greatly 

impacted by neural factors and hormones. These agents ultimately modify the secretion of CRH, which, like 

GnRH, is secreted in an episodic pattern. In many species there is also a diurnal rhytm in the ACTH secretion 

pattern and therefore a diurnal secretion of adrenal steroids. Negative feedback loops, involving cortisol, are 

important in control of ACTH. One mechanism is sensitive to the rate of change in circulating glucocorticoids 



 NEUROENDOCRINE 

ADAPTATIONS IN DOMESTIC 

ANIMALS 

 

 3  
Created by XMLmind XSL-FO Converter. 

(fast feedback). These effects are mediated at both the pituitary and hypothalamus. Furthermore, a host of stress 

(pain, hypoxia, cold and heat exposure, etc.) can override the usual rhythmic secretion of ACTH. This is 

classically thought of as the part of the fight-or-flight reactions and the need for nutrient mobilization, and it is 

associated with more prolonged secretion of glucocorticoids. 

3. Posterior pituitary and its hormones 

The posterior lobe is an outgrowth of the hypothalamus and contains the terminal axons from two pairs of nuclei 

(supraoptic nucleus and paraventricular nucleus) located in the hypothalamus. These two nuclei synthesized 

antidiuretic hormone and oxytocin (neurosecretion), respectively, which are transported to the axon terminals in 

the posterior pituitary, where they are stored in secretory granules until released. An action potential, generated 

by the need for each of stored hormones, causes the release of the hormone and subsequent absorption in the 

blood, where it is distributed to the receptor cells. The hormones of the posterior pituitary are of peptide class, 

specifically nonapeptides (they contain nine amino acids). 

Antidiuretic hormone 

When an animal is given an overload of water, a period of dieresis ((increased output of dilute urine) occurs. 

Diuresis can be prevented by the administration of antidiuretic hormone (ADH), also known as vasopressin. 

If dehydration occurs (osmoconcentration), osmorecptors respond to the increased concentration by stimulating 

greater output of ADH by the axon terminals in the posterior pituitary. The target cells of the secreted ADH are 

the collecting tubulus and collecting ducts of the kidney. The presence of ADH renders the cells of the 

collecting tubules and ducts more permeable to water, and more water is absorbed from the tubular fluid so that 

the plasma osmolality decrease (Na+ concentration returns to normal) and the urine volume decreases (becomes 

more concentrated). ADH is therefore important for water conservation by animals. Other stimulators of ADH 

secretion include reduced blood volume, trauma, pain, and anxiety. 

Oxytocin 

The functional activity of oxitocin is related to the reproductive process, which include lactation (see Chapters 

12-14). Oxytocin is released from the posterior pituitary as a result of neuroendocrine reflex. The act of suckling 

or similar teat stimulation causes release of oxytocin and subsequent milk letdown (ejection). Similarly, an 

estrogen-dominated myometrium such as is found at ovulation and at parturition, is more responsive to oxitocin, 

and greater contraction of the uterus results. Oxytocine release at these times is associated with appropriate 

stimuli and subsequent myometrial contraction, which assists in the transport of sperm to the oviduct at 

copulation and in the expulsion of the fetus at parturition. 

4. Thyroid as the endocrine gland for control of 
animal production and adaptation for cold 
environmental conditions 

Thyroid gland (Fig. 1.2.) is composed of clusters of follicles whose internal surfaces are lined by a layer of 

simple cuboidal epithelial cells. Triiodothyronine (T3) and thyroxyne (T4) is synthesized by the follicular cells 

and stored as part of a larger protein (thyroglobulin within the luminal spaces is called colloid. The critical 

elements required for thyroid hormone synthesis are amino acid tyrosine and iodine. Thyroid hormones are the 

major regulators of basal metabolism increasing oxygen consumption and therefore heat production, because 

they 

Figure 1.2. Figure 1.2.: Thyroid gland of domestic animals; A) horse, B) cattle, C) pork, 

D) dog (Fehér, 1980) 
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stimulate oxidative phosphorilation. This is called a calorigenic effect, a response especially useful when 

animals are exposed to cold stressful situations. Of course, increasing demands require nutrient fuel. Small 

amounts of thyroid hormones promote glycogen storage, but glycogenolysis is stimulated as concentrations rise. 

Other effects include increased absorption of glucose and promotion of glucose uptake by cells. Thyroid 

hormones also impact lipid metabolism but especially lipolysis. Fitting their ability to increase metabolism, the 

thyroid hormones also enhance the effects of sympathetic nervous system stimulation. This is believed to be 

occurring by thyroid hormone stimulation of synthesis of β-adrenergic receptors in tissues that are targets for 

epinephrine (adrenalin) and norepinephrine (noradrenalin). 

Other effects of thyroid hormones are evident during growth and development. For example, classic 

experiments showed that thyroxine causes differentiation of tadpoles into frogs. The effect is less drastic in 

mammals, but thyroide hormones are nonetheless essentially for normal development of nervous system. 

Hypothyroidism or deficiency slows metabolic processes. In young animals development and growth is 

impaired, and in primates serious permanent failure of neural development produces mental retardation. Among 

domestic species, lactating dairy cows are typically hypothyroid so that peripherial deiodination of T4 to 

produce the more potent T3 is especially important to maintain function of many target cells tissues. 

A common functional test is to measure concentrations of plasma T3 and T4 in response to inject of TSH or 

TRH. In correspondence with variations in metabolic rate with season, several data are available (Perera et al., 

1985) showing secretion of T3 and T4 following TRH injections in cows during winter compared with summer. 

These data indicate that there is an evident seasonal variation in the response to TRH in cows. Mean 

concentration of T3 and T4 before administration of TRH were lower in cows sampled during winter and 

response to TRH was reduced in the study mentioned above. These reductions likely reflect greater utilization of 

thyroid hormones to enhance thermogenesis during the winter (Fig 1.3.). Concentrations of T4 were about 

fiftyfold greater than T3. This is similar to other domestic animals and suggests that substantial T3 formation 

occurs outside of the thyroid gland by the deiodination of T. Tissues with high levels of deiodination enzymes 

include the liver and kidney. The mammary gland also expresses a deiodinase that increases with the onset of 

lactation and in response to other hormones known to stimulate milk production. This provides an enhanced 

local tissue concentration of mammary T3 available to stimulate metabolic activity to support high levels of 

milk production despite the fact that lactating cows are typically in hypothyroid state. 

Given the importance of thyroid hormones in regulation of metabolism, it was only natural for animal scientists 

to consider whether administration of thyroid hormones might be used to improve metabolic rate to support 

enhanced growth or development. For example, involvement of the thyroid gland in maintenance of lactation 

has been known since reports in the early 1900s showing that milk yield was reduced in thyreoidectomized 

goats. By the 1930s it was shown that thyroidectomy of dairy cows reduced milk yield; and conversely that 

treatment with T4 increased milk yield by approximately 20%. Because T4 is also efficacious when fed, these 

reports stimulated much interest in the practical utilization of the hormone to increase milk production in cattle. 

This became economically feasible by the relatively low cost manufacture of thyroxine and other thyroactive 

iodinated proteins. However, results of multiple studies showed that while feeding thyroxine (or iodinated 

proteins) increased milk production by 10-40%, the galactopoietic effect was of variable duration and milk 

production returned to normal or below-normal levels despite continued treatment. 

The galactopoietic effect of thyroxine supplementation depends on a general increase in body metabolism. Thus 

it is not effective when cows are in early lactation (negative energy balance) and already mobilizing body 

reserves to meet the energy demands of lactation. A general increase in body metabolism at this time would be 

counterproductive 

Figure 1.3. Figure 1.3.: Thyroid hormone response to TRH. Lactating cows were 

injected with TRH (25µg/100 kg body weight) and blood collected to monitor changes in 

T3 and T4. Secretion of both hormones was reduced in winter (Perera et al., 1985). 
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to meeting the nutrient demands of lactation. It was concluded that thyroxine treatment should not be initiated 

before midlactation and that energy density of the diet should be increased during treatment because feed intake 

does not increase in proportion to increased energy utilization. Furthermore, upon withdrawal of treatment, a 

hypothyroid condition ensues that exacerbates the usual decline in milk yield in late lactation. Despite the initial 

interest in thyroid hormone supplementation to increase milk yield, the temporary nature of milk yield response 

and frequent undershoot below normal production afterward led to the conclusion that its adaptation would be of 

minimal value. 

Although T4 is the predominant thyroid hormone in the circulation, it essentially serves as a prohormone 

because it has little if any biological activity. The most metabolically active thyroid hormone, T3, is produced 

by enzymatic 5‟-deiodination of T4 within the thyroid activity of thyroxine-5-deiodinase (5‟-D) alter localized 

T3 availability. Activity of the enzyme also varies with physiological state. For example, with onset of lactation 

of rodents and ruminants, there is an increase in 5‟-D in mammary gland and a decrease in liver. These changes 

are believed to maintain a euthyroid state in the lactating mammary gland despite the fact that the body is 

hypothyroid as a whole. Maintenance of a euthyroid state in lactating mammary gland in the midst of a 

functional hypothyroid condition is consistent with increasing the metabolic priority of the mammary gland and 

providing T3 to heighten the effect of other galactopoietic hormones. For example, this occurs in response to 

treatment of cows with exogenous bSTH (Capucoet al., 1989). 

The relationship between GH and thyroid hormones is not limited to GH-induced alterations in 5‟-D during 

lactation and galactopoiesis. There is a close relationship between thyroid hormones, thyroid hormone 

metabolism, and GH and IGF-I synthesis. Mechanistically, T3 can alter hepatic GH receptor binding and thus 

enhance GH stimulation of IGF-I synthesis. Alternatively T3 can also increase IGF-I synthesis in the absence of 

GH. It is worth noting that in those situations when GH does not stimulate IGF synthesis (e.g. during food 

restriction, fetal development, sex-linked dwarfism, and hypothyroidism) there is evidence for T3 deficiency. In 

addition, T3 serves as a regulator of GH synthesis by the pituitary. Conversely, GH can alter synthesis of 5‟-D 

and therefore peripheral production of T3 (Capucoet al., 1989). 

5. Adrenal gland as the organ important in adaptation 
to stress and maintain homeostasis 

Despite the small size the adrenal glands (Fig. 1.4.), located at the superior pole of each kidney, are critical 

regulators of metabolism. The outer portion of each gland, the cortex, is responsible for the production of two 

broad classes of steroid hormones, the mineralocorticoids of which aldosterone is a primary example and 

glucocorticoids represented by cortisol in mammals or corticosterone in birds. The central of the gland, the 

medulla, is derived from the neural tissue. It is essentially postganglionic tissue that is part of the sympathetic 

division of the autonomic nervous system. When stimulated it secrets catecholamines, epinephrine , and its 

structural cousin norepinephrine as neurotransmitters. Since both of these compounds are found in the adrenal 

medulla, they are also called noradrenalin and adrenalin, respectively. Both medulla and cortex of adrenal 

gland are important in adaptation necessary to respond to stress and the maintain homeostasis. 

As both the postganglionic tissue of the sympathetic division of autonomic nervous system and medulla of 

adrenal gland secrets the same compounds with similar physiological effects these organs together are called 

sympathetic-adrenal system. 

Figure 1.4. Figur1.5..: Cross section of the adrenal gland from the horse 
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With the secretion of catecholamines this system allows that body to respond to emergency situations resulting 

from sudden changes in the internal or external environment. It mediates an increase in alertness, heart rate, 

blood pressure, metabolism, respiration rate, sweating, piloerection, and mobilization of energy within the body. 

Simultaneously, it decreases activity of the digestive, urinary, and immune systems. It causes an increase in 

blood flow to the skeletal muscle with decreasing blood flow to the visceral organs. In other words, 

sympathetic-adrenal system activates those systems and animal needs in order to fight while inhibiting those 

systems not needed for fighting. Many of the response to anaerobe exercise (e.g., in racing horse) are exactly the 

same as the “fight or flight” response seen in animals in the wild and are brought about by both direct 

stimulation of the sympathetic-adrenal system and an increase in circulating adrenaline (Fig. 1. 6.). 

Adrenal cortex is organised into three zones (zz. glomerulosa, fasciculataand reticularis). Synthesis of 

aldosterone (main mineralocorticoid hormone of z. glomeruosa) is largely controlled by the rennin-angiotensin 

system of the kidney. Decreases in renal blood pressure lead to the production of angiotensin II, which among 

other actions stimulates the secretion of aldosterone. This hormone then acts to increase resorption of sodium by 

the distal convoluted epithelial cells of the kidney nephrons. Increased recovery of sodium from the urinary 

filtrate, allows the companion recovery of more water (via osmosis) so that interstitialfluid volume and 

subsequent blood volume is increased. This returns blood pressure to normal, thus shutting off trigger for 

increased aldosterone secretion in the first place. 

Figure 1.5. Figure 1.6.: Concentrations (µg/ml) of adrenaline and noradrenalin in a 

racing horse (Marlin and Nankervis (2008) 

 

When animals are under prolonged stress it is not uncommon that the adrenal glands become enlarged. 

However, under extreme situations the capacity to respond can be lost, resulting in exhaustion. I the 1930s Sir 

Hans Selye was among the first to focus on the role of the adrenal to combat stress. His hypothesis for stress 

consisted of three phases: 1) alarm reaction, 2) stage of resistance, 3) stage of exhaustion. This can be 

envisioned by considering the pathways responsible for glucocorticoid secretion and biological responses to 

glucocorticoid release. First, stress induces neural stimulation leading to hypothalamic secretion of CRH. This 

results in secretion of ACTH, which produces glucocorticoid secretion. An early effect of glucocorticoid release 

is mobilization of glycogen reserves to increase circulating glucose (Fig1.7.). Other tissues are progressively 

catabolised to provide fatty acids or amino acids for energy production. If these actions provide the necessary 

nutrients to respond to stress alarm, repairs are made and conditions return to normal. When stress continues but 

manageable, a new “set point,” or stage resistance is achieved. However, with more extreme or prolonged stress, 

a new balance cannot be achieved so that signals for more glucocorticoid release cannot be answered by the 

cortex. This is the stage of exhaustion. 

As concerns with animal health and welfare and perceived problems attributed to stress have emerged in recent 

years, tools to quantitative measure stress have been sought. Certainly there are behaviour attributes and 

production-related measures (absence of chronic disease, rate of gain, milk production, etc.) that can be linked 

with disruption of homeostasis tied to stress, but many of these are poorly defined. It is also true that some level 

of stress is necessary, even desirable, for normal physiological response and health. During short-term stress 

secretion of glucocorticoids and epinephrine (adrenaline) allow mobilization of nutrients necessary for 

homeostasis. The problems arise with severe chronic stress and consequences of prolonged secretion of 

glucocorticoids, ie., immunosupression and atrophy of tissues. However, measuring changes in circulating 

concentrations of glucocorticoids, responses to an ACTH challenge, and/or secretion of epinephrine (adrenalin) 

provide a generally accepted quantifiable stress index for animals. 

Figure 1.6. Figure 1.7.: Processes of stress reaction in animals 
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generally accepted quantifiable stress index for animals. Paradoxically, it is possible that the process (handling, 

needle stick, and restraint) of taking frequent blood samples can be stressful itself. This has led to development 

of remote blood sampling devices or sampling of other body fluids (saliva or urine), but these samples may also 

require confinement or handling that can confounds results. Möstl and Palme (2002) described the assay of 

metabolites of cortisol in feces as a tool to noninvasively monitor secretion of glucocorticoids as a possible 

stress index. The concentrations of these cortisol metabolites in feces reflect reflected a kind of “average” 

glucocorticoid production of hours that is likely species-specific. 

6. Pineal gland as the organ of the control of diurnal 
rhythm 

The pineal gland (epiphysis cerebri) is a middle structure on the dorsocaudal aspect of the diencephalon 

(forebrain). In fish, amphibians and some reptiles, it possesses photoreceptors, and is literally a third eye, the 

function of which is thought to involve setting day and yearly biological cycles based on photiperiod. In 

mammals, the pineal has no photoreceptors, and is located deep inside the braincase renders. It is incapable of 

detected photoperiods directly. The pineal gland nonetheless does receive information about light and dark 

cycles indirectly from a nucleus of the hypothalamus. The cells of pineal, although neuronal by lineage, are 

secretory, and they are supported by neuroglia and receive axonal input. These specialised cells are called 

pinealocytes. 

The pinealocytes manufacture serotonin and an enzyme that converts this peptide to melatonin, a hormone. 

Manufacture of melatonin exhibits a profound diurnal rhythm, with releases into the blood peaking during 

darkness. It is likely, therefore, to be intimately involved in a regulation sleep-wake cycles. It appears, too, to be 

linked to reproduction, inasmuch as the onset of puberty is associated with a profound fall in production of 

melatonin. Melatonin stimulates the release of GnRH and thus initiates reproductive cyclicity in animals of 

short-day breeders like ewe, doe, elk, nanny. 

7. Leptin 

Specifically, leptin is proposed to prevent obesity by reducing feed intake and increasing thermogenesis by 

affecting the hypothalamus. This hormone is a 16 kDa protein primarily produced in adipose cells, and 

circulates both in a free form and bound to other proteins in circulation. Energy stores influence expression of 

the leptin gene, as shown by increased adipose tissue leptin mRNA and serum concentrations in obese 

mammals. There is also a positive correlation between body fat stores and leptin concentrations in blood, and 

secretion occurs with a circoradian rhythm and may show episodic secretion. 

Unfortunately, studies in domestic animals and especially dairy animals is are limited. However, fasting 

increases the expression of the leptin receptor (Ob-RL) in the sheep. Interestingly, leptin is also increased in the 

serum of animals fed high-energy diets, which may be related to decreased mammary development that can 

occur in these animals. Moreover, leptin appears in milk and is present in cultured bovine mammary epithelial 

cells. The cells also express mRNA for leptin and were impacted by addition of insulin and IGF-I, both of which 

are known mediators of mammary function. This suggests that leptin may be an autocrine- or paracrine-

signaling molecule in the mammary gland (Smith an Sheffield, 2002). 

Leptin may also be involved in regulation of onset of puberty in heifers and ewes. It is well known that age of 

puberty, within limits, is affected by dietary energy intake, rate of growth, and accumulation of adipose tissue in 

the body. Given the role of leptin in adipose tissue metabolism it is attractive to suggest that leptin is also 

important in this process. After puberty leptin may also stimulate “neuropeptid Y” or directly stimulate GnRH 

neurons in the hypothalamus. This way leptin is an indicator of metabolic status for the regulation of 

reproductive processes in mammals. 
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8. Self evaluation questions 

Define the hypothalamus-pituitary-dependent system! Which hormones are included in this system? 

Describe the effect of thyroid hormones in the metabolic processes, especially in those playing important role in 

the adaptation of animals to cold weather conditions. 

What is meant by the hypothalamic – hypophyseal axis, which hormones are included in this physiological 

process? Explain the negative feedback regulation of glucocorticoids! 

What is the physiological effect of catecholamines? Summarise the physiological role of sympathetic –adrenal 

system. 



   

 9  
Created by XMLmind XSL-FO Converter. 

Chapter 2. COMPARATIVE 
STRUCTURE AND FUNCTION OF THE 
GASTROINTESTINAL TRACT OF 
ANIMALS 

The functions of the gastrointestinal tract and its accessory organs are to provide for the digestion and 

absorption of nutrients essential to an animal‟s survival. The energy requiring processes that mediate these 

actions are motor activity; enzyme and bile salt secretion; electrolyte transport mechanisms that control the 

secretion and absorption of electrolytes, nutrients, and water; and the barrier function of the gastrointestinal 

mucosa. The latter is essential for the maintenance for a functional epithelium capable of assimilating the 

products of digestion and excluding all other harmful components. 

 

The gross structures of the gastrointestinal tract of four domestic species (dog, pig, horse and sheep) typify the 

extreme variations found in the mammalian digestive system (Table 2 and 3.). In carnivores, which obtain most 

of their food by eating other animals, digestion is mainly enzymatic and microbial digestion is minimal. 

Therefore, gross digestive structure is relatively short and simple (Fig. 2.1.). In contrast, the domesticated 

herbivores fall into two groups: (1) the ruminants, such as cattle, sheep, and goats, in which extensive microbial 

fermentation of the plant diet occurs in a specialized region of the tract proximal to gastric digestion (pregastric 

fermentation); and (2) those with simple stomach, such as horse, in which microbial fermentation takes place in 

the distal digestive tract (postgastric fermentation). 

Figure 2.1. Figure 2.1.: Gastro-intestinal tract of two carnivores.(Reece, 2004) 

 

These sites of microbial digestion require a large digestive-fermentation organ in which transit can be delayed to 

provide the time necessary for fermentation, especially cellulose. Thus, the complex forestomach of ruminants 

and the large intestine of horses contain at least 10 to 15 percent of the animals‟ total body water volume at any 

given time (Fig. 2.2). Both enzymatic and postgastric fermentation are of importance in the intermediate 

structure, characteristic of the omnivore. 



 COMPARATIVE STRUCTURE 

AND FUNCTION OF THE 

GASTROINTESTINAL TRACT OF 

ANIMALS 

 

 10  
Created by XMLmind XSL-FO Converter. 

 

Simple-stomached carnivores may consume occasional meals of high-energy content that are followed by a 

period of relative quiescence. Plant material, on the other hand, is low in energy content, and the herbivore must 

consume a large quantity to satisfy its energy requirements. The actual time spent eating is much greater in 

herbivores than in carnivores and grazing by ruminants may occur 8 or more hours in the 24.hour period. 

Rumination may occupy an equally long time. This type of feeding behavior is associated with essentially 

continuous activity of the secretory glands and the musculature of the tract. For example, the ruminant 

Figure 2.2. Figure 2.2.: Gastro-intestinal length of the sheep and horse (Reece, 2004). 

 

abomasum, “true stomach”, normally secrets acid gastric juice continuously because the flow of ingesta from 

the reticulorumen into the abomasums never ceases. Conversely, animals fed a concentrated meal once or twice 

daily display cyclic gastrointestinal secretory and motor activity. 

Postgastric fermenters will spend as much time eating roughage as ruminants spend eating and ruminating. Food 

material is moved rapidly through the stomach and small intestine and delayed in the large intestine. The 

passage rate is more rapid through the small intestine in horse than in dogs. Total gastrointestinal transit through 

horses is also faster than in ruminants owing to a marked delay in passage through the latter‟s reticulo-omasal 

orifice. This marked delay in the forestomach allows more efficient microbial digestion of insoluble fiber 

(cellulose) in ruminants, a substance that cannot be digested by mammalian enzymes. In ruminants, both soluble 

(e.g., starch) and insoluble material is fermented by microorganisms before it reaches the site of enzymatic 

digestion; accordingly the principle end products of carbohydrate digestion are the short-chain fatty acids 

(SCFAs) to maintain the blood glucose concentration. Fermentation and SCFA metabolism are less efficient 

metabolic processes than direct absorption of glucose from the gut. 

Dietary protein is also digested by microorganisms in the forestomach. However, the ammonia and peptides that 

are formed can be utilized by the microorganisms to form microbial protein, which is then digested in the small 

intestine by mammalian enzymes. The advantage of this process is that the microorganisms can utilize non 

protein nitrogen sources such as urea, together with a carbon source, to synthesize microbial proteins. 

Accordingly, a waste product that would otherwise be excreted by the kidney is recycled into microbial protein 

in the forestomach. 

Conversely, the horse has adopted the strategy of increasing the total intake and output and extracting the more 

digestible material prior to fermentation. This allows for more efficient digestion of soluble material in the small 

intestine by mammalian enzymes, yielding glucose as a major product of carbohydrate digestion. 

Fiber and undigested starch will be fermented in the large intestine. However, the relative faster passage through 

the equine large intestine than through the bovine forestomach renders the horse less efficient in fiber digestion. 

Differences between the structures of digestive tract also influence feeding behavior of animals. Carnivores 

tends to eat rapidly and may consume enormous meals. For instance, a mail Labrador retriever (type of dog) 

may consume 10 per cent of its body weight in canned food at once. Dogs and cats may use their forelimbs to 

hold food, which is passed into the mouth largely by head and jaw movements without much grinding. Cats and 

dogs convey fluids into the mouth by rapid extension and retraction of the tongue, which has a free mobile end 
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into a ladle. Prehension of food (feed intake) differs among herbivorous animals. In some species, the main 

prehensile structure is the lips (upper or lower). Others use mainly their tongues, and some rely mostly on their 

incisor teeth. In the horse, the sensitive, mobile upper and lower lips are the main prehensile structures used 

during feeding. During grazing, the lips are drown back to allow the incisor teeth to sever the grass at its base. 

Under natural conditions, the pig digs up the ground with its snout (rooting), and grass is carried into the mouth 

largely by the action of the pointed lower lip. In other common grazing herbivores, the lips possess only limited 

movements. 

In ruminants, lips tongue, lower incisor teeth, and the dental pad at the rostral end of the hard palate acts as 

organs for prehension of food. Grass and roughage eaters, the traditional grazers (cattle, sheep), have a small 

mouth opening and short tongue around mainly monocotyledonous forage (grass, hay), which is then drown 

between the lower incisor teeth and the upper dental pad and served by a movement of the head. In sheep, a cleft 

in the upper lip permits very close grazing. Concentrate selectors, the traditional browser ruminants (deer, 

moose) have a large mouth opening, which permits them to use their lower incisor teeth to strip twigs or to gnaw 

on fruits and flowers of dicotyledonous plants. Intermediary opportunistic mixed feeder ruminants (goat) can 

adapt to either feeding tipe but prefer the low-fiber, dicotyledonous plants. They will even climb suitable trees to 

get their preferred foods. 

Domestic animals have two types of teeth: low-crowned (brachydont) and high-crowned (hypsodont) Low-

crowned teeth are simple teeth, as found in man, carnivores, pigs, ruminant incisors, and horse deciduous 

incisors. They consist of a crown, neck, and root. The crown is the part projecting above the gum line, and is 

covered with enamel. The neck is the constriction between the crown and root, and it is located at the gum line. 

The root is the part below the gum line. High-crowned teeth, which have no distinct neck, are found in all 

permanent horse teeth, ruminant cheek teeth (i.e. premolars and molars), and the tasks of pigs. 

In herbivores , mastication, or chewing, refers to the mechanical breakdown of food in the mouth by deduction 

(opening) and occlusion (closing) of both sets of upper and lower teeth during eating and rumination. Grinding 

of plant tissues in horses and in ruminants occurs by lateral movements of the lower jaw (mandibule), which, 

along with others of pulsion (forward) and retropulsion (backward), are possible because of the flexibility of the 

temporomandibular joint. 

Since the upper jaw (maxilla) is wider than the lower jaw, mastication occurs only on one side of the dental 

table at a time. Because of this lateral movement, the teeth wear with chisel-shaped grinding surfaces, the sharp 

edge of the lower teeth being innermost and that of the upper teeth outermost. In horses, these sharp inner and 

outer edges must be filed to prevent tongue and lip injuries and inadequate chewing of hay. The teeth of 

herbivores wear unevenly because they are made of substances with different degrees of hardness, but this 

characteristic increases the grinding efficiency of the dental tables. 

1. Self evaluation questions 

Why is the gastro-intestinal tract of carnivores simpler in structure than that of herbivores? 

What is the difference between ruminants and horses with regard to the site of fermentation relative to the 

stomach? 

Why are horses less efficient than ruminants in digesting fibre? 
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Chapter 3. DIGESTION IN 
MONOGASTRIC MAMMALS 

1. Regulation of feed intake 

Seeking, prehension, mastication salivation, and swallowing of food are under the direct control of the brain. 

Some tumors of the hypothalamus result in excessive obesity. By studying lesions and by stimulating specific 

areas of the hypothalamus, an appetite centre and a satiety centre have been determined. Lesions of the lateral 

hypothalamic areas result in aphagia, conversely, continuous stimulation of these areas induces voracious eating 

in rats and other animals. The satiety centre is located in both ventromedial hypothalamic (VHM) nuclei. 

Lesions of the VHM areas produce hyperphagia and obesity in adult rats and cats, as do microinjections of 

barbiturates. The onset of feeding is brought about by a reduction in negative signals from the satiety centre to 

the appetite centre. 

The appetite centre is then free to operate and stimulate food seeking and intake. The end of a meal would be 

due to an increase in plasma glucose, amino acids, or peptides, hyperthermia, dehydration, or gut fill activating 

the satiety centre to halt the operation of the appetite centre. Initially, the glucostatic theory assumed that the 

level of excitability to food was related to the blood concentration of glucose, since intravenous infusion of 

glucose reduces the subjective feeding of hunger in man. Prolong injection of glucose in animals also reduces 

feed intake, however, appetite has not been reported to be inhibited by parenteral administration of glucose. The 

amino acid balance theory is supported by a lack of correlation between satiation and the arteriovenosus 

glucosemia differences and by the fact that maximal satiety follows ingestion of protein food or amino acid, 

even when arteriovenous glucosemia is low. Amino acids are considered as feed intake regulators in growing 

pigs. A homeostatic mechanism would control free amino acid levels in plasma and tissues by reducing the 

inflow of amino acids from blood when plasma amino acid concentrations exceed requirements. When energy-

yielding substrates are more available than amino acids to built proteins, as in low-protein diets, food intake is 

also depressed. Conversely, intake of carbohydrate feed is lowered when diets are too rich in proteins. The 

amino acid balance theory and the glucostatic theory run into considerable difficulties in diabetes mellitus, 

during which hyperphagia occurs although the blood levels of amino acids and glucose are very high. On the 

other hand, in liver disease, appetite and amino academia are suppressed. The thermostatic theory suggests that 

food consumption has a certain dependence on the temperature of the body and of the environment. The basis of 

the thermostatic theory rests on an increase in the hypothalamic temperature during feeding and other activity 

and on the fact that heat stress depresses food intake in animals. The dehydration theory is found on the 

observation that satiation follows dehydration of the digestive tissues and that appetite is stimulated by 

hydration of the digestive tissues. Ingestion of food and secretion of digestive juices dehydrate the glandular 

tissues of digestion, which would signal inhibition of feed intake. Earlier observations on dogs reported that, 

during ingestion of feed, water passes gradually from the tissues into the digestive juices. Hyperosmolal chyme 

(digesta from the stomach or gizzard) draws water into the lumen of the small intestine to distend the duodenum 

and also contributes to digestive tissue dehydration in chickens. 

2. Role of the salivary glands 

Saliva is the fluid mixture produced by the serous and mucous salivary glands. The principal salivary glands 

(parotid; mandibular, or submaxillary; and sublingual) are paried and drain into the oral cavity; the others 

(palatine, buccal, and pharyngeal) line the mucus membranes of the mouth. In most animals, immediate 

preprandial and feeding stimuli excite a seromucinous salivary secretion, mostly facilitate mastication and 

deglutition. The universal functions of saliva are (1) to keep the buccal mucosa moist, (2) to physically (fluid) 

and chemically (lysozyme, bicarbonate, and mucin) prevent excessive resident microorganisms that produce 

lactic acid and neutralize the bacterial acids that would dissolve away tooth enamel and be detrimental to dental 

hygiene, (3) to facilitate the initial digestive motor events, mastication and deglutition, and (4) to solubilise 

substances that are able to stimulate gustatory and olfactory receptors. The saliva of some animals also 

contributes some pregastric enzymes for splitting of carbohydrates (amylase in pigs, rats, rabbits) or lipids 

(lipase in calves and lambs). Added to feeds these enzymes are operative in the stomach until they are inhibited 

by acid in gastric juice. In monogastric animals, saliva secreted at the basal rate is hypothonic to plasma but has 

the same pH as blood (7.4). When the secretion rate is faster, saliva becomes isotonic to plasma, K+ 

concentration changes but little, and the concentrations of Na+, Cl-, and HCO3 increase. 
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3. Digestion in the monogastric stomach 

Monogastric animals have a single, simple stomach. It has four functions: (1) storage of ingested feed and 

controlled release of its content into the duodenum, (2) mechanical breakdown of ingested feed, (3) disruption 

of chemical bonds of feed through the action of acids and enzymes, and (4) production of the intrinsic factor 

required for vitamin B12 absorption from the small intestine. 

Control of gastric motility 

The maximum frequency of antral contraction is set by the slow wave, which in the dog and horse occurs at the 

rate of 4 to 5 cycles per minute. Slow waves are initiated somewhere on the greater curvature of the stomach and 

spread distally with increased velocity and voltage. The slow waves are present whether or not the muscle 

contracts. They are the clock that sets the time when the muscle is allowed to respond. The mechanical response 

to the slow wave is governed by neural and hormonal influences. When the stomach is distended with food, 

mechanical receptors in the wall of the stomach are activated, and vagal tone to the stomach increases. Each 

slow wave may not bear spikes so that the maximal frequency of peristaltic contraction may be as great as 4 to 5 

contraction per minute. 

There are considerable differences in the rate of gastric emptying among species, diet, and age. Liquid leaves 

the stomach at a faster rate than particulate matter; thus the stomach is given the time for necessary 

solubilisation and partial digestion of its particulate contents. The rate of emptying is dependent on the volume, 

and distention of the stomach is the primary stimulus to increase gastric motility. Most of the reflexes 

controlling gastric motility are inhibitory, as discussed below. 

The inhibitory control of gastric emptying is brought about by an enterogastric reflex (neural mechanism) and 

an enterogastrone (endocrine mechanism). The receptors for these reflexes are present in the duodenum, and 

they monitor the chemical composition of the digesta leaving the stomach. The most important of these 

receptors are osmoreceptors in the duodenal mucosa, which has been postulated as a vesicle that shrinks or 

swells depending on the osmolality of the contents. Hypertonic solutions of large solutes (glucose) cause the 

vesicle to shrink and this shrinking inhibits emptying of the stomach. Conversely, distilled water causes the 

vesicle to swell and increases the rate of emptying. In an isotonic solution of NaCl there is no osmotic effect, 

however, gastric contents leave at a maximal rate when the osmoreceptor senses isotonic solution in the 

duodenum. Second set of receptors responds to acid in the duodenum. If the pH of duodenal content becomes 

less than 3.5-4.0, an enterogastric reflex is immediately initiated and blocks further emptying of the acid 

contents until the duodenal fluid is neutralized by pancreatic and biliary secretions. The most powerful 

inhibitors of gastric emptying are lipids of12 to 18 carbon atoms. Therefore, gastric emptying of fats is greatly 

prolonged; this allows sufficient time for the rather complex processes of fat digestion in the jejunum to take 

place. This response appears to be hormonally mediated by the release of cholecystokinin (CCK). Another 

enterogastrone that likely is involved in this reflex is GIP (gastric inhibitory polypeptide).This hormone is 

released from the jejunum in response primarily to fat and secondary to carbohydrate. 

Gastric glands and secretions 

The mucosa lining the stomach produces several exocrine secretions. In the glandular area of the stomach 

gastric pits are visible on the mucosal surface. The walls of the gastric pits are formed from gastric glands and 

open into the mucosal surface (Fig. 3.1.). 

Figure 3.1. Fig. 3.1.: Different glandular regions in the gastric mucosa in the pig. 

 

The gastric glands are composed of different cells depending on the stomach region. The cardiac and pyloric 

region contains mainly mucus-secreting cells, and the glands in the pyloric antrum produce mucus and 

hormones including gastrin. In the fundus, the glands produce the majority of the stomach secretions, including 

acid (Fig. 3.2.). 
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Figure 3.2. Figure 3.2.: Gastric glands. The histological section of a gastric gland shows 

the gastric pit, the entrance to the gastric gland. Within the gland area neck cells that 

secret, mucous, parietal cells that secrete HCl, chief cells that secrete pepsinogen, and 

enteroendocrine cells that secrete hormone. G cells, which secrete gastrin, are an 

example of enteroendocrine cells. Once released into the stomach, pepsinogen is 

converted to pepsin by the action of HCl and pepsin. (Akers and Denbow, 2008). 

 

Gastric juice is a mixture of these secretions and has quite a variable composition. In monogastric animals, the 

gastric secretion produced during the digestive (feeding, or prandial) state is different from the one evolved 

during the interdigestive (fasting) period. The output of gastric juice during the digestive period is higher, and its 

composition is more complex. In pigs, in which food is stored in the cardiac glandular zone and slowly 

evacuated into the rest of stomach, the secretion of gastric juice tends to be continuous, even if it is higher at 

feeding. Gastric juice contains water, hydrochloric acid (HCl), mucus, intrinsic factor, pepsinogen (an inactive 

form of pepsin, a proteolytic enzyme), and the enzyme rennin. The regulation of gastric juice secretion has 

three phases, cephalic, gastric, and intestinal. Simulation of gastric secretions cephalic phase (Fig. 3.3.) is in 

response to sight, smell, or test of feed. These induce a neural response that increases parasympathetic (vagal 

nerv) stimulation to the stomach, and this stimulates gastric secretions. The presence of food, especially 

proteins, stimulates the secretion of the hormone gastrin and histamine from cells in gastric epithelium. Gastrin 

and histamine stimulates parietal cells in gastric glands to secrete hydrochloric acid. Acetylcholine 

(parasympathetic neurotransmitter) also stimulates parietal cells to secrete hydrochloric acid, but all three 

regulator compounds must be present for the most efficient regulation (Fig. 3.4.). The hormones CCK, GIP, 

and secretin inhibit hydrochloric acid secretion. These hormones are released from the duodenal epithelium in 

response to presence of food in the duodenum. The release of these hormones that act to inhibit gastric function 

is part of the intestinal phase of gastric secretion (Fig. 3.5.). 

Figure 3.3. Figure 3.3.: Cephalic phase of gastric secretion in non-ruminants. Acquired 

(conditioned) and natural (innate) oral stimuli acting during the” vagally” dependant 

phase (Ruckebusch et al., 1991) 
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Figure 3.4. Figure 3.4.: Gastric phase of gastric juice secretion in non-ruminants. 

Distension of the stomach and ingesta directly stimulate cholinergic-mediated receptors 

in the oxyntic and pyloric areas and also include a” vagovagal” reflex. These short and 

long reflexes increase the output of gastrin by G cells, which reinforces the stimulation 

of the oxyntic cells. Histamine and acetylcholine share the same effect. Ruckebusch, et 

al., 1991) 

 

The pH of gastric juice in mammals can be 2 or less. The low pH is protective in that most foreign microbes 

ingested with feed cannot survive such an acidic environment. The low pH inhibits hydrochloric acid secretion 

to prevent it from becoming too acidic. Pepsinogen is activated by the low pH. By its proteolytic activity, 

pepsin can activate more pepsinogen. The low pH also promotes the activity of pepsin, because most favourable 

pH range for its proteolytic activity is 1.5-3.5. Chief or peptic cells secrete pepsinogen to begin protein 

digestion in the stomach, but protein digestion is completed in the small intestine by other digestive enzymes. In 

the stomach, pepsin hydrolyzes ingested proteins at peptide bonds on the amino-terminal side of the aromatic 

amino acid residues tyrosine, phenylalanine, and tryptophan cleaving long polypeptide chains into a mixture of 

smaller peptides. 

Figure 3.5. Figure 3.5.: Intestinal phase of gastric secretion in non-ruminants. 

Stimulation of oxyntic cells by gastrin and peptic cells by secretin, both from the 

duodenum. Inhibition of gastrin effect is brought by other endocrines (GIP, CCK, 

secretin) and by excessive acidity or osmolality of the chime emptied into the duodenum. 

(Ruckebusch et al., 1991) 

 

A layer of mucus covers the epithelial lining of the stomach and protects the epithelium from the low pH of the 

gastric fluid. This mucus is produced by gastric gland and is secreted from there onto the surface of the 

epithelium. In the pig and the horse, the fluid from cardiac glands is rich in bicarbonate and mucus and tends to 

have a higher pH. This bicarbonate-mucus mixture neutralizes short chain fatty acids (SCFA) formed after 

fermentation of food in the cardiac area in the pig or the nonglandular or squamous epithelium area in the horse.  

Vomiting 

In most animals except horses, vomiting is a protective reflex to disgorge ingested contents from the stomach 

(and sometimes from the duodenum). Presence of irritants or toxins in the stomach can stimulate sensory 

impulses sent to the vomiting centre in the medulla oblongata initiate a motor response that cause diaphragm 

and abdominal wall muscle to contract, increasing intra-abdominal pressure. As the pressure increases, the 

cardiac sphincter relaxes, the soft palate rises to close off the nasopharynx, and the stomach contents are forced 

upword through the esophagus, pharynx, and mouth. Excessive vomiting can cause metabolic alkalosis, 

dehydration, and electrolyte imbalances. 
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4. Physiology of the small intestine, exocrine 
pancreas and liver 

The small intestine is the primary site of chemical digestion and absorption of nutrients. The exocrine secretions 

of the pancreas contain most of the enzymes for chemical digestion in the lumen of the small intestine, but the 

epithelial cells that line the small intestine (enterocytes) also have in their cell membranes enzymes that 

participate in the final steps of chemical digestion. The primary digestive function of the liver is to provide bile 

salts, which facilitate the enzymatic digestion of lipids. The liver is not a source of digestive enzymes. 

Small intestine secretion and motility 

Intestinal juice is derived from intestinal glands in the wall of the small intestine. These include crypts or crypts 

of Lieberkuhn, scattered throughout the entire intestinal small intestine, and duodenal glands, which 

contribute mucus and are found only in the duodenum. The intestinal juice contains salts and water derived from 

blood capillaries in the wall of the intestine. The function of the secreted salts is unclear, but the water dilutes 

the chyme (intestinal content), which is usually hypertonic. Food in the intestine stimulates secretion by these 

intestinal crypt glands. 

The two primary types of movement by small intestine are segmentation and peristalsis. Segmentation 

movements, which occur when food is in the small intestine, are characterized by alternating local areas of 

contraction and relaxation. These movements mix the digesta with juice and digestive enzymes and increase the 

contact between digesta and the epithelial surface of the small intestine. Segmentation contractions are initiated 

by intrinsic pacemaker cells located in the longitudinal smooth muscle layer in the intestine. Late in the 

intestinal phase, when most nutrients have been absorbed, segmental contractions are replaced by peristaltic 

contractions. These contractions propel chyme along the length of the digestive tract. Peristalsis is thought to 

serve a “housekeeping” role by sweeping residual undigested material through the digestive tract. It is controlled 

by from the central nervous system and may be initiated in part by motilin (an intestinal hormone). 

Exocrine pancreas 

Pancreatic exocrine secretions primarily consist of a variety of digestive enzymes and sodium bicarbonate. 

Pancreatic acinar cells (Fig. 3.6.) secrete the enzymes, and cells that line ducts in the pancreas secrete the 

sodium bicarbonate. These ducts empty into one or two pancreatic ducts, which empty into the duodenum. 

Figure 3.6. Figure 3.6.: Acinar cells of the pancreaton secrete enzymes, zymogens, and 

electrolytes. Proximal ductule cells produce most of the bicarbonate. At low secretion 

rates, bicarbonate is exchanged for chloride in the distal duct cells. (Ruckebusch, 1991) 

 

The sodium bicarbonate raises to an acceptable pH the chyme entering from the stomach (Table 4.). The small 

intestinal epithelium is not protected from an acidic solution by the thick layer of mucus, as in the stomach. The 

higher pH is also better for the action of the pancreatic digestive enzymes. The major stimulus for bicarbonate 

secretion is the hormonal secretion from the small intestinal mucosa. Secretin secretion increases response to 

the acid chyme entering from the stomach. Pancreatic proteolytic enzymes include trypsin and chymotrypsin. 

Similar to pepsin in the stomach, these are secreted as inactive precursors, trypsinogen, and chymotrypsinogen. 

Trypsinogen is activated by an enzyme, enterokinase, a component of the luminal cell membranes of small 

intestinal cells (enterocytes). Trypsin can activate chymotrypsinogen and more trypsinogen. 
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The ultimate end products of protein digestion are amino acids, but the pancreatic proteolytic enzymes may stop 

digestion when the peptides reach a length of two or more amino acids.If this occurs, peptidases associated with 

enterocyte cell membtanes can complete hydrolysis of the peptides to individual amino acids for absorption. 

Proteolytic enzymes are inactivated by inhibitor proteins that bind very tightly to the enzyme active site. 

Pancreas protects itself against self-digestion by synthesizing a specific trypsin inhibitor (Mr 6,000). However, 

trypsin inhibitors can also be ingested by feeds (mainly from legumes), which decrease the efficiency of protein 

digestion in the animals. 

Unlike the proteolytic enzymes, pancreatic amylase (α1-4 glycolidase) and lipase are in the active forms when 

secreted from the pancreas. Amylase digests starches to oligosaccharides (carbohydrate composed of a small 

number of monosacharides, usually two to four). In adult nonruminants, with the exception of the horse, 

tremendous of pancreatic amylase are delivered into the duodenum, and starch digestion is usually complete by 

the time the ingesta have reached the distal duodenum. The enzymes maltase and sucrase, components of 

enterocyte cell membranes, further digest the oligosaccharides to monosaccharides. Lactase, to digest lactose 

(milk sugar), is present in enterocytes of young mammals but not in adults. Pancreatic lipase cleaves off two 

fatty acids from triglycerides producing two free fatty acids and monoglyceride. 

Control of pancreatic exocrine secretion depends on stimulation by vagal autonomic nerves that innervate the 

pancreases and on three intestinal hormones, CCK, secretin, and gastrin (Fig. 3.7.). Seeing or smelling food 

activates vagal stimulation, and food in the stomach prompts release of gastrin. The greatest amount of 

pancreatic exocrine secretion occurs when the acid chyme and food components in the duodenum stimulate the 

release of CCK and secretin from cells in the duodenal mucosa (intestinal phase of control). These two 

hormones also feed back to the stomach to decrease secretions and also slow down the activity and emptying of 

the stomach until the duodenal chyme has been degraded by the enzymes and adjusted in pH by the pancreatic 

bicarbonate. 

Figure 3.7. Figure 3.7.: Neural and hormonal events during intestinal phase of exocrine 

pancreatic secretion (Ruckebusch, 1991). 

 

Liver function in the digestion 

Liver cells (hepatocytes) are responsible for bile formation. Bile is a greenish-yellow salt solution consisting 

primarily of bile salts, cholesterol, phospholipids (lecithins), and bile pigments (bilirubin, biliverdin; 

metabolites of spent haemoglobin). Hepatocytes synthesize the bile salts (primarily sodium salts of glycocolic 

and taurocolic acids) from cholesterol. These salts assist in digestion and absorption of lipids (triglycerides), and 

the production and secretion of these salts is the most important digestive function of the liver. In an aqueous 

solution, such as the duodenal chyme, lipids tend to clump together and form large droplets. Such large lipid 

droplets present a small surface area for the action of the pancreatic lipases. Bile acids act as emulsifiers to 

reduce droplet size and make the lipids more accessible to the lipases. Lipases can function without bile salts, 
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but lipid digestion is inefficient without them. Micella is the term for the small droplets formed in the intestinal 

cyime that contain lipids, bile salts, and products of lipid digestion. 

In all farm animals except the horse, bile is stored in the gallbladder. Since the horse has no gallbladder, the 

bile passes directly from the liver to the duodenum by way of the bile duct and its tributaries at a fairly 

continuous rate. The gallbladder stores bile for intermittent discharge into the duodenum and concentrates the 

bile by reabsorbing water from the stored bile. Cholecystokinin (CCK) stimulates gallbladder contraction and 

the release of stored bile. Since food entering the duodenum stimulates the release of CCK, this coordinates the 

release of bile with the presence of food. 

Most of the bile salts released from the liver remain mixed with the digesta as it passes into the terminal part of 

the small intestine (ileum). Here, enterocytes reabsorb bile salts, which enter the blood. The reabsorbed bile salts 

are transported to the liver via the hepatic portal vein, and here hepatocytes take up the bile salts from the portal 

blood. These bile salts can then be secreted by the hepatocytes into bile for reuse. An increase in bile salts in 

portal blood, such as during the digestion of a meal. is the primary stimulus for bile salt secretion by 

hepatocytes. The recycling of bile salts between the digestive tract and the liver is enterohepatic circulation. 

The liver is capable of synthesizing cholesterol, and the liver makes much of the cholesterol in bile. The liver 

can also eliminate excessive dietary cholesterol via the bile. Cholesterol is insoluble in water, but the bile salts 

and lecithin normally change it to a soluble form so that it can exist in the bile. However, sometimes cholesterol 

precipitates from the bile in the gallbladder or bile ducts, forming gallstones. 

5. Digestive processes in the large intestine 

In carnivores the cecum and colon primarily absorb water and some electrolytes to reduce the volume and 

fluidity of the digesta in the formation of feces. Feces are also stored in the terminal portions of the colon prior 

to their movement into the rectum for defecation. In omnivores (e.g., pig) the cecum and colon are also sites of 

some limited fermentation and microbial digestion. 

Cecum and colon of the horse 

The extremely large and complex cecum and great colon of the horse are primarily sites of fermentation and 

microbial digestion of complex carbohydrates (cellulose, hemicelluloses). Roughage passes relatively quickly 

through the stomach and small intestine of the horse, but fermentative digestion and passes through the cecum 

and great colon may take days. Complex movements of the cecum and the great colon mix the contents to 

promote fermentative digestion and to expose the contents to the epithelial surface for absorption of short chain 

fatty acids (SCFA). The pelvic flexure and the junction between the great and small colons (a distinguished 

reduction in calibre of the intestinal lumen between the great and small colons) are relatively small in diameter, 

and it appears that the passage of large particles of roughages is restricted. While these sites retain roughage so 

that it can be subjected to microbial digestion, the potential for impaction at these sites is also increased. 

When consumed with roughage, some starches and sugars escape digestion in the equine stomach and small 

intestine and passes into cecum and colon. Microbial digestion of these nutrients and cellulose in the roughages 

produce SCFA that can be absorbed and used for energy in the metabolic processes. Microbes in the cecum and 

colon also uses nonprotein nitrogen sources (urea) for the production of microbial proteins. However, these have 

limited nutritional value to the horse, because the gastrointestinal mechanisms necessary to digestion proteins 

and absorb the resulting amino acids are not readily available in the cecum or colon. Some urea is made 

available to microbes by diffusing into the cecum and colon from the blood. Fermentation and microbial 

digestion produce SCFA, which could lower the pH of the large intestine contents to potentially harmful levels. 

The colonic epithelium secrets bicarbonate ions to buffer th pH of the contents. Additional bicarbonate is 

secreted by the epithelium of the ileum, and large volume of pancreatic juice, containing also sodium 

bicarbonate, are propelled into the cecum. Both are important compounds in the pH buffering processes in the 

large intestine. 

Equine colic 

Equine colic is a general term for any painful condition associated with the abdomen of the horse. Conditions 

associated with any segment of the gastrointestinal tract may result in colic, and clinical signs indicate that the 

degree of pain can vary from mild to severe. Causes of colic include ulcers, inappropriate diet, such as overload 

of grain or concentrate; infection; obstruction due to parasites or foreign bodies; impaction of feed or foreign 

materials, such as sand; twist segments of intestine; and alterations in intestinal motility. Management, including 
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parasite control, proper diet, access to water, and attention to environmental hazards, is helpful in preventing the 

incidence of colic. Some causes of colic can be readily treated medically, but others causes threaten life and 

require prompt surgery. 

6. Defecation 

Several times daily, strong and extensive mass movements of the colon move fecal material into rectum. 

Distension of the rectum stimulates the need to defecate. The act of defecation requires contractions of smooth 

muscle in the wall of the rectum, and these result from a spinal reflex stimulated by distension the rectum. 

Conscious control of defecation involves inhibition of spinal reflex and contraction of the external anal 

sphincter, which is composed of skeletal muscle. Contraction of abdominal muscles increases intra-abdominal 

pressure, which also associated with emptying the rectum. 

The variability in character and shape of feces among species is primarily a function the structural and 

functional features of the more distal segments of the colon. In horses relatively strong segmentation 

contractions form the characteristic fecal balls. 

7. Self evaluation questions 

What are the major functions of saliva in monogastric animals? 

In which area of gastric mucosa are the parietal, chief, and enteroendocrine (G ) cells? What are the main 

functions of these cells? 

Name the substances that stimulate gastric acid secretion. Where do these substances originate? 

What substances stimulate gastrin release and what primary mechanism inhibits gastrinrelease? 

What is the functional significance of pancreatic bicarbonate secretion; that is why is it necessary? Which 

enzymes are secreted in the exocrine pancreas? 

What is the difference between hepatic and gallbladder bile? What is the function of the bile salts? 
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Chapter 4. DIGESTION IN THE 
RUMINANT STOMACH 

A primary characteristic of the ruminant stomach (Fig. 4.1.) is that the first three of the four compartments 

(reticulum, rumen, and omasum) do not secrete a digestive juice. The epithelia lining these compartments are 

stratified, squamous, and keratinized. Extensive fermentative digestion results from large numbers of bacteria 

and protozoa in the first three compartments; such fermentation precedes digestion resulting from enzymes and 

the hydrochloride acid secreted in the abomasums and enzymes secreted in the intestine. 

Figure 4.1. Figure 4.1.: A schematic diagram of a ruminant stomach, viewed from the 

right side. 1) Dorsal sac of the rumen, 2) ventral sac of the rumen, 3) reticulum, 4) 

omasum, 5) abomasums, 6) esophagus, 7)ruminoreticular fold, 8) cranial sac of the 

rumen, 9) right accessory longitudinal groove, 10) longitudinal groove, 11) islet on the 

right longitudinal fold, 12) caudodorsal blind sac, 13) caudoventral blind sac, 14) 

incision (border) between cranial and caudal blind sacs, 15)dorsal-, and 16) ventral 

coronary pillar, 17) greater-, and 18) lesser curvature of abomasums, 19) pyloric region. 

 

Ruminants are animals that regurgitate and re-masticate food. There are two suborders of animals that ruminate: 

(1) Ruminantia, which includes the deer, moose, elk, reindeer, caribou, antelope, giraffe, musk ox, bison, cattle, 

sheep and goats; and (2) Tylopoda, which includes the camel, llama, alpaca, and vicuna. The stomach in 

Tylopoda animals is similar to that of Ruminantia animals except that in Tylopoda animals the omasum is 

vestigial or absent and areas of cardiac glands open into ventral sacculated surfaces of the reticulum and rumen. 

The relative capacities of regions of the gastrointestinal tract where fermentation takes place in herbivorous 

species, among them ruminants, are great. Ratios of intestinal length to body length and mucosa surface to body 

surface area indicate the greater capacity of the tract in herbivores. Short chain fatty acids (SCFA) are primary 

end products of fermentation, and their concentrations in the ingesta in various parts of the gastro-intestinal tract 

are related to the amount of fermentative activity taking place. The ecological success of ruminants is due to the 
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benefits of pregastric fermentation vat, the forestomach. This allows the utilization of diets that may be too 

fibrous for nonruminant animals. Forestomach confers the ability to break down cellulose and related 

compounds, that, thus not only releasing the enclosed cell contents but more importantly, allowing cellulose, 

itself the most abundant carbohydrate form in the plant, to become the major nutrient. The processes in the 

forestomach allow the synthesis of high-biological-value microbial protein (rich in essential amino acids) from 

low-biological-value plant proteins (lacking in essential amino acids), from dietary non-protein nitrogen, and 

from recycled nitrogenous metabolic end products (e.g., urea). Fermentation in the forstomach avails of the 

microbial synthesis of all components of the vitamin B complex, provided that adequate cobalt is available in 

the case of vitamin B12. 

1. Development of the ruminant stomach 

At birth the abomasum is the largest compartment of the ruminant stomach, and the type of the diet in ruminant 

neonates is similar to that in the omnivorous and carnivorous adults. As the newborn ruminant matures, it 

gradually increases intake of roughage, and the reticulum, rumen, and omasum grow rapidly and reach adult 

proportions at about 6-12 months of age. Lambs and calves will show an interest in hay or grass at 1-2 weeks of 

age and being to consume small quantities of a few bites at a time. Along with increased intake of roughage, 

increased relative capacities of the rumen and reticulum are found (Table 5). An increase in 

 

rhythmic contractions of the first three compartments of the stomach accompanies increased fermentation and 

anatomical growth. Brief periods of rumination may be observer in calves as early as 2-3 weeks of age. Young 

ruminants fed only milk diets do not develop normal capacities, motility patterns, or papillae in the rumen. 

Papillary development is not stimulated by mechanical action of bulky materials inserted into the rumen of 

milk-fed animals; however, short chain fatty acids (SCFA) have been found to encourage papillary development 

in the stomach (Fig.4.2.). Possibly, the stimulatory effect of the SCFA results from metabolism of the acids in 

the rumen epithelium. 

In the mature ruminant the rumen is the largest compartment of the stomach. Liquids and food enter through the 

relative small cardiac opening, which is usually submerges in the ingesta. Extensive absorption of nutrients 

occurs in the first three compartments. All unabsorbed residues are pushed from the ruminoreticulum into the 

omasal canal through the reticulo-omasal opening. The rumen is a multicompartment structure that opens 

cranially to the reticulum over the ruminoreticular fold. In the young nursing ruminant the reticular groove 

serves as a passageway for milk from the esophagus to the omasal canal and abomasums. 

Clouse of the reticular groove is a reflex initiated by suckling or drinking. The afferent limb comes from 

receptors in the posterior oral cavity, and the effector limb leaves the medullary centre of the reflex in the vagus 

nervs. When the pharyngeal receptors are not 



 DIGESTION IN THE RUMINANT 

STOMACH 
 

 22  
Created by XMLmind XSL-FO Converter. 

Figure 4.2. Figure 4.2.: Mucosa layer in the rumino-reticulum in calfs. A) fed only on 

milk, B ) grazing calf. 

 

properly activated, milk may be transferred into the reticulorumen. This event occurs when cold milk is drank 

from a bucket; then the milk sequestered in the ruminoreticular fluid moved slowly into the abomasums. The 

reticular groove reflex may be activated experimentally in sheep with copper salt and in calves with sodium 

salts. The response of the reticular groove to nursing may be retained into maturity if the animal enjoys milk and 

the reflex is being stimulated by daily milk feeding; however, responsiveness of the reflex normally decreases 

with age. 

2. Microbial digestion in the forestomachs of 
ruminants 

The ruminoreticulum and omasum complexes are characterized by an anaerobic environment. The constant 

temperature of about 40 oC, the buffering system that keeps the pH near neutral, and the microenvironment are 

ideal for the development of anaerobic bacteria, fungi, and protozoa (Fig. 4.3.). Despite digestion of food mixed 

with oxygen-containing air and materials, the redox potentials of the ruminoreticulum contents are held at a 

strong reducing level by the activity of these microorganisms. 

Figure 4.3. Figure 4.3.: Scanning electron micrograph of Diplodinium anisacanthum 

protozoa with attached bacteria (Ogimoto and Imai, 1981). (Rumen is essentially an 

open ecosystem with great diversity of microbes) 

 

A newborn animal acquires an inoculum for its ruminoreticulum by licking its mother and other members of the 

herd. The various substances for microbial growth are provided by the feed. The various microbial species differ 

in their ability to utilize these substrates and to compete for them. Special growth-promoting and growth-

inhibiting factors are present in the ruminoreticulum media. In addition, the rumination and eructation cycles 

influence microbial growth by macromixing and soaking ingesta, by grinding coarse media, by removing gases 

(notably carbon dioxide and methane), by removing end-products through mucosal absorption, and by 

propelling indigestible materials onward. The gas bubbles formed during fermentation as well as the movements 

of the microbes themselves also contribute to important mixing of the ingesta. 

Ruminoreticulum bacteriology is a very specified field of the enormous diversity of species. The diversity of the 

microbial population is not unexpected considering the diversity of substrates, particulate surfaces, and thus of 

ecologic niches in the rumen. Some ruminal bacteria utilize one or only a few substrates as energy sources, but a 

number of species are more versatile. A predator-prey relationship exists between certain protozoal species and 

between many protozoa and bacteria. Classification of microorganisms found in the forestomach is based on 

several criteria (e.g., morphology – shape, size, ultra-microstructure –and cultural characteristics – substrate 

digested – end-products formed) (Table 6). 
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At least two environments for subpopulations of ruminoreticulom microorganisms are recognised: one that is 

free-ranging in the ruminal milieu and another that is surface adherent and account for more than half of total 

microbial population. In the rumen of young calves fed milk, the initial populations include Micrococcus, 

Staphylococcus, Lactobacillus, Corynebacterium, Streptococcus, Flavabacterium, and Eschericia coli. As they 

enter the ruminant stagy, typically anaerobic bacteria appear in the rumen. The population of adherent 

microorganisms on fibrous feed particles includes Butyrivibro, Bacteriodes, Ruminococcus and Lactospira 

species. These bacteria and fungi account for a large proportion of the ATP in the ruminoreticular contents. 

They digest cellulose, pectins hemicelluloses, and amylases.The digestion of structural carbohydrates, a 

vitalfeature of ruminoreticular metabolism, is necessary to nourish the free-living microbial species that 

complete the ruminoreticular processes. Digesting fibrous carbohydrates such as cellulose, which are not 

digestible by the enzymes secreted by the ruminant animal, is the primary contribution of the ruminoreticular 

microbiota. In exchange for this benefit to the host, the microbes utilize feed nutrients that the host animal could 

readily digest, and they absorb some of their end-product. In compensation, the host digests the microbes 

themselves for their protein, lipid, and starch content. The ruminant animal must also adapt its metabolic 

pathways to compensate for the lack of glucose derived from the digesta that passes to the abomasums. 

Short chain fatty acids (SCFA) are produced by fermentation of carbohydrate consumed by ruminants. The 

primary SCFA are acetic acid, propionic acid, and butyric acid (Fig. 4.4.). After absorption from the mucosa 

of the forestomach the SCFA provide the main energy source in the metabolic processes of ruminants At the 

same time, microbial proteins digested in the abomasums and in the small intestine are very important amino 

acid sources for ruminants. 

Figure 4.4. Figure 4.4.: Complex food web of diverse bacterial species involved in 

carbohydrate fermentation. H: an electron plus a proton or electrons from reduced-

pyridine nucleotides; A: carbohydrate-fermenting species; B: methanogen species; C: 

lactate-fermenting species, which often also ferment carbohydrates (Reece et al., 2004). 

 

Fermentation of cellulose 

The degradation of the β-1 linked compounds (cellulose, hemicelluloses,fructosans, pectin) is performed by 

several species of primary cellulolytic bacteria, which are capable of all stages of microbial activity, 

[(1)hydrolysis of polysaccharides, (2) Embden-Meyerhop pathway of anaerobic oxidation, (3) reactions 

producing the final metabolites of fermentation], except for methane formation (stage 4), which is carried out by 

methanogenic bacteria. The fermentation of cellulose is low, because cellulolytic bacteria have a low metabolic 

rate. As they take about 18 hours to double their numbers (the doubling time), population changes are also slow. 

For protein synthesis, cellulolytic bacteria do not require a supply of amino acids but need NH3, the stages 2 and 

3 intermediates, and small amounts of isoacids, which arise from the deamination of the branched amino acids 

in dietary plant proteins. The pH optimum is 6.2 to 6.8, which matches the typical ruminal pH of roughage-fed 

animal. The methanogenic bacteria have similar pH optimum, and they require a supply of formate, CO2 and 
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reducing equivalents (2H) to produce methane and a supply of amino acids to meet their protein requirements. 

The mixed population of cellulolytic and methanogenic microbes leads to the production of CO2, CH4 and the 

SCFA. The SCFA derived from the fermentation of cellulose – acetate, propionate, and butyrate – are generally 

in the ratio 75:15:10, respectively. 

Fermentation of starch 

The degradation of the α-1linked starches (amylase and amylopectin) and the simple sugars (e.g., sucrose, 

maltose) is performed by several species of primary amylolytic bacteria. Some of these are capable of all four 

stages of the microbial processes, except for methane formation, whereas others carry out stages 1 and 2 but 

cease with the production of one of the metabolic acids, most commonly lactic acid. Unlike the cellulolytic 

bacteria, the amylolytic bacteria have faster fermentation rates, have much shorter doubling times (0.25 to 4 

hours), and have a lower pH optimum to 5.5 to 6.6. This matches the lower ruminal pH values of ruminants on 

high concentrate (starch-rich) diets and is due to higher SCFA concentrations with an increase in the relative 

proportions of propionate, giving a typical acetate/propionate/butyrate ratio of 70:25:5, respectively. The 

increased proportion of propionate, as it produced less reducing equivalents (2H), means that there is not such a 

need for methane to be formed as a sink for reducing equivalents. In turn, this means that less dietary energy is 

lost as methane, and more is retained as propionate. 

Amylolytic bacteria require not only a supply of NH3 but also some amino acids for protein synthesis. 

Secondary bacteria are required for methane formation (methanogenic bacteria) and for the conversion of the 

lactic acid and other metabolic acids to propionate (propionate bacteria). Both of these groups of secondary 

bacteria require amino acids for their protein synthesis, have a long doubling time (16 hours), and have an 

optimum ph of 6.2 to 6.8, which is higher than that required by amylolytic bacteria. Therefore when sudden 

changes are made from roughage to concentrate feeds, the amylolytic bacteria quickly increase both their 

numbers and the overall rate of fermentation, causing a rapid accumulation of SCFA among them lactic acid. 

This leads to a lowering of pH, which is within the pH optimum of the amylolytic bacteria but is too low for 

both kinds of secondary bacteria. Therefore lactic acid, a stronger organic acid than the volatile fatty acids 

(VFA: acetic-, propionic-, and butyric acids), increases still further while the potential for hydrogen disposal 

declines and may provide some degree of negative feed-back on further amylolytic activity. 

The numbers of protozoa increase when concentrates are fed, probably owing to the greater availability of starch 

granules and of bacteria that feed on them. The protozoa thereby curb bacterial amylolysis, until the pH falls 

below 5.5 at which point protozoa are quickly inactivated and later die. 

Fermentation of dietary protein 

Proteolytic bacteria comprise only 12 to 38 percent of the total ruminal bacteria, and normally only about a half 

of the dietary protein is degraded in the rumen. The original idea that soluble proteins but not insoluble proteins 

could be fermented is not tenable. Instead, dietary proteins are now classified as rumen degradable proteins 

(RDP) or as rumen undegradable proteins (RUP) Certain natural proteins (e.g., those in maize) and other 

processed (protected) proteins (e.g., those denatured by heat treatment or tanned by the application of 

formaldehyde) escape ruminal degradation but can be hydrolysed by the gastrointestinal enzymes. 

Transformations of nitrogenous substances in the rumen are shown in Fig. 4.5. 

Bacterial proteolysis commences with extracellular protease activity to produce peptides that are actively 

absorbed and subjected to further hydrolysis within the bacterial cell. The end-products are amino acids, some 

of which are taken up by other microbes and the remainder deaminated to produce ammonia and various 

metabolic acids. These are formed to SCFA (the isoacids: isobutyrate and isovalerate), which arise from leucine, 

isoleucine, and valine and are required as minor nutrients by the cellulolytic bacteria. 

Figure 4.5. Figure 4.5.: Transformation of nitrogenous substances in the rumen. 

Ammonia is produced during the microbial metabolism of diverse substrates and is a 

major source of the nitrogen used for the biosynthesis of microbial proteins. 
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Ammonia arises not only from the deamination of amino acids but also from the conversion of dietary and 

endogenous nonprotein nitrogen compounds (NPN). These include plant amides, nitrites, nitrates, and 

endogenous urea. Urea both enters with saliva and readily diffuses across the rumen wall into the ruminal fluid. 

The diffusion is facilitated by the maintenance of a step concentration gradient across the rumen wall, due the 

high urease activity at the rumen wall – rumen fluid boundary, where urea is rapidly broken down to ammonia. 

Additional urease activity is found in the fibrous raft in the dorsal ruminal sac. Ammonia is an important 

substrate for microbial protein synthesis, subject to the provision of (1) adequate amounts of α-ketoglutarate (for 

amination to glutamate), (2) suitable SCFA (including isoacids) being available to provide the carbon skeletons 

onto which the amino acid groups can be added (by transamination from glutamate), (3) readily fermentable 

carbohydrates (e.g., starch) to provide the energy (obtained from ATP generated by the Embden-Mayerhof 

pathway. needed for these synthetic reactions. 

In practice, feeding regimens must, first, provide sufficient crude protein (true protein plus NPN) and readily 

fermentable carbohydrates. These ensure that the ruminal microbes have adequate amino acids, ammonia, 

carbon skeleton, and available energy to meet the requirements of microbial protein synthesis for the 

maintenance of population numbers. Second, feeding regimens must ensure that excessive protein breakdown to 

SCFA and ammonia does not occur. Feeding protein in excess is a wasteful input of an expensive commodity, 

and it leads to the overproduction of ammonia, which takes energy to convert it to urea (in the liver) and also 

creates a risk of ammonia toxicity. 

In addition to the fermentation of dietary protein there is a continuous recycling of the protein of dead microbes, 

especially in the fibrous raft. Essentially none of the amino acids produced in the forestomach becomes 

immediately available to the ruminant. Instead, from the material that flows out of the forestomach into the 

abomasums and smack intestine, the ruminant acquires unfermented dietary proteins and microbes. The 

microbial protein has a higher biological value (i.e., contains more essential amino acids) than the precursory 

plant proteins of the diet. 

Fermentation of dietary lipids 

Dietary lipids occur as structural lipids in the leaves of forage plants and as storage lipids in oil seeds. The 

forage plant lipids are found mainly in cell membranes and comprise 3 to 10 percent of the dry matter. Less than 

50 percent of the total lipids are free fatty acids (FFA), and the majority are phospholipids, with palmitic,, 

linoleic, and linolenic acids being the predominant fatty acids. 

In oil seeds, 65 to 85 percent of the lipids are triglycerides, with palmitic, oleic, and linoleic being their 

predominant fatty acids. Ruminal microbes rapidly hydrolyze dietary lipids and, using the unsaturated fatty 

acids (oleic, linoleic, linolenic) as hydrogen acceptors, quickly convert most of them stearic acids. Most plant 
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unsaturated fatty acids are in cis form. Ruminal microbes also synthesize microbial lipids from SCFA, and many 

of these are in the trans form. Ruminal adipose tissue, intramuscular and milk lipids therefore contains fatty 

acids with both trans and cis forms. 

Ruminant diets generally do not contain more than 5 percent dry matter (DM) as lipids. Higher values may have 

adverse effects on (1) food palatability; (2) cellulolytic activity; (3) food appetite and forestomach motility, 

probably as a result of negative feed-back by the cholecystokinin released when fat is present in the duodenum; 

(4) the physical consistency of concentrate pellets at high and low temperatures; and (5) the shelf-life of 

concentrate, lipids being prone to the development of rancid flavours. 

Protozoa have an important role in ruminal lipid metabolism. They absorb some of the polyunsaturated fatty 

acids (PUFA), lock them away in their own structure, and thereby protect them from hydrogenation. The 

protozoa that subsequently flow out of the rumen and undergo intestinal digestion release their PUFA content, 

this being probably the main source of PUFA for ruminants. 

3. Gases 

The production of gases reaches a peak of up to 40 L/h after a meal in cattle 2 to 4 hours after a meal, when the 

fermentation rate is at its maximum. The principal gases are CO2 (60 percent), CH4 (30 to 40 percent, and 

variable amounts of N2, with traces of H2S, H2. They are eliminated almost entirely by eructation. CO2 arises 

from (1) the decarboxylation reactions of fermentation and (2) the neutralization of H+ by the HCO3- ions 

entering the rumen both in the saliva and across the ruminal wall during SCFA absorption. CH4 arises from the 

reduction of CO2 and formate by the methanogenic bacteria. These reactions are, on one hand, benifical because 

they provide a hydrogen sink for surplus reduction equivalents (2H), so that the oxidative (dehydrogenation) 

coenzymes can be recycled. On the other hand, they are wasteful, because methane is a high energy compound 

and its elimination from the body as a waste product represent the loss of about 8 percent of the total digestible 

energy of the diet. H2S arises from the reduction of sulphates and from sulphur-containing amino acids. It is a 

potentially toxic gas even in small amounts. H2 gas is present in traces normally and in significant amounts only 

where thereis abnormal fermentation following a sudden large increase in concentrate feeding. 

Normal animals, even when the rumen is experimentally insufflated with gas, can eliminate ruminal gases by 

eructation at rates that far exceed those reached by maximal fermentation. Bloat, the distension of the 

ruminoreticulum by accumulated gas, is therefore due to a failure of the eructation mechanism. In”simple” or 

“free gas bloat” the gas is present as a gas layer, and in “frothy bloat” the gas exists as bubbles in a liquid form. 

The most common simple bloats arise from esophageal dysfunction. Bloats also arise from ruminoreticular 

dysfunction, through failure of the cardia to be cleared of ruminoreticular contents. In simple bloats, the failure 

of cardiac clearing is the consequence of partial or complete ruminoreticular stasis, due to reflex inhibition of 

ruminoreticular motility. 

4. Forestomach motility 

The rumen and reticulum of the adult ruminants normally undergo complicated sequences of contractions that 

are repeated at varying frequencies up to several times per minute. One pattern of contractions begins in the 

reticulum and spreads over both the dorsal and ventral sacs of the rumen. This series of contractions mixes the 

contents to promote fermentation and provide force to move liquefied digesta out of the forestomach and into 

the abomasums. A second pattern of contractions begins in the caudal portion of the dorsal sac and moves 

cranially. These contractions move gases toward the cranial part of the rumen for eructation. Rumen 

contractions can be felt by forcing the upper left flank (paralumbar fossa). Pathologic conditions of the rumen or 

morbidity associated with systemic diseases usually results in a decreased rate or complete cessation of rumen 

movements. 

Rumination permits an animal to forage and ingested food rapidly, and finish chewing later. It entails 

regurgitation of the food (returning it to the mouth) from the forestomach, remastication, (rechewing), 

reinsalivation (mixing with more saliva), and finally reswallowing. 

Regurgitation is the only step of rumination that differs markedly from the initial mastication, insalivation, and 

swallowing. Regurgitation is preceded by contraction of the reticulum, which presumably brings some of the 

heavier ingesta into proximity to the cardia. The sphincter at the junction of the esophagus and forestomach 

(lower esophagal sphincter) relaxes as the bolus of food reaches it. An inspiratory movement with closed glottis 

follows. The vacuum produced in the thorax by this movement is transmitted to the relative thin-walled 
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esophagus, dilating the thoracic esophagus and cardia. The lower pressure in the esophagus than in the rumen 

coupled with reverse peristalsis causes a quantity of material (semifluid ingesta) to pass through the cardia into 

esophagus and up to the mouth. The regurgitated material consists large of roughage and fluid, with little if any 

concentrate. It is well known that the whole kernels of corn may pass through the entire digestive tract with little 

change in physical appearance. 

Cattle average about 8 hours a day ruminating, with periods of actively scattered throughout the entire day. One 

rumination cycle requires about 1 minute, of which 3 to 4 seconds is used for both regurgitation and swallowing. 

Rumination appears to be largely reflexive, although the process can be interrupted or stopped voluntarily. Both 

afferent and efferent portions of the reflex are probably carried in the vagal nerves. Contact of roughage with the 

wall of the reticulum and near the cardia is likely the major stimulus for ruminating. As a consequence of this, 

the proportion of the forage in the diet significantly influences the time spent for rumination by the animal. 

Rumination saliva and ingested saliva are secreted at about the same rate (about 2.5 times the resting rate). 

Saliva of all types is important for fermentation, as it provides 70 percent of the water present in the 

ruminoreticulum, and it contributes most of the phosphate and bicarbonate buffers for pH regulation in the 

rumen. 

5. Abomasal function 

The abomasums is a pepsinogen- and hydrochloric acid-secreting organ, which is embryologically and 

functionally homologous with the stomach of nonruminants (monogastric animals). Unlike the nonruminant 

stomach, the abomasums receives a continuous, though variable inflow of furstomach materials. This consists of 

a continuous trickle of fluid, supplemented with gushes of fluid containing fine particles and with the slow 

extrusion of lumps of more solid matter. The total inflow in sheep amounts to 4 to 8 L/day. Despite this 

variability of inflow, rate, and composition, the outflow from the abomasums to duodenum is remarkably 

constant both in rate (11 L/day in sheep) and composition. 

The abomasal functions not only as the site of acidic enzyme digestion but also as an inflow stabilizer for the 

duodenum. Pyloric distension rises in abomasal pH, and most particularly SCFA solutions are potent stimuli for 

gastrin and hydrochloric acid secretion. Secretion is strongly inhibited by increasing the acidity of the pyloric 

region or of the duodenum. Gastric juice from the fundic region, amounting to 4 to 6 L/day (cattle), may have an 

acidity close to pH 1.0, particularly at low rates of secretion. Conversely, pepsinogen concentrations are 

relatively constant, meaning that pepsinogen output varies in step with gastric juice volume. Pyloric secretions 

are slightly alkaline, have little peptic activity, and are of small volume, 0.5 L/day. Abomasal contents are 

maintained at around pH 3 as a result of the various interactions. 

Microbes that pass out of the forstomach are digested in the gastrointestinal tract. Lysis of bacteria is started in 

the abomasums by the action of a lysosime in the abomasal secretion. Microbes yield much higher biological-

value protein and small amounts of lipids (including some PUFA), polysaccharides (as starches), and vitamins. 

The protein content of the microbes is about 27 percent and 45 percent of the total DM in the case of bacterial 

and protozoa, respectively. 

6. Self evaluation questions 

What is the distinguishing feature of ruminants? Which compartments comprise the forestomach and what is its 

distinguishing functional feature? 

What are the optimal conditions for the fermentative environment in the rumen? What are the main types of 

ruminal microbe? What are their main fermentative processes? 

What are the consequences of sudden changes from roughage to concentrate feeds? 

What are the origins of nitrogenous compounds in the rumen and how are they handled by the microbes? 

In what forms do nitrogenous compounds pass from the forestomach to the abomasums? Compared with their 

dietary origins, what nutritional improvements may have occurred? 
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Chapter 5. PHYSIOLOGY OF AVIAN 
DIGESTION 

1. Anatomy of the alimentary canal 

Differences in the anatomy of the digestive tract were noted among the domestic mammalian species, and 

although there are general similarities between the domestic avian digestive tract and those of mammals, there 

are major differences (Fig. 5.1.). Inasmuch as birds do not have teeth, the mechanical breakdown of their 

ingested food is accomplished by their beak and by their muscular gizzard. Salivary glands are present in birds 

and are well developed in those that eat dry foods. Taste buds are located on the tongue and other parts of the 

mouths as in mammals. 

Figure 5.1. Figure 5.1.: Stomach and intestinal canal of the fowl and pigeon. a., 

oesophagus; b., proventriculus; c., gizzard; d. and d‟., descending and ascending limbs 

of the duodenum; e., jejunum with the supraduodenal loop;(e‟), e”., Meckels 

diverticulum; f., ileum; g., and g‟., left and right caeca; g”., cervical part, g‟‟‟., main 

part and gIV., tip of the caecum; h., colon; i., cloaca; i‟. anus; k., oviduct; l., ureter; m., 

spleen; n., dorsal and n‟., ventral lobes and n‟‟., splenic lobe of the pancreas. 1., left and 

1‟. right ductus hepatoentericus (pigeon); 1‟‟., ductus hepatoentericus and 1‟‟‟., ductus 

cysticoentericus (fowl); 2., ventral pancreatic ducts; 2‟., dorsal pancreatic duct; 3., lig. 

 

The esophagus is divided into precrop and postcrop segments. It is comparatively larger in diameter than in 

mammals to accommodate the swallowing of large food items that would have been divided in mammals by 

teeth. Mucus glands are abundant in the esophagus to provide lubrication for food being swallowed. The crop is 

a dilatation of the esophagus, and has a food storage function. The form of the crop may vary from a simple 

spindle-shaped enlargement of the esophagus to one pouch (e.g., chicken) or two pouches (e.g., pigeons) off the 

esophagus. The entrance to the crop is controlled by a sphincter that opens only after the ventriculus is filled. 

The glandular stomach or proventriculus of birds primery secrets hydrochloric acid and proteolytic enzymes. It 

may also have a storage function in birds that lack crops and in some fish-eating species (e.g., herons) that 

swallow whole fish. Glands in the mucosa have duct openings into papillae scattered over the luminal surface 

(Fig. 5.2.). 

Figure 5.2. Figure 5.2.: Transverse section through proventriculus showing surface 

epithelium and glandular alveoli (Bell and Freeman, 1971) 
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The ventriculus (gizzard) is a muscular stomach (composed of two pairs of relatively strong muscles, thin and 

thick muscle pairs) that is highly specialised for grinding in species that eat hard foods or for mixing digestive 

secretion with food in carnivorous species. The mucosa surface of the gizzard is covered by a thick koilin 

membrane composed of a polysaccharide-protein complex (mucoprotein). The koilin membrane consists of 

vertical rodlets of hard kolin secreted by tubular mucosal glands and a horizontal matrix of soft koilin produced 

by crypt and surface epithelium. The koilin membrane is continuously secreted at its base and is continually 

eroded away on its surface. Grit (i.e., small stones) is present in the gizzard of most granivorous and herbivorous 

birds. It is used for grinding hard foods between the thick muscle of gizzard. Grit apparently is not essential for 

normal digestion, but digestion of hard foods is slower and the total digestibility of a diet may be decreased 

without it. 

 

The yolk sac vestige (Meckel‟s diverticulum) is noticeable and is located about midway on the small intestine. 

The mucosa of the small intestine becomes progressively thinner from the duodenum to the ileum as villi 

become shorter and crypt depth diminishes. Villi have an ellipsoid shape and are covered by enterocytes with 

microvilli and goblet cells whose orifice appear as pits on the surface. There are no intestinal submucosal glands 

in chickens, although in some species there are tubular glands that are homologous to these glands in mammals. 

At the posterior end of the ileum is a circular ring of muscular tissue projecting into the colon lumen as the ileal 

papilla that may serve as a valve at the ileo-cecal-colic junction. Entrances to the ceca are located immediately 

posterior to this ring. 

The ceca are usually paired in birds and their size is influenced by diet (i.e., larger with higher-fibre diets). In 

most birds, a right and left ceca are present at the junction of the small and large intestines. Not all the food 

eaten by chickens and turkeys enters the ceca, and the ceca seem to have lesser importance in domestic fowls as 

compared with wild fowls. The most noticeable function of the ceca is related to the microbial digestion of 

cellulose. This is of greater importance for the energy needs of some wild species. Urine that has entered the 

colon from the cloaca may pass into the ceca via antiperistalsis. This kind of contraction of the intestine is the 

most striking feature of colonic motility and is believed to occur almost continuously. Because of antiperistalsis, 

the ceca are filled. The muscular ring of the ileum effectively prevents reflux of colonic material into the ileum. 

In the ceca, the uric acid present in the urine becomes a nitrogen source for the microorganisms associated with 

cellulose digestion. Also, water reabsorption from the reflux urine is another important function of ceca. 

The digestive tract ends with the cloaca, the site that is common to digestive, reproductive, and urinary systems. 

The caudal opening to the exterior is known as the vent. The bursa of Fabricius is a dorsal diverticulum of the 

cloaca and is associated with the development of humoral immunity in birds. It is an important site for the 

preprocessing of B lymphocytes. 

Another organ concern with digestion is the liver, which is bi-lobed. The left hepatic duct communicates 

directly with the duodenum, whereas the right duct sends a branch to gallbladder, or it may be enlarged locally 

as a gallbladder. Gallbladder is present in chickens, turkeys, ducks, and gees, but not in some other species, 

including the pigeon. The pancreas lies within the duodenal loop. It consists of at least three lobes, and its 

secretions reach the duodenum via three ducts, one from each lobe. 



 PHYSIOLOGY OF AVIAN 

DIGESTION 
 

 30  
Created by XMLmind XSL-FO Converter. 

2. Regulation of food intake 

Regulation of food intake is complex and involves both peripheral and central sites of control. Peripheral 

regulation of food intake in poultry involves both the gastro-intestinal tract and the liver. Ingestion of food 

causes stretching and these mechanical forces are monitored by distension-sensitive receptors in both the crop 

and the gizzard. Distension is associated with meal termination and the gizzard appears to play a more 

significant role than the crop. Glucose receptors in the crop and intestine, osmotic receptors in the duodenum, 

and intestinal amino acid receptors, when stimulated by glucose, hypertonic saline, or amino acids, respectively, 

all tend to terminate feeding. Nutrients absorbed from the intestinal tract are carried to the liver by the hepatic 

portal blood. Hepatic receptors for glucose, lipids, and other compounds may be important regulators of food 

intake in chickens. Intrahepatic infusion of glucose or lipid suppresses feed intake in Leghorn chickens but has 

little effect in broilers. Amino acid regulation of feeding has not been well documented in birds. Information 

from receptors in the gastrointestinal tract the liver are relayed to the brain via signals carried by the vagus 

nerve. 

The CCK, bombesin, gastrin, and neurotensin are peptides produced by the avian intestinal tract in response 

to ingested food. These peptides have been considered to be potential regulators of food intake owing to their 

actions at peripheral sites and because their relatively large size is believed to preclude crossing the blood-brain 

barrier. Peripheral injection of CCK, bombesin, and gastrin produces anorexia in chickens. However, the 

reduced feed intake may have been due to an induction of nausea malaise, so that the role of gut peptides in 

signalling postprandial satiety is questionable. Intravenous infusion of neurotensin inhibits the frequency and 

strength of gastro-duodenal contractions and inhibits pepsin output from the proventriculus. Neurotensin is 

produced in response to the presence of oleic acid in the duodenum. 

A number of other factors affect feeding. For example, high environmental temperature, high dietary energy 

levels, and high dietary protein levels all result in decreased food consumption, whereas low ambient 

temperatures, molting, and egg production all increase food intake. If a diet is high in protein but low in energy 

value, full consumption will increase over normal levels. Apparently, energy content of the diet is a more 

important regulator of food intake than protein content. Protein content of the diet is important, however, 

chickens are able to select between isocaloric diets with differing protein contents; for example, they can choose 

a 16 percent protein diet over diets containing 8, 12, or 23 percent protein. Chicks are even able to select diets 

adequate in methionine over those with a methionine deficiency or excess. 

3. Secretion and digestion 

Buccal, crop, and esophageal 

The number and arrangement of salivary glands vary among species. In general, species that eat wet food have 

fewer glands than those that eat dry food with little natural lubrication. The salivary glands of most birds have 

only mucus-secreting cells, however, and amylase has been found in the saliva of poultry. Salivary glands of 

chickens secrete 7 to 30 ml of mucinous saliva per day. In most avian species little maceration of food occurs, 

and food spends little time in the mouth. Hence, even if amylase is present in saliva, little digestion can occur in 

the mouth. Likewise, food passes quickly through the esophagus in which the mucosal surface contains glands 

that secrete mucus for lubrication of this passage. 

Mucus is also secreted by the crop in fowl (gallinaceous birds), but amylase probably is not. Amylase found in 

the crop may originate from the salivary glands, ingested food, bacteria in the crop, or regurgitated duodenal 

contents. It is believed that a significant amount of starch digestion occurs in the crop of the chicken as a result 

of bacterial action. Howecer, collected crop contents of chickens are incubated after the bacteria are killed with 

chloroform, sucrose is still digested, indicating that nonbacterial digestion of carbohydrates also occur in the 

crop. 

Both serous and mucous salivary glands occur in pigeons, and mucus, amylase, and invertase have been found 

in the crop mucosa of that species. Pigeons and doves, penguins, and several other species produce fat cells in 

the crop, which they slough to feed their chicks. This is known as pigeon milk in pigeons. In any case, after 

leaving the crop, ingesta receive much more thorough mechanical and chemical digestion in the stomach and 

intestines. 

Gastric 
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Two types of glands predominate in the proventriculus (glandular stomach) : (1) simple mucosal glands that 

secrete mucus and (2) compound submucosal glands that secrete mucus, hydrochloric acid, and pepsinogen. 

Figure 5.3. Figure 5.3.: Average acid output and concentration in gastric secretion 

collected from control and histamine stimulated conscious chickens. (Long , 1967) 

 

Apparently, the compound glands are functionally homologous to both the chief and the parietal cells of the 

mammalian stomach. The first stage of protein digestion begins in the acid environment of the ventriculus 

(gizzard), where pepsin, secreted by the proventriculus, hydrolyzes different sites on protein molecules. In most 

species gizzard contractions result in a grinding action that reduces food particle size and mixes digestive fluids 

with the food. The pH of gastric juice ranges from about 0.5 to 2.5, being slightly higher in omnivores and 

herbivores than in carnivores, and this pH is appropriate for good peptic activity. 

The chicken secrets about 8 to 10 ml of gastric juice per kilogram of body weight per hour, which is 

considerably higher than the amount secreted in humans, dogs, rats, and monkeys. Likewise, the acid 

concentration is higher, but the pepsin content per volume is lower than in most mammals. The total pepsin 

output, however, in pepsin units per kilogram of body weight per hour (2400-2500) is higher than in mammals. 

Histamine is a potent stimulant of gastric secretion (Fig. 5.3.). 

Intestinal, pancreatic, and biliary 

The small intestine is the primary site of chemical digestion. Luminal digestion occurs via the action of 

digestive enzymes secreted by exocrine cells of the pancreas into the intestinal lumen, and membrane digestion 

of saccharides and peptides is accomplished by enzymes embedded in the apical cell membranes of intestinal 

cells near paracellular channels. Pancreatic trypsin, chymotrypsin, and elastase are secreted into the intestinal 

lumen and hydrolyzes specific bonds within large protein molecules to produce small oligopeptide and 

dipeptode fragments, thereby completing the second stage of protein digestion. The third and final stage of 

protein digestion is achieved via the combined action of carboxypeptidases A and B secreted by the pancreas 

and aminopeptidases and dipeptidases located in the brush border membrane of enterocytes. Hydrolytic activity 

of the carboxypeptidases releases free amino acids from the C-terminus of protein fragments. Aminopeptidases 

and dipeptidases are synthesized in the cytoplasm og enterocytes , transported to microvillus membranes, and 

perform membrane hydrolysis of oligopeptide and dipeptide fragments. Brush border membrane enzyme 

activity correlates with body weight, and the rate at which body weight increases may be limited by the ability 

of these enzymes to provide substrates. 

Starch is the primary carbohydrate in poultry feed. Starch granules consist of amylopectin, which is composed 

of many amylase units bound together. Amylose, in turn, consists of many glucose units organized into helical 

structure. Pancreatic α-amylase in the intestinal lumen sequentially cleaves maltose units from the free ends of 

the amylase helices until maltotriose is all that remains. α-Limit dextrins remain as residues from dissassembly 

of the amylase attachment sites in amylopectin. Maltoase maltotriose, and α-limit dextrins are water soluble and 

diffuse through an aqueous dispersion of mucin entrapped by the glycocalyx covering the microvilli of 

enterocytes. Maltase and sucrose-isomaltase in the apical membranes hydrolyse these sugars into glucose, 

which is absorbed by the enterocytes. The mucin layer covering the enterocyte membrane may be important in 

protecting membrane enzymes from degradation by pancreatic proteases. In chicks, 65, 85, and 97 percent of 

ingested starch was digested during passage to the end of the duodenum, jejunum, and terminal ileum, 

respectively. Lactase activity is not present in birds. 

Intestinal pH ranges from about 5.6 to 7.2 in the species in which pH has been measured. The pH of the avian 

intestinal tract increases from the oral to the aboral end, and the pH of each portion of the tract is regulated by 

secretory activity within the portion. A pH of approximately 6 to 8 is optimal. Bacterial production of acid 

metabolites lowers pH in the crop, ceca, and colon. 
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Digestion of nutrients in the intestine occurs as a result of pancreatic enzymes and microbial activity as well as 

by intestinal secretions. The exocrine pancreas synthesizes many digestive enzymes, which are stored in 

zymogen granules. The pancreas secrets both digestive enzymes and an aqueous solution containing buffering 

compounds. Pancreatic secretion of birds is regulated primarily by gastrin-releasing peptide produced by 

endocrine cells of the proventriculus in response to distension of the proventriculus. The aqueous solution acts 

to neutralize the acid gastric chyme, thus providing a pH of 6 to 8. Digestive enzymes indentified in the 

pancreas of the chicks include amylase (28-30 percent), chymotrypsins A, B, and C (20 per cent), and 

trypsinogen (10 per cent). Procarboxypeptidases A and B, proelastase, lipase, and a secretory trypsin inhibitor 

are also present. The ratio of digestive enzymes can be altered by diet and age. The pancreatic secretory rate is 

relatively greater in fowl than in dogs, rats, and sheep, and it is less affected by fasting in fowl than it is in these 

mammals. 

The secretion of bile into the duodenum aids in the neutralization of chyme. Bile salts are required for the 

emulsification of fats, a process that aids in their digestion. The biliary secretion rate was found 24.2 µL per 

minute in conscious chickens (Lisbone et al., 1981). Chenodeoxycholyltaurine and cholyltaurine are the 

predominant bile acids in chickens and turkeys, while chenodeoxycholyltaurine and phocaecholyltaurine 

predominate in ducks (Elkin et al., 1990). In fowl, as in mammals, bile salts are reabsorbed in the lower ileum 

and recirculated to the liver to be used again. Amylase is present in the bile of number of species. 

4. Gastrointestinal cycle 

The stomachs of most birds lack of longitudinal smooth muscle and do not display slow waves, which regulates 

motility of the mammalian stomach. As a result, gastrointestinal motility (gastrointestinal cycle) is more 

complex in birds than in mammals. During the gastrointestinal cycle of birds, the thin muscles of muscular 

stomach (gizzard) contract and the isthmus between glandular and muscular stomach closes, after which the 

pylorus opens and gastric contents flow into the duodenum. Next, the duodenum contracts which is followed by 

relaxation of the isthmus and a contraction of the thick muscles of the muscular stomach. This precipitates a 

refluxing of the contents of the muscular stomach into the glandular stomach. The cycle is completed with 

contraction of the glandular stomach. In the glandular and muscular stomachs of chickens, 2 or 3 contractions 

occur per minute. The frequency of duodenal contraction in turkeys is to 6 to 9 contractions per minute, but 2 or 

3 contractions occur in rapid succession in conjunction with each gastroduodenal contraction cycle. 

5. Rate of passage 

The rate of passage of material through the digestive tract has been measured in many ways. Since digesta 

consists of both solids and liquid components, different types of markers have been used. Insoluble markers 

such as chromium-mordanted rice, cerium-mordanted rice, Cr2O3 or radiopaque plastic pellets (Whittow, 1994) 

have been used as indicators of solid transit time whereas a soluble marker such as Cr-EDTA (Vergate et al., 

1989) or phenol red (Gonalons, et al., 1982) has been used to measure liquid transit time. In general, it was 

found that larger particles are retained longer in the digestive tract. In chickens, insoluble markers first appear in 

the excreta 1.6 to 2.6 hours after ingestion. However, mean retention time is a better indicator of transit time 

than is time to initial appearance of the marker. Mean retention time for insoluble markers can vary from 5 to r 

hours depending on the nature of ingesta and its size. 

Transit time of digesta is influenced by genetics. When comparing broiler and Leghorn-type chickens, the 

overall mean retention time is not different, but the time food spent in various parts of the digestive tract is 

different. The rate of food passage is affected by many factors. Feed transit time through the small and large 

intestine increases with ages. This may account for increases in metabolizable energy values of feedstuffs noted 

in older birds. Adding lipid or protein supplements to the diet can increase passage time. Increases in 

environmental temperature also slow transit time. 

6. Self evaluation questions 

In mammals, teeth grind the food into small pieces, which then move to the stomach where they are stored and 

mixed with hydrochloric acid and pepsin. How are these functions accomplished in birds? 

In mammals, pelistaltic waves create a unidirectional movement of ingesta from the oral cavity to the anus. In 

birds, movement of ingesta is bidirectional at several locations along the digestive tract. Give examples of oral 

movement of digestive tract contents and explain how they are beneficial to the bird. 
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Name some of the key pancreatic enzymes that are transported to the intestine and are critical for luminal 

digestion of proteins, carbohydrates, and lipids. 
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Chapter 6. GASTROINTESTINAL 
ABSORPTION AND INTERMEDIARY 
METABOLISM OF CARBOHYDRATES 

1. Absorption in the small intestine 

The small intestine is the main site of absorption in all animal species. The duodenum absorbs largely minerals 

(Ca++ and Fe++) and products of digestion, and vitamins, whereas the distal portion of the small intestine 

(jejunum and ileum) is the site of absorption of water B12, and bile salts. In general, adrenergic stimulation and 

glucocorticoides enhance absorption in small and large intestine cells by favouring the basolateral transfer of 

sodium chloride through an increase in cAMP. Cholinergic agents, which increase the entry of Ca++ across the 

basolateral membrane and formation of cGMP on the apical membrane, stimulate digestive secretions by crypt 

and reduce intestinal absorption by the villous cells. 

Structure of the mucosal wall 

A cross section of the wall of the small intestine cylinder includes microvilli, enterocytes, lamina propria, 

crypts, muscularis mucosa, circular and longitudinal muscles and serosa. Extremely well-developed blood and 

lymph systems receive the products absorbesd by the small intestine. The highly permeable blood capillaries 

from the mucosa and from the villi unite to form venules and veins that drain into the portal vein via mesenteric 

small vessels (radicles). The volume of the blood flowing in the mucosa can be more than doubled during a 

meal. In an absorbing villus, an interstitial osmolality four times greater at the tip than at the base (1200 versus 

300 mosm per L) exerts a powerful osmotic attraction to water in the lumen. The fast-flowing blood (600 times 

as fast as lymph) during the small bowel carries water and, inorganic salts, glycerol, short chain fatty acids. 

amino acids, and monosaccharides. 

The lymph capillaries of the mucosa and villi (lacteals) drain into larger lymph vessels of the mesentery, the 

cistern chyli, the thoracic ducts, and the venous system craniad to the hart. The lymph system carries aggregates 

(chylomicrons) generated in the enterocyte after absorption of end-products of lipid digestion. 

Absorptive surface 

The mucosa of the small intestine possesses features that enormously increase epithelial surface area for 

absorption. These include folding in the mucosa, villi, and microvilli. Generally, each feature contributes to 

increasing the surface area by a factor of 2 or 3 for the folds, 30 for the villi, and 30 for the microvilli. In most 

species, folding of the mucosa is prominent at the proximal end of the small intestine and regresses distally. 

Each villus, approximately 1 mm long and covered by three types of cells (enterocytes, goblet cells, and 

enterocromaffin cells), projects freely into the intestinal lumen (Fig. 6.1.). Crypts of Lieberkühn (gland-like 

structures) between villi show mitotic division off cells at their basis. 

Figure 6.1. Figure 6.1.: Schematic structure of the intestinal wall with the absorptive 

surface (villi). Ruckebusch (1991) 
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These undifferentiated cells mature, differentiate into one of the three cell types as they move up from the 

crypts, and ultimately replace those that normally desquamate near tip of each villus. Microvilly (1µm), 

numerous fingerlike folds of the apical cell membrane, are found only on enterocytes. The microvilli responsible 

for the greatest amplification of the surface area, also carry a glycoprotein surface (glycocalyx or brush border) 

and an adjacent unstirred layer of water (300 µm thick). Through its enclosed digestive enzymes, the glycocalyx 

participates in the mucosal phase of digestion. The brush border also contains specialized transfer mechanisms 

to transport the end-products of digestion from the lumen of the intestine into the cytoplasma of enterocytes. 

2. Absorption and metabolism of carbohydrates 

Carbohydrate absorption Dietary carbohydrates are mainly starches, disaccharides, monosaccharides, and 

fibrous carbohydrates (cellulose, hemicelluloses). The luminal phase of small intestine digestion results in 

amylase hydrolysis of starches, yielding oligosaccharides (alpha-dextrins, maltotriose, and maltose, but no free 

glucose), but the fibrous carbohydrates remain intact. In monogastric herbivores fed high-fibre diets, the 

increased bulk accelerates the transit of chime and lowers the efficiency of luminal digestion of nonfibrous 

carbohydrates. 

Figure 6.2. Figure 6.2.: Cumulative Percentage of Glucose and Starch Disappearance 

from the Intestine of 7-week-old Chicks. Glucose absorption from glucose monohydrate 

as the sole dietary carbohydrate source (o), starch digestion (∆), and absorption (●) in 

chicks fed starch as the sole carbohydrate source (Whittow, 2000). 

 

During the essential mucosal phase of carbohydrate digestion, specific saccharidases in the glycocalyx of 

enterocytes hydrolyze the oligosaccharides into monosaccharides (glucose, galactose, and fructose). These 

monosacharides are then transported across the cell to gain access to the portal circulation. Glucose and 

galactose are absorbed mainly by the jejuna enterocytes (Fig. 6.2.), against a concentration gradient, by a 
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sodium-dependent active transport mechanism. Fructose crosses the apical membrane of enterocytes of the 

jejunum by facilitated (mediated) diffusion. Since this transfer is not energy dependent, fructose cannot be 

absorbed against a concentration gradient. Enterocytes can convert fructose into glucose. Limited absorption of 

mannose, xylose, and arabinose seems to occur by a diffusion mechanism. Monosaccharides leave the 

enterocytes by diffusion at the basolateral membrane and accumulate in the intercellular space before entering 

the capillaries of the portal circulation. 

Absorption of glucose can be measured with a glucose tolerance test. The test dose of glucose is given orally, 

then the blood glucose concentration curve is measured orally, then the blood glucose concentration curve is 

measured over a 3- to 4-hour period. In canine malabsorption, syndrome, the characteristic rise in glucose is 

reduced; dogs with pancreatic exocrine deficiency may show a diabetes-type tolerance curve. The test has been 

used to a limited extent in horses. 

Carbohydrate metabolism 

Carbohydrates contain carbon and, hydrogen, and oxygen atoms in a ratio equivalent to one carbon (C) to one 

water (H2O), or C(H2O). This diverse group of substances includes, particularly the sugars and their 

derivatives. The key substance for intermediary metabolism is glucose. Important roles are also played by 

fructose and galactose (hexoses), and by ribose and deoxyribose (pentoses), by glycerol and glyceraldehydes 

(triose), by sedoheptulose (heptose), and by erythrose (tetrose). Combined with lipids, carbohydrates form 

glycolipids, and with proteins they form glycoproteins. 

After absorption or gluconeogenesis (see later), glucose can undergo catabolism to provide energy or 

metabolites for synthetic pathways. The first stage of glucose metabolism is glycolysis or Embden-Meyerhopf 

fermentation. Under anaerobic condition, glucose breaks down to lactate, yielding a net 2 mole of ATP per mol 

of glucose. Four moles of ATP is generated, but, two is used to phosphorylate first glucose and then fructose-6-

phosphate. Under aerobic conditions, the reduced NADPH plus H+ may be oxidized via oxidative 

phosphorylation to produce 3 mol ATP and pyruvate. Pyruvate then enters the tricarboxylic acid (TCA) cycle 

(Kreb‟s cycle) and becomes oxidized to carbon dioxide and water generating 15 mol of ATP. During vigorous 

exercise, muscle cells produce lactate faster than it can be utilized, via pyruvate, by the cells‟ mitochondria. The 

excess of lactate diffuses into the capillary blood and is carried to the liver to form the basis for 

gluconeogenesis. This is called the Cori cycle. 

Another route for glucose metabolism is the pentose phosphate pathway, which is important in generating the 

NADPH used in synthesis of fatty acids in adipose tissue, mammary gland. and liver in response to demand. 

Nutrients or metabolites differ greatly in their relative efficiency as sources of ATP energy. 

 

Transport and storage of carbohydrates 

Blood glucose levels are lower in ruminant species than in monogastric ones; chickens have very high levels 

(Table 9). The blood levels of the keto acids, pyruvic acid and alpha-keto- glutaric acid, are higher in most 

animals than in man. Glucose is the repeating unites for synthesis of animal starch or glycogen, which is the 

chief storage form for carbohydrates in the body. Together with galactose, glucose forms the disaccharide 

lactose, or milk sugar, in the lactating mammary gland. Glycogen polymers can expand with the addition of 

more glucose residues or can contract when glycogenolysis is initiated. 

Blood glucose concentration is regulated by several endocrine systems. Insulin, secreted in by the beta cells of 

the islets of Langerhans in the pancreas, is the key regulating agent in energy metabolism. It promotes the 

uptake and utilization of glucose by many peripherial tissues, and on the other hand it inhibits gluconeogenesis 

and glucose release by the liver. Glucagon, secreted by the alpha cells of the islets works primarily in the liver. 

It stimulates liver glucose output by accelerating hepatic glycogenolysis and glucose release by the liver and 

glyconeogenesis. The physical proximity of alpha and beta cells in the islets suggests that functional interactions 

probably occur between the two hormones in the push-pull changes that maintain blood glucose levels. 
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The ratio of insulin to glucagon (I:G) in monogastric animals is an indicator in physiological status. A low I:G 

ratio because of a relatively high rate of glucagon secretion indicates dominance of hepatic glycogenolysis and 

gluconeogenesis. This is a feature of starvation, diabetes mellitus, and catabolic states seen in certain diseases. A 

high I:G ratio occurs after ingestion of large quantities of readily digestable carbohydrates, which increases 

secretion, and indicates decreased hepatic gluconeogenesis and increased peripherial uptake of glucose. A high 

I:G ratio is rare in ruminants, but such a ratio may indicate the high degree of gluconeogenesis from propionate 

and amino acids. In normal avian (duck, goose, chicken, pigeon), however I:G molar ratios are half or less than 

half of those of mammals. 

By comparison, then, normal birds appear to be in a continuous catabolic mode, that is, they appear to be very 

similar to diabetic mammals. Stimulation of the Hypothalamus – Symphatetic – Adrenal System resulting in a 

secretion of epinephrine (adrenalin) raises the blood glucose level by activating glycogenolysis in liver and 

muscles. Epinephrine secretion by the adrenal medulla is lowest during sleep and increases upon awakening. It 

increases further after emotional upset, pain, and cold. Extreme exercise and emotional stress, such as those 

from anger or fear, can lead to maximal stimulus of the hypothalamus - sympathetic nerves - adrenal medulla 

system, raising the blood glucose level. 

The main function of the zona fasciculata-reticularis in the adrenal cortex is to secrete glucocorticoids (cortisol 

and corticosterone) under ACTH stimulation. The general role of glucocorticoids is to make glucose more 

available for the heart, nervous system, and skeletal muscle. This is accomplished by increased glycogen 

synthesis and storage in the liver, which can cause hepatomegalia to the order of 15 percent; stimulating 

gluconeogenesis, in which proteins are broken down to amino acids and amino acids are converted to glucose in 

the liver; and an anti-insulin effect of glucocorticoids, reflected by a tendency to hyperglycemia, increased 

insulin resistance, and decreased glucose tolerance. The anti-insulin effect of glucocorticoids favors glucose 

utilization by the nervous system since the nervous system does not depend on insulin for glucose uptake. 

Gluconeogenesis 

Because of the central role of glucose in energy metabolism, the body has mechanisms to keep glucose 

concentrations in extracellular fluids in an appropriate range. Excess blood glucose leads to glycosuria and the 

syndrome of diabetes mellitus. This disorder occurs in pet animals and horses but rarely in other species. A. 

greater problem for many animal species, particularly ruminants, is avoiding the other swing of the pendulum to 

hypoglycaemia. All species have metabolic enzyme pathways to synthesize glucose from other substances, but 
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the need of ruminants is much more chronic and continuous because of the general lack of absorbable glucose 

from the intestine. 

Three groups of starting substances are available for gluconeogenesis: carbohydrates, glucogenic amino acids 

via deamination, and odd-numbered fatty acids. All species have access to carbohydrates (lactate, pyruvate, and 

oxaloacetate). Glucogenic amino acids (especially alanine and glutamate) can be oxidatively deaminated and 

transferred to the carbohydrate pathways via alpha-keto acidswith reduced nicotinamide coenzymes. The 

reactions are reversible; the hydrogenases are located inside the mitochondria. The third class of 

gluconeogenetic substrates comprises odd-numbered.fatty acids (odd numbers of carbon atoms), which yield 

odd-number acyl-CoA derivates, particularly propionate. This is a major and essential contributor to 

gluconeogenesis in ruminants. The utilization of propionate involves its activation to propionyl-CoA and 

addition of a carboxyl group to form D-methylmalonyl-CoA (using propionyl CoA carboxylase, which contains 

biotin). D-Meth-ylmalonyl CoA is then racemized to the L form, which, in turn, is converted to succinil-CoA by 

methylmalonyl-CoA mutase, an enzyme that contains a derivative of cobalamin (vitamin B12. The cobalamin 

serves as a source of free radicals that allow the removal of hydrogen atoms and subsequent intra-molecular 

rearrangement to succinate. 

The glucose formed can itself serve as the source material for the synthesis of other important carbohydrates: 

glycogen and lactose. Glycogen is the chief storage carbohydrate. Lactose (milk sugar) is specifically 

synthesized in the mammary glands of lactating animals. 

3. Self evaluation questions 

What anatomical mechanisms increase the small intestine surface? What are the general functional differences 

between the small intestine and large intestine? 

What are the main differences in blood glucose concentration of different domestic animals? What is the 

principal source of blood glucose in nonruminants? Ruminants? 

Explain the role of endocrine pancreas and adrenal gland in the control of blood glucose in domestic animals? 

What is gluconeogenesis? What are the chief gluconeogenetic substances in monogastric animals and in 

ruminants? 
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Chapter 7. INTESTINAL ABSORPTION 
AND INTERMEDIARY METABOLISM 
OF PROTEINS 

1. Absorption in the small intestine 

Luminal hydrolysis of endogenous (microbial, enzymatic, and desquamated) and dietary proteins begins in the 

stomach and is completed principally in the duodenum. The action of gastric and pancreatic proteases yields 

amino acids and oligopeptides. These oligopeptides are than transformed into a mixture of amino acids, 

dipeptides, and tripeptides by mucosal oligopeptidases in the glycocalyx of mucosal surface. Enterocytes in the 

jejunum actively absorb unchanged di- and tripeptides more rapidly than amino acids, and intracellular 

peptidases then hydrolyse these peptides to amino acids. L-Amino acids resulting from luminal digestion are 

transferred into the enterocytes by sodium-dependent mechanisms very similar to those for hexose transport. 

Intracellular amino acids diffuse across the basolateral membrane to reach the intercellular space, and ultimately 

the portal capillaries. A much smaller volume of D-amino acids is absorbed by the intracellular pathway. 

Macromolecular absorption in the neonates 

Absorption of intact protein by the neonatal intestine represents one means of antibody transfer, that is, the 

transfer of passive immunity. Antibodies are large protein molecules found in the γ-globulins that the fetus or 

neonatal animals receives from the mother. In some species, these are partially or wholly obtained after birth 

through the colostrums. In others, they are obtained before birth by placental transfer. The serum γ-globulins 

comprise five classes of immunoglobulins: IgG, IgM, IgA, IgD, and IgE. 

Only the neonatal intestine has the ability to uptake large amounts of intact (pinocytosis) protein, in the general 

scheme of which is shown in Fig. 7.1. Indeed, in the adult, absorption of intact protein in more than trace 

amounts is abnormal and is a primary cause of food allergies. The first stage is adsorption of macromolecules to 

the microvillous membrane of the small-intestine absorptive cell. When these molecules reach a certain critical 

concentration, invagination of the membrane occurs and small vesicles are formed. This uptake process is 

energy dependent; the energy is required for replacement of the cell membrane. Migration of the membrane-

bond vesicles (phagosomes) to the supranuclear region of the cell then occurs. Here, the vesicles coalesce with 

lysosomes to form large vacuoles termed phagosomes. In these, intracellular digestion occurs. Some of the 

molecules escape breakdown, however, and migrate to the basolateral surface of the cell. Exocytosis occurs and 

the molecules gain access to the lymphatic system. 

In the postpartum period all of the maternal immunoglobulins in ruminants, pigs, and horses are received from 

the colostrums by the intestinal transfer process just described. 

Figure 7.1. Fig 7.1. General mechanism for macromolecules uptake and transport by 

the intestine (Reece, 2004) 

 

These animals are therefore hypogammaglobulinemic at birth. During the immediate postnatal period, there is a 

short period in which the intestinal mucosa is highly permeable to all macromolecules in contact to mucosa. The 

increased uptake of immunoglobulins by the mucosa lasts only a short time, after which the intestine”close” to 

prevent further bulk passage of proteins. 

2. Protein metabolism 
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Proteins make up the largest percentage (about 75 percent) of the body solids. Structural proteins, contractile 

proteins, heme and myoglobin, nucleoproteins, enzymes, and regulatory peptides and proteins are a few among 

the great variety of proteins in the animal body. Special considerations relate to protein deposition for growth in 

meat production and for solids rather than fat in milk production. 

Many young animals grow two to three times faster than human babies because they have much higher 

conversion rates of protein accretion. Ruminants have rather variable conversion rates from forage protein to 

milk protein, about 23 percent for dairy cows but only about 3 percent of lactating ewes. 

Depending on the nature of dietary protein in the rumen, a large proportion is degraded to ammonia and organic 

acids and to nonprotein nitrogen (NPN) compounds such as urea. The rumen microbiota can incorporate 

nitrogen from urea and ammonia into microbial protein. The biological value of bacterial proteins tends to be 

much high, and the ruminant host has no choice and must accept the resulting “diet” composed microbial 

carcasses. These proteins meet the amino acid requirements of rather high level of milk or meat production (Fig. 

7. 2.). 

Figure 7.2. Fig. 7.2. Total amount of microbial protein (MP bacteria) synthesized in the 

rumen expressed as the % of the requirement for milk production 

 

Basic properties of proteins 

Protein is a string of amino acids (AA) linked together by the peptide bond between the carboxyl group of one 

AA and the amino group of another one. Since 20 or more different AAs are used as building blocks, there is an 

almost infinitive variety of possible combinations to create different polypeptides and proteins. The AA are the 

basic currency of protein metabolism. From the dietary viewpoint, an amino acid that cannot be synthesized de 

novo in the animal body is called essential (arginine, histidine, isoleucine, leucine, lysine+ornithine, methionine, 

phenylalanine, threonine, valine), whereas one that can is termed nonessential (alanine, aspartic acid, citrullin, 

glutamic acid, glycine, proline, serine, taurine, tyrosine). About 10 different AA in the body are essential 

nutrients in the young of most animal species. Thus, these animals are dependent on autotropic plants and 

certain bacteria that can synthesize the necessary AA, or they must obtained them by eating the tissues of other 

animals. The range of concentration of total AA in the plasma is about 0.35 to 0.65 g per liter, an average of 

about of about 20 mg/L per individual AA, but some are present in much higher concentrations than others. 

Proteins usually form colloidal solutions except for the fibrous one, which are insoluble. Many proteins exist in 

conjugated form with nucleic acids, carbohydrates, or lipids. The plasma protein profile reflects dietary intake of 

protein and energy-producing substances. For example, when dairy cows are fed 5 to 8 kg of a hay and 4 to 6 kg 

of beet pulp, wheat bran, and concentrate (Rockbush, 1991), the ratio of essential (E) and nonessential (NE) free 

amino acids in plasma is about 1.08. When the level of feed is reduced by 30 percent, the ratio increases to 1.29, 

indicating an increase in gluconeogenesis from AA and a loss of body weight. If digestible protein in the diet is 

selectively reduced by 30 percent, the E : NE ratio is lowered to 0.86 despite high levels of glycine and alanine. 

Ammonia is used for microbial protein synthesis in the rumen, but some is absorbed from the forestomachs and 

intestine. Ammonia then passes to the liver, where it is synthesized into urea for recycling to the gastrointestinal 

tract in saliva or for excretion via kidneys. The enzymes for the cycle are present in the ruminant liver but do not 
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appear to increase adaptively when high levels of urea are fed. Ammonia is toxic if it accumulates in the body, 

leading to neurological disorders and acid-base imbalance. 

Transport and storage of amino acids 

Peptides are absorbed by enterocytes more rapidly than free AA. It is uncertain whether they are hydrolyzed to 

AA before entering the circulatory system or whether they can pass intact in the peptide form. Conflicting 

experimental evidence suggests that both routes are used, with peptides constituting very little to as much 70 

percent of the total AA (free or combined) in the portal plasma. Individual AA have different transport systems 

into the cells, depending on their chemical structure: 

1. Neutral (monoamino-monocarboxylic) AA show mutual competition for transport and have the greatest 

requirement for Na+. This group includes histidine. 

2. Acidic (monoamino-dicarboxylic) AA are not transported actively (i.e., against concentration gradients). 

After uptake, aspartic acid and glutamic acid are transaminated. Under physiological conditions, when they 

are absorbed, nearly all these AA enter the portal blood system. 

3. Basic (diamino-monocarboxylic) AA and the neutral AA cystine all appear to be absorbed via the same 

transport system. This group includes lysine, arginine, and ornithine. 

4. A miscellaneous group composed of proline, hydroxiproline, N-methylglycine, N-dimethylglycine, and 

betaine, has low affinity for the Na+-dependent pathway of absorption. 

5. Gamma-glutamyl cycle, not requiring Na+ for absorption, has been proposed as a transport system for AA. 

The membrane-bond enzyme gamma glutamyl transferase (GCT) catabolyzes the initial step in gluthation 

degradation, transferring the gamma-glutamyl moiety to AA receptors forming cysteinglycine. 

Malabsorption of tryptophan, the first clear demonstration of a defect in AA transport, shared by intestine and 

kidney cells, is responsible for the clinical signs (cerebellar atexia) and functional disturbances of Hartnup‟s 

disease. The blue diaper syndrome is a familial form of hypercalcemia linked to defective intestinal absorption 

of tryptophan. This defective absorption is identified by techniques used to study Hartnup‟s disease. The blue 

colour is attributable to oxidative conjugation of two molecules of indicant to indigotion, or indigo blue. 

Methionine malabsorption results in the appearance of hydroxybutyric acid in the feces. Cystinuria is a defect in 

intestinal transport of dibasic amino acids (e.g., lysine, arginine). 

Most absorbed AA are removed by the liver, with the exception of some of those that have branched chains. 

Particularly large hepatic uptake occurs with alanine, glycine, and glutamine, and uptake of arginine, tyrosine, 

phenylalanine, and serine is substantial. Both free AA and plasma proteins pass into the circulation from the 

liver for subsequent uptake, synthesis, or catabolism in the tissues, particularly skeletal muscle and mammary 

gland (during lactation). 

Nucleic acids are required for cell multiplication, but their precursors are usually well represented in the diet. 

Purines and pyrimides are degraded, and allantoin is the principal excretory end-product of purine metabolism 

in ruminants. Urinary purines can account for 14 to 17 percent of purines absorbed from the small intestine. 

Sheep, for example, show a linear relationship between nucleic acid digestion and allantoin appearance in the 

urine. The rumen, blood, and urine concentrations of purines decrease rapidly when cattle are fasted. Again, 

rumen concentrations of nucleic acids are correlated with the levels of allantoin and uric acid in the urine and 

plasma. The pyrimidines, (cytosine and uracil) appear to be degraded with the production of beta-alanine. 

Similarly, catabolism of thyamine involves the production of beta-aminoisobutiric acid. 

The nutritive value of various feed sources of nitrogen is not uniform in animals. In sheep, the biological value 

(BV; i.e., the percentage of digested nitrogen retained by the body), ranges from 76.4 for urea to 84.8 for 

soybean meal. 

Protein requirements and regulation 

Sheep nourished only by intraabdominal infusion of enriched casein (BV=1.0), casein (BV=0.8), or gelatine 

(BV=0.07) are used to estimate endogenous losses of nitrogen (Asplund, 1987). These are about 245 mg 

nitrogen per kilogram0.75 body weight. Urinary nitrogen levels do not change in response to enriched casein 

(casein plus added methionine, lysine, phenylalanine, and arginine) infusion, but major changes are seen when 

gelatine is infused (Fig 7.3.). 
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Figure 7.3. Fig 7.3. When sheep are artificially nourishes (A): by intraabomasal infusion 

of enriched casein (BV=1.0), urinary nitrogen excretion is almost constant regardless of 

the quantity of protein administered; and by (B): intraabomasal infusion of gelatine 

(BV=0.07), urinary nitrogen excretion increases with the quantity of protein 

administered. 

 

The maintenance requirement for nitrogen is the amount that needs to be retained to offset the endogenous loss, 

using the mean value of 245 mg per unit of metabolic body weight (MBW) per day. Matching this level with 

absorbed nutrients requires 282 mg per MBW per day of casein or 3,500 mg per MBW per day of gelatine. It is 

virtually impossible to meet the nitrogen needs on a pure gelatine diet. 

Hormonal regulation of protein metabolism 

The hormones involved in protein metabolism are growth hormone (STH), insulin, glucocorticoids, anabolic 

hormones and thyroid hormones. 

Growth hormone (STH) affects a variety of tissues, promoting the growth of bone, muscle, and viscera in 

young, rapidly growing animals. It can modulate DNA transcription and RNA translation in cells, favouring 

protein synthesis. It may also increase the uptake of amino acids by muscle cells, by stimulating membrane 

transport of AA. Since it promotes lipolysis of depot fats, the increased availability of FFA for energy reduces 

the rate of oxidation of AA, sparing more of them for protein synthesis. STH also promotes sulphate and AA 

incorporation into collagen, cartilage, and fibroblasts via the polypeptides called somatomedines that are 

produced in the liver (see in part 10.). 

Insulin stimulates AA uptake into cells, may also regulate translation, and may increase phosphorylation of 

ribosomal protein. In addition, it increases polyamine formation, which is involved in synthesis of ribosomal 

RNA. The absence of insulin reduces protein synthesis almost to zero because of the lack of the above effects 

and because the decreased availability of glucose leads to a greater use of AA for energy, leaving less for 

protein synthesis. 

Glucocorticoids decrease the quantity of protein in most tissues, raising the levels of AA in the plasma. An 

exception is that both liver protein content and plasma protein levels increased. The general effect is to increase 

the mobilization of protein from extrahepatic tissues, allowing the liver to step up the synthesis of hepatic cell 

proteins and plasma proteins. 

Absence of glucocorticoids leads to inadequate availability of AA for either significant gluconeogenesis or 

ketogenesis from proteins. Anabolic hormones, notably testosterone and the synthetic steroids, lead to increased 

protein deposition throughout the body but particularly in contractile proteins in skeletal muscles. Unlike STH, 

which causes tissues to grow continuously, anabolic hormones cause muscle to enlarge only during several 

months, and then a plateau is reached despite their continued administration. Their action appears to occur via 

acceleration of RNA and protein anabolism. 

Thyroid hormones such as (T4) accelerate cell metabolism generally. If adequate supplies of carbohydrates and 

lipids are available, along with an excess of AA, thyroid hormones can increase the rate of protein synthesis. 
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When sufficient carbohydrates and lipids are unavailable, T4 leads to rapid degradation of proteins and to the 

use of the liberated AA for energy. 

3. Self evaluation questions 

Why is the intact protein absorption so important in neonatal domestic animals? How can you describe the 

general mechanisms for immune-globulin transport by the intestine? 

What are the differences in the transport processes among different amino acid groups into the cells? 

What is meant by the biological value of proteins, why is it so important in the nutrition of domestic animals? 
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Chapter 8. INTESTINAL ABSORPTION 
AND INTERMEDIARY METABOLISM 
OF FATS 

1. Absorption of lipids 

Dietary lipids presented to the duodenum are triglycerides, cholesterol esters, and lecithins. Some triglycerides 

in chyme (e.g., those in milk) are hydrolyzed during luminal digestion to glycerol and water-soluble short-chain 

fatty acids, both of which are amphipathics and can enter the enterocyte rapidly by diffusion. Most triglycerides 

are transformed into water-insoluble monoglycerides and fatty acids, which can diffuse easily through the lipid 

membranes of enterocytes. The crucial point of fatty acid and monoglyceride absorption is their solubilisation in 

the unstirred layer, or water phase, to carry them to the glycocalyx. Bile salts act to bring these water-insoluble 

end products of lipase digestion and other fats (cholesterol, sterols, and fat-soluble vitamins) into a water-

soluble negatively charged aggregate (<1 µm) called micelle (Fig. 8.1.) 

Figure 8.1. Fig. 8.1. A scheme for intraluminal micelle formation and fat and bile salts 

 

The micelle performs as a transport vehicle to move these lipids to glycocalyx, where they are released to 

diffuse across the apical membrane into the cell. The bile salts return to the gat lumen to the gut lumen to be 

almost entirely reabsorbed by an active mechanism in the ileum and to reappear in bile (the enterohepatic 

circulation of bile salts). Lipid-soluble vitamins, fatty acids, glycerol, monoglycerides, phospholipids, and 

cholesterol esters are re-formed into chylomycrons (100-500 nm; Fig. 8.2.) 

Figure 8.2. Fig. 8.2. Molecular structure of chylomicron (Lehninger et al, 2000). 
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These beta-lipoproteins-covered intracellular structures can stabilize lipid products in an aqueous medium. By 

exocytosis or by diffusion, chylomicrons cross into the intercellular space and finally enter lymph capillaries. 

Glycerol and short chain fatty acids leave enterocyte by diffusion, gain the intercellular space, and then enter the 

portal capillaries. 

In swine, absorption of 14C-oleic acid has been studied with dilution- and leakage-free perfusion of an isolated 

jejuna loop, with two re-entrant fistula (Rockebush et al., 1991). Absorption of micellar lipids is about 40 

percent compared with 10 percent for particulate lipid. In ruminants, intestinal lipid absorption differs from that 

of monogastric species in that mostly low density lipoproteins (VLDL) are absorbed into the intestinal lymph 

and are transported to the body tissue. Most of the absorption occurs after interaction with bile and pancreatic 

lipase, so the jejunum is the main site of absorption for long-chain fatty acids (LCFA). Of course, large amounts 

of short chain fatty acids (SCFA) are produced in the ruminoreticulum as a result of microbial digestion of 

carbohydrates. These are absorbed mainly from the forestomach, which can absorb fatty acids of chain length up 

to 12 (see in part 9.) 

2. Transport of lipids via the circulatory system 

Most triglycerides (TG) in the digestive tract are hydrolysed to monoglyceriges and fatty acids. On passing into 

the epithelial cells of the intestine they are re-formed into new molecules of TG, which then coalesce to form 

minute droplets called chylomicrons. These pass into the lymphatic capillaries and are carried with the lymph to 

enter the vascular system via the thoracic duct. Animals that consume large amount of fat attain peak values (<1 

percent) for chylomicrons in plasma about 1 to 2 hours after a fatty meal. The plasma may be turbid as a result. 

Since the chylomicrons have a short half-life in the plasma (<1 hour), as the fat is removed by hydrolysis, the 

plasma soon becomes clear again. The removal of chylomicrons occurs mainly in the liver and adipose tissues. 

Both of these sites are well endowed with lipoprotein lipase. The enzyme is present in the capillary endothelium, 

where it attacks TG, forming free fatty acids (FFA) and glycerols (Fig. 8.3.). 

Figure 8.3. Fig.8.3. A scheme for the uptake of triglycerides from plasma chylomicrons 

and very-low-density lipoproteins by adipose tissue; FFA=free fatty acids; VLDL 

TG=very-low-density lipoprotein triglycerides; ECF=extracellular fluid (Johnson and 

Davenport, 1971) 

 

3. Lipid metabolism 

Lipids function in at least five ways in an animal body. Two readily evident roles of lipids are (1) in the 

oxidation of fatty acids to CO2 as a major means of metabolic energy production and (2) as necessary 

constituents (most notably the phospholipids and sphingolipids) of cell membranes. In addition, other 

quantitatively less important but functionally significant roles include the use of surface-active properties of 

some complex lipids for the maintenance of lung alveolar integrity and for solubilisation of non-polar 

compounds in budy fluids. Also, like eicosanoids and steroid hormones, lipids play physiologically important 

regulatory roles in metabolism. Triacylglycerols (TG) are the most significant group of lipids from the 

standpoint of energy metabolism of animals TG may provided by diet or synthesized from nonlipid sources, 

largely in the liver, adipose, and lactating mammary gland. 

De novo synthesis of fatty acids and triacylglycerols 

In avian and mammalian species, fatty acid s are synthesized in the lipogenic cell cytosol from acetyl-CoA, a 

substrate that may be derived from carbohydrates and amino acids. Acetyl-CoA that is generated in the 

mitochondrion cannot cross the inner mitochondrial membrane. Therefore citrate “carries” acetyl groups from 

mitochondria to cytosol where adenosine triphosphate (ATP)-citrate lyase catalyzes the formation of cytosplic 

acetyl-CoA and oxaloacetate. Return of the of the oxaloacetate to the mitochondria completes the citrate 

cleavage pathway. In ruminants acetate is the major precursor of fatty acid synthesis. For some yet-to-be 
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explained mechanism, glucose is not a significant precursor of cytosolic acetyl-CoA in ruminant lipogenic 

tissues, which serves as a precursor of long-chain fatty acids and steroids. Acetate is activated in the cytosol, 

obviating the need for citrate cleavage pathway enzymes. Furthermore, the citric cleavage pathway decreases in 

importance for fatty acid synthesis as a milk fed animal is weaned and develops a functional rumen. Lactate can 

be a significant precursor in ruminants as well and probably is converted to pyruvate and thas citrate before 

conversion to long-chain fatty acids. 

Animals can synthesize all commonly occurring fatty acids except linoleate (C18.2∆9,12) and linolenate 

(C18:3∆9,12,15). The nomenclature includes that linoleate contains carbon-carbon double bond between the No. 

9 and 10 and the No. 12 and 13 carbon atoms. Thus, linoleate may be called unsaturated fatty acid; alternatively, 

saturated fatty acids contain carbon-carbon single bonds in their chemical structure. Palmitate synthesized de 

novo or those fatty acids that originate from the diet may be modified by elongation, desaturation, and 

hydrogenation. A system for the elongation of fatty acids by acetyl-CoA addition occurs in mitochondria; 

elongation reactions catalyzed by enzymes associated with the endoplasmatic reticulum, however, seem to be 

the principal system for fatty acid elongation. 

Although animals have enzyme to desaturate fatty acids, they cannot introduce a double bond beyond the No. 9. 

carbon of a long chain-fatty acid. As examples of desaturation, palmitoleate (C16:1) may be produced from 

palmitate (C16:0), and oleate (C18:1) may be synthesized from stearate ((C18:0). Each of these monoenoic fatty 

acids is a 9,10-unsaturated compound. A variety of unsaturated fatty acids can be formed from oleate by 

additional elongation and (or) desaturation reactions. Oleate gives rise to the omega-9 (n-9) series of unsaturated 

fatty acids. The designation omega-9 means that the ninth carbon from the methyl end of the fatty acid is a part 

of a double bond. Elongation and desaturation of two essential fatty acids, linoleate and linolenate, result in a 

variety of other polyunsaturated fatty acids (PUFA). The n-6 (omega-6) PUFA, such as arachidonate 

(C20:4∆5,8,11,14), are synthesized from linoleate. The n-3 (omega-3) PUFA such as C20:5∆5,8,11,14,17 and 

C22:6∆4,7,10,13,16,16,19 that are present in marine fish oils are synthesized from linolenate. An important 

function of these PUFA is to serve as a precursor of eicosanoids. In addition, PUFA are necessary constituents 

of a variety of structural lipids. 

Triacylglycerols (TG) are transported between tissues in lipoproteins and are stored as an energy reserve in 

adipose tissue. Most triacylglicerols synthesis occurs in adipocytes, liver, intestinal mucosa, and lactating 

mammary glands. Adipose tissue can use circulating FA from chylomicrons and lipoproteins for TG synthesis. 

Thus, the absorbed FA and hepatic fats can influence the fatty acid composition of depot fats. Extracellular 

lipoprotein lipase, formed by fat cells, induces the release of FA from lipoproteins. Adipose tissue cannot, 

however, effectively utilize free glycerol released, and it must be returned to the liver for gluconeogenesis or 

must be utilized in other tissue. As fat cells have low glycerokinase activity, they are dependent on the 

glycolytic pathways. Therefore, adipose cells require a concomitant supply of glucose to generate α-

glycerophosphate needed for esterification and for fat synthesis. This compound is a reduction product of 

dihydroxyacetone product in glycolysis. 

Mobilization of free fatty acids 

Mobilization of lipids from TG stores of adipose tissues occurs when the supply of carbohydrates is inadequate 

to meet body‟s basal energy needs or its increasing demand. Emergency situations that activate the 

sympathoadrenal system also lead to lipolysis. The key to the switch to lipolysis, or to the release of free fatty 

acids (FFA) from adipose tissue is hormone-sensitive lipase, a rate-limiting enzyme initiates the hydrolysis of 

TG upon activation by cyclic AMP (cAMP). The catecholamines (epinephrine, and norepinephrine) increase the 

formation of cAMP and activate lipolysis and mobilisation of FFA from adipose tissue. Glucagon, ACTH, 

somatotropin, and STH (growth hormone) have similar effects. In contrast, insulin counteracts cAMP formation 

and inhibits lipolysis. In the absence of insulin, marked mobilization of FFA occurs. After hydrolysis of TG, 

fatty acids released from adipose tissue form a complex with plasma albumin and carried via the blood to the 

liver and other organs. Events, such as those leading to energy deficiency, anxietry or discomfort, can result in 

rapid mobilization of FFA into the bloodstream. Rapid mobilization of FFA, like glucose, might be a part of the 

overall physiological response to situations that threaten homeostasis. 

Fatty liver or hepatic lipidosis 

Abnormal accumulation of fat in the parenchyma cells is a common response of the liver to injury or to 

metabolic stress. It occurs when the rate of triglyceride accumulation within the hepatic cells exceeds their rate 

of metabolic degradation and their release as lipoproteins. Despite a multiplicity of etiological factors that can 

contribute to the pathogenesis of fatty liver, the lipids that accumulate in the hepatocytes are predominantly 
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triglycerides. Fatty liver is seen in animals with high energy demands (e.g., peak lactation or late gestation), 

when more fat is mobilized from adipose tissue to the hepatocytes. Obese animals subjected to dietary 

restriction (anorexia in cats, postparturient stress in cows) also develop hepatic lipidosis. Diets deficient in 

choline also cause hepetic fat accumulation. It should be noted that choline is involved in methyl transfer 

reactions and phospholipid synthesis and also serves a precursor for acetylcholine synthesis. The basic 

pathogenic mechanism of all these appears to be blocked in the secretion of hepatic TG into the plasma. a 

characteristic feature is that the TG is both preceded and accomplished by decreasing concentrations of plasma 

TG and lipoproteins. 

In the early stages of fatty liver development, the fine lipid droplets often appear surrounded by a membrane that 

is continuous with that of the endoplasmatic reticulum. As the condition progress, the droplets grow in size and 

coalesce (Fig 8.4.). The small “liposomes” mature into giant liposomes composed largely of TG, and the 

formation of endoplasmatic reticulum is reduced. Defective synthesis or secretion of lipoproteins causes the TG 

to built up in the cistern of the endoplasmatic reticulum. 

Figure 8.4. Figure 8.4:. Slices of liver showing fatty accumulation (fatty liver) in a dairy 

cow; (A) macroscopic (B) microscopic histology (showing large lipid vacuoles) 

 

4. Self evaluation questions 

Why is chylomicron synthesis required for the absorption and transport of lipids? What are the main 

components of the chylomicron? How is the fatty acids transported by chylomicrons taken up by different (liver, 

muscle or adipose) cells? 

What are the main metabolic pathways for the synthesis of different groups of long chain fatty acids in animals? 

Why are polyunsaturated fatty acids (PUFA) important in the organism? 

What are the two major metabolic fates of long chain-fatty acids that have been mobilized to the liver? 

What is meant by lipolys, which hormones are involved in the regulation of this metabolic process in the 

adipose tissue? 
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Chapter 9. GASTRIC ABSORPTION 
AND INTERMEDIARY METABOLISM 
OF SHORT CHAIN (VOLATILE) FATTY 
ACIDS AND AMMONIA IN 
RUMINANTS 

1. Absorptive surface of the forestomachs in 
ruminants 

The rumen and reticulum together form the vessel in which the unpromising food material, invulnerable to 

attack by mammalian digestive enzymes, is reduced by process of microbial fermentation. Great amount of the 

simple products of these fermentation are assimilated (absorbed) directly from this part of the alimentary canal. 

The ruminoreticular mucosa is lined by a harsh stratified epithelium. The luminal surface of the rumen is lined 

with papillae (Fig. 9.1.) to increase its surface for efficient absorption of the water soluble metabolites of the 

fermentation. The ruminal papillae vary in prominence according to age, diet, and location. 

Figure 9.1. Figure 9.1.: Absorptive surface for short chain fatty acids (SCFA) in the 

rumen 

 

Normally they are largest and most densely strewn within the blind sacs, fewer and less prominent in the ventral 

sac, and least developed over the centre of the pillars. Individual papillae vary from low rounded elevations 

through conical and tongue-like forms to flattened leaves about 1cm long. The reticular mucosa has a distinctive 

pattern formed by ridges about 1 cm high that outline four-, five-, and six-sided “cells”. These ridges, and the 

cell floors between them, carry low papillae. 

The rugose nature of the ruminoreticular lining was formerly interpreted as an adaptation for the mechanical 

disruption of the macerating ingesta. Since it became known that short chain (volatile) fatty acids (SCFA) 

produced by microbial fermentation are absorbed in the rumen and reticulum it has been regarded as primarily a 

device to increase the epithelial surface. Papillary development is stimulated y these acids (especially butyric) 

by a very rich subepithelial capillary plexus, which transfer SCFA via portal circulatory system into the liver. 
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2. Short chain fatty acids 

The fermentative end products of all carbohydrates are mainly acetic, propionic, and butyric acids (Table 10.), 

with a significant increase in the proportion of propionic acid when starch-rich concentrates are fed. 

 

The fermentation of proteins yields these acids together with valeric acid (having a 5-carbon chain) and the 

branched SCFA (isoacids): isobutyric and isovaleric. These additional SCFAs account for less than 5 percent of 

the total. They are probably more valuable to the mivrobes for microbial protein synthesis using NPN than to the 

ruminant directly. 

Despite all three forstomach compartments having a squamous epithelial lining, most of the SCFA produced are 

absorbed across the forestomach wall. The SCFA are weak acids (pK 4.6), so that the Hendreson-Hasselbalch 

equation would give an anion/undissociated acid ratio of 100:1 at a typical rumen pH 6.6. For this reason 

individual SCFA are often referred to by the name of their anion. Absorption rates are higher (1) when ruminal 

pH is reduced, so that more of the compound is present as the undissociated acid, and (2) as the chain length 

increases, so that the rate of absorption for butyric acid is higher tfan that for propionic acid, which is higher 

than for acetic acid. About half of the SCFA absorbed by passive diffusion are in the undissociated state, and the 

remainder are absorbed as anions by facilitated diffusion, in exchange for bicarbonate ions (Fig. 9.2.). 

Figure 9.2. Figure 9.2:. Absorption of acetate through the rumen wall and its effect on 

CO2 és HCO3- concentrations in rumen content 

 

The granulosum cells of the forestomach contain carbonic anhydrase, which promotes the formation of carbonic 

acid. The latter associate with SCFA anions to form undissociated SCFA that can diffuse more easily across the 

epithelium, leaving bicarbonate ions in the ruminal fluid. This mechanism not only facilitates SCFA absorption 

but also reduces the ruminal acidity by exchanging the anions of stronger acids (SCFA) for those of a weaker 

acid (carbonic acid). About one-half of the SCFA produced are neutralised in this way; the remainder are 

neutralised by the salivary alkali. 

During absorption through the forstomach wall, most of butyric acid in sheep and rather less in cattle is 

metabolizes (oxidized) to the ketone body, β-hydroxy butyrate (β-OH Bu or 3OH Bu). The remaining butyric 

acid is carried to the liver and is metabolized similarly. Thus the absorbed butyric acid appears in the general 

circulation almost entirely as β-OH Bu. This keton body is readily metabolized by most tissues of the body and 

is used to provide the first 4 carbon units in the mammary synthesis of about half of the short- and medium-

chain-length fatty acids (fromC4 to C16) characteristic of ruminant milk. 

About 30 percent of the propionate is also metabolised by forstomach wall to form lactic acid. Therefore some 

of the lactic acid in portal venous blood originates as propionate in the rumen. The portal venous lactate and the 

remainder of the propionate are almost completely removed by the liver. Here, propionate is converted to 

oxaloacetate and, together with the lactic acid, converted to glucose, either for immediately release into the 

circulation or for storage in the liver as glycogen. Propionate is the most important SCFA capable of being used 

for gluconeogenesis through its conversion to oxaloacetate en rout to glucose. 
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A small amount of acetate is metabolized to CO2 by the forestomach wall, but the remainder is not changed 

during absorption or passage through the liver. Acetate, the most abundant SCFA in the general circulation and 

the ruminant‟s prime metabolic substrate, is taken up by most body tissues to form acetyl CoA, which reacts 

with oxaloacetate to form citrate for use in Krebs (citric acid) cycle. In the mammary gland it is also used in the 

synthesis of the short- and medium-length fatty acids. It is used for about one-half of the first 4 carbon units in 

each fatty acid (i.e., those not derived from β-OH Bu) and for all of the remaining carbon units in the chain up to 

C16. Acetate, similarly, is the main precursor in the synthesis of body fat in ruminants. This contrasts markedly 

with the situation in nonruminants, where the main precursors are glucose and long-chain fatty acids of dietary 

origin. 

Lactic acid 

Certain of the amylolytic bacteria produce lactic acid along with SCFA during the degradation of starch. 

Normally the lactic acid is present transiently and therefore only in low concentrations, as it is used by 

secondary bacteria to produce propionate. At low ruminal pH values, as may arise when there is an abrupt 

switch to starch-rich diets, the propionate bacteria, but not the amylololytic bacteria , are inactivated, so lactic 

acid in both D(-) and L(+) isomeric forms accumulates. Lactic acid (Fig 9.3.) is a stronger acid (pK 3.8) than the 

SCFA (pK 4.6) so ruminal pH tends to fall very quickly. Lactic acid is absorbed only 10 percent of the SCFA 

rate, and the more common L(+) isomer is metabolised faster by the liver to pyruvate en route to glucose and 

glycogen. Unmetabolized acid will cause a metabolic acidosis. 

Figure 9.3. Figure 9.3.: Structural formula and physical properties of lactic acid 

(MP=melting point, BP=boiling point, DST=density) 

 

3. Ammonia 

Ammonia (NH3) arises from the deamination of dietary proteins, from NPN and from urea derived both from 

saliva, and after diffusion across the forestomach wall, from the blood. Feeding up to 30 per cent total nitrogen 

as urea supplement is usually well tolerated. If adequate and suitable SCFA are present, and there is an ample 

supply of readily fermentable carbohydrate (starch) to meet the high energy needs of the microbes for protein 

synthesis, NH3 is incorporated into microbial protein. Failing that, it is absorbed, particularly if the ruminal pH 

is alkaline. The NH3 (now actually NH4+) must be removed from the portal blood and converted to urea at a 

not inconsiderable energy cost to the ruminant; otherwise ammonia toxicity may develop. 

Ammonia toxicity arises most commonly when excessive amounts of urea are fed, particularly at a time of low 

amylolytic fermentation. Occasionally toxicity may develop when animals graze young, high-protein pastures or 

suddenly change to high-protein concentrate feedstuffs. Ruminal urease rapidly deaminates urea to ammonia. In 

the presence of adequate amounts of intraruminal SCFA , as would occur after feeding starch-rich diets, the 

ammonia would be used in the synthesis of microbial proteins. With cellulolytic fermentation, (1) the SCFA rate 

is much lower, so there is less substrate to protein synthesis; (2) the rate of microbial growth and division is 

much slower, so that the rate of microbial protein synthesis is less; (3) the higher intraruminal pH values favour 

ruminal absorption of ammonia. The toxicity of ammonia arises after its absorption and due in small part to a 

systemic metabolic alkalosis and in large part to central nervous ammonia intoxication. Toxicity is countered by 

oral administration of SCFA and by feeding grain and molasses. These procedures reduce ammonia absorption 

by lowering ruminal acidity and increase ammonia utilization by promoting microbial protein synthesis. 

The increase in SCFA provides carbon skeletons for the new amino acids and the extra energy required for their 

synthesis. 

4. Relationships between short chain fatty acids and 
glucose in ruminants 
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In the diets of ruminants, the carbohydrate precursors of glucose are utilized by ruminoreticular microbial 

microorganisms in pathways that extended beyond glucose to the SCFA. Depending on diet composition, SCFA 

may contribute up to 80 percent of total energy needed by a ruminant. Because fermentation is usually 

extensive, a dairy cow, for example, usually has available for absorption from the small intestine less than 10 

percent of her daily glucose requirement and thus must rely extensively on gluconeogenesis to meet this glucose 

need. Some dietary ingredients that resist rumen degradation, such as maize (corn), can yield some glucose. The 

ruminant must supply most of its needed glucose by gluconeogenesis. It does this by using the absorbed nutrient 

propionate and the glucogenic metabolic products that can be recycled into glucose. These metabolites come 

from glycogenolysis (e.g., lactate), from amino acid degradation (e.g., alanine, glutamate), and from triglyceride 

hydrolysis (glycerol). 

Because so much of dietary energy is derived from SCFA rather than carbohydrates, ruminants have well-

developed pathways for utilizing acetate and β-hydroxy-butyrate for energy oxidation, synthesys and storage, as 

well as for gluconeogenesis from propionate and amino acids (Fig. 9.4.). The rate of such glucose formation 

rises as these end-products of digestion are absorbed after feeding. Plasma insulin concentration also increases 

after feeding, peaking about 4 hours after each feeding is commenced. Contrary, in the peripartal stage or in 

peak lactation, when the glucose turnover is very high in the metabolism, blood glucose often hit a low level. 

Preruminant calves and lambs show a more cyclical monogasric-type response. 

Figure 9.4. Figure 9. 4. Major metabolic pathways in the ruminant liver (Reece, 2009) 

 

5. Hypoglycemyc ketosis 

The adult ruminant‟s dependence on gluconeogenesis is accommodated mainly by the liver, with some help 

from the kidneys. Keton bodies (acetoacetate, β-hydroxybutyric acid, and acetone) arise (1) during absorption of 

SCFA via the rumen epithelium mainly as β-hydroxybutiric acid (BHB) formed during butyrate absorption in 

fed animals, and (2) by hepatic cell mitochondrial metabolism (Fig. 9.5.). The liver cannot further oxidize and 

metabolize ketone bodies once the coenzyme A is removed; however, other tissues (notably brain, skeletal and 

cardiac muscles) can reconvert acetoacetate to Co A and thereby use ketones for chemical energy generation. 

The liver is dependent on the ratio between the acetyl Co A production rate from β-oxidation of fatty acids and 

oxaloacetate production from the carboxylation of pyruvate. The oxaloacetate utilizes the Co A residues in the 

citric cycle. Diminished carbohydrate availability or utilization results in the accumulation of keton bodies 

beyond the capacity of extrahepatic tissues to utilize them. The resulting condition is called ketosis, or 

acetonemia. Acetone can be detected by the characteristic odour of this ketone on the breath. Accumulation of 

acetoacetic acid and β-hydroxybutiric acid brings metabolic acidosis and ketonuria. Starvation or diabetes leads 

to ketosis because of lack of available glucose and because of mobilization of triglycerides. 

Figure 9.5. Figure 9.5.: Synthesis of the common ketone bodies (acetoacetate, β-

hydroxybutyrate, acetone); Reece (2004) 
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Ruminants are uniquely susceptible, sheep during pregnancy, and cattle during heavy lactation. Ewes in late 

pregnancy with two or more foetuses have a high requirement for glucose and may develop severe 

hypoglycaemia (“twin lamb disease”, or ovine pregnancy toxaemia), high plasma free fatty acids (FFA), and 

ketosis. A period of starvation increases the risk of occurrence of this disease, because it may trigger a decrease 

in hepatic gluconeogenesis and hypoglycaemic crisis. 

Lactation ketosis in dairy cows that produce large quantity of milk is accompanied by hypoglycaemia and 

increased levels of FFA, acetate, and ketone bodies. Primary ketosis of metabolic origin usually occurs during 

the period of heaviest lactation, the first 6 weeks after calving, when the metabolic demand of milk production is 

greatest (the lactose in 40 kg of milk requires over 2 kg of glucose as a precursor). Secondary ketosis can occur 

in any disease or condition that causes a reduction in food intake or depresses gastrointestinal function. 

A feature of clinical ketosis is fatty liver, with accumulation of triglycerides. An extreme example of that is seen 

in the “fat cow syndrome”, which differs from classic ketosis in that hypoglycemia does not occur. It seems to 

be related to obesity in late pregnancy and postparturient metritis or mastitis. 

6. Self evaluation questions 

How is the surface area of the lining membrane increased in the rumen? What is the principal role of the blood 

vessels in a rumen papilla? 

How is each of the principal short chain fatty acids (SCFA) uniquely utilized following absorption? 

What are the origins and fate of rumen ammonia? 

Why is gluconeogenesis of continual importance in ruminant animals? What are the major gluconeogenic 

sources in the ruminants? 

What is the basic problem causing ketosis in the periparturient cow fed a high-grain diet? 



   

 53  
Created by XMLmind XSL-FO Converter. 

Chapter 10. CONTROL AND MAND 
MANIPULATION OF ANIMAL 
GROWTH 

1. Growth hormone and growth in meat producing 
animals 

The endocrine control of growth (here defined as skeletal growth and protein synthesis in muscle) involves the 

complex interaction of several hormones with nutrient supply, genetic potential and environment. Although 

many of these interactions are poorly defined, there little doubt that pituitary growth hormone (GH) is essential 

for the normal growth of young mammals. Since the 1930s, it has been known that hypophysectomy (removal of 

pituitary gland; Fig. 10.1.) caused rats to stop growing and lose considerable quantities of body protein but it 

was not until 1964, twenty years after the isolation of pure bovine growth hormone that Tindal and Yokoyama 

(1964) demonstrated a similar effect in a ruminant. In accordance with the earlier rat data, Vezinheit (1973) later 

showed that the growth rate of hypophysectomised lambs was restored to normal by daily injection of bovine 

growth hormone. 

Figure 10.1. Figure 10.1.: Hypophysectomy in twin calves at age d 21(Kemény, 1974). 

 

The active agent was named somatotropin (STH) after the Greek word for “growth”. Soon after the discovery 

that extracts prepared from homogenates of bovine pituitary glands could stimulate the growth of rats, the ability 

of such extracts to promote milk secretion in pseudopregnant rabbits and milk production in lactating goats were 

reported. 

GH (STH), like prolactin is a single–chain protein (Fig. 10.2.) and the proteins share about 50 percent structural 

homology. GH is also structurally similar between species, e. g., bovine GH is 192 amino acids (23,000 MW), 

but biologically activity within species is characteristically distant. As the name suggests, GH is closely 

associated with body growth. For example, soon after its characterization, it was hoped that bovine GH (bGH) 

might supply material to treat humans with impaired growth caused by hyposecretion of human GH (hGH). 

However, it was soon discovered that bGH had no effect in primates. Some human patients were ultimately 

treated with hGH derived from cadavers, but supplies were limited and unfortunately some samples contained 

agents (viruses and possibly prions) that that made them harmful. More wide-scale therapeutic use of GH in 

humans had to wait until recombinant hGH (see later) became available. 

Somatotropin (STH), or growth hormone (GH) depending on the tissue, can act directly or indirectly to 

coordinate biochemical adaptations that chronically after the metabolism of carbohydrates, lipids and proteins. 

Figure 10.2. Figure 10.2.: The amino acid sequence of bovine growth hormone (Wallis, 

1978). 
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Although generalization can be misleading, under most circumstances elevations in GH act to increase available 

nutrients by promoting mobilization of tissue stores with a wide range of biochemical processes. Some 

biological effects of growth hormone are listed as follows (Machlin, 1976): 

Processes stimulated by GH 

1. Cell division 

• Cell numbers in muscle, liver, spleen, mammary and other tissues 

• DNA polimerase activity 

2. Protein anabolism 

• N -retention 

• Amino acid uptake of cells 

• RNA polimerase activity 

• Messenger RNA elongation 

3. Lipidmetabolizmus 

• Fatty acid oxidation 

• Fatty acid release from adipose tissue 

4. Carbohydrate metabolism 

• Tissue glycogen deposition 

• Plasma glucose level 

• Pancreatic release of insulin in response to variety of stimuly 

• Peripheral insulin resistance (glucose intolerence) 
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5. Mineral metabolism 

• Calcium and phosphate deposition in bone 

• Ca-turnover 

• Retention of Na, K 

II., Processes inhibited by GH 

• Fat synthesis and fat cell size 

In summary, GH, either directly or indirectly, stimulates anabolic processes such as cell division, skeletal 

growth and protein synthesis (growth promoting activity) whilst increasing the oxidation of fat (lipopytic 

activity) and inhibiting the transport of glucose into body tissues (diabetogenic activity). GH tends to increase 

protein synthesis by promoting the uptake of amino acids while at the same time decreasing protein catabolism 

and promoting lipid mobilization. This acts to make fatty acids preferential fuel source. It was these properties 

of the hormone, coupled with the knowledge that circulating GH was increased during periods of food 

deprivation, which prompted Raben (1973) to conclude that primary physiological role of GH was to preserve 

body protein, particularly during periods of energy deficit, by inhibiting proteolysis and stimulating the 

incorporation of amino acids into muscle, whilst diverting glucose and fatty acids away from tissue depositions, 

thus making them available as alternative source of energy. 

Obviously it is the anabolic properties of GH, combined with the fact that the ruminant hormones are 

biologically inactive in humans which make it potentially attractive as a commercial growth promotant in farm 

animals. However, there is less unity over the question of whether the lipolytic and diabetogenic activities of the 

hormone constitute a problem in commercial context. Although the increasing availability of recombinant DNA-

derived bovine GH is changing situation, the previous scarcity of the pituitary hormone ensured that only a 

small number of experiments have reliably examined the effect of GH injections on the growth and carcass 

composition of farm animals. In nearly all cases there was an increase in the ratio of lean meat to body fat and 

an increase in the efficiency of food conversion, but any effect on total body weight gain has often been offset 

by a substantial reduction in adipose tissue. Thus, until a greater commercial emphasis is laid on the production 

of lean carcass, there is some validity in the argument that the lipolytic and diabetogenic activities of GH are 

undesirable and should be reduced relative to the growth-promoting activity of the hormone. At present the 

greatest potential for manipulating these activities lies in a better understanding of the mechanisms by which 

GH exerts its several metabolic actions. In particular more should be learned of the control mechanisms of the 

endogenous pituitary secretion, and the extent to which its anabolic activities are mediated by the 

somatomedines. 

Neuroendocrinology of GH (STH) secretion 

The secretion of GH in animals is not constant. Rather, it appears in peripheral blood as distinct episodes 

(spikes) with periodicities which vary from animal to animal (Fig. 10.3.). The physiological mechanisms 

responsible for this periodicity are not understood fully but are believed to involve a dual system of stimulatory 

and inhibitory inputs of hypothalamic origin. Extrahypothalamic peptides such as those from the gut and 

pancreas can also modulate GH secretion, but their relative contribution to neurophysiological control of GH 

secretion remains unclear. Although systemic hormones certainly contribute to the regulation of GH secretion, 

discussion in this section will be restricted to the actions of the hypothalamic stimulatory and inhibitory 

peptides. 

Figure 10.3. Figure 10.3.: The plasma GH profile of four young intact rams. Secretory 

episodes are seen in each profile (Davis et al., 1977) 
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As implied by its name, somatotropin (STH) or growth hormone (GH) is fundamental to somatic growth. GH is 

synthesized and secreted from the pituitary somatotrophs in response to GH releasing factor (GRF), whereas 

inhibition is imposed by GH release inhibiting factor (SRIF). GH is obvious interest because it is the hormonal 

link between the master gland (pituitary) and somatic growth. Perhaps more important, however, are the 

hormonal links between the central nervous system (CNS) and pituitary by the hypothalamic neuropeptides, 

GRF and SRIF. In concert with other hormones and coupled with somatic feedback (e.g., peripheral SRIF 

and/or the somatomedins), growth can occur normally under a centrally defined and orchestrated system of 

hormonal checks and balances. 

SRIF was found to be a dodecapeptide (consisting of 14 amino acids). Although this peptide concentrated in 

hypothalamic tissues and its role in the regulation of GH secretion seems implicit (Fig. 10.4.), SRIF is also 

found in other tissues (e.g., gut and pancreas) where it appears to have localized effects. Hypothalamic GRF was 

found to be a 44-residue amidate peptide in all species except for the rat whose GRF is characterized by a 43-

residue peptide existing in the free acid form. Minor species differences exist as a result of substitution in 

carboxyl terminal region of the molecule; nonetheless, these differences have little effect on the potency of GRF 

to induce GH release in cultured rat pituitary cells. Human GRF, for example, is effective in causing in vitro GH 

release in cattle. Studies in vivo and in vitro have shown the GH releasing activity of GRF to be dose-dependent 

(Fig. 10.5), antagonised in a non-competitive manner by SRIF and IGF (insulin like growth factor), and 

modified by other endocrine variables (e.g., steroids and sex condition). 

Figure 10.4. Figure 10.4.: Live weight gains in lambs immunized against somatostatin 

(SRIF) (Spencer, 1986). 

 

The actual mechanism(s) whereby GRF stimulates GH release is less known. Presumably, GRF acts through the 

membrane bound, adenylate cyclise-cAMP receptor system of pituitary somatotrophs, and on the external 

membrane of their GH secretory granules whereby it induces exocytosis by activating a phosphorylating kinase. 

Importantly, GRF-induced GH release is specific for GH release and is antagonized by the inhibiting factor 

SRIF. 

Figure 10.5. Figure 10.5.: Mean serum GH response of three lambs (45 kg) administered 

ovine GRF-
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In 1979, Goeddal et al. constructed the gene for methionyl human GH, using a synthetic strand of DNA 

(residues 1-23) and residues 24-191 prepared by restriction enzymes from the cDNA to the normal pituitary 

mRNA and incorporated it into a plasmid in E. coli from which quantities of recombinant DNA-derived human 

GH were obtained (Fig. 10.6.). 

Figure 10.6. Figure 10.6.: Construction of a recombined DNA-derived human growth 

hormone (Goeddel et al, 1979). 

 

The pharmaceutical industry was not slow to recognise that this technique provided a potentially limitless source 

of the relevant species-specific hormone to stimulate growth and lactation in farm animals, and several 

companies are pursuing research programmes in this area. The availability of recombinant DNA-derived bovine 

GH (rbGH;or rbSTH) enabled a comparison of the biological activities of a pituitary and genetically engineered 

hormones, which was relevant to some of the arguments surrounding the heterogeneity of bovine GH (bGH). 

Methionyl rbGH was equipotent with pituitary bGH in the dwarf mouse bioassay for growth prpmotion, and in 

the radioimmunoassay for ruminant GH. It was also intrinsically diabetogenic (insulin tolerance test in sheep) 

and lipolytic (raised plasma non-esterified fatty acids, FFA in sheep). However, unlike pituitary GH, the 

genetically-derived hormone was not lipolyic in vitro (glycerol release from rat epididymal fat) which suggested 

that the lipolytic activity of pure bGH may only be evident after either modification of the molecule in vivo or 

activation of a lipolytic intermediate. 

 

Although it is known that rbGH stimulates milk production in cows throughout a 27-week period (Eppan and 

Bauman, 1984), little is known of its ability to stimulate growth in ruminants. In a study conducted by growing 

lambs administration of rbGH or roGH (o=ovine, sheep) weight gain increased by 27-31 percent, and the feed 

conversion ration proved 20-20 percent better to control animals (Table 11.). 

Antibody-mediated enhancement of growth hormone activity 

The improvement of animal production by hormone-based means is coming under increasing pressure from the 

authorities and public. Although this view may be considered rather uniformed, particularly for the use of 

recombinant growth hormones (bGH; or pGH, p=porcine or pork) which do not promote growth in primates and 

have very short half-lives, it is clear that the perception “hormone free” meat becoming more desirable both 

from the public‟s stand-point and by those who wish to employ the image for marketing purposes. 

Immunological methods for the control of animal production and fertility have been researched for a long time; 

however, it is not until 1990s that the first autoimmunocastration vaccine has been available commercially. This 

product, which is essentially an antigenic formulation of the hypothalamically produced hormone LHRH 

(luteinizing hormone releasing hormone), causes animal to produce hormone-neutralizing antibodies with 

consequent inhibition or reversal of sexual maturity. Unlike hormone-based products for the management and 

improvement of animal production, the vaccination approach utilizes minute quantities, of often biologically 

inactive hormone. Indeed, the application of this approach to growth hormone or even to the prevention of 

animal diseases, only requires the employment of a small portion of the antigenic repertoire of the hormone, 

virus or bacterium. 

There are currently several immunological approaches to the improvement of GH-regulated animal production 

under investigation; one of these involves the induction of neutralizing anti-somatostatin antibodies with the 

view of increasing circulating GH levels. The binding of monoclonal antibodies (MAbs) of predetermined 

specificity to growth hormone can result in significant enhancement of the biological activity of the hormone in 
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vitro. The topographic region on GH associated with the enhancement phenomenon has been localized to two 

proximate sites on adjacent loop regions by extensive peptide synthesis sequences: 35-53 and 134-154 (Fig. 

10.7.). 

Figure 10.7. Figure 10.7.: Enhancement of bovine GH activity in dwarf mice by site 

directed antiserum. The growth response of hypopituitary dwarf mice to injected GH is 

associated with incorporation of 35-S labelled sulphate into costal cartilage (Aston et al., 

1991). 

 

The application of these preparations to improve animal production and lactation has required the demonstration 

of (i) autoimmunization of animals with short peptide fragments of GH and (ii) increased production variables 

following administration of particular antibodies. The later aspect has now been demonstrated in a number of 

animal models by the passive vaccination of animals with purified anti-peptide antisera or monoclonal 

antibodies. Production parameters affected in such experiments include growth rate, lipid metabolism, 

diabetogenic activity and lactation in ruminants. Monitoring the growth rate and other production variables of 

lambs vaccinated with sequence 134-154 indicates improved growth and total protein characteristics (Fig. 

10.8.). 

Figure 10.8. Figure 10.8.: Enhancement of total carcass protein in lambs following 

passive and active vaccination against region 134-154 of GH (STH); Astonet al.(1991). 

 

The somatomedin hypothesis 

The somatomedins or insulin-like growth factors are a family of circulating polypeptides derived from several 

body tissues, with a marked, but not absolute, dependence on plasma levels of GH. The primary function of GH 

is promoting of linear growth, but many of its growth promoting effect are indirect because of its ability to 

stimulate the liver to produce insulinlike growth factor-one (IGF-I). This is called the somatomedin hypothesis 

(Fig.10.9.). Initially, IGF-I and IGF-II were called somatomedines, to account for their relationship with GH. 

However, once structures of the molecules were delineated it became clear that the molecules were similar to 

insulin; hence the new name. Regardless, it is now certain that many actions originally attributed to GH are 

mediated by IGF-I. But it should not be forgotten that many tissue also expresses GH receptors. The liver is the 

primary source for IGF-I in circulation, but IGF-I is also produced locally in many tissues. It may by that locally 

produced IGF-I is as important as circulating IGF-I. 

Figure 10.9. Figure 10.9.:The somatomedin hypothesis. Relationships between secretion 

of pituitary GH and liver IGF-I are illustrated by the solid black arrows. Dashed red 

arrows indicate direct effects of GH, significance of local tissue production of IGF-I, 

and the role of IGF-I-binding proteins (IGFBP‟s) to control biological activity of IGF-I. 
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The importance of non-liver sources became clear from knockout mouse studies. In these experiments, genetic 

engineering techniques were used to block or knock out normal liver IGF-I synthesis. Despite this these animals 

exhibited essentially normal growth and development. This suggests that for many situations local production of 

IGF-I can replace and/or supplement circulating IGF-I supplied by the liver. Other complications include the 

discovery of a family of IGF-I binding proteins (IGFBPs). These molecules also appear in circulation and are 

produced locally in many tissues. Depending on conditions, these proteins can either inhibit or enhance 

biological effects associated with IGF-I. Some of these relationships are illustrated in Fig. 10.9.The black arrows 

illustrate the pathways associated with the “classic” somatomedin hypothesis, and the red dash arrows, illustrate 

more recent findings related to local production of IGF-I and IGFBPs. 

When pure IGF-I was infused, throughout a six-day period, into hypophysectomised rats , there was a dose-

dependent stimulation of body weight, tibial epiphyseal width and 3H-thymidine incorporation into costal 

cartilage DNA (Schoenle et al., 1982). The response was roughly equivalent to that obtained with GH itself. On 

a weight basis IGF-II was far less potent. Anabolic role of IGF-I was clearly demonstrated in the experiments of 

Hembree et al., (1991) In this study IGF-I stimulated total protein synthesis rate and decreased total protein 

degradation rate in porcine myotube (structural compound of muscles) cultures (Fig. 10.10.). 

Figure 10.10. Figure 10.10.: Effect of insulin and insulin-like growth factor (IGF) on 

protein synthesis in ovine embryonic myotub (structural compound of muscles) 

cultures; Hembree et al.(1991). 

 

2. Self evaluation questions 

What is the role of the pituitary gland in the growth and carcass composition of young animals? 

What is known about the chemical structure of somatotrop (growth) hormone (STH, GH), how is its secretion 

regulated by hypothalamus. How does this hormone regulate the metabolic processes in animals? 

What is meant by recombinant growth hormone? How can it be applied for the increase of the efficiency in 

animal production? 

What are somatomedines? How do they influence the metabolic effects of growth hormone? What are they role 

in the protein metabolism of skeletal muscles in growing animals? 
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Chapter 11. REGULATION OF 
REPRODUCTION IN MALE MAMMALS 

1. Endocrine control 

The discharge of gonadropin releasing hormone (GnRH) from hypothalamus int he male occurs in frequent, 

intermittent bursts that occur throughout the day and night. These burst of GnRH last for a few minutes and 

cause discharges of LH that follow almost immediately after the GnRH episode. The episodes of LH last from 

10 to 20 minutes and occur between 4 or more than 8 times every 24 hours. Concentrations of FSH are lower, 

but the pulses are of longer duration than LH (Fig. 11.1.) because of the relatively constant secretion of inhibin 

by the adult testis and the longer half-life of FSH. 

Figure 11.1. Figure 11.1: Relationships between GnRH, LH and FSH in Male (Senger, 

2003). GnRH causes the release of LH and FSH. Episodes of all three hormones occur 

between 4 and 8 times in 24 hours. The lower FSH profile, when compared to LH, is due 

to inhibin secretion by Sertoli cells. Also, the greater duration of the FSH episode is 

probably due to its longer half-life (100 min) when compared to LH (30 min). 

 

Luteinizing hormone (LH) acts on the Leydig cells within the testes. These cells, named after the German 

anatomist Franz von Leydig, are analogous to the cells of the theca internata of antral follicles in the ovary. 

They contain membrane bound receptors for LH. When Lh binds to the receptors, Leydig cells produce 

progesterone, most of which is converted to testosterone. Leydig cells synthesize and secrete testosterone less 

than 30 minutes after the onset of an LH episode. Blood LH is elevated for about 30 to 75 minutes. The response 

(testosterone secretion) is short and secretion is pulsatile, lasting for a period of 20 to about 60 minutes. 

It is believed that the pulsatile discharge of LH is important for two reasons. First, high concentrations of 

testosterone within the seminiferous tubule (Fig. 11.2.) are essential for spermatogenesis. Second, Leydig cells 

become refractory to sustained high levels of LH. In fact, continual high concentrations of LH result in reduced 

secretion of testosterone. 

Figure 11.2. Figure 11.2: Scanning electron micrograph of testicular parenchyma in 

stallion. Senger (2003). Seminiferous tubules (ST) containing developing germ cells (GS) 

are surrounded by basal membrane (BM). Flagella (F) from developing spermatids can 

be observed protruding into the lumen of some tubules. The interstitial compartment 

contains Leydig cells (LC), blood vessels (BV) and connective tissue (CT). 

 

From a physiologic perspective the term refractory means unresponsive, or not yielding to treatment. The 

refractory condition brought about by sustained high concentrations of LH is believed to be caused by a 

reduction in number of LH receptors in the Leydig cell. Thus, there is a marked reduction in testosterone 

secretion when LH remains high for a sustained period. Intratesticular levels of testosterone are 100-500 times 
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higher than that of systemic blood. However, testicular testosteroneis diluted over 500 times when it riches the 

peripheral blood. Dilution coupled with the relatively short half-life of testosterone keeps systemic 

concentrations well below that which would cause down-regulation of the GnRH/LH feed-back system. For 

example, if the LH pulses were long (hours), the Leydig cells would produce testosterone for hours rather than 

minutes. This would likely result in a metabolic failure to clear testosterone from the systemic blood and 

testosterone would exert sustained negative feed-back on the GnRH neurons in the hypothalamus. Such a 

sustained negative feed-back would eventually stop LH secretion and therefore stop testosterone secretion. 

Spermatogenesis therefore would not occur. The role of the pulsatile nature of testosterone is fully not 

understood. It is believed that chronically high systemic concentrations of testosterone suppress FSH secretion. 

Sertoli cell function is FSH dependent. Thus, their function is compromised when FSH is reduced. The periodic 

reduction in testosterone allows the negative feed-back on FSH to be removed (Fig. 11.3.). 

Figure 11.3. Figure 11.3: Interrelationships among hormones produced by Sertoli cells, 

Leydig cells, the hypothalamus and anterior lobe of pituitary. T = testosterone, E2 = 

estrogen, DHT = dihydrotestosterone (Senger, 2003). 

 

In addition to production of testosterone by the Leydig cells, the testes also produce estradiol (E2) and other 

estrogens. The stallion and the boar secrete large amounts of estrogens (both free and conjugated form). In fact, 

urinary estrogens in the male are significantly higher than urinary estrogens in pregnant mares and sows. These 

high concentrations of estrogens seem to be of little consequence, since they are secreted as molecules with low 

physiological activity. Sertoli cells convert testosterone to estradiol utilizing a mechanism identical to the 

granulosal cells of the antral follicle in the female. The exact role of estradiol in male reproduction is poorly 

understood, but there is little doubt that this hormone has a negative feedback role on the hypothalamus. 

Testosterone and estradiol in the blood act on the hypothalamus and exert a negative feed-back on the 

production on GnRH and, in turn, LH and FSH are reduced. Therefore, high concentrations of estradiol result in 

suppression of GnRH and LH discharges. In addition to converting testosterone to estradiol, Sertoli cells also 

produce inhibin, that as in the female, suppresses FSH secretion from the anterior lobe of the pituitary. The 

importance of inhibin and suppressed FSH release is not clear. 

2. Spermatogenesis 

Spermatogenesis is the process of producing spermatozoa taking place within the seminferous tubulus (See Fig. 

11.2.) and consists of the sum of all cellular transformation in developing germ cells that occur in the 

seminiferous epithelium. The process of spermatogenesis can be subdivided into three phases. The first phase, 

designated the proliferation phase, consists of all mitotic divisions of spermatogonia * each undergo mitotic 

divisions, generating a large number of B-spermatogonia. An important part of the proliferation phase is stem 

cellrenewal. Some spermatogonia revert back to a more primitive type of spermatogonia thus providing 

continual replacement (renewal) of stem cells from which new spermatogonia can be derived. The second or 

phase meiotic phase involves primary and secondary spermatocytes. During this phase, genetic diversity is 

guaranteed by DNA replication and crossing over. From genetic perspective no two sperm are identical. 

Conclusion of the meiotic phase (the second meiotic division) produces haploid (1N) spermatids. The third or 

final phase of spermatogenesis is the differentiation phase. This phase has commonly been referred to as 

“spermiogenesis” in reproductive physiology literature. During the differentiation phase, a soherical 

undifferentiated spermatid undergoes a remarkable transformation that results in the production of a fully 

differentiated highly specialised spermatozoon containing a head (nuclear material), a flagellum including a 

midpiece (with a mitochondrial helix) and a principal piece (Fig 11.4.). 
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The most immature germ cells (spermatogonia) are located at the periphery of a seminferous tubule near the 

basement membrane. As these germ cells proliferate and mature by move toward the lumen. Developing germ 

cells are connected by intercellular bridges. Groups of spermatogonia, spermatocytes or spermatidsare are 

connected by intercellular 

Figure 11.4. Figure 11.4: Comparison of the spermatozoa of farm animals and other 

vertebrates (Frandson et al., 2009) 

 

bridges, so that the cytoplasm of an entire cohort (groups of cells of the same type) is interconnected. The exact 

number of germ cells that are interconnected is not known, but might approach 50. The significance of these 

intercellular bridges is not fully understood. However, they do provide communication between cells and might 

contribute to synchronized development of a cohort. 

3. Release of spermatozoa into the lumen of 
seminiferous tubules 

Spermatozoa are released continually into the lumen of the seminiferous tubules. One of the major differences 

between gamete production in the female and the male is that female‟s gamete supply is produced entirely 

before birth. After puberty, she begins to produce oocytes that will undergo meiosis and ovulate every 3-4 

weeks. Thus, the maturation, meiosis and release of female gametes are pulsatile. In contrast, the male produces 

gametes continually throughout his reproductive lifespan. An exception to this is the seasonal breeder that 

produces spermatozoa during the breeding season only. Understanding the mechanisms responsible for the 

continual production of spermatozoa by the seminiferous epithelium represents a major challenge for students of 

reproductive physiology. 

Appreciating the spermatogenic process is necessary for a complete understanding of reproductive physiology. 

But the importance of this understanding goes beyond the academic. From a clinical perspective, evaluation of 

sperm numbers in the ejaculate does not always accurately reflect normal or abnormal spermatogenesis. 

Therefore, the fate of males being evaluated is often fraught with error and thus bad decisions are made. One 

needs to understand that there is a 2 to 4 week delay before the effects of deleterious events (heat, stress, 

shipping, fever, exposure to certain toxins) can be observed by monitoring changes in the ejaculate 

characteristics. Furthermore, 6 to 12 weeks are required before restoration of normal spermatogenesis can be 

accomplished after these events. Seasonal spermatogenesis requires that the germinal epithelium “turn-on” and 

“turn-off” as a function of environmental influences. More and more emphasis is being placed on 2saving and 

managing” endangered species. For these efforts to be successful the timing and sperm producing potential of 

the male must be understood so that sufficient male gametes are available for reproductive manipulation 

(artificial insemination, in vitro fertilization, etc.). 

The cycle of the seminiferous epithelium is the progress through a complete series of cellular associations 

(stages) at one location along a seminiferous tubule. The time required for this progression is the duration of the 

cycle of the seminiferous epithelium and is unique for each species. Within any given microscopic cross-section 

of a seminiferous tubule, one can observe four or five concentric “layers” of germ cells. Cells in each layer 

comprise a generation. A generation is a cohort of cells that develops as a synchronous group. Each generation 

of cells (each concentric layer) has a similar appearance and function. Cross-sections along the length of a 

seminiferous tubule will have a different appearance but the entire cross-section at a given location will usually 

appear similar. For example, while viewing cross-section I (stage I) in Figure 11.5, you will observe four 

generations of germ cells. Each generation will give rise to a succeeding, more advanced generation. Observe in 

Figure 11.5. that there is a generation of A-spermatogonia near the basement membrane in section of the tubule 

Stage I. Just above the A-spermatogonia is a young generation of primary spermatocytes. Above it lies a third 

generation consisting of more mature primary spermatocytes. Finally, near the lumen, is a fourth generation of 

cells. This generation consists of sperichal immature spermatids. Remember that the more immature cell types 
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are generally located near the basemant membrane and the more advanced cell types reside in the adluminal 

compartment. 

Figure 11.5. Figure 11.5: Associations of developing germ cells that represent various 

stages of the cycle of the seminiferous epithelium („gonia=spermatogonium, 1º 

cyte=primary spermatocyta, 2ºcyte=secondary spermatocyte, „Tid=immature 

spermatid, „Tid-m=mature spermatid). At any given cross-sectioned location along a 

seminiferous tubulus, one can observe different stages of the cycle of the seminiferous 

epithelium. In this example we can see three stages (I, IV, and VIII); (Senger, 2003). 

 

At one instance in time, three cross-sections at different locations along the seminiferous tubule show different 

generations of cells. Cells in each section are actively engaged in spermatogenesis, but only one cross-section 

(VIII) is ready to release spermatozoa into the lumen. Thus, along the length of any seminiferous tubule there 

are only certain zones (cross sections) where spermatozoa are released each second. All other zones or stages 

are preparing to release spermatozoa, but the cells in those zones have not reached the appropriate stage of 

maturity for spermiation to occur. 

Lifespan of cells and duration of the cycle 

The entire progression of one cycle of the seminiferous epithelium from stage I through stage VIII requires 13.5 

days in the bull, 10.1 in the ram, 8.3 in the boar 12.2 in the stallion and 11.0 in the rabbit. After spermiation (end 

of stage VIII), the cross section you were observing would again have the same cellular association at it did on 

the day started watching (stage I). Thus, one cycle of the seminiferous epithelium would have been completed. 

The complete process of spermatogenesis from A-spermatogo to formation of fully differentiated spermatozoa 

takes 61 days in the bull (47 days in the ram, 39 days in the boar 55 days in the stallion and 48 days in the 

rabbit). During the 61 days, cells at a given area of the seminiferous epithelium proceed through 4.5 cycles of 

the seminiferous epithelium (in bull: 13.5 days/cycle X 4.5 cycles = 61 days). This process is analogous to a 

traditional university (Figure 11.6.). Every year a new class of freshmen enters the university in the fall. These 

freshmen are analogous to committed A-spermatogonia entering the spermatogenic pathway. The freshmen (A-

spermatogonia) undergo noticeable changes during the first year, and after one year they become sophomores. 

Sophomores are analogue to primary spermatocytes. The sophomores (primary spermatocytes) also undergo 

maturational changes and become juniors (secondary spermatocytes; although they actually are short-lived). 

Finally, they become seniors (spermatids) and graduate after four years. 

Figure 11.6. Figure 11.6.: The cycle of seminiferous epithelium is analogue to a 

university (Senger, 2003). 

 

4. Daily sperm production 

Daily sperm production (DSP) is defined as the total number of a spermatozoa produced per day by both 

testicles of the mail. Accurate measurement of DSPA requires removal of all or a portion of the testicle and thus, 
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DSP cannot be measured using noninvasive techniques. However, noninvasive measures such as total number of 

spermatozoa ejaculated into an artificial vagina with daily ejaculations for 2-3 weeks gives a good estimate of 

DSPA. Interspecies variation in testicular weight, sperm production per gram of testicular parenchyma and daily 

sperm production is presented in Table 12. The number of spermatozoa produced per day per gram of testicular 

parenchyma is referred to as efficiency of sperm production. 

 

Daily sperm production is dependent, at least in part, on the number of Sertoli cells populating the testes. For 

example, the higher the number of Sertoli cells, the higher the spermatozoa production rates. Numbers of Sertoli 

cells also have been positively correlated with spermatogonial and spermatid numbers. The exact reason that 

Sertoli cells control spermatozoa production rates is not understood. 

5. Testicular size 

Testicular size is a good estimator of sperm producing ability of a male. To determine a given male‟s sperm 

producing capability, it is necessary to collect ejaculates from the animal for a period of time. This enables one 

to accurately estimate how many spermatozoa the animal can produce per unit time. If collection of semen is not 

possible, a good estimate of sperm producing capability can be made by measuring the circumference of both 

testicles. The greater the testicular circumference, the greater the sperm production capability, in other words, 

“the bigger the factory, the greater the output. Because of the non-pendular scrotum in the boar and stallion, 

scrotal width or length is used as the measurement. 

6. Spermatozoal viability 

Spermatozoal viability is judged by evaluating motility. Even though a male can produce large quantities of 

spermatozoa, it is important that these sperm are alive and highly motile. Motility is generally described as the 

ability of sperm to swim progressively forward. Motility is the most commonly used assessment of viability. It 

is expressed as an estimate of the percentage of sperm that are swimming in a linear fashion within a given 

environment as determined microscopically. Unfortunately, the relationship between percentage of motile sperm 

and fertility is not a good one. However, if few spermatozoa within a series of ejaculates are motile, the 

assumption can be made correctly that sperm in the ejaculate are not alive and therefore cannot fertilize the egg. 

There are many ways to tell if a spermatozoon is alive. These include oxygen consumption, exclusion of certain 

dyes by plasma membrane (live-dead stains) and examination by flow cytometry. However, the simplest and 

common is to determine if a cell moves forward in a progressive manner (motile) when examined at 37ºC. 

Evaluating motility at temperatures below 37 ºC is not a good practice because motility stops at about 18 ºC. 
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The use of a phase-contrast microscope and a heated stage is the most practical way to evaluate motility of 

sperm. Decisions about motility should never be based solely on one ejaculate. 

Abnormal spermatozoa 

There are many types of abnormal spermatozoa. As you might imagine, a process that potentially produces up to 

20 billion sperm per day (over 200,000 per second) will have errors. These errors are expressed as abnormal 

spermatozoa some of which can be detected on the basis of abnormal shape. Morphologically abnormal sperm 

can be defined as any shape characteristic deviating from normal. Every ejaculate will contain between 5 and 

15% abnormal sperm and these levels are generally considered acceptable. Reduced fertility may result when 

morphologically abnormal sperm exceed 20% of sperm in the ejaculate. Some morphologic abnormalities have 

a severe effect on fertility while others have little or no effect. In general, morphologic abnormalities either 

originate in the testes because of faulty differentiation or in the epididymis because of faulty epididymal transit 

and/or maturation. The latter is resulted in the presence of cytoplasmic droplets. Morphologically abnormal 

sperm of testicular origin are generally classified as either head abnormalities or tail abnormalities. 

7. Ejaculation 

Ejaculation is defined as the reflex expulsion of spermatozoa and seminal plasma from the male reproductive 

tract. The basic mechanism for ejaculation of semen is quite similar among mammals. Expulsion of semen is the 

result of sensory stimulation, primarily to the glans penis that causes a series of coordinated muscular 

contractions. Once intromission has been achieved, reflex impulses are initiated. These neural impulses are 

derived mainly from sensory nerves in the glans penis. Upon threshold stimulation, impulses are transmitted 

from the glans penis by way of the internal pudendal nerve to the lumbosacral region of the spinal cord. The 

sensory impulses result in firing of nerves in the spinal cord and the forcing of semen into the urethra is 

accomplished by nerves in the hypogastric plexus that target muscles. 

Of primary importance for ejaculation are the urethralis muscle (that surrounds the pelvic urethra), the 

ischiocavernosus and the bulbospongiosus muscles. Following ejaculation, all males experience a refractory 

period before a second ejaculation can occur. The length of time of this refractory period depends on several 

factors. These factors are: degree of sexual rest period of copulation, age of the male, species of the male, degree 

of female novelty and number of previous ejaculations. The postcopulatory refractory period is sometimes 

erroneously referred to as sexual exhaustion. The refractory period should be considered as part of satiation 

rather than exhaustion. With natural service, it is quite normal for a male to copulate repeatedly with the same 

female. For example, a stallion will breed a mare in heat 5 to 10 times during one estrus period. Rams are noted 

to remate with the same ewe 4 to 5 times. Bulls also remate with estrous cows repeatedly. In fact, it has been 

noted in most species that if more than one female is in heat at the same time, some males will generally 

copulate preferentially with one and sometimes will not copulate with a second female. Boars normally serve 

shows several times over a period of 1 to 2 days. Sexual satiation refers to a condition in which further stimuli 

will not cause immediate responsiveness or motivation under a given set of stimulus condition. Restimulation 

may occur after the refractory period. Figure 11.7. compares the normal number of ejaculations to satiety and 

the number of ejaculations to exhaustion among species. Exhaustion is the condition whereby no further sexual 

behaviour can be induced even if sufficient stimuli are present. As it can be seen from Fig. 11.7., there is a large 

variation in the behavioural reserves (the behavioural capacity, or libido) among species. 

Figure 11.7. Figure 11.7: Characteristics of copulation, site of seminal deposition and 

number of ejaculations to satiation and exhaustion in the ram, bull, stallion and boar 

(Senger, 2003). 
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There is also a large variation in libido within species. For example, beef bulls have significantly lower 

behavioural reserves than dairy bulls. While the factors that control the degree of reproductive behaviour among 

males are poorly understood, they are almost certainly governed by genetic factors as well as environmental 

factors. 

8. Reproductive behaviour 

Reproductive behaviour is controlled by the central nervous system. Reproductive behaviour can take place only 

if the neurons in the hypothalamus have been sensitized to respond to sensory signals. Testosterone in the male 

is aromatized to estradiol in the brain and estradiol promotes reproductive behaviour. Recall that testosterone is 

produced in small episodes every 4 to 6 hours. Therefore, there is a relatively constant supply of testosterone 

and thus estradiol, to the hypothalamus in the male. This allows the male to initiate reproductive behaviour any 

time. In contrast, the female experiences high estradiol during the follicular phase only and will display sexual 

receptivity during estrus only. Under the influence of estrogen, sensory inputs such as olfaction, audition, vision 

and tactility send neural messages to the hypothalamus. These sensory inputs cause neurons in the hypothalamus 

to release behaviour specific peptides that serve as neurotransmitters. The midbrain translates neuropeptide 

signals into a fast behavioural response. The primary sensory inputs for reproductive behaviour are olfaction, 

audition, vision and tactility. The degree to which these sensory inputs influence reproductive behaviour, 

particularly precopulatory behaviour, varies significantly among species. 
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9. Role of olfactory and vomeronasal system in 
reproductive behaviour 

Secretions from the female reproductive tract serve sexually stimulate and attract the male to the female. 

Vaginal and urinary secretions from females in estrus smell different to the male than secretions from females 

not in estrus. There is good scientific evidence that females produce pheromonal substances that are identifiable 

both within species and among species. Pheromone is a volatile substance secreted or released to the outside of 

the body and perceived by the olfactory system and/or activated by the vomeronasal organ (Fig. 1.8.). Releasing 

pheromones can cause species behaviour in the recipient. 

Pheromones can also be priming pheromones that have physiological rather than behavioural effects on the 

recipient. Males also produce sex pheromones that attract and stimulate females. Among food producing 

animals, the best documentation for a male sex pheromone is in swine. Boars produce specific substances that 

cause sows and gilts to become sexually aroused when they are in estrus. Two sexual attractants are produced by 

boars. One of these attractants is a preputial pouch secretion. The second pheromonal-like substance is present 

in saliva secreted by the submaxillary salivary glands. During sexual excitement and precopulatory interactions, 

the boar produces copious quantities of foamy saliva. The active components in saliva are the androgen 

metabolites 3α-androstenol and 5α-androstenone. Both compounds have a musk-like odour. 

It has been demonstrated that dogs have the ability to identify cows in estrus by olfactory discrimination. In 

addition, rats can be trained to press a lever in response to air bubbled through urine from cows in estrus. Rats 

did not press the lever when air was bubbled through urine from nonpregnant cows. Clearly, urine from cows in 

estrus contains a material that can be identified by olfaction by other species (dogs and rats). 

Figure 11.8. Figure1.8. : Flehmen response in the stallion and bull and the vomeronasal 

pathway (Senger. 2003) 

 

Some pheromones appear to be less volatile and need to be detected by the vomeronasal organ in the bull, ram, 

stallion and to some extent, the boar. The male needs to closely approach the source of pheromones and he will 

nuzzle the genital region of the female. The vomeronasal organ is an accessory olfactory organ. It is connected 

to two small openings in the anterior roof of the mouth just behind the upper lip. Fluid-borne, less volatile 

chemicals can enter the vomeronasal organ through the oral cavity by means of nasopalatine ducts. Many 

species, such as bulls, rams and stallions, perform a special investigative maneuver when in close proximity to a 

female. Vaginal secretions and urine evoke an investigative behaviour known as the flehmen response. Flehmen 

behaviour is characterized by head elevation and curling of upper lip (Fig. 1.8.). Curling of the upper lip closes 

the nostrils and allows a negative pressure to form in the nasopalatine duct. Thus, less volatile materials (like 

mucus and urine) can be aspirated through the duct into the vomeronasal organ where they can be “evaluated” 

by sensory neurons in the organ. 

10. Self evaluation questions 

What are some major differences in hormonal regulation of reproductive processes and germ cell production 

between male and female animals? 

Define spermatogenesis. What cells make up the seminiferous epithelium ? Why is the cycle of seminiferous 

epithelium analogue to a university graduation? Describe the function of the Sertoli cells. 

List some effects of testosterone that are apparent when observing certain mammals. 
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What are some of the semen parameters that are commonly used for predicting potential fertility? 

Give some examples of pheromones that assist in the male‟s role in reproduction. 
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Chapter 12. REGULATION OF 
REPRODUCTION IN FEMALE 
MAMMALS 

1. Reproductive cyclicity 

After puberty, the female enters a period of reproductive cyclicity that continues throughout most of her life. 

This provides females with repeated opportunities to become pregnant. The two types of reproductive cycles are 

the estrous cycle and the diestrus (menstrual cycle). 

ESTRUS CYCLES 

Estrous cycles consist of a series of predictable reproductive events at estrus (heat) and ending the subsequent 

estrus. They continue throughout the adult female‟s life and are interrupted by pregnancy, nursing and by season 

of the year in some species. Cyclicity may also cease if nutrition is inadequate or environmental conditions are 

unusually stressful. Pathologic conditions of the reproductive tract or a mummified fetus may also cause 

anestrus (a period when cyclicity stops). Estrous cycles provide females with repeated opportunities to copulate 

and become pregnant. Sexual receptivity and copulation are the primary behavioural events that occur during 

estrus. Copulation generally occurs early in the estrous cyclr and takes place prior to ovulation. If conception 

(pregnancy) does not occur, another estrous cycle begins, providing the female with another opportunity to mate 

and conceive. When conception does occur, the female enters a period of anestrus that ends after parturition 

(giving birth), uterine involution (acquisition of normal uterine size and function) and lactation. 

Estrus cycles are categorised according to the frequency of occurrence through the year. These classifications 

are polyestrus, seasonal polyestrus and monoestrus (Fig. 12.1.). Polyestrous females, such as cattle, swine and 

rodents, are characterised as having a uniform distribution of estrous cycles that occur regularly throughout the 

entire year. Polyestrous females can become pregnant throughout the year without regard to season. Seasonally 

polyestrous females (sheep, goats, mares, deer and elk) display “clusters” of estrous cycles that occur only 

during a certain season of the year. For example, sheep and goats are short-day breeders because they begin to 

cycle as day length decreases (autumn). 

Figure 12.1. Figure 12.1.: Types of estrous cycles as reflected by annual estradiol E2 

profiles (Senger, 2003). 

 

In contrast, the mare is a long-day breeder because she initiates cyclicity as day length increases in spring. 

Monoestrous females are defined as having only one cycle per year. Dogs, wolves, foxes and bears are animals 

that are characterized as having a single estrous cycle per year. Domestic canids typically have three estrous 

cycles every two years but they are generally classified as monoestrus. In general, monoestrous females have 

periods of estrus that last for several days. Such a prolonged period of estrus increases the probability that 

mating and pregnancy can occur. 

2. Phases of the estrous cycle 
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The basic pattern of the estrous cycle is the same in all domestic animals, but some specific differences are 

found in specific parts of the cycle. Some specifics about relevant farm species are summarized in Table 13. 

 

The estrous cycle (Fig. 12.2.) may be divided into several phases based on behaviour changes or structural 

changes in internal and external genitalia. 

Proestrus 

The first phase (proestrus) of the estrous cycle is the building-up phase. During this phase the ovarian follicle 

(under the influence of FSH and LH) enlarges and begins to secrete estrogens. In polyestrous species, proestrus 

usually begins within a day or two of regression of the corpus luteum from the previous cycle. Estrogenes 

absorbed from the follicles into the blood stimulate increases in vascularity and cell growth of the tubular 

genitalia in preparation for estrus and pregnancy. Late in proestrus the vaginal wall thickness, and the external 

genitalia may increase in vascularity (e.g., swelling, and redness) in preparation for copulation. In some species, 

the vulva may discharge mucus late in proestrus. 

Estrus 

Estrus , the period of sexual receptivity, is primarily initiated by the elevation in estrogens from mature follicles 

just prior to ovulation. In most domestic species, ovulation occurs within a day or two after the onset of 

behavioural estrus, which is about the end of behavioural estrus. Progesterone from preovulatory follicles, 

developing corpora lutea, or corpora lutea from previous cycles also promotes behaviours estrus in some 

species. 

Proestrus and estrus together comprise the follicular phase of the reproductive cycle. 

Metestrus 

The end of sexual receptivity marks the beginning of metestrus, the postovulatory phase dominated by corpus 

luteum function. During this period, serum estrogens decrease and progesterone increases. A fully developed 

corpus luteum has a notable influence on the uterus. 

Figure 12.2. Fig 12.2.: Stages of estrous cycle (E2: estradiol); Senger (2003) 

 

The endometrial lining of the uterus thickens; uterine glands enlarge; and uterine muscles show increased 

development. The external genitalia return to their state before estrus as plasma estrogens decrease. 

Diestrus and anestrus 

Polyestrous animals have a short period of inactivity before the proestrus phase of the next cycle. This is 

diestrus. Animals with long periods between cycles or polyestrous animals that stop cycling (e.g., due to change 

in season) enter a long period of inactivity termed anestrus. For example, sheep have a short diestrus while 
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cycling during a breeding season but enter anestrus if pregnancy is not established during the breeding season. 

During anestrus the uterine tubes, and vagina shrink, and remain small until the next breeding season. 

Puberty 

Puberty in female animals can be defined as the first estrus accompanied by ovulation. The endocrine basis for 

puberty in females is the development of the hypothalamic mechanisms responsible for GnRH release. The 

adenohypophysis is capable of releasing FSH and LH before GnRH becomes available to stimulate their release. 

Great variations in the timing of puberty can be found within a single species, depending on climate, level of 

nutrition, and heredity. 

OOGENESIS 

In the fetus, primordial germ cells migrate from the yolk sac to the developing ovaries, where a single layer of 

follicular cells surrounds a germ cell destined to become an ovum. The central germ cell (now termed an 

oogonium) enlarges and begins meiosis. (Recall that meiosis entails two cell divisions during which the diploid 

number of chromosomes is reduced by half to the haploid number.) The oogonium does not complete meiosis; it 

stops in the first prophase before the first division. At this stage, the developing ovum is a primary oocyt, and 

the combination of a primary oocyte and its surrounding cuboidal follicular cell (granulos cell) layer is a 

primary follicle (Fig.12. 3). At birth, the ovaries of most domestic species contain hundreds of thousands of 

primary follicles waiting to continue their development. What determines which of the thousands of primary 

follicles is selected to develop further during a specific estrous cycle is unknown. In contrast to 

spermatogenesis, which produces four spermatozoa from each primary germ cells, the maturation of the primary 

oocyte results in only one mature ovum and three rudimentary cells, called polar bodies. In most animals, the 

first of the two meiotic divisions is complete, resulting in the formation of the first polar body, before or 

immediately after ovulation (the discharge of an oocyte from a follicle). 

Secondary follicles 

In all animals, multiple primary follicles typically begin further development during a single estrous cycle. In 

monotocous animals (animals not bearing litters and normally having only one offspring per gestation, such as 

the mare and cow), one follicle usually develops more 

Figure 12.3. Figure 12.3: Development of an ovarian follicle from its primordial form to 

a Graafian follicle (Reece, 2009) 
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rapidly than others, and only one ovum is released at ovulation. The rest of the developing follicles regress and 

form atretic follicles. Polytocous animals, such as carnivores and swine, which normally produce two or more 

offspring per gestation, usually have several follicles that develop and ovulate at approximately the same time. 

The ova may all come from one ovary, or some may come from each ovary. 

The further development of primary follicles includes enlargement of the oocyte and replication of the 

surrounding follicular cells. The replicating follicular cells become several layers thick, and this surrounding 

group of cells is a granulosa. The granulose cells secrete glycoproteins that cross-link to form a protective shell, 

the zona pellucid, around the oocyte (Fig. 12.3). cytoplasmic process processes of granulose cells penetrate the 

zona to permit communication and exchange between them and the oocyte. The initial development to this point 

is independent of hormonal stimulation by gonadotrophins (follicle-stimulating hormone [FSH] and luteinizing 

hormone [LH]; Fig. 12.4.). 

The developing follicle is termed a secondary follicle when the oocyte has enlarged and is surrounded by a 

developing granulose. A theca, consisting of layers of cells immediately surrounding the granulosa, also first 

develops late during the secondary follicle stage. 

Figure 12.4. Figure 12.4.: Hormone patterns during estrus in mare McKinnon et al. 

(2011) 

 

3. Hormonal control and follicular development 

It is important to recognise that the follicular phase is initiated after luteolysis that results in a marked reduction 

in progesterone. Therefore, the negative feed-back by progesterone on the hypothalamus is removed and GnRH 

is realised at higher amplitudes and frequencies that during the preceding luteal phase. At first, it causes FSH 

and LH to be released at higher concentrations, thus promoting follicular development and the production of 

estrogens. Later in the follicular phase, FSH secretion declines. 

The follicular phase is governed by the hypothalamus, the anterior lobe of pituitary and ovary through the 

production of estradiol (E2) in the absence of progesterone. The relationships between these components are 

illustrated in Fig. 12.5. 

Figure 12.5. Fig. 12.5:. Rrelationships between the hypothalamus, the pituitary, and the 

ovary during the follicular phase (Senger, 2003). AL=Anterior Lobe, E2=Estradiol, 

OC= Optic Ciasma, PL=posterior Lobe 

 

(rate of firing) in the tonic centre. Thus, as with many neutrally controlled hormonal profiles, this pattern is 

referred to as an episodic profile. In contrast, another hypothalamic centre known as the surge centre (also called 

the “preovulatory centre) is responsible for the preovulatory release of GnRH that stimulates a surge of LH, 

causing ovulation. Surge centre stimulus is known to be a threshold level of estrogen in the absence of 

progesterone. When the estrogen concentration in the blood reaches a certain level, a large quantity of GnRH is 
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released from the terminals of neurons, the cell bodies of which are located in the surge centre. In natural 

conditions, the preovulatory surge of GnRH occurs only once during the estrous cycle. However, tonic release 

of GnRH occurs from these neurons during the entire estrous cycle. 

The release of GnRH by the tonic and preovulatory centres in the hypothalamus may be compared to water 

faucets. Tonic (basal) release is analogous to a leaky faucet (See Fig. 12.6.) from which small quantities of 

water drip from the faucet over a relative long period of time. In contrast, release of GnRH from the 

preovulatory centre is analogues to opening a faucet fully for a short period of time and then suddenly turning it 

off. Water gushes forth and then stops. a threshold level of estrogen (without progesterone) is necessary to open 

the faucet fully. 

Figure 12.6. Figure 12.6: GnRH release from the hypothalamic and surge centre 

(Senger, 2003) 

 

Surge centre is sensitive to positive feed-back and realising high amplitude, high frequency pulses of GnRH 

(like a gushing wide-opened faucet) in a relatively short period after estrogen reaches a threserhold level.Tonic 

center release small episodes of GnRH in a pulsatile fashion similar to a dripping faucet.This episodic release is 

continues throughout reproductive life. 

The release of GnRH from tonic centre neurons occurs spontaneously in a rhythmic fashion. In fact, small 

GnRH episodes occur every 1.5 to 2.0 hours during the follicular phase. During the luteal phase episodes of 

GnRH occur every 4 to 8 hours. Neural secretion of GnRH is very low (5pg/ml of blood stream) an d thus, low 

amplitude pulses of LH are released. 

The preovulatory surge of GnRH is controlled by the combination of high estradiol and low progesterone. In 

mammals (including humans), estradiol in the presence of low progesterone exerts a differential effect of GnRH. 

For example, estradiol in low concentrations causes negative feed-back (suppression) on the preovulatory 

centre. That is, low estrogen reduces the level of firing GnRH neurons in the preovulatory centre. However, 

when estradiol levels are high, as they would be during the mid-to late follicular phase, the preovulatory centre 

responds dramatically by releasing large quantities of GnRH. This stimulation in response to rising 

concentrations of estradiol is referred to as positive feed-back. 

The granulose and theca of secondary follicoles develop cellular receptors for FSH and LH, respectively, and 

become responsive to theses hormones. From this point, the coordinated effects of FSH and LH are both needed 

for normal follicular development. Under the influence of LH, thecal cells proliferate and produce androgens 

(androstenedione and testosterone) that diffuse into the granulose. FSH promotes further granulosa cell 

proliferation, the development of cellular enzymes necessary for the conversion of androgens to estrogens 

(estradiol), and the secretion of several other paracrine agents necessary for follicular development. The cellular 

secretions accumulate among the granulose cells, and ultimately a fluid-filled cavity (antrum) can be identified. 

The developing follicles are tertiary follicles (also known as vesicular or Graafian follicles when an antrum can 

be identified among the granulose cells. Theca surrounding tertiary follicles have two layers, the theca externa 

and theca interna. The internal layer is highly vascular and contains thecal cells with cellular characterictics of 

steroid–producing cells (Fig. 12.7.). The theca externa primary consists of connective tissue. 

Estrogens from developing follicles are also necessary to prepare the follicles and the hypothalamic-

adenohypophyseal axis for ovulation. Within the ovary, estrogens promote an increase in LH receptors in thecal 

cells so that these cells increase their production of androgens and appropriately respond to LH at the time of 

ovulation. Circulating estrogens promote an increase in LH within the adenohypophysis and condition the 
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hypothalamic-adenohypophyseal axis so that the short-term large release (termed LH surge; Fig. 12.9.) 

necessary for ovulation can be delivered. 

Figure 12.7. Figure 12.7.: The “two cell,2- gonadrothropin model” (Senger 2003). 

Arrows indicate the stimulatory effects of E2 on physiological functions 

 

Non-litter bearing animals typically have one or two follicles per estrous cycle that develop faster and grow 

larger than the rest. These are dominant follicles In primates there is typically only one dominant follicle per 

estrous cycle, and it provides the ovum. The development of the dominant follicle is accelerated after the corpus 

luteum (discussed later) from the previous estrous cycle has regressed (luteolysis). The phase of the estrous 

cycle in primates during which there is no corpus luteum and the dominant follicle is developing is the follicular 
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phase of the estrous cycle. The luteal phase is the part of the cycle during which a corpus luteum is intact and 

secreting progesterone. Formation of a corpus luteum and its function are discussed later in the capter. 

In domestic animals that typically have only one or two offspring per pregnancy, large dominant follicle may 

develop while a corpus luteum remains intact. These dominant follicles may or may not ovulate. Mature 

follicles that do not ovulate undergo atresia if a corpus luteum remains intact. At that point, another dominant 

follicle begins to develop rapidly so that ovulation can occur soon after luteolysis. Because dominant follicles 

may develop while a corpus luteum remains intact, the estrous cycles of large domestic animals are considered 

to have overlapping follicular and luteal phases. 

Major effects of estrogen on the reproductive tract and reproductive behaviour 

The primary target for estrogen is the reproductive tissue. The mucosa epithelium of the female tract responds 

dramatically to estrogens depending on the specific organ within the tract. In the vagina (particularly the caudal 

vagina) the mucosa increases in thickness in response to estradiol. Stage of the estrous cycle in some species 

(dog, cat, rodents) can be diagnosed by performing vaginal lavage by flushing fluid back-and-forth within the 

vagina and then removing a portion of the fluid. 

The cervix and cranial vagina respond to estradiol by producing mucus. This mucus mucus serves to:1) lubricate 

the vagina and cervix in preparation for copulation; 2) flush foreign material such as bacteria out of the tract 

following copulation and 3) in the cow, low viscosity mucus provides “privileged pathways” for spermatozoa to 

traverse the cervix and to enter the uterus. The uterus responds to estradiol by proestrual development of the 

uterine glands. Uterine glands originate from the luminal epithelium and penetrate into the submucosa of the 

endometrium. The secretion of estradiol by the dominant follicle brings about this initiation of glandular growth. 

Like the rest of the reproductive tract, the epithelium of the oviduct increases its secretory rate under the 

influence of estrogen. In addition, the cilia within the oviduct increase their beat frequency to allow for gamete 

and fluid transport. 

One of the major effects of estrogen on the female reproductive tract is increased blood flow to all the organs. 

This increased blood flow facilitates secretion throughout the entire reproductive tract including the uterus and 

the oviduct. Elevated estradiol coupled with low progesterone induces profound behavioural changes in the 

female. During the follicular phase, the female becomes sexually receptive and copulation can take place. It is 

important to recognise that the period of estrus is closely associated with, but precedes ovulation. Estrous 

behaviour culminates with the female standing to be mounted by the male. 

Inhibins 

Inhibins are peptide hormones secreted by granulose cells of developing follicles. Circulating levels of inhibins 

increase with follicular development, and inhibins have a negative feed-back effect on FSH release from the 

adenohypophysis. By this means, a developing dominant follicle can suppress the development of competing 

follicles in non-litter-bearing animals. In litter-bearing animals, the combined negative feed-back effect of 

inhibins from multiple follicles can suppress other follicles to prevent litter sizes from becoming inappropriately 

large. Inhibins from developing follicles apparently do not suppress LH secretion necessary for ovulation. 

4. Ovulation 

In mature follicles just prior to ovulation, ova are usually seen surrounded by a halo of granulose cells (cumulus) 

that are continuous with granulose cells lining the fluid-filled antrum. The large, thin-walled follicles bulge from 

the ovarian surface (Fig 12.8.). The primary oocyte, which remains in an arrested stage of meiosis during 

follicular development, undergoes the first meiotic division to produce a secondary oocyte and first polar body 

just before ovulation in most species. The first polar body is extruded from the ovary with the secondary oocyte. 

In the mare, the first meiotic division occurs just after ovulation. 

Figure 12.8. Figure 12.8.: Ovary of sow with mature tertiary follicles just before 

ovulation (Frandson et al.,2009). a) follicle just before ovulation; b) a site where a 

follicle has just ovulated; g) a surface vessel. 
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Luteizing hormone surge In most species, LH release from the adenohypophysis increases seven fold during the 

24 hours period to ovulation (Fig. 12.9.). After reaching its peak, LH release rapidly decreases and plasma levels 

return to preovulation levels. 

Figure 12.9. Figure 12.9.: Preovulatory LH surge in the blood. 

 

This short–term change in LH release is the LH surge. As discussed earlier, the LH surge depends on changes in 

the hypothalamic-hypophyseal axis and increase in adenohypophysis content of LH induced by the rapid rise in 

production of estrogens by large, mature follicles. The extremely high levels of LH promote development of the 

primary oocyte and its progress through the first meiotic division. This prepares oocyte for ovulation. 

Granulosa cells also respond to the LH surge by transforming from estrogen-producing cells to progesterone-

producing cells. This is part of luteinization, the transformation of granulosea cells to luteal cells (cells of a 

corpus luteum). This process begins prior to ovulation, so estrogen levels are decreasing and progesterone levels 

are increasing at ovulation. Under the influence of the LH surge, granulosa cells also acquire the ability to 

synthesize prostaglandins, thromboxanes, and leukotrienes. These agents induce a local response similar to 

inflammation that will weaken the wall of the follicle and promote rupture. 
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Spontaneous and reflex ovulation 

The LH surge and ovulation occur in most domestic species (mare, cow, ewe, and sow) independent of 

copulation, ant these species are spontaneous ovulators. In these species, the preovulatory increase in estrogens 

from developing follicles is the primary event that brings about ovulation. The female animals of some species 

(rabbit, ferret, mink, camel, llama, and alpaca) usually require copulation for ovulation. These are induced 

ovulators. In these species, the final preovulatory surge of GnRH, and subsequent LH surge, is apparently 

dependent on a neural reflex elicited by vaginal stimulation. Induced ovulators have characteristic estrous cycles 

and follicular development, but mature follicles regress if copulation does not occur. 

5. Corpus luteum 

The ovarian corpus luteum is a temporary endocrine organ with progesterone as its primary secretory product. a 

corpus luteum forms at the site of each ovulated follicle (Fig. 12.10.), so litter-bearing animals may have 

multiple corpora lutea on an individual ovary. 

Figure 12.10. Figure 12.10.: Functional corpus luteum. The corpus luteum is now a 

mixture of large luteal cells,LLC (formerly granulosal cells) and many small luteal cells, 

SCL (formerly thecal cells). In some cases, there is a remnant of the follicular antrum 

that forms a small cavity in the centre of the corpus luteum. (Senger 2003) 

 

Sometimes during ovulation small blood vessels rupture, and the cavity of the ruptured follicle fills with a blood 

clot, a corpus hemorrhagicum. Whether or not a corpus hemorrhagicum forms, the granulose cells lining the 

empty follicular cavity begin to multiply under the influence of LH and form a corpus luteum, or yellow body. 

The granulose cells also continue to undergo luteinization. Most luteal cells are derived from granulose cells, 

but some cells in the corpus luteum are derived from theca interna. Although a mature follicle and a fully 

formed corpus luteum are about the same size, they can be differentiated by sight or palpation. The follicle is a 

sac filled with fluid that has the appearance and feel of a blister, while the corpus luteum looks and feels solid. 

Blood progesterone levels increase as corpora lutea grow and develop after ovulation. When corpora lutea are 

fully deceloped, progesterone level secretion is maximal and plasma levels stabilize (Fig. 12.11). If fertilization 

of the ova does not occur and a pregnancy is not established, the corpora lutea 

Figure 12.11. Figure 12.11.: Typical concentrations of progesterone in the systemic 

circulation of mares during the estrous cycle and early pregnancy. Black bar represents 

estrus.(McKinnon et al., 2011) 

 

Corpus luteum regression entails apoptotic death of luteal cells, their removal, and the replacement of the corpus 

luteum with connective tissue forming a corpus albicant. If a pregnancy is established, maternal recognition of 

pregnancy occurs, and regression of the corpus luteum is prevented. This process and the role of corpus luteum 

during pregnancy are discussed later in more detailed. 

The basic function of progesterone during this part of the estrous cycle is to prepare for a pregnancy. 

Progesterone increases uterine gland secretion and inhibits uterine motility to promote implantation and 
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maintain any pregnancy. Progesterone also promotes mammary gland development. High levels of progesterone 

act on the hypothalamic-adenohypophyseal axis to inhibit further LH secretion. If a successful pregnancy is not 

established, the corpora lutea must undergo regression (luteolysis) to permit the animal to continue the estrous 

cycle. The humoral signals between the uterus and ovary that initiate luteolysis differ among species. In most 

domestic species (mare, cow, ewe, sow), prostaglandin F2α (PGF2α) is the humoral signal used by the 

nonpregnant uterus to stimulate luteolysis. The non-pregnant uterus increases PGF2α synthesis; releases are 

increased after ovulation at times appropriate for the species (e.g., 10 days for sow, and 14 days for ewes; and; 

and luteolysis occurs shortly thereafter. Luteolysis can be induced in cattle by administering analogs of PGF2α 

at any point in the estrous cycle as long as a corpus luteum is intact and functioning. The removal of the corpus 

luteum permits rapid development of new follivles and ovulation in about 3 days. The use of PGF2α to induce 

ovulation and estrus at a predictable time is a management tool to synchronize the estrous cycles of groups of 

animals. 

6. PREGNANCY 

Pregnancy is the condition of a female animal while young are developing within her uterus. The interval, the 

gestation period, extends from fertilization of the ovum to the birth of the offspring. It includes fertilization, the 

union of the ovum and sperm; early embryonic development in the lumen of the female reproductive tract; 

implantation of the embryo in the uterine wall; placentation, the development of fetal membranes; and continued 

growth of the fetus. Normal gestation period vary from species to species (Table 13.), and there is considerable 

variation between individuals within each species. If the young are carried through a normal gestation period, it 

is a full-term-pregnancy. A premature birth is delivery of a viable fetus before fetal development is complete. 

Termination of pregnancy with delivery of a nonviable fetus is abortion. 

7. Fertilization 

Spermatozoa transport and viability 

In most cases, fertilization occurs in the uterine tube next to the ovary; during natural copulation, spermatozoa 

are developed in the vagina (most species) or uterus via the cervix (mare,sow, and botch). Even though 

ejaculated spermatozoa are motile, the major factor in the transport of spermatozoa to the site of fertilization 

(Fig. 12.12.) is muscular activity of the tubular genitalia following insemination. The time required for 

spermatozoa to travel to the site of fertilization in a cow is about 2.5 minutes, but the first arriving spermatozoa 

typically do not accomplish fertilization. Based on calculated speed of bull spermatozoa, it would take 1.5 hours 

for them to swim this distance. Less than 0.5% of the ejaculated spermatozoa reach the site of fertilization. 

Oxytocin, a peptide hormone from the neurohypophysis, promotes muscular activity of the female tubular 

genitalia to assist with spermatozoa transport. 

Figure 12.12. Figure 12.12.: Major sequence of events following deposition of 

spermatozoa in female tract. UTJ=uterotubular junction (Senger, 2003) 
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It is released in the cow during natural mating and during artificial insemination, presumably as a result of a 

natural reflex initiated by physical stimulation of the female tract. 

Spermatozoa must remain in the female reproductive tract for some period after ejaculation before they are 

capable of fertilization. The process that occurs here to convert non-fertile spermatozoa to fertile spermatozoa is 

termed capacitation. This process includes changes in or removal of components of the outer acrosome and 

plasma membranes so that acrosomal enzymes can later be released and activated (Fig. 12.13.). Part of the 

natural capacitation process requires exposure of the spermatozoa to female reproductive tract secretions, but 

capacitation of spermatozoa can be done in vitro using experimentally derived protocols and solutions. 

Figure 12.13. Figure 12.13.: Conceptual version of mammalian capacitation (Senger, 

2003) 
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Under normal conditions, viability and survival times of spermatozoa in the female reproductive tract are only a 

matter of hours. Lengthof fertility in the female tract is as follows: ewe, 30 to 48 hours; cow, 28 to 50 hours; 

mare, 140 to 145 hours. The limited variability of spermatozoa means that insemination must occur within hours 

of ovulation so that viable spermatozoa are present when ova arrive for fertilization. In most species, female 

sexual receptivity begins some hours prior to ovulation, so that this is possible. 

Gamete fusion and early embryonic development 

At ovulation, zona pellucida, a relatively thick membranous structure consisting of cross-linked glycoproteins, 

surrounds the vitelline membrane (cell membrane or plasma membrane) of the ovum. In most cases, a variable 

number of granulosa cells surrounded the zona, and this layer is termed the cumulus oophorous. The zona is 

believed to be a product of the innermost layer of granulosa cells. Microvilli from the vitelline membrane of the 

ovum penetrate the zona, as do process from the granulosa cells. The first polar body, which results from the 

first meiotic division, also accompanies the ovulated ovum within the zona. The zona pellucida is a 

semipermeable membrane that helps protect the ovum and that has receptor sites for attachment of spermatozoa 

during fertilization. A specific protein, ZP3, in the zona serves as a binding site for spermatozoa. The precise 

structure of this protein varies among species, and variation is the primary reason that spermatozoa from one 

species cannot bind to and fertilize ova from other species. 

During or just after binding and attachment to the zona, spermatozoa undergo a series of events termed the 

acrosome reaction (Fig. 12.14.). As part of this reaction, locally released acrosome enzymes digest a passage 

through the zona. This passage permits spermatozoa to 

Figure 12.14. Figure 12.14.: Sequence of events from initial binding of spermatozoon to 

zona pellucida to fusion between plasma membranes of spermatozoon and oocyte: A, 

spermatozoa arrive at site of fertilization; B, initial binding of spermatozoon to zona 

pellucida; C, acrosome reaction; D and E, penetration of zona pellucida; F, fusion of 

plasma membrane of spermatozoon and oocytes; G, the cumulus matrix.(Frandson et 

al., 2009) 
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swim their way to the vitelline membrane of the ovum, which is accomplished in a matter of minutes. Multiple 

spermatozoa may attach to the zona of a single ovum, even though only one spermatozoon will ultimately be 

responsible for fertilization. After penetration of the zona, the cell membrane of the single spermatozoon that 

will accomplish fertilization attaches to and fuses with the vitelline membrane of the ovum. This initiates the 

second meiotic division by the ovum, which results in formation of the second polar body. The fusion of the 

spermatozoon with the ovum also stimulates release of cytoplasmic granules by the ovum, whose contents bring 

about changes in the chemical nature of the zona pellucid. These changes act to prevent penetration by other 

spermatozoa. This, together with changes in the vitelline membrane, prevents polyspermy, entry of more than 

one spermatozoon into the ovum. When these mechanisms fail and polyspermic fertilization occurs, the typical 

result is early embryonic death. This is believed to be rare in most domestic species when fertilization occurs in 

vivo, but the incidence of polyspermy is higher when fertilization is done in vitro. A maternal pronucleus is 

formed in the ovum by the enclosure of the maternal chromosomes in a nuclear membrane. The head of the 

sperm enlarges, becoming the male pronucleus. The two pronuclei come together and fuse membranes, forming 

one cell with the genetic material of both partners. The new cell is ready for cleavage and formation of a morula 

(Fig. 12.15.). 

Figure 12.15. Figure 12.15.: Schematic illustration of preattachment embryo 

development (Senger, 2003). 

 

During early development, the embryo is not attached to the epithelium lining of the female reproductive tract. 

During this period, embryos obtain their nourishment from fluids and nutrients secreted by glands in the walls of 

the reproductive organs(e.g., endometrial glands in the walls of the uterus). Progesterone stimulates secretion by 

these glands, and blood levels of progesterone are relatively high during this period, as it is being secreted from 

ovarian corpora lutea. 

Maternal recognition of pregnancy is the detection of a developing embryo, which prevents regression of the 

progesterone-secreting corpora lutea. Several mechanisms have been identified in different species, but in 

general, the mechanisms involve secretory products from the developing embryo. These products (e.g., proteins 

or steroids) act locally within the reproductive tract. In most cases, the embryonic secretory products inhibit the 

uterine secretion of prostaglandin F2α (PGF2α). Recall that uterine secretion of PGF2α is the key hormonal 

signal that causes luteolysis in most domestic species. In litter bearing animals, a minimal number of developing 

embryos appears to be required to recognize pregnancy and prevent regression of the corpora lutea. This number 

is about four for the sow. 

Embryos develop to the blastula stage while still enclosed in zona pellucid. The zona is shed (hatching) prior to 

attachment of the embryo to the uterine wall for placentation. The outermost layer of cells of the blastula is the 

trophoblast, and it is from these cells that the fetal membranes will be formed. 

Early embryonic death (death of the embryo prior to attachment to the uterine wall) is responsible for a 

significant number of reproductive failures in domestic animals. Some studies report that up to 30% of fertilized 

embryos die before developing into foetuses. Possible causes of embryonic death include inherited lethal 
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factors, infections, nutritional deficiencies, inappropriate levels of maternal hormones, and defects in the ovum 

or spermatozoa before fertilization. 

8. Implantation and placentation 

Implantation is attachment of a blastula to the uterine epithelium and penetration of the epithelium by 

embryonic tissue. The degree of penetration by embryonic tissues varies among species. In most domestic 

animals, the degree of penetration is much less than in rodents and primates, whose penetration extends into the 

connective tissue beneath the epithelium. Implantation in domestic animals is considered to be non-invasive and 

primarily the result of formation of cell-to-cell junctions between embryonic epithelium. These junctions 

involve binding of membrane proteins in embryonic tissues to receptors on maternal epithelium. After 

fertilization, attachment occurs in the sow at about 11 days, in the ewe about 16 days, in the cow about 35 days, 

and in the mare about 55 days. 

Developing embryo migrate (i.e., move about) within the lumen of the uterus before implantation. In litter-

bearing animals, this migration permits the spacing of embryos so that each has adequate room for development 

and ensures that each uterine horn contains some embryos. Contact, or paracrine communication, between 

embryos and the uterine epithelium is necessary for pregnancy recognition, and in litter-bearing animals, each 

uterine horn must contain embryos to permit this recognition. Embryos of non-litter-bearing species also migrate 

within the uterus before attachment. In the mare, migration back and forth between uterine horns before 

attachment (Fig. 12.16.) is necessary to prevent luteolysis and loss of the developing embryo. 

Figure 12.16. Figure 12.16.: Transuterine migration of the equine conceptus (embryo). 

Each black sphere represents a “stopping spot” in which the conceptus will spend 

between 5 and 20 minutes. The migration of the conceptus probably distributes 

pregnancy factors (white lines) over a wide surface of the endometrium; (Senger, 2003). 

 

Placentation is development of the extra-embryonic membranes, or placenta. The placenta is an arrangement of 

membranes with sites for exchanges between the maternal and fetal circulations so that nutrition from the dam 

can reach the fetus and waste products from the fetus can be transferred to the dam. In domestic animals, the 

terms fetal membranes and placenta are used interchangeably, although technically the fetal membranes are 

called the fetal placenta to distinguish them from maternal components of the placenta. In some species a 

portion of the endometrium is also shed at parturition. This is the maternal placenta, or decidua. The fetal 

placenta includes the chorion, allantois, amnion, and vestigial yolk sac (Fig. 12.17.). 

The chorion, the outermost membrane, is in contact with the maternal uterine endometrium. The next layer 

(moving from outermost inward), the allantois, is a continuous layer that encloses a sac, the allantoic cavity. The 

chorion and the outer layer of the allantois fuse to form the chorioallantois. The amnion is the intermost 

membrane, closest the fetus. It is a fluid-filled cavity that contains the fetus. The amnion is fused with the inner 

layer of the allantois. The allantoic cavity, sometimes called the first water bag, is continuous with the cranial 

extremity of the bladder by way of the urachus, which passes through the umbilical cord. 

Figure 12.17. Figure 12.17.: Equine fetus in the placenta. The chorioallantois is the 

outer allantois plus the chorion. The chorion is associated intimately with the 

endometrium. The inner allantois is fused with the amnion. (Frandson et al., 2009) 
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The fluid-filled amnionic cavity or sac is sometimes called the second water bag. The terms first and second 

water bag refer to fetal membranes at the time of parturition, when the allantoic sac is expelled first and the 

amnionic sac, second. 

Branches of the umbilical arteries and veins run through the connective tissues between the allantois and 

chorion. These vessels are an important part of the fetal circulation. The umbilical arteries and their branches 

carry un-oxygenated blood from the fetus to the placenta, and the umbilical vein carries oxygenated blood from 

the placenta. to the fetus. As a general principle, blood from the fetus never mixes with blood from the dam. 

However, the two circulations are close enough at the junction of chorion and endometrium to permit oxygen 

and nutrients to pass from the maternal blood to the blood of the fetus and waste products to pass from the fetal 

blood into the blood stream of the dam. 

The relationship between the fetal and maternal tissues at the histologic (microscopic) site of exchange is a basis 

for classification of mammalian placenta. The tissue of maternal side is usually named first, then the fetal side. 

The placenta of most domestic mammals (sow, mare, ewe, and cow) is classified as epitheliochorial (Fig. 

12.18.). In this type, the chorion of the fetus is in direct contact with the epithelium of the uterus of the dam. 

(The placenta of ruminants may also be termed a synepitheliochorial placenta because a number of fetal 

trophoblast cells fuse with endometrial cells to form binucleate cells.) 

Figure 12.18. Figure 12.18.: Epitheliochorial type of placenta (sow, mare, ewe, and cow). 

1. Endometrial capillary; 2. endometrial interstitium; 3. chorionic epithelium; 4. 

chorionic interstitium; 5. chorionic capillary (Senger, 2003). 

 

A hemochorial type of placenta, in which fetal vessels and chorion are invaginated into pools of maternal blood, 

is found in humans and some rodents. An endotheliochorial type, in which the chorion is in direct contact with 

the endothelium of blood vessels of the dam, is found in carnivores. Mammalian placenta can also be classified 

at the gross anatomic level based on the distribution of the microscopic sites of exchange. In the mare and sow, 

extensions of the chorion (chorionic villi) project into crypts scattered over the entire endomertium, and this 

placental type is termed diffuse (Fig.12.19.). Ruminants have a cotyledonary type of placental attachment the 

endometrium, caruncles (Fig. 12. 20.). these caruncles project out from the surface of the uterus approximately 

half an inch and vary in diameter from half an inch to more than 4 inches. 

The size of caruncles increases as pregnancy progresses, and the caruncles are larger in the gravid (pregnant) 

horn than in the non-gravid horn. The epithelial surface of the caruncle is covered with crypts into which villi of 

the fetal placenta project. The area between the caruncles is devoid of any attachment between the fetal placenta 

and the maternal uterus. The shape of the caruncles in the ewe is slightly different from those of the cow, having 

o rather large central depression that is the only portion of the caruncle to contain crypts for the attachment of 

the chorionic villi (Fig. 12.20.). 

Hemochorial placentas are usually attached to the uterus in a disk-shaped area only. Hencethe term discoidal is 

used to describe their general area of attachment. The endotheliochorial placenta of carnivores is attached in a 

gird-like band, so the attachment is known as zonary. The discoid and zonary types of placental attachment are 

deciduate, since a portion of the maternal endometrium, or maternal placenta, is shed at the time of parturition. 

Most domestic animals have an indeciduate placenta, in which little or no maternal tissue is lost at parturition. 

Figure 12.19. Figure 12.19.: Placental types classified by distribution of sites of 

exchange. A) Diffuse placenta. B) Cotyledonary placenta, C) Zonary placenta. D) 

Discoid placenta. (Frandson et al., 2009). 
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Figure 12.20. Figure 12.20.: Placental attachment of cow, ewe, and mare. Villi from 

chorioallantois (black) invaginates into crypts in maternal uterine epithelium (stippled) 

in caruncles in the cow and the ewe and in diffuse locations in the mare (Frandson et 

al,2009). 

 

9. Hormones of pregnancy 

Progesterone 

Progesterone has several actions that are essential for maintaining a normal pregnancy. These include (1) 

providing negative feed-back to the hypothalamus to inhibit any further estrous cycles. (2) inhibiting the smooth 

muscle of the uterus to permit the attachment and development of the fetus, and (3) assisting with maintenance 

of the contractility of the cervix to protect the uterine environment. Plasma levels and sources of progesterone 

differ among species and among stages of pregnancy (Fig. 12.21.) In all domestic animals, the initial source of 

the necessary progesterone is the corpus luteum, and in some species (e.g., cow and sow), the initial corpus 

luteum can be removed after secondary sources produce enough progesterone to maintain pregnancy. These 

sources include secondary or accessory corpora lutea and the placenta in the mare; the placenta is the secondary 

source in the ewe. 

Figure 12.21. Figure 12.21.: Luteal progesterone output during the first half of gestation 

in the mare. CL=corpus luteum, P4=progesterone, eCG=equine chorionic gonadotropin 

(Senger, 2003). 

 

Equine chorionic gonadotropin 



 REGULATION OF 

REPRODUCTION IN FEMALE 

MAMMALS 

 

 85  
Created by XMLmind XSL-FO Converter. 

The mare appears to be unique among domestic species in that the equine placenta is the source of a protein 

hormone that acts similarly to the LH, the source of which is the pituitary. Secretion of equine chorionic 

gonadotropin (eCG, formerly known as pregnant mare serum gonadotropin, or PMSG) begins after about a 

month of gestation and continues until about 4 months of gestation. During this period, follicular development 

occurs on the ovary of the pregnant mare, and eCG promotes the luteinization of these follicles. These accessory 

corpora lutea provide secondary sources of progesterone. Trophoblastic cells of fetal origin found in specialized 

structures termed endometrial cups are source of the eCG (Fig. 12.22.). These structures are seen as small, 

raised circular areas with a central depression on the endometrial source of the pregnant uterus. The 

trophoblastic cells are found in association with the endometrium in these areas. 

Figure 12.22. Figure 12.22.: Production of equine chorion gonadropin (eCG). 

Production is closely related to the weight of the endometrial cups. (Senger 2003). 

Endometrial cups (EC) are seen here in a U-shaped configurtion. The fetus (F) is 

surrounded by the amnion (not visible). The membrane indicated by arrows is the 

allantochorion. This specimen was removed from a mare at 50 days of gestation). 

 

Relaxin 

Relaxin is a protein hormone secreted by the corpus luteum in some species (sow and cow) and the placenta in 

others (bitch and mare). The primary function of relaxin is preparation for parturition and ultimately lactation. 

Relaxin contributes to opening of the cervix and the relaxation of the muscles and ligaments associated with the 

birth canal to facilitate the passage of the fetus. In some species, peak secretion of relaxin occurs just prior to 

parturition. Gradual increases in relaxin during the latter part of gestation also facilitate mammary gland 

development to prepare for lactation. 

10. Pregnancy diagnosis 

If accurate records of estrus period and breeding dates are available, the earliest indication of pregnancy in most 

animals is the failure to have another estrous cycle at the expected time. Such an absence of estrus is not, 

however, proof of pregnancy. A non-pregnant animal may miss an estrous cycle because of failure of the corpus 

luteum to regress normally or some other reproductive abnormality. An animal may also have a delay of one or 

two estrous cycles if an initial conception is followed by inability to sustain that pregnancy. 

Palpation of the reproductive tract via the rectum in the mare and cow can be useful for pregnancy diagnosis and 

estimation of the stage of pregnancy. In the cow, the presence of a corpus luteum in an ovary and a slight 

enlargement of one uterine horn as compared to the other suggest an early pregnancy. At about 3 months of 

pregnancy in the cow, fetal membranes and caruncles become palpable, and the uterine artery on the side with 

the fetus is slightly larger than the vessel on the other side. Pregnancy diagnosis by rectal palpation is considered 

to be more difficult in the mare than in the cow, but an early diagnostic feature is a bulge in the uterus due to the 

development of the amniotic sac. 

Ultrasonography is used to diagnose pregnancy in a variety of domestic species, including cattle, horses, sheep, 

goats, llamas, and swine. The earliest time for verification of pregnancy is dictated in part by the size of the 

gestational sac, which in turn varies among species. In general, the times vary between about 2 weeks for mares 

to about 5 weeks for ewes. In large animals, the ultrasound probe can be inserted rectally so that it is closer to 

the uterus. 
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11. Self evaluation questions 

Describe GnRH, its source, function, and control of secretion. What anterior pituitary hormones are secreted 

following gonadotropin-releasing (GnRH) hormone? What is the response of the ovary to the gonadotropins? 

Define the stages of the estrous cycle. What is meant by follicular and luteal phases of the estrous cycle? State 

the signs of estrus. 

Differentiate between primordial follicles, primary follicles, secondary follicles, and tertiary follicles. 

What is meant by ovulation and induced (reflex) ovulation? Why is initiation of increased progesterone 

secretion prior to ovulation important to the ovulatory process? When does the LH surge occur? 

What does luteinization involve? What is the cellular composition of the corpus luteum (CL)? Which one of the 

cells is most responsive to LH? What are the main functions of the CL. 

Where does fertilization of oocytes normally occur? Why is timing between ovulation and insemination critical 

in most species? 

What is the process of maternal recognition of pregnancy? Why is progesterone vital for the maintenance of 

pregnancy? 

What is the source and role of equine chorionic gonadotropin (eCG) and when is it secreted? 
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Chapter 13. REPRODUCTION IN 
BIRDS (PHYSIOLOGY OF EGG 
PRODUCTION) 

It is apparent even to the casual observer that there are dramatic reproductive differences between mammals and 

birds. Chickens (Gallus domesticus) are familiar as domesticated birds in the poultry industry. These birds are 

believed to be domesticated from Red Jungle fowl found in south-eastern Asia. Humans take advantage of the 

prodigious egg production of these animals to provide breakfast staple around the world and meat for our tables. 

Before World War II, most egg production came from flocks of only a few hundred hens. Beginning in the 

1960s, changing technology and creation specialized equipments shifted production from these small farm 

flocks to larger, vertically integrated (direct association between growers and producers) larger enterprises 

including several thousands of birds. 

Avian reproduction is best understood in domestic chicken and turkeys. In fact, the modern poultry industry 

depends on a well-developed understanding of the reproductive cycle and how best to manipulate and control it 

for maximum egg production. Birds lay eggs in groups or clutches of one or more eggs. This is followed by a 

rest period and then another cycle. Clutch size, as well as the numbers of clutches laid in a breeding season, 

varies with species, but the principle is the same. Domestic hens usually lay five or more eggs in a clutch, with a 

day‟s break between clutches. 

Hence ovulate in the morning and almost never after 3.00 p.m. under a normal photoperiod. The final stages to 

prepare the terminal egg for laying takes from 25 to 26h. This period includes approximately 3.5 h to add the 

layers of albumen (egg white) around the yolk, 1,5 h for shell membranes, and 20 h needed for shell formation. 

Ovulation of the next egg in sequence (part of the clutch) begins within an hour of laying the previous egg. This 

means that the hen starts to slowly get behind as each day presses. After several day she gets so far behind that 

she would have to ovulate after 3:00 p.m. Since this does not happen, the next ovulation is delayed and the 

clutch cycle is broken. After a couple of days the sequence begins again with a new clutch of eggs. 

Sometimes a hen will stop laying additional eggs and begin to focus on the incubation of eggs. This is called 

“broodiness” or “going broody, A broody chicken will doggedly sit on her nest and protest or peck if 

distributed. While brooding, the hen maintains constant temperature and humidity, and also turns the eggs 

regularly. At the end of the21-day incubation period, if the eggs are fertilized they will hatch and the broody hen 

will take care of her chicks. Since individual eggs do not all hatched at the same time (the hen lays only one egg 

approximately every 25 h), the hen will usually stay on the nest for about 2 days after the first egg hatches. 

During this time, newly hatched chicks live off the egg yolk they absorb just before hatching. The hen can sense 

the chicks peeping inside the eggs and will gently cluck to stimulate them to break out of their shells. If the eggs 

are not fertilized and do not hatch, the hen will eventually lose interest and leave the nest. 

1. Female reproductive system 

Among female birds, both right and left ovaries are present embryologically, but chickens, turkey, and domestic 

geese the right organs regress early in development and only the left side develops (both sides persist and 

develop in ducks). The ovaries are located cranioventrally to the corresponding kidney, and the size varies with 

the reproductive status of the bird. Prior to the onset of the first laying period, the small ovary is smooth; as 

puberty is approached, it begins to develop a granular, then cobblestone appearance as follicles enlarge in 

preparation for ovulation. Just prior to “coming into lay”, the ovary will resemble a bunches of grapes. 

The mature ovum is more-or-less equivalent to the yolk of the egg; it will be released at ovulation and received 

into the expanded terminus of the oviduct, the infundibulum (Fig. 13. 1.). 

Figure 13.1. Figure 13.1.: Structures of female chicken reproductive tract (Akers and 

Denbow, 2008). The ovary with multiple oocytes in various stages of development is 

apparent. After ovulation, the egg progresses through segments of the oviduct, 

infundibulum, magnum, and isthmus. In this illustration, a mature egg after albumin 
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deposition (soft egg), but before shell formation, is shown. The mature egg is 

subsequently laid after passage into the cloaca 

 

It is in the infundibulum that fertilization will take place if the bird is allowed to breed. The oviduct is variable 

in size, being maximally expanded and lengthened during the lay (60-70 cm long in the hen) and regress in size 

during broodiness and the moult. It possesses grossly identifiable sections (the magnum, isthmus, uterus, and 

vagina) that correlate with the important tasks of production the albumen and the laying down of the egg shell. 

The oviduct terminates in a slit-like aperture in the urodeum, next to the opening of the ureter. 

2. Egg formation and oviposition 

As in mammals, ovulation is preceded by a sudden, rapid rise in luteinizing hormone (LH), and this hormone 

surge is believed to be responsible for changes in the mature follicle about to be released from the ovary. Four to 

6 hours prior to the LH surge, plasma progesterone levels peak at the highest levels seen in a laying cycle, and 

this peak appears to be necessary for the subsequent surge (Fig. 13.2.). The source of this progesterone appears 

to be the largest and most mature ovarian follicle. 

Figure 13.2. Figure 13.2.: Plasma concentrations of progesterone, testosterone, and 

luteinizing hormone (LH) relative to time of ovulation. Mean ± error for six ovulations 

from five hens. Reece et al. (2004) 

 

Unlike mammals, there is no corpus luteum formed on an ovary at the site of an ovulated follicle. Progesterone 

receptors are found in various sites throughout the oviduct, where progesterone may promote secretions and 

muscular contractions for egg development and transport, respectively. 

For fertilization to occur, spermatozoa must reach the egg before it enters the tubular segment of the 

infundibulum where the first albumen layer will be secreted to surround the egg. Spermatozoa may be 

temporarily stored in the infundibulum so that they can be readily available for the relatively short period that 

fertilization is possible. In the domestic hen, the egg is in the infundibulum for about 15 minutes. Spermatozoa 

are also stored in specialized tubules in the utero-vaginal region for longer periods. In the domestic hen, 

spermatozoa remain viable for 7-14 days when stored here. Spermatozoa are released from this site in 

association with oviposition of each egg and migrate to the infundibulum to be available to fertilize the next egg. 

Ovulation of the next egg occurs about 30-40 minutes after oviposition of the previous egg. 

Albumen (egg white) secretion around the yolk begins jn the infundibulum, but the majorty secreted by the 

magnum. Albumen primarily consists of water, protein, and minerals and is a source of these nutrients for the 

developing embryo. (Composition of the hen‟s egg is shown in Table 14.). Some of the proteins also have 

antimicrobial properties and protect against microorganisms. The chalazae are two twisted , fiberlike structures 

that extend from opposite sides of the yolk to each of the egg. These are formed from fibres in the inner layers 

of the albumen when the yolk rotates as it passes through the oviduct. 
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The eggshell consists of four layers that were applied to the other surface of the albumen. From inner to outer, 

the layers are (1) shell membranes, (2) mammillary cores, (3) matrix, and (4) cuticle. The combination of the 

mammary cores and matrix has also been termed the testa. The innermost shell membranes permit the exchange 

of gases and water, but these membranes are not permeable to albumen. As eggs age, the inner and outer shell 

membranes tend to separate at the large end of the egg, and an air cell is formed. Egg candling, shining a beam 

of light through the intact egg to view the interior, is used to determine the size of the air cell, and this is one 

measure of egg quality. Basic internal structure of a typical egg is shown in Fig. 13.3. 

Figure 13.3. Figure 13.3.: Diagram of a hen‟s egg (Nickel et al., 1997) a-e) sphere of 

yolk; a)double layered yolk membrane; b) germinal disc; c) latebra; d) yellow yolk; e) 

white yolk; f) chalaza;g-i)egg albumen; g) inner, less viscous layer; k) double-layered 

shell membrane; l) air cell (chamber); m) calcium shell with pores and cuticula. 

 

The mineral component of the eggshell, primarily calcium carbonate, is deposited within the mammillary core 

and matrix layers. The mammillary cores and matrix layers contain proteins, carbohydrates, and 

mucopolysccharides, which provide a framework for the deposition of calcium carbonate (i.e., calcification). 

Several different proteins that contribute to this framework have been identified, and experiments suggest that 

the appropriate production of these proteins by the shell glands is a key factor in determining shell quality. Gene 

expression studies indicate that the production of these proteins is influenced by hormonal factors, such as 

progesterone, and that rates of gene expression vary greatly as the egg passes through the shell gland. The 

outermost layer consists of lipid, prevents evaporation, and functions as a barrier to microorganisms. 

Eggshell formation in the uterus or shell gland of the domestic chicken requires about 17-20 hours. During this 

period, approximately 2-2.5 grams of calcium are transported from the blood by the uterus and deposited in the 

eggshell as calcium carbonate crystals (calcite).Approximately 95% of the total weight of an eggshell is calcium 

carbonate. Plasma calcium levels decrease during the period of formation and then rebound before the next 

period of eggshell formation begins. During periods of active eggshell formation, calcium is added to the blood 

by intestinal absorption and mobilization of medullary bone. If dietary calcium is adequate, the majority of the 

necessary calcium can be obtained during this period by intestinal absorption. However, a net loss of medullary 

bone calcium will occur during the hours of active eggshell formation, even with adequate calcium intakes. 

Replacement of the lost medullary bone can be done with calcium gained by intestinal absorption during the 

hours that active eggshell is not occurring. Vitamin D stimulates both the intestinal absorption of calcium and 

transport of calcium by the shell gland (uterus). Parathyroid hormone also promotes calcium transport by the 

shell gland for eggshell formation. 

Osteoclasts are responsible for the mobilization of calcium from medullary bone, so the increased mobilization 

during eggshell formation reflects an increased osteoclastic activity. Osteoclasts also mobilize calcium from 

lamellar cortical bone throughout the skeleton, and a net loss of calcium from cortical bone does occur in high-

producing laying chickens who have been laying for extended periods. Osteoporosis, a progressive decrease in 

mineralized bone leading to bone fragility and increased risk for fractures, is recognized in laying flocks and is 
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believed to contribute to the syndrome cage layer fatigue, in which birds are found paralyzed in their cage. 

Numerous fractures may be found involving the ribs and long bones of such birds. 

Calcium carbonate deposition within the eggshell also requires the localized formation of carbonate ions within 

the shell gland. This generation of carbonate ions is dependent on carbonic anhydrase activity within the gland. 

Under the influence of carbonic anhydrase, CO2 from blood perfusing the gland is used to produce carbonate 

ions. Laying chickens subjected to abnormally high environmental temperatures (heat stress) typically have 

declines in egg production and in the shell quality of eggs that are produced. The decline in shell quality is 

associated with a reduction in blood PCO2, as a result of hyperventilation induced by heat stress. The lower 

CO2 is believed to adversely affect the ability of the shell gland to produce carbonate ions. Heat-stressed birds 

also reduce food intake, which would also contribute to the decline in egg quantity and quality. 

Arginine vasotocin (AVT) stimulate uterine contractions during oviposition. Like oxytocin in mammals, AVT 

is released from the posterior pituitary, and its plasma levels rise significantly shortly before and peak during 

oviposition. Unlike mammals, birds have one small peptide hormone , AVT, that functions in both the 

regulation of urine osmolality and the regulation of uterine contractions. 

3. Reproduction and Photoperiods 

Reproductive processes in all female birds are subjected to regulation by changes in photoperiods (period of 

light exposure per day). Increasing periods of light, such as during spring, induce hormonal changes in wild 

female birds to initiate egg production and mating behaviour. Longer periods of light are associated with the 

release of GnRH (luteinizing hormone-realising hormone; LHRH) from the hypothalamus, which in turn 

stimulates the release of LH from the anterior pituitary (Fig. 13.4.). 

Breads of domestic chickens selected for high egg production will begin egg laying if they reach maturity during 

either spring (increasing day length) fall (decreasing day length). However, chickens raised during the spring 

reach maturity and begin laying at earlier ages. Egg size is reduced when smaller, younger chickens begin 

laying, so producers often manipulate photoperiods to delay the beginning of laying until birds are of an 

appropriate size. After laying has begun, reductions in photoperiods will lower egg production, as compared to 

egg production with a constant photoperiod. 

Figure 13.4. Figure 13.4.: The role of light in avian reproduction (Etches, 1993) 

 

Increasing periods of light are associated with testicular enlargement and development in male birds that are 

seasonal breeders. Male domestic chickens (roosters) will reach sexual maturity and begin spermatogenesis 

when raised with either a long photoperiod (14 or more hours of light per day) or a short photoperiod (such as 8 

hours per day). However, spermatogenesis is delayed with shortened photoperiods. The beginning of 

spermatogenesis is associated with increased levels of FSH and LH. Mature males must be maintained with 

appropriate photoperiods for maximal fertility. 

4. Self evaluation questions 

Where is yolk made and how is it accumulated? How are the growing follicles arranged on the avian ovary and 

which follicles are susceptible to atresia? 

How is the oviduct specialized for formation of the egg? 

How is the regulation of calcium metabolism for egg shell formation in laying hens? 

What are the roles of lighting schedules in the regulation of egg production? 
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Chapter 14. MAMMARY GLAND AND 
LACTATION 

The mammary gland, like sebaceous and sweat glands, is a cutaneous gland. Histologically, in the more 

advanced mammals it is a compound tubuloalveolar type that originates from the ectoderm. Although the 

mammary gland is basically similar in all animals, there are wide species variations in the appearance of the 

gland and in the relative amounts of the components secreted. 

1. Functional anatomy of the mammary gland 

The mammary glands of cattle, sheep, goats, horses, and camel are located in the inguinal region; those of 

primates and elephants, in the thoracic region; and those of pigs, rodents and carnivores, along the ventral 

structure of both the thorax and the abdomen (Fig.14.1.) 

Figure 14.1. Figure 14.1.: Diversity in anatomic position, number and teat morphology 

among mammals (Singer (2003) 

 

Normally, cattle have four functional teats and glands, whereas sheep and goats have two; each teat has one 

streak canal and drains a separate gland. The glands and teats of domestic animals are collectively known as 

udder. Pigs and horses usually have two streak canal per tea, with each canal serving a separate secretory area. 

Because more is known about bovine mammary glands than about those of other mammals, more attention will 

be given here to that species. A cow‟s udder is composed of two halves, each of which has two teats and each 

teat drains a separate gland (quarter). The quarters are separated by connective tissue and each has separate milk 

collecting system (Fig.14. 2.). 

Figure 14.2. Figure 14.2.: Duct system of the bovine mammary gland: 1.,: lobule; 2., 

intralobular duct; 2‟., interlobular duct; 3., lactiferous ducts of various diameter; 4., 

lactiferous sinus; 5., gland sinus; 6., teat sinus; 7., papillary duct; 8., teat sphincter; 9., 

teat orifice; 10., parenchyma of gland; 11., skin. Dyce et al. (1996). 

 

In addition to the four normal teats, there may be supernumerary teats associated with a small gland, with a 

normal gland, or with no secretory area. About 40 per cent of all cows have supernumerary teats. 

Supernumerary teats are also found in sheep, goats, pigs and horses. In these species, with the exception of the 

horse, rudimentary teats are usually found in the male. 

Supporting structure 

The two halves of the bovine udder are separated by the median suspensory ligament, which is formed by two 

lamellae of elastic connective tissue originated from the abdominal tunic (Fig. 14.3.). The posterior extremity of 

its ligament is attached to the prepubic tendon. The lateral suspensory ligaments are composed largely of 
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fibrous, nonelastic strands given rise to numerous lamellae that penetrate the gland and become continuous with 

the interstitial tissue of the udder. The lateral suspensory ligaments are attached to the prepubic and subpubic 

tendons, which in turn are attached to the pelvic symphysis. The lateral and median suspensory ligaments are the 

primary structure supporting the bovine udder. 

Figure 14.3. Figure 14.3.: Transverse section of the pelvic floor and caudal quarters of 

the cow‟s udder 1., Pelvic symphysis; 2., symphysial tendon; 3., lateral suspensory 

laminae; 4., mammary lymph node; 5. medial suspensory laminae; 6., branch of 

external pudendal vein. Dyce (1996) 

 

Milk-collecting system 

The bovine teat has a small cistern terminating at its distal extremity in the streak canal, which is the opening to 

the exterior of the teat (Fig. 14.2.). Radiating downward from its internal opening into the streak canal is a 

structure known as Fürstenberg‟s rosette, which is composed of about seven or eight loose folds of double 

layered epithelium and underlying connective tissue; each folds has a number of secondary folds. In cattle, the 

primary structure responsible for the retention of milk is a sphincter muscle surrounding the streak canal. Large 

ducts empty into a gland cistern located above each teat. These ducts branch profusely, ultimately ending in 

secretory units called alveoli or acini (Fig. 14.4.). 

Alveoli are generally recognised as the basic functional units of the lactating mammary gland. Milk is formed in 

the epithelial cells of the alveolus. The alveolus, when filled with milk, is approximately 100 to 300 µm in 

diameter. The size of the alveolus is affected by many factors, primarily the amount of milk in the lumen. The 

alveoli are grouped together in units known as lobules, which are surrounded by more extensive connective 

septa. The alveoli are surrounded by contractile myoepithelial cells that are involved in the milk-ejection (or 

milkletdown reflex; Fig. 14.14). Myoepithelial cells also are located along the ducts. Apparently these cells are 

widely distributed among mammals, since they have been identified in the cat, dog, goat, pig, rabbit, rat, sheep, 

and human. 

Figure 14.4. Figure 14.4.: An alveolus surrounded by blood vessels and myoepithelial 

cells in the mammary gland (Reece, 2004). 

 

Blood supply 

The blood supply to the udder is primarily through the external pudendal artery (Fig. 14.5.), a branch of the 

pudendoepigastric trunk. The external pudendal artery passes downward through the inguinal canal in more or 

less tortuous manner and divides into cranial and caudal branches that supply the front- and hindquarters on the 

same side as the artery. A small artery that may be single or paired (as determined by chance) is the ventral 

perineal artery, which continues from the internal pudendal artery and passes downward from the vulva just 

deep to the skin on the median line. The perineal artery usually supplies a small amount of blood to the caudal 

part of both halves the udder. 
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The venous drainage from the udder is largely by way of a venous circle at the base of the abdominal wall. The 

venous circle is formed from the main veins that drain the udder. The external pudendal vein of each side 

receives blood from both the cranial and caudal quarters of the same side. Cranially, each external pudendal vein 

is continuous with the subcutaneous abdominal veins (cranial and caudal superficial epigastric veins) and 

caudally with the perineal vein. An anastomosis between the subcutaneous abdominal veins just at or in front of 

the udder completes the venous circle. 

Figure 14.5. Figure 14.5.: Blood circulation to and from the udder. RA=right atrium; 

LV=left ventricle; CA= caudal aorta; CVC=caudal vena cava; EIV=external iliac vein; 

EIA=external iliac artery; EPA=external pudendal artery; EPV=external pudendal 

vein; CMA&V=caudal mammary artery and vein; CrMA&V=cranial mammary artery 

and vein; SAV=subcutaneous abdominal vein. (Reece et al., 2004 

 

The subcutaneous abdominal veins provide a potential route for passage of blood from the udder to the heart by 

way of the cranial vena cava. Before the heifer comes into milk, the connection between cranial and caudal 

superficial epigastrics is poorly developed. During first pregnancy, when the udder undergoes a marked increase 

in size and, consequently, blood supply, the two veins develop a functional anastomosis, after which they 

collectively constitute the subcutaneous abdominal vein or the milk vein. In high-producing dairy cows the 

subcutaneous abdominal vein is large and tortuous. It passes through a foramen in the rectus abdominis muscle 

(the milk well), joins the internal thoracic vein, and ultimately drains to the cranial vena cava. 

Lymphatic vessels 

The lymphatic vessels draining the udder show up rather well superficially just under the skin, particularly in 

high-producing cattle. They drain from the entire udder, including the teat, to the superficial inguinal (mammary 

or supramammary) lymph nodes near the superficial (external) inguinal ring above the caudal part of the base of 

the udder. 

2. PHYSIOLOGY OF LACTATION 

Mammary growth, differentiation, and lactation 

Milk secretion involves both intracellular synthesis of milk and subsequent passage of milk from the cytoplasm 

of the epithelial cells into the alveolar lumen. Milk removal includes passive withdrawal from the cisterns and 

active ejection from the alveolar lumina. The term lactation refers to the combined processes of milk secretion 

and removal. Mammogenesis describes the development of the mammary gland. Lactogenesis refers to the 

initiation of milk secretion, and the term galactopoiesis is used in a general sense to refer to the maintenance of 

milk secretion and/or the enhancement of established lactation. 

The physiology of lactation is intimately intertwined with the physiology of reproductive processes. In the 

absence of successful lactation (or in the absence of human intervention) the neonate will not survive after birth, 

even with success of all the complex processes involved in estrous cycles, conception, pregnancy, fetal 

development, and parturition. The result will be a failure of the reproductive process. 

Mammogenesis 

At peak development during gestation and early lactation, the mammary gland consists of ductular and secretory 

alveolar epithelial cells (parenchyma) embraced in a heterogeneous matrix of cells (stroma), which includes 

myoepithelial cells, adipocytes and fibroblasts. In addition, leukocytes, cells associated with the vascular 

system, and neurons are found in the mammary gland. Mammary growth is the major determinant of bovine 

milk yield capacity; the number of mammary alveolar cells directly influences milk yield. Estimates of the 

correlation coefficient (r) between milk yield and mammary alveolar epithelial cell numbers range between 0.50 
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and 0.85. Conversely, increased proportions of fibroblasts and adipocytes in the mammary gland are associated 

with reduced milk yield in cows. Growth of the mammary gland (mammogenesis) takes place during various 

reproductive epochs beginning in the prenatal period to early lactation. Mammary development during fetal and 

pre-pubertal stages is not necessarily under hormonal control. During puberty, pregnancy, and lactation, 

however, growth and development are largely under the influence of hormonal changes. Most structural 

development of the mammary gland takes place during pregnancy. Near the time of parturition, milk secretion is 

initiated (lactogenesis). Milk secretion is maintained (galactopoesis) until the young no longer need milk, or 

milk is no longer removed from the gland. The mammary gland then regresses as lactation as lactation 

progresses (involution). This cycle repeats itself with each pregnancy and lactation. 

The mammary apparatus from birth to puberty undergoes relatively little development. The mammary growth 

rate is consistent with body growth rate (isometric growth) until the onset of ovarian activity preceding puberty. 

Size increase is largely due to an increase in connective tissue and fat. Beginning just before the first estrus 

cycle (puberty), bovine mammary pregnancy begins to grow at a rate faster than whole body growth. This 

growth rate is referred to as allometric growth. This rapid mammary growth continues for several estrous cycles 

and then returns to an isometric pattern until conception. Allometric growth begins again at conception and 

continues, in most species, after parturition for variable periods of time. During each recurring estrous cycle, the 

mammary gland is stimulated by estrogen from the ovary (Fig. 14.6.) and prolactin and somatotropin (STH) 

from the adenohypophysis (anterior pituitary) gland. 

Figure 14.6. Figure 14.6.: Proliferation index of epithelial cells of mammary ducts for 

heifers treated with estradiol(E2) or progesterone (P4) or a combined of the two. 

Estradiol clearly increased DNA synthesis (Woodvard et al., 1993) 

 

The growth mainly involves lengthening and branching of the ducts. In species that experience long estrous 

cycles with a functional luteal phase (cattle, goats, pigs, horses, and humans), progesterone is produced by the 

corpus luteum and is available to synergize with estrogen, prolactin, and somatotropin to stimulate growth and 

differentiation of mammary ducts into a lobulo-alveolar system. Mammogenic, lactogenic and lactopoietic 

hormones are summarised in Table 15. 

 

Mammary development after conception 

Most mammary growth occurs during pregnancy. The rate of growth remains exponential throughout gestation. 

Depending on the species, between 48 and 94 percent of total mammary growth occurs during gestation. In 

goats, allometric mammary growth continues throughout gestation. Similarly, in dairy cattle, growth of 

mammary parenchyma increases exponentially throughout gestation; the rate of increase is approximately 25 

percent per month. Most of te increase in total mammary cell numbers during pregnancy are associated with the 

proliferation of parenchyma, not stroma. 

After 3 to 4 months of gestation in cows, mammary ducts elongate further, and alveoli form and begin to replace 

stroma (adipocytes) in the supra-mammary fat pad. As mammary ducts elongate further and development 

reaches its peak, parenchymal tissues gradually replace stroma, resulting in an extensive development of the 

lobulo-alveolar system by the end of the six month in cows (Fig. 14.7.). 

Accelerated mammary growth during pregnancy is most likely due to increased and synchronous secretion of 

estrogen and progesterone. Achievement of growth in response to estrogen and progesterone requires 
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coincidental secretion of prolactin and perhaps somatotropin. Placental lactogen secretion increases during 

pregnancy and probably stimulates substantial mammary growth (synergistic with estrogen and progesterone) in 

species in which the hormone enters the maternal circulation. 

Figure 14.7. Figure 14.7.: Mammary Development in a heifer (Smith, 1968). A. Udder of 

heifer during estrus cycle. B. Udder of heifer pregnant five months. C. Udder of heifer 

pregnant eight months. 

 

Mammary involution 

In most species, the cessation of suckling or milking rapidly brings about mammary involution, which is 

characterized by a decrease in the number of mammary epithelial cells and also in the amount of secretory 

activity per cell. Lysosomal enzymes are released, and many epithelial cells are lysed. During this period, 

epithelial cells may undergo apoptosis, a mode of physiological cell death (i.e., programmed cell death). 

Myoepithelial cells remain in the gland during involution and maintain the structure of the remaining epithelial 

cells. The space previously occupied by the degenerating alveoli is replaced with adipose cells. In an animal 

enters the dry period (period of non-lactation) in advanced stages of pregnancy (e-g., 8 weeks prepartum), the 

cell numbers decrease to a lesser extent than if the animal enters the dry period in early stages of pregnancy. 

However, in dry cows, dry periods that are too short (e.g., less than 6 weeks) result in the suppression of 

mammary cell proliferation that occurs during early phases of the subsequent lactation cycle. As many as 50 

percent of the mammary epithelial cells may be carried over from one lactation to the next. This may explain 

why milk production of dairy cows is associated more closely with successive pregnancies than with age. 

Nutrition and mammogenesis 

Milk yield capacity and persistency of lactation are largely influenced by the degree of mammary development. 

Changes in feeding intensity (primarily nutrient density) can alter the secretion of one or more hormones, such 

as somatotropin and corticoids, which regulate mammary growth and differentiation during hormone-dependant 

stages of development (prepuberty to late gestation) as growth shifts from isometric to allometric. The 

interaction of hormones and nutritional status during peripubertal development is of great importance for 

continual and full development of the mammary gland. Thus, a time dependant and a closely controlled nutrition 

regimen for developing heifers prior to first parturition can significantly affect mammary development and 

subsequent lactation potential. Either an excessive (overfeeding) or a restrictive (severely underfeeding) feeding 

intensity imposed continuously during any stage of hormone-sensitive growth (including pre-puberty) is very 

likely to have adverse effects on normal mammary development and subsequent lactation. 

On the other hand, animals raised on a well-controlled nutrition regimen (e.g., re-feeding following a period of 

restriction) during certain allometric developmental phase(s) (e.g., late gestation) may have significant 

enhancement of mammogenesis and succeeding lactations. Dietary strategy that provides all known essential 

nutrients but with a reduction in energy intake is referred to as energy restriction. Restricting the energy intake 

of growing animals causes physiological adaptation whereby energy flow is redirected to energy-conserving 
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activities, mainly maintenance and repair functions. Energy restriction also decreases certain energy-wasteful 

metabolic pathways (e.g., triglyceride re-esterification), which may not be metabolically essential for growth 

and maintenance. In growing animals, a controlled energy restriction delays the normal rate of development of 

the mammary gland. However, this dietary energy-induced delay in mammogenesis does not impair the 

subsequent full development and differentiation of parenchymal tissue during prelactational mammogenesis, 

provided energy and other essential nutrient requirements are met. 

Re-alimentation following energy restriction induces compensatory growth, which is characterized by 

accelerated anabolism, reduced maintenance requirements by depression of the basal metabolic rate, and 

activated endocrine status, and increased nucleic acids and protein content in the mammary gland. If 

compensatory growth is included during the pubertal period, the sudden induction of hormones stimulates 

ovarian function, encouraging earlier conception. Evidence indicates that nutritionally induced compensatory 

mammogenesis during pregnancy may result in the up-regulation of a cascade of genes involved in cell 

proliferation. Increased secretory alveolar epithelial cell numbers and decreased fat deposition are a result. The 

degree of mammary parenchymal tissue development during gestation, especially 2 to 3 months prepartum, 

affects lactation performance and longevity of lactation during the first and succeeding lactation cycle. If heifers 

are moving from a slow-growing (i.e., energy restriction) to a fast-growing (i.e., re-alimentation, re-feeding) 

condition around late pregnancy, they will develop their full lactation potential even though they are undersized. 

Lactogenesis 

Lactogenesis (induction of milk synthesis) is a process of differentiation whereby the mammary gland alveolar 

cells acquire the ability to secrete milk; it is conveniently defined as a two-stage mechanism. The first stage of 

lactogenesis consists of partial enzymatic and cytological differentiation of the alveolar cells and coincides with 

limited milk secretion before parturition. The second stage begins with the copious secretion of all milk 

components shortly before parturition and extends throughout several days postpartum in most species. The 

onset of copious milk secretion at parturition to meet the nutritional requirements of relatively well-developed 

neonates is a feature of lactation in all placental mammals. 

Hormonal regulation 

Stimulation of the mammary gland by multiple hormones is required for lactogenesis. At mid-pregnancy, 

mammary cells have little rough endoplasmatic reticulum, Golgi apparatus and casein protein. The presence of 

blood progesterone through late pregnancy significantly blocks lactogenesis. In late pregnancy, the corpus 

luteum that secrets progesterone regresses, and mammary gland is then free to respond to the hormones of the 

lactogenic complex (insulin, glucocorticoids, and prolactin; effect of lactogenic hormones on secretion of α-

lactalbuminin in bovine mammary tissue is shown in Fig. 14.8.). Following exposure to lactogenic hormones, 

differentiation of the mammary secretory cell will occur. The development in lactogenesis of the rough 

endoplasmic reticulum, smooth endoplasmatic reticulum, and the Golgi apparatus results in mammary synthesis 

of protein, fat and lactose, respectively. 

Prolactin is secreted from the anterior pituitary gland beginning at parturition (Fig. 14. 9.) and directly 

stimulates the transcription of casein genes and other protein genes. Prolactin acts by increasing the transcription 

rate of mRNA from milk protein genes and also by decreasing the degradation rate of mRNA from milk 

proteins. 

Figure 14.8. Figure 14.8.: Effect of lactogenic hormones on secretion of α-lactalbuminin 

in bovine mammary tissue (Akers and Denbow, 2008). Panel A demonstrates a 

concentration dependent increase in α-Lactalbuminin in response to addition of bovine 

prolactin (Prl). Panel B shows the additive effect of cortisol (C ) on Prl-induced α-

lactalbumin secretion. 
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Progesterone plays a major role in lactogenesis. Withdrawal of progesterone triggers lactogenesis in the 

presence of prolactin and glucocorticoids. Progesterone inhibits prolactin-induced stimulation of its own 

receptor and also inhibits many other actions of prolactin, including transcription, stabilization, and translation 

of mRNA for milk proteins. Progesterone decreases the ability of prolactin to induce secretion of α-lactalbumin, 

an enzyme moiety of lactose synthase (formerly lactose synthetase). Moreover, progesterone significantly 

reduces the synergism between estrogen and prolactin. The progesterone block on lactogenesis is not, however, 

absolute. If it were absolute, then simultaneous pregnancy and lactation would be impossible. 

Figure 14.9. Figure 14.9.: The surge of prolactin accompanying parturition. Peripartal 

prolactin surge initiates lactation (Akers and Denbow, 2008). 

 

Galactopoiesis 

Galactopoiesis (maintenance of lactation) requires of alveolar cell number, synthetic activity per cell, and 

efficacy of the milk-ejection reflex. After parturition, there is a marked increase in milk yield in cows, which 

reaches a maximum in 2 to 8 weeks and then gradually declines (lactation curve). During this decline, the rate of 

mammary cell loss ppresumably exceeds the rate of cell division. This loss of secretory cells lowers milk yield 

as lactation advances. In some species such as cattle and horses, conception may occur during lactation. 

Concurrent lactation and gestation have little effect on milk production and mammary cell numbers, but milk 

yield and mammary cell number decrease after fifth month of concurrent gestation compares with non-pregnant 

cows. 

The pituitary gland and its hormones are important integrators of the endocrine control of milk secretion. 

Although there are species variations, growth hormone (STH), ACTH (or glucocorticoids), thyroid-stimulating 

hormone (TSH), insulin, and parathyroid hormone are required for the maintenance of lactation (Table 16.). 

Thyroid hormones (T3, T4) influence milk synthesis as well as the intensity and duration of milk secretion. 

Administration of parathyroid hormone stimulates milk yield and increases the concentration of plasma calcium. 

ACTH plays a direct role in lactation by exerting its effect on mammary cell numbers and metabolic activity. 

Exogenous prolactin has very little galactopoietics effect in lactating cows, but it causes a slight increase in milk 

yield of goats in late lactation. Prolactin injection into lactating rabbit increases milk production and the 

concentration of lactose in milk. The galactopoietics effects of thyroprotein (iodinated casein) usually lasts only 

2 to 4 months; however, no net benefit over the entire lactation results. The feeding of thyroprotein causes an 

increased need for nutrients, as loss of body weight, and increases in heart rate, respiration rate, and body 

temperature. 

It has been known for many years that growth hormone administration has a dose-depending effect on the 

stimulation of milk yield of dairy cows and ewes (Table 17.). 
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Growth hormone does not produce its effect by direct stimulation of the mammary gland in ruminants. Rather, it 

appears to exert its galactopoietics effect by partitioning available nutrients away from body tissues and toward 

milk synthesis. Commercial exploitation of such an effect was not practical until the advent of recombinant 

deoxyribonucleic acid (DNA) procedures that have allowed the synthesis of bovine growth hormone (also called 

recombinant bovine somatotropin; rbSTH; see Chapter 10.) economically in the laboratory. The increased milk 

yield may be maintained by the continuous use of exogenous somatotropin (pituitary or recombinantly derived 

in lactating cows). 

3. Lactation performance 

Milk yield of for all species follows a lactation curve, increasing to peak yield and then gradually declining until 

the end of lactation (Fig. 14.10. and 14.11.). 

Figure 14.10. Figure 14.10.: Lactation curves for typical lactating Holstein cows (A), a 

Holstein production record holder (B). Akers (2002 

 

Lactation performance is a function of two interrelated factors: peak yield and lactation persistency. Maximum 

lactation performance is associated with a high initial rate of milk secretion and a high degree of persistence, 

defined as the change in milk yield as lactation advances. Milk secretion is influenced by many factors such as 

the nutritional and hormonal status of the animal, but ultimately it is the number of secretory cells that determine 

milk yield. After it reaches its peak, milk secretion declines, primarily owing to the loss of secretory cells in 

mammary tissues. Cell loss during lactation maybe associated with apoptosis. Although what triggers the onset 
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of apoptotic cell death after the peak of lactation is not known, changes in endocrine secretions (e.g., lactogenic 

complex) may be a controlling factor. Manipulation of mammary function to prevent or reduce the loss of cells, 

thereby increasing the persistence of lactation, would be a major advance toward improving production 

efficiency. 

Figure 14.11. Figure 14.11.: Lactation curve in sows. Diagram illustrates milk 

production in sows that were machine milked 4 times per day. (Ackers and Denbow, 

2008) 

 

4. Composition of milk 

Milk contains all of the nutrients necessary for survival and initial growth of mammalian neonates. The nutrients 

in milk include sources of energy (lipids and carbohydrates), proteins to provide amino acids, vitamins minerals 

for electrolytes, and water. The relative amounts of these nutrients in milk vary among species (Table 18.). Diet 

and the stage of lactation also affect the composition of milk. Diets high in non-fibre carbohydrate sources of 

energy are associated with increases in the percentage of lipids in the milk. Diets high in protein promote a 

slight increase in the percentage of protein in the milk, but this effect is much less than the effect of fibre on 

milk lipid content. The amount of carbohydrates in milk (lactose, or milk sugar) does not routinely change with 

diet. The percentage of lipids and protein in milk is highest early in lactation. In cattle the percentages are 

relatively high in the first few weeks after calving and then decrease over the next 3 to 4 months. Later in 

lactation the concentrations of lipids and proteins again increase as total production (kg of milk per day) 

decreases. 

 

Most of the lipids in milk are in the form of triglycerides, and these are the primary source of dietary energy in 

milk. Triglycerides are composed of three fatty acids and a glycerol. The fatty acid for the synthesis of milk 

triglycerides may be derived from the blood or synthesized within the mammary gland. More than half of the 

fatty acids in cow‟s milk are derived directly from the blood; one-third of these are C16 acids, and most are C18 

acids. Non-ruminant mammary glands use blood glucose both for energy and as a source of carbon for the 

synthesis of the fatty acids. The glycerol is derived mostly from glucose catabolism in the process of glycolysis. 

The mammary gland of ruminants depends on blood acetate and β-hydroxybutyrate to provide carbon for fatty 

acid synthesis, with acetate being the primary source. The acetate and β-hydroxybutyrate in ruminants are 

produced as short chain fatty acids (volatile fatty acids) by fermentative metabolism by microorganisms in the 

rumen. These short chain fatty acids are absorbed into the blood (see Chapter 9.) and thereby become available 

for synthesis of milk fat in the mammary gland. Most milk triglycerides have fatty acids with chains 4 to 14 



 MAMMARY GLAND AND 

LACTATION 
 

 100  
Created by XMLmind XSL-FO Converter. 

carbon atoms in length synthesized in these metabolic processes. Such short or medium chain fatty acids are not 

found in adipose tissue throughout the remainder of the body. 

Lactose (milk sugar), the principal carbohydrate in milk, is a disaccharide composed of the two 

monosaccharides glucose and galactose. Lactose is synthesized in mammary gland and is typically found only in 

mammary glands and milk. Secretory cells in mammary glands use glucose from the blood to synthesize 

galactose and then combine the galactose with more glucose to produce galactose, so glucose is essential for 

lactose synthesis. The extraction of glucose from blood by an actively secreting mammary gland is quite 

effective, so the glucose concentration of venous blood leaving a mammary gland is relatively low. 

Recall that in ruminants blood glucose is primarily derived from gluconeogenesis in the liver using propionic 

acid, a short chain fatty acid absorbed from the rumen, as a substrate (see Chapter 9.). Thus, propionic acid 

produced by ruminal microorganisms and fermentative metabolism is the ultimate substrate for the production 

of lactose in ruminants. Also, blood glucose is relatively low in ruminants compared to other mammals, in part 

because ruminants absorb very little glucose from the gastrointestinal tract. At peak lactation of a high-

producing dairy cow, the mammary glands use most of the glucose produced by the liver for lactose production. 

In the need for glucose by the mammary glands cannot be met by gluconeogenesis, and blood glucose levels 

drop significantly, lactation ketosis develops. While blood glucose levels are low, metabolic acids, primarily 

aceto-acetic acids, and β-hydroxybutyrate produced in the liver from fatty acids. These ketones are released into 

the peripheral circulation. The presence of high levels of ketones in the blood reduces the pH of the blood 

(metabolic acidosis), impairs the appetite of the cow, and may impair immune function. The liver has only a 

limited capacity to produce ketones from the fatty acids that escape oxidation within the TCA cycle. Once that is 

exceeded, the fatty acids are re-esterified into triglycerides and accumulate within the hepatocytes, leading to a 

condition known as fatty liver. 

The major milk proteins synthesized for export in bovine mammary epithelial cells are casein proteins (αs-, β-, 

and κ-casein), β-lactoglobulin, and α-lactalbumin (Table 19). The caseins constitute the greater part of bovine 

milk protein with αs-casein predominating. Proteins analogous to most of these are found in varying amount in 

the milk of most species. Lactoferrin and lysosomal enzymes are quantitatively important proteins in milk. 

Immunoglobulins and blood albumin (serum albumin) enter the mammary cells as preformed proteins from the 

blood. 

The mechanisms of protein synthesis in the mammary gland appear to be comparable to those found in most 

other protein-synthesizing cells. Milk protein synthesis is controlled by hormonal regulation of gene 

transcription, the stability of mRNA, and the rate of mRNA translation. Milk proteins for mammary export are 

synthesized from free amino acids according to predetermined plans encoded in the genes. 

 

Several genetic variants of the major milk proteins, derived from mutations, are known. The genetic polymorphs 

of milk proteins can serve as useful indices of an animal‟s genetic identity and can influence physical properties 

of the milk proteins. 

Rennin (also known as chymosin) is a proteolytic enzyme secreted by gastric epithelial cells of very young 

mammals. Rennin changes the character of ingested milk from a liquid to a semisolid curd; this process is 

termed curdling or coagulation. The change in character increases the time that milk is retained in the stomach, 

and this permits protein digestion to begin. Curdling results when rennin degrades one of the casein proteins 

responsible for increasing the solubility of micelles, casein protein aggregates in milk. Without this specific 

casein, milk proteins precipitate with the calcium in milk to form curds. 

Other components: Potassium, calcium phosphorus, chloride, sodium, and magnesium are the primary minerals 

in milk. Although minerals are derived from the blood, it is known conclusively whether they are absorbed in 

proportion to their concentration in blood or whether there are mechanisms that allow selective uptake. There is 

evidence that the mammary gland epithelial cell can discharge minerals back into blood as well as into milk, 
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which would suggest some type of active transport mechanism. Lactose, sodium, and potassium concentrations 

are usually constant in milk. These components plus chloride maintain osmotic equilibrium in milk. Water 

moves into milk to maintain an osmotic equilibrium with blood; consequently, the secretion of lactose, 

potassium, sodium, and chloride into milk determines the volume produced. 

Vitamins cannot be synthesized by the mammary gland. They are absorbed from the diet or are synthesized by 

bacteria in the rumen; converted from precursors in the liver, small intestine, and skin; or derived directly from 

feed sources. Generally, the vitamin content of milk can be increased by increasing the vitamin content in the 

blood that supplies the mammary gland. 

5. Milk secretion 

The epithelial cells lining the alveoli of mammary glands are cells primarily responsible for the secretion of 

milk. The appearance of these cells varies as they synthesized and release the lipids, proteins, and lactose of 

milk. After the cells actively secrete the constituents of milk and the lumen of the alveoli are filled with milk, 

the epithelial cells shrink and are described as a simple low-cuboidal epithelium (Fig. 14.12.). After this stage, 

their secretory activity is relatively low. 

Figure 14.12. Figure 14.12.: Alveolus (left) showing cells partially filled with milk and 

(right) after the discharge of the milk (Smith, 1968) 

 

At this stage, their secretory activity is relatively low. Shortly after the stored milk is removed, the epithelial 

cells increase their secretory activity and begin to refill the alveoli. Entry in the secretory phase the cells assume 

a more columnar appearance and then gradually reduce to cuboidal as milk fills the alveoli. Small, apparently 

non-functioning alveoli can be found in dry mammary glands, and there is a relative increase in the amount of 

interstitial loose in connective tissue. 

Milk lipids are synthesized and packaged into secretory droplets, which are extruded from the luminal surface of 

the cell into the alveoli (Fig. 14.13.). 

Figure 14.13. Figure 14.13.: Secretion of milk lipids, milk proteins and lactose by 

epithelial cells lining the alveoli of the mammary glands. Proteins and lactose are 

together in secretory vesicles that are released by exocytosis (arrows). Frandson et al. 

(2009). 

 

As they are released, a membrane covering derived from the cell membrane of the epithelial cell encases the 

lipid droplets. The alveolar secretory cells also produce secretory vesicles that contain both milk proteins 

(caseins) and lactose. As caseins are synthesized and packed in these vesicles, they self-aggregate into particles 

termed micelles. The inclusion of one specific type of casein (κ-casein) in this aggregation increases the 

solubility of the micelle so that milk proteins remain in solution after their release from the cell. The lactose 

within the secretory vesicle generates an osmotic force to draw water into the vesicle from the cytosol of the 

cell. The secretory vesicles, each containing a matrix of micelles, lactose, and water, are transported to the 

apical surface of the cell and release into the alveoli by exocytosis. Because the various mechanisms by which 

lipids, proteins, and lactose are secreted from alveolar cells, milk is considered to be a combination of apocrine 

and merocrine secretions. 
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6. Milk ejection or let down 

Milking or nursing alone can empty only the cisterns and largest ducts of the udder. In fact, any negative 

pressure (vacuum) causes the ducts to collapse and prevents emptying of the alveoli and smaller ducts. Thus, the 

dam must take an active although unconscious part in milking to force milk from the alveoli into the cisterns. 

This is accomplished by active contraction of the myoepithelial cells surrounding the alveoli. This process is 

termed milk ejection, or milk let down (Fig. 14.14.). These myoepithelial cells contract when stimulated by 

oxytocin, a hormone released from the neurohypophysis of the pituitary as a result of a neuro-endocrine reflex. 

The afferent side of the reflex consists of sensory nerves from the mammary glands, particularly the nipples or 

teats. Afferent information reaches the hypothalamus, which regulates the release of oxytocin from the 

neurohypophysis. Suckling the teats by the young or mechanical stimuli of teats at milking are the usual 

stimulus for the milk ejection reflex, but whether milk is withdrawn from the teat or not, the milk ejection reflex 

produces a measurable increase in the pressure of milk within the cisterns of the udder. 

The milk ejection reflex can be conditioned to stimuli associated with milking routine, such as feeding, barn 

noises, and the sight of the calf. It can also be inhibited by emotionally disturbing stimuli, such as dog barking, 

outer loud and unusual noises, excess muscular activity, and pain. Stressful stimuli increase the activity of the 

sympathetic nervous system, which can inhibit the milk ejection reflex. This inhibition occurs both at the level 

of the hypothalamus via inhibition of oxytocin release and the level of the mammary gland, where sympathetic 

stimulation can reduce blood flow and directly counteract the effect of oxytocin on myoepithelial cells. 

Oxytocin release typically occurs as a surge within a minute or two after initiation of the reflex by some tactile 

or environmental stimulus, and the plasma half-life of oxytocin is but a few minutes. Hence, milking or suckling 

should begin in close association with stimuli known to activate oxytocin release, such as washing the udder and 

stimulation of the teats. If failure to get an adequate stimulus for milk ejection, possibly because of inadequate 

preparation before milking, becomes habitual, the lactation period may be shortened by excessive retention of 

milk in the udder. 

Essentially all the milk obtained at any one milking is present in the mammary gland at the beginning of milking 

or nursing. However, milking does not usually remove all of the milk in the gland. Up to 25 percent of the milk 

in a gland usually remains after milking. Some of this residual milk can be removed after injections of oxytocin, 

but the routine use of such injections tends to shorten the lactation period. 

Figure 14.14. Figure 14.14.: The anatomy and physiology of milk ejection (Senger, 

2003). The milk ejection mechanism is initiated by suckling (1). The teat contains 

sensory neurons and impulses from these neurons travel through afferent nerves (2) to 

the hypothalamus. Nerves in the paraventricular nuclei are stimulated, and the 

terminals in the posterior lobe of the pituitary (3) release oxytocin. Oxytocin then enters 

the blood and is delivered to the mammary gland (4). The target cells for oxytocin are 

the myoepithelial cells that surround the alveolus. Contraction of the myoepithelial cells 

(5) causes milk to be „squeezed” out of each individual alveolus into small ducts and 

then into lager ducts. The net effect of simultaneous contraction of the myoepithelial 

cells throughout the entire mammary gland is to deliver milk to the large ducts and the 

gland cistern so that it is available for removal by the neonate. 
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7. Colostrum 

Colostrum, the first milk produced upon delivery of the newborn, is important for the survival and vitality of 

newborn domestic animals. One of the unique differences between colostrum and typical milk is that colostrum 

contains high concentration of immunoglobulins produced by the immune system of the dam. These 

immunoglobulins are concentrated in the milk by selective transport by the epithelial cells lining the alveoli and 

are needed by the neonate to provide temporary immune protection against infections agents in the environment. 

During the first day or two of life, most domestic neonates can absorb immunoglobulins from the 

gastrointestinal tract into the blood. After this period, immunoglobulins cannot be absorbed intact, and 

consumed immunoglobulins are digested in a manner similar to other ingested proteins (see Chapter 7.). 

Colostrum consumption is especially important in domestic farm animals because of limited transfer of 

immunoglobulins from the dam to the fetus via the. In some mammals, including humans, rabbit, and monkey 

transfer of immunoglobulins via the placenta (prenatal transmission) to a greater extent, so consumption of 

colostrum by neonates is less important (Table 20.). 
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Colostrum is also a source of energy for the newborn, since most are born with limited amounts of body fat and 

other sources of metabolic energy. The primary sources of energy in colostrum are milk proteins and lipids, 

because colostrum has a relatively low concentration of lactose. The colostrum of most species also has tends to 

have relatively high concentrations of vitamin A and D and iron, bur some species differences in composition do 

exist. 

8. Self evaluation questions 

What is the milk-secreting unit of the mammary gland? Note the relationship of alveoli, lobules, ducts and 

lactiferous sinus (gland cistern, teat cistern). What seems to be the function of the rosette of Fürstenberg? 

What is the venous circle of the mammary gland, and where is it located? What is the milk vein? What is the 

milk well? 

What is meant by mammogenesis? How is it affected with successive estrous cycles after puberty? What are the 

mammary gland changes that occur during pregnancy? 

What is meant by lactogenesis? How is the increase in estrogen concentration before parturition associated with 

lactogenesis? What is the role of prolactin in lactogenesis? 

What compose the milk solid? What composes the major part of the milk protein? What are the principal 

carbohydrate, and major lipids in milk? 

What cause the intramammary gland pressure increase associated with milk ejection (milk letdown)? How does 

the milk-ejection reflex control the milk removal processes? 
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