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CC 9 T : Gastrointestinal Functional 

Regulation of Gastrointestinal Physiology  

Unlike control systems that regulate variables in the 

internal environment, the control mechanisms of the 

gastrointestinal system regulate conditions in the 

lumen of the tract. With few exceptions, like those 

just discussed for iron and other trace metals, these 

control mechanisms are governed by the volume 

and composition of the luminal contents rather than 

by the nutritional state of the body. 

Basic Principles 

Gastrointestinal reflexes are initiated by a 

relatively small  number of luminal stimuli: (1) 

distension of the wall by the volume of the luminal 

contents; (2) chyme osmolarity (total solute 

concentration); (3) chyme acidity; and (4) chyme 

concentrations of specific digestion products like 

monosaccharides, fatty acids, peptides, and amino 

acids. These stimuli act on mechanoreceptors, 

osmoreceptors, and chemoreceptors located in the 

wall of the tract and trigger reflexes that influence 

the effectorsðthe muscle layers in the wall of the 

tract and the exocrine glands that secrete substances 

into its lumen. 

Neural Regulation 

The gastrointestinal tract has its own local 

nervous system, a division of the autonomic 

nervous system known as the enteric nervous 

system. The cells in this system form two networks 

or plexuses of neurons, the myenteric plexus and 

the submucosal plexus. These neurons either 

synapse with other neurons within a given plexus or 

end near smooth muscles, glands, and epithelial 

cells. Many axons leave the myenteric plexus and 

synapse with neurons in the submucosal plexus, and 

vice versa, so that neural activity in one plexus 

influences the activity in the other. Moreover, 

stimulation at one point in the plexus can lead to 

impulses that are conducted both up and  down the 

tract.  

 

Fig. 1 Long and short neural-reflex pathways activated by 

stimuli in the gastrointestinal tract. The long reflexes 

utilize neurons that link the central nervous system to the 

gastrointestinal tract. Chemoreceptors are stimulated by 

chemicals, osmoreceptors are sensitive to changes in 

osmolarity (salt concentration), and mechanoreceptors 

respond to distension of the gastrointestinal wall. 

 

For example, stimuli in the upper part of the small 

intestine may affect smooth muscle and gland 

activity in the stomach as well as in the lower part 

of the intestinal tract. In general, the myenteric 
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plexus influences smooth muscle activity whereas 

the submucosal plexus influences secretory activity. 

The enteric nervous system contains adrenergic and 

cholinergic neurons as well as neurons that release 

other neurotransmitters, such as nitric oxide, several 

neuropeptides, and ATP.The effectors mentioned 

earlierðmuscle cells and exocrine glandsðare 

supplied by neurons that are part of the enteric 

nervous system. This permits neural reflexes that 

are completely within the tractðthat is, 

independent of the CNS. In addition, nerve fibers 

from both the sympathetic and parasympathetic 

branches of the autonomic nervous system enter the 

intestinal tract and synapse with neurons in both 

plexuses. Via these pathways, the CNS can 

influence the motility and secretory activity of the 

gastrointestinal tract. Thus, two types of neural-

reflex arcs exist (Figure 1): (1) short reflexes from 

receptors through the nerve plexuses to effector 

cells; and (2) long reflexes from receptors in the 

tract to the CNS by way of afferent nerves, and 

back to the nerve plexuses and effector cells by way 

of autonomic nerve fibers. Finally, it should be 

noted that not all neural reflexes are initiated by 

signals within the tract. Hunger, the sight or smell 

of food, and the emotional state of an individual can 

have significant effects on the gastrointestinal tract, 

effects that aremediated by the CNS via autonomic 

neurons. 

Hormonal Regulation 

The hormones that control the 

gastrointestinal system are secreted mainly by 

endocrine cells scattered throughout the epithelium 

of the stomach and small intestine. That is, these 

cells are not clustered into discrete organs like the 

thyroid or adrenal glands. One surface of each 

endocrine cell is exposed to the lumen of the 

gastrointestinal tract. At this surface, various 

chemical substances in the chyme stimulate the cell 

to release its hormones from the opposite side of the 

cell into the blood. The gastrointestinal hormones 

reach their target cells via the circulation. The four 

best-understood gastrointestinal hormones are 

secretin, cholecystokinin (CCK), gastrin, and 

glucose dependent insulinotropic peptide (GIP). 

Table 1 summarizes the characteristics of these GI 

hormones and not only serves as a reference for  

future discussions but also illustrates the following 

generalizations: (1) Each hormone participates in a 

feedback control system that regulates some aspect 

of the GI luminal environment, and (2) most GI 

hormones affect more than one type of target cell. 

These two generalizations can be illustrated by 

CCK. The presence of fatty acids and amino acids 

in the small intestine triggers CCK secretion from 

cells in the small intestine into the blood. 

Circulating CCK then stimulates the pancreas to 

increase the secretion of digestive enzymes and 

causes the sphincter of Oddi to relax. CCK also 

causes the gallbladder to contract, delivering to the 

intestine the bile salts required for micelle 

formation. As fatty acids and amino acids are 

absorbed, their concentrations in the lumen 

decrease, removing the signal for CCK release. In 

many cases, a single effector cell contains receptors 
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for more than one hormone, as well as receptors for 

neurotransmitters and paracrine agents. The result is 

a variety of inputs that can affect the cellôs 

response. One such event is the phenomenon known 

as potentiation, which is exemplified by the 

interaction between secretin and CCK. Secretin 

strongly stimulates pancreatic HCO3
2-

 secretion, 

whereas CCK is a weak stimulus of HCO3
2-

 

secretion. Both hormones together, however, 

stimulate pancreatic HCO3
2-

 secretion more strongly 

than would be predicted by the sum of their 

individual stimulatory effects. This is because CCK 

amplifies the response to secretin. One of the 

consequences of potentiation is that small changes 

in the plasma concentration of one gastrointestinal 

hormone can have large effects on the actions of 

other gastrointestinal hormones. In addition to their 

stimulation (or, in some cases, inhibition) of 

effector cell functions, the gastrointestinal 

hormones also have trophic (growth-promoting) 

effects on various tissues, including the gastric and 

intestinal mucosa and the exocrine portions of the 

pancreas. Finally, many additional GI hormones 

have been described, some of which are involved in 

the control of blood glucose by serving as a 

feedforward signal from the GI tract to the 

endocrine pancreas . Phases of Gastrointestinal 

Control The neural and hormonal control of the 

gastrointestinal system is, in large part, divisible 

into three phasesðcephalic, gastric, and 

intestinalðaccording to where the stimulus is 

perceived. The cephalic (from a Greek word for 

ñheadò) phase is initiated when sensory receptors in 

the head are stimulated by sight, smell, taste, and 

chewing. Various emotional states can also initiate 

this phase. The efferent pathways for these reflexes 

are primarily mediated by parasympathetic fibers 

carried in the vagus nerves. These fibers activate 

neurons in the gastrointestinal nerve plexuses, 

which in turn affect secretory and contractile 

activity. Four stimuli in the stomach initiate the 

reflexes that constitute the gastric phase of 

regulation: distension, acidity, amino acids, and 

peptides formed during the digestion of ingested 

protein. The responses to these stimuli are mediated 

by short and long neural reflexes and by release of 

the hormone gastrin. Finally, the intestinal phase is 

initiated by stimuli in the intestinal tract: distension, 

acidity, osmolarity, and various digestive products. 

The intestinal phase is mediated by both short and 

long neural reflexes and by the gastrointestinal 

hormones secretin, CCK, and GIP, all of which are 

secreted by endocrine cells in the small intestine. 

We reemphasize that each of these phases is named 

for the site at which the various stimuli initiate the 

reflex and not for the sites of effector activity. Each 

phase is characterized by efferent output to virtually 

all organs in the gastrointestinal tract. Also, these 

phases do not occur in temporal sequence except at 

the very beginning of a meal. Rather, during 

ingestion and the much longer absorptive period, 

reflexes characteristic of all three phases may be 

occurring simultaneously. Keeping in mind the 

neural and hormonal mechanisms available for 

regulating gastrointestinal activity, we can now 

examine the specific contractile and secretory 
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processes that occur in each segment of the 

gastrointestinal system. 

Mouth, Pharynx, and Esophagus 

Chewing  

Chewing is controlled by the somatic nerves 

to the skeletal muscles of the mouth and jaw. In 

addition to the voluntary control of these muscles, 

rhythmic chewing motions are reflexively activated 

by the pressure of food against the gums, hard 

palate at the roof of the mouth, and tongue. 

Activation of these mechanoreceptors leads to 

reflexive inhibition of the muscles holding the jaw 

closed. The resulting relaxation of the jaw reduces 

the pressure on the various mechanoreceptors, 

leading to a new cycle of contraction and relaxation. 

Chewing prolongs the subjective pleasure of taste. 

Chewing also breaks up food particles, creating a 

bolus that is easier to swallow and, possibly, digest. 

Attempting to swallow a large particle of food can 

lead to choking if the particle lodges over the 

trachea, blocking the entry of air into the lungs. 

Saliva 

There are three pairs of salivary glandsðthe 

parotid, sublingual, and submandibular glands. The 

secretion of saliva is controlled by both sympathetic 

and parasympathetic neurons. Unlike their 

antagonistic activity in most organs, both systems 

stimulate salivary secretion, with the 

parasympathetic neurons producing the greater 

response. There is no hormonal regulation of 

salivary secretion. In the absence of ingested 

material, a low rate of salivary secretion keeps the 

mouth moist. The smell or sight of food induces a 

cephalic phase of salivary secretion. This reflex can 

be conditioned to other cues, a phenomenon made 

famous by Pavlov. Salivary secretion can increase 

markedly in response to a meal. This reflex 

response is initiated by chemoreceptors (acidic fruit 

juices are particularly strong stimuli) and pressure 

receptors in the walls of the mouth and on the 

tongue. Increased saliva secretion is accomplished 

by a large increase in blood flow to the salivary 

glands, which is mediated primarily by an increase 

in parasympathetic neural activity. The volume of 

saliva secreted per gram of tissue is the largest 

secretion of any of the bodyôs exocrine glands. 

Sjºgrenôs syndrome is a fascinating immune 

disorder in which many different exocrine glands 

are rendered nonfunctional by the infiltration of 

white blood cells and immune complexes. The loss 

of salivary gland function, which frequently occurs, 

can be treated by taking frequent sips of water and 

with oral fluoride treatment to prevent tooth decay. 

In addition, these patientsð mostly womenðcan 

have an impaired sense of taste, difficulty chewing, 

and even ulcers (holes) in the mucosa of the mouth.  

 

Swallowing 

Swallowing is a complex reflex initiated 

when pressure receptors in the walls of the pharynx 

are stimulated by food or drink forced into the rear 

of the mouth by the tongue (Figure 2a). These 
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receptors send afferent impulses to the swallowing 

center in the medulla oblongata of the brainstem. 

This center then elicits swallowing via efferent 

fibers to the muscles in the pharynx and esophagus 

as well as to the respiratory muscles. As the 

ingested material moves into the pharynx, the soft 

palate elevates and lodges against the back wall of 

the pharynx, preventing food from entering the 

nasal cavity (Figure 2b).  

 

 

Fig 2. Movements of food through the pharynx and upper 

esophagus during swallowing. (a) The tongue pushes the food 

bolus to the back of the pharynx. (b) The soft palate elevates to 

prevent food from entering the nasal passages. (c) The 

epiglottis covers the glottis to prevent food or liquid from 

entering the trachea (aspiration), and the upper esophageal 

sphincter relaxes. (d) Food descends into the esophagus. 

Impulses from the swallowing center inhibit 

respiration, raise the larynx, and close the glottis 

(the area around the vocal cords and the space 

between them), keeping food from moving into the 

trachea. As the tongue forces the food farther back 

into the pharynx, the food tilts a flap of tissue, the 

epiglottis, backward to cover the closed glottis 

(Figure 2c). This prevents aspiration of food, a 

potentially dangerous situation in which food 

travels down the trachea and can cause choking, or 

regurgitated stomach contents are allowed into the 

lungs causing damage. The next stage of 

swallowing occurs in the esophagus (Figure 2d), the 

tube that passes through the thoracic cavity, 

penetrates the diaphragm (which separates the 

thoracic cavity from the abdominal cavity), and 

joins the stomach a few centimeters below the 

diaphragm. Skeletal muscle surrounds the upper 

third of the esophagus, and smooth muscle 

surrounds the lower two-thirds. The pressure in the 

thoracic cavity is negative relative to atmospheric 

pressure, and this subatmospheric pressure is 

transmitted across the thin wall of the intrathoracic 

portion of the esophagus to the lumen. In contrast, 

the luminal pressure in the pharynx at the opening 

to the esophagus is equal to atmospheric pressure, 

and the pressure at the opposite end of the 

esophagus in the stomach is slightly greater than 

atmospheric pressure. Therefore, pressure 

differences could tend to force both air (from 

above) and gastric contents (from below) into the 

esophagus. This does not occur, however, because 

both ends of the esophagus are normally closed by 
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the contraction of sphincter muscles. A ring of 

skeletal muscle surrounds the esophagus just below 

the pharynx and forms the upper esophageal 

sphincter (see Figure 2), whereas the smooth muscle 

in the last portion of the esophagus forms the lower 

esophageal sphincter (Figure 3). The esophageal 

phase of swallowing begins with relaxation of the 

upper esophageal sphincter. Immediately after the 

food has passed, the sphincter closes, the glottis 

opens, and breathing resumes. Once in the 

esophagus, the food moves toward the stomach by a 

progressive wave of muscle contractions that 

proceeds along the esophagus, compressing the 

lumen and forcing the food ahead. Such waves of 

contraction in the muscle layers surrounding a tube 

are known as peristaltic waves. One esophageal 

peristaltic wave takes about 9 seconds to reach the 

stomach. Swallowing can occur even when a person 

is upside down or in zero gravity (outer space) 

because it is not primarily gravity but the peristaltic 

wave that moves the food to the stomach. The lower 

esophageal sphincter opens and remains relaxed 

throughout the period of swallowing, allowing the 

arriving food to enter the stomach. After the food 

passes, the sphincter closes, resealing the junction 

between the esophagus and the stomach. The act of 

swallowing is a neural and muscular reflex 

coordinated by a group of brainstem nuclei 

collectively called the swallowing center. Both 

skeletal and smooth muscles are involved, so the 

swallowing center must direct efferent activity in 

both somatic nerves (to skeletal muscle) and 

autonomic nerves (to smooth muscle). 

 

Fig 3. Location of upper and lower esophageal sphincters. 

Simultaneously, afferent fibers from receptors in the 

esophageal wall send information to the swallowing 

center; this can alter the efferent activity. For 

example, if a large food bolus does not reach the 

stomach during the initial peristaltic wave, the 

maintained distension of the esophagus by the bolus 

activates receptors that initiate reflexes, causing 

repeated waves of peristaltic activity (secondary 

peristalsis). The ability of the lower esophageal 

sphincter to maintain a barrier between the stomach 

and the esophagus when swallowing is not taking 

place is aided by the fact that the last portion of the 

esophagus lies below the diaphragm and is subject 

to the same abdominal pressures as the stomach. In 

other words, if the pressure in the abdominal cavity 

increases, for example, during cycles of respiration 
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or contraction of the abdominal muscles, the 

pressures on both the gastric contents and the 

terminal segment of the esophagus are increased 

together. This prevents the formation of a pressure 

gradient between the stomach and esophagus that 

could force the stomachôs contents into the 

esophagus. During pregnancy, the growth of the 

fetus not only increases the pressure on the 

abdominal contents but also can push the terminal 

segment of the esophagus through the diaphragm 

into the thoracic cavity. The sphincter is therefore 

no longer assisted by changes in abdominal 

pressure. Consequently, during the last half of 

pregnancy, increased abdominal pressure tends to 

force some of the gastric contents up into the 

esophagus (gastroesophageal reflux). The 

hydrochloric acid from the stomach irritates the 

esophageal walls, producing pain known as 

heartburn (because the pain appears to be located in 

the area of the heart). Heartburn often subsides in 

the last weeks of pregnancy prior to delivery, as the 

uterus descends lower into the pelvis, decreasing the 

pressure on the stomach. Gastroesophageal reflux 

and the pain of heartburn also occur in the absence 

of pregnancy. Some people have less efficient lower 

esophageal sphincters, resulting in repeated 

episodes of gastric contents refluxing into the 

esophagus. In extreme cases, ulceration, scarring, 

obstruction, or perforations (holes) of the lower 

esophagus may occur. Gastroesophageal reflux can 

also occur after a large meal, which can sufficiently 

increase the pressure in the stomach to force acid 

into the esophagus. It can also cause coughing and 

irritation of the larynx in the absence of any 

esophageal symptoms, and it has even been 

implicated in the onset of asthmatic symptoms in 

susceptible individuals. The lower esophageal 

sphincter undergoes brief periods of relaxation not 

only during a swallow but also in the absence of a 

swallow. During these periods of relaxation, small 

amounts of the acid contents from the stomach 

normally reflux into the esophagus. The acid in the 

esophagus triggers a secondary peristaltic wave and 

also stimulates increased salivary secretion, which 

helps to neutralize the acid and clear it from the 

esophagus. 

Stomach 

The epithelial layer lining the stomach invaginates 

into the mucosa, forming many tubular glands. 

Glands in the thin walled upper portions of the body 

of the stomach (Figure 4) secrete mucus, 

hydrochloric acid, and the enzyme precursor 

pepsinogen. The uppermost part of the body of the 

stomach is called the fundus and is functionally part 

of the body. The lower portion of the stomach, the 

antrum , has a much thicker layer of smooth muscle 

and is responsible for mixing and grinding the 

stomach contents. The glands in this region secrete 

little acid but contain the endocrine cells that secrete 

the hormone gastrin. The cells at the opening of the 

glands secrete mucus ( Figure 5 ). Lining the walls 

of the glands are parietal cells (also known as 

oxyntic cells), which secrete acid and intrinsic 

factor, and chief cells , which secrete pepsinogen. 
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Figure 4 The two regions of the stomach: body 
and antrum. The fundus is the uppermost portion of the 
body of the stomach and is functionally considered part of 
the body. 

The unique invaginations of the luminal membrane 

of parietal cells shown in Figure 5 are called 

canaliculi (singular, canaliculus ); these increase the 

surface area of the parietal cells thereby maximizing 

secretion into the lumen of the stomach. This again 

illustrates the general principle of physiology that 

structure (increased surface area) is a determinant of 

function (efficient secretion). Thus, each of the 

three major exocrine secretions of the stomachð

mucus, acid, and pepsinogenðis secreted by a 

different cell type. The gastric glands in the antrum 

also contain enteroendocrine cells, which secrete 

gastrin. In addition, enterochromaffin-like ( ECL ) 

cells , which release the paracrine agent histamine, 

and endocrine cells called D cells, which secrete the 

peptide somatostatin , are scattered throughout the 

tubular glands or in surrounding tissue; both of 

these substances play roles in regulating acid 

secretion by the stomach. 

 

Figure 5 A gastric gland in the stomach. Not shown are D 
cells, which release somatostatin and are located primarily 
in and around the glands in the antral region. The unique 
invaginations of the luminal membranes of parietal cells 
are called canaliculi and greatly increase the surface area 
for secretion. 

HCl Production and Secretion 

The stomach secretes about 2 L of hydrochloric acid 

per day. The concentration of H 1 in the lumen of 

the stomach may reach >150 mM, which is 1 to 3 

million times greater than the concentration in the 

blood. This requires an efficient production 



STUDY MATERIAL for  PHYSIOLOGY (Hons) Semester IV (CBCS) TAMRALIPTA MAHAVIDYALAYA UNDER V.U 
 

Prepared By Prof. Rabindranath Majumder , Assis. Professor, Tamralipta Mahavidyalaya , Tamluk, Purba Medinipur , W.B  

9 

mechanism to generate large numbers of hydrogen 

ions. The origin of the hydrogen ions is CO 2 in the 

parietal cell. The enzyme carbonic anhydrase 

catalyzes the reaction between CO 2 with water to 

produce carbonic acid, which dissociates to H 
+
 and 

HCO3
2-
 . Primary H 

+
 /K 

+
 ïATPases in the luminal 

membrane of the parietal cells pump these hydrogen 

ions into the lumen of the stomach ( Figure 6 ). This 

primary active transporter also pumps K 
+
 into the 

cell, which then leaks back into the lumen through 

K 
+
 channels. As H 

+
 is secreted into the lumen, 

HCO3
2-
 is secreted on the opposite side of the cell 

into the blood in exchange for Cl
2-
 . Removal of the 

end products of this reaction enhance the forward 

rate of the reaction by the law of mass action.. In 

this way, production and secretion of H 
+
 are 

coupled. Increased acid secretion, stimulated by 

factors described in the next paragraph, results from 

the transfer of H 
+
 /K 

+
ïATPase proteins from the 

membranes of intracellular vesicles to the plasma 

membrane by fusion of these vesicles with the 

membrane, thereby increasing the number of pump 

proteins in the plasma membrane. This process is 

analogous to the transfer of water channels 

(aquaporins) to the plasma membrane of kidney 

collecting-duct cells in response to ADH. Four 

chemical messengers regulate the insertion of H 
+
 

/K 
+ 

ATPases into the plasma membrane and 

therefore acid secretion: gastrin (a gastric hormone), 

acetylcholine (ACh, a neurotransmitter), histamine, 

and somatostatin (two paracrine agents). Parietal 

cell membranes contain receptors for all four of 

these molecule. 

 

Figure  6 Secretion of hydrochloric acid by parietal cells. The 

H 1 secreted into the lumen by primary active transport is derived 

from the breakdown of water molecules, leaving hydroxyl ion 

(OH 2 ) behind. This OH 2 is neutralized by combination with 

other H 1 generated by the reaction between carbon dioxide and 

water, a reaction catalyzed by the enzyme carbonic anhydrase, 

which is present in high concentrations in parietal cells. The HCO 

3 2 formed by this reaction is transported out of the parietal cell 

on the blood side in exchange for Cl 2 . 

Somatostatin inhibits acid secretion, whereas the 

other three stimulate secretion. This illustrates the 

general principle of physiology that most 

physiological functionsðin this case, the secretion 

of H 
+
 into the stomach lumenðare controlled by 

multiple regulatory systems, often working in 

opposition. These chemical messengers not only act 

directly on the parietal cells but also influence each 

otherôs secretion. For example, histamine markedly 

potentiates the response to the other two stimuli, 

gastrin and ACh. As we will discuss later when 

considering ulcers, this potentiating effect of 

histamine is the reason that drugs that block 

histamine receptors in the stomach suppress acid 

secretion. During a meal, the rate of acid secretion 

increases markedly as stimuli arising from the 

cephalic, gastric, and intestinal phases alter the 

release of the four chemical messengers described 

in the previous paragraph. During the cephalic 
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phase, increased activity of efferent 

parasympathetic neural input to the stomachôs 

enteric nervous system results in the release of ACh 

from the plexus neurons, gastrin from the 

gastrinreleasing cells, and histamine from ECL cells 

( Figure 7 ). Once food has reached the stomach, the 

gastric phase stimuliðdistension from the volume 

of ingested material and the presence of peptides 

and amino acids released by the digestion of 

luminal proteinsðproduce a further increase in acid 

secretion. These stimuli use some of the same 

neural pathways used during the cephalic phase. 

Neurons in the mucosa of the stomach respond to 

these luminal stimuli and send action potentials to 

the cells of the enteric nervous system, which in 

turn can relay signals to the gastrin-releasing cells, 

histamine-releasing cells, and parietal cells. In 

addition, peptides and amino acids can act directly 

on the gastrin-releasing endocrine cells to promote 

gastrin secretion. The concentration of acid in the 

gastric lumen is itself an important determinant of 

the rate of acid secretion because H 
+
 (acid) directly 

inhibits gastrin secretion. It also stimulates the 

release of somatostatin from endocrine cells in the 

gastric wall. Somatostatin then acts on the parietal 

cells to inhibit acid secretion; it also inhibits the 

release of gastrin and histamine. The net result is a 

negative feedback control of acid secretion. As the 

contents of the gastric lumen become more acidic, 

the stimuli that promote acid secretion decrease. 

Increasing the protein content of a meal increases 

acid secretion. This occurs for two reasons. First, 

protein ingestion increases the concentration of 

peptides in the lumen of the stomach. These 

peptides, as we have seen, stimulate acid secretion 

through their actions on gastrin. The second reason 

is more complicated and reflects the effects of 

proteins on luminal acidity. During the cephalic 

phase, before food enters the stomach, the H 
+
 

concentration in the lumen increases because there 

are few buffers present to bind any secreted H 
+
 . 

Thereafter, the rate of acid secretion soon decreases 

because high acidity reflexively inhibits acid 

secretion (see Figure 7).  

 

Figure 7 15.21 Cephalic and gastric phases controlling 

acid secretion by the stomach. The dashed line and E 

indicate that an increase in acidity inhibits the secretion of 

gastrin and that somatostatin inhibits the release of HCl. 

HCl inhibition of gastrin and somatostatin inhibition of HCl 

are negative feedback loops limiting overproduction of 

HCl. 

The protein in food is an excellent buffer, however, 

so as it enters the stomach, the H
+
 concentration 
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decreases as H
+
 binds to proteins and begins to 

denature them. This decrease in acidity removes the 

inhibition of acid secretion. The more protein in a 

meal, the greater the buffering of acid and the more 

acid secreted. We now come to the intestinal phase 

that controls acid secretionðthe phase in which 

stimuli in the early portion of the small intestine 

influence acid secretion by the stomach. High 

acidity in the duodenum triggers reflexes that 

inhibit gastric acid secretion. This inhibition is 

beneficial because the digestive activity of enzymes 

and bile salts in the small intestine is strongly 

inhibited by acidic solutions. This reflex limits 

gastric acid production when the H
+
 concentration 

in the duodenum increases due to the entry of 

chyme from the stomach. Acid, distension, 

hypertonic solutions, solutions containing amino 

acids, and fatty acids in the small intestine 

reflexively inhibit gastric acid secretion. The extent 

to which acid secretion is inhibited during the 

intestinal phase varies, depending upon the amounts 

of these substances in the intestine; the net result is 

the same, howeverðbalancing the secretory activity 

of the stomach with the digestive and absorptive 

capacities of the small intestine. The inhibition of 

gastric acid secretion during the intestinal phase is 

mediated by short and long neural reflexes and by 

hormones that inhibit acid secretion by influencing 

the four signals that directly control acid secretion: 

ACh, gastrin, histamine, and somatostatin. The 

hormones released by the intestinal tract that 

reflexively inhibit gastric activity are collectively 

called enterogastrones and include secretin and 

CCK. Pepsin Secretion Pepsin is secreted by chief 

cells in the form of an inactive precursor called 

pepsinogen . Exposure to low pH in the lumen of 

the stomach activates a very rapid, autocatalytic 

process in which pepsin is produced from 

pepsinogen. The synthesis and secretion of 

pepsinogen, followed by its intraluminal activation 

to pepsin, provide an example of a process that 

occurs with many other secreted proteolytic 

enzymes in the gastrointestinal tract. These 

enzymes are synthesized and stored intracellularly 

in inactive forms, collectively referred to as 

zymogens . Consequently, zymogens do not act on 

proteins inside the cells that produce them; this 

protects the cell from proteolytic damage. Pepsin is 

active only in the presence of a high H
+
 

concentration (low pH). It is irreversibly inactivated 

when it enters the small intestine, where the HCO3
2-

 

secreted into the small intestine neutralizes the H 
+
 . 

The primary pathway for stimulating pepsinogen 

secretion is input to the chief cells from the enteric 

nervous system. During the cephalic, gastric, and 

intestinal phases, most of the factors that stimulate 

or inhibit acid secretion exert the same effect on 

pepsinogen secretion. Thus, pepsinogen secretion 

parallels acid secretion. Pepsin is not essential for 

protein digestion because in its absence, as occurs 

in some pathological conditions, protein can be 

completely digested by enzymes in the small 

intestine. However, pepsin accelerates protein 

digestion and normally accounts for about 20% of 

total protein digestion. It is also important in the 

digestion of collagen contained in the connective-
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tissue matrix of meat. This is useful because it helps 

shred meat into smaller, more easily processed 

pieces with greater surface area for digestion.  

Gastric Motility  

An empty stomach has a volume of only 

about 50 mL, and  the diameter of its lumen is only 

slightly larger than that of the small intestine. When 

a meal is swallowed, however, the smooth muscles 

in the fundus and body relax before the arrival of 

food, allowing the stomachôs volume to increase to 

as much as 1.5 L with little increase in pressure. 

This receptive relaxation is mediated by the 

parasympathetic nerves to the stomachôs enteric 

nerve plexuses, with coordination provided by 

afferent input from the stomach via the vagus nerve 

and by the swallowing center in the brain. Nitric 

oxide and serotonin released by enteric neurons 

mediate this relaxation. As in the esophagus, the 

stomach produces peristaltic waves in response to 

the arriving food. Each wave begins in the body of 

the stomach and produces only a ripple as it 

proceeds toward the antrum; this contraction is too 

weak to produce much mixing of the luminal 

contents with acid and pepsin. As the wave 

approaches the larger mass of wall muscle 

surrounding the antrum, however, it produces a 

more powerful contraction, which both mixes the 

luminal contents and closes the pyloric sphincter , a 

ring of smooth muscle and connective tissue 

between the antrum and the duodenum ( Figure 8). 

The pyloric sphincter muscles contract upon arrival 

of a peristaltic wave. As a consequence of the 

sphincter closing, only a small amount of chyme is 

expelled into the duodenum with each wave. 

 

Figure 8 Peristaltic waves passing over the stomach force a 

small amount of luminal material into the duodenum. Black 

arrows indicate movement of luminal material; purple arrows 

indicate movement of the peristaltic wave in the stomach wall. 
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Most of the antral contents are forced backward 

toward the body of the stomach. This backward 

motion of chyme, called retropulsion , generates 

strong shear forces that helps to disperse the food 

particles and improve mixing of the chyme. Recall 

that Bthe lower esophageal sphincter prevents this 

retrograde movement of stomach contents from 

entering the esophagus. What is responsible for 

producing gastric peristaltic waves? Their rhythm 

(three per minute) is generated by pacemaker cells 

in the longitudinal smooth muscle layer. These 

smooth muscle cells undergo spontaneous 

depolarizationï repolarization cycles (slow waves) 

known as the basic electrical rhythm of the 

stomach. These slow waves are conducted through 

gap junctions along the stomachôs longitudinal 

muscle layer and also induce similar slow waves in 

the overlying circular muscle layer. In the absence 

of neural or hormonal input, however, these 

depolarizations are too small to cause significant 

contractions. Excitatory neurotransmitters and 

hormones act upon the smooth muscle to further 

depolarize the membrane, thereby bringing it closer 

to threshold. Action potentials may be generated at 

the peak of the slow-wave cycle if threshold is 

reached ( Figure  9), causing larger contractions. 

The number of spikes fired with each wave 

determines the strength of the muscle contraction. 

Therefore, whereas the frequency of contraction is 

determined by the intrinsic  basic electrical rhythm 

and remains essentially constant,the force of 

contractionðand, consequently, the amount of 

gastric emptying per contractionðis determined 

reflexively by neural and hormonal input to the 

antral smooth muscle. 

 

Figure  9 Slow-wave oscillations in the membrane 

potential of gastric smooth muscle fibers trigger bursts of 

action potentials when threshold potential is reached at 

the wave peak. Membrane depolarization brings the slow 

wave closer to threshold, increasing the action potential 

frequency and thus the force of smooth muscle 

contraction. 

The initiation of these reflexes depends upon the 

contents of both the stomach and small intestine. 

All the factors previously discussed that regulate 

acid secretion can also alter gastric motility. For 

example, gastrin in sufficiently high concentrations 

increases the force of antral smooth muscle 

contractions. Distension of the stomach also 

increases the force of antral contractions through 

long and short reflexes triggered by 

mechanoreceptors in the stomach wall. Therefore, 

after a  large meal, the force of initial stomach 

contractions is greater, ) that you learned about in 

which results in a greater emptying per contraction. 
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In contrast, gastric emptying is inhibited by 

distension of the duodenum or the presence of fat, 

high acidity (low pH), or hypertonic solutions in the 

lumen of the duodenum ( Figure 10). These are the 

same factors that inhibit acid and pepsin secretion in 

the stomach. Fat is the most potent of these 

chemical stimuli. This prevents overfilling of the 

duodenum. The rate of gastric emptying has 

significant clinical implications particularly when 

considering what food type is eaten with oral 

medications.  

 

Figure 10 Intestinal phase pathways inhibiting gastric 
emptying. 

A meal rich in fat content tends to slow oral drug 

absorption due to a delay of the drug entering the 

small intestine through the pyloric sphincter. 

Autonomic nerve fibers to the stomach can be 

activated by the CNS independently of the reflexes 

originating in the stomach and duodenum and can 

influence gastric motility. An increase in 

parasympathetic activity increases gastric motility, 

whereas an increase in sympathetic activity 

decreases motility. Via these pathways, pain and 

emotions can alter motility; however, different 

people show different gastrointestinal responses to 

apparently similar emotional states. As we have 

seen, a hypertonic solution in the duodenum is one 

of the stimuli inhibiting gastric emptying. This 

reflex prevents the fluid in the duodenum from 

becoming too hypertonic. It does so by slowing the 

rate of entry of chyme and thereby the delivery of 

large molecules that can rapidly be broken down 

into many small molecules by enzymes in the small 

intestine. Once the contents of the stomach have 

emptied over a period of several hours, the 

peristaltic waves cease and the empty stomach is 

mostly quiescent. During this time, however, there 

are brief intervals of peristaltic activity that we will 

describe along with the events controlling intestinal 

motility. 

Pancreatic Secretions 

The exocrine portion of the pancreas secretes 

HCO3
2-
 and a number of digestive enzymes into 

ducts that converge into the pancreatic duct, which 

joins the common bile duct from the liver just 

before it enters the duodenum . The enzymes are 

secreted by gland cells at the pancreatic end of the 

duct system, whereas HCO3
2-

 is secreted by the 

epithelial cells lining the ducts ( Figure 11). The 

pancreatic duct cells secrete HCO3
2-
 (produced from 

CO 2 and water) into the duct lumen via an apical 

membrane Cl 
-
 / HCO3

2-
 exchanger, while the H 

+
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produced is exchanged for extracellular Na 
+
 on the 

basolateral side of the cell (Figure 12). The H
+
 

enters the pancreatic capillaries to eventually meet 

up in portal vein blood with the HCO3
2-

 produced 

by the stomach during the generation of luminal H 

+
. As with most transport systems, the energy for 

secretion of HCO3
2-
 is ultimately provided by Na 

+
 

/K 
+
 ïATPase pumps on the basolateral membrane. 

Cl
-
  normally does not accumulate within the cell 

because these ions are recycled into the lumen 

through the cystic fibrosis transmembrane 

conductance regulator ( CFTR large meal, the force 

of initial stomach contractions is greater, ).Via a 

paracellular route, Na
+
  and water move into the 

ducts due to the electrochemical gradient 

established by chloride movement through the 

CFTR.  

 

Figure  11 Structure of the pancreas. The exocrine portion 

secretes enzymes and HCO 3 2 into the pancreatic ducts. 

The endocrine portion secretes insulin, glucagon, and 

other hormones into the blood. 

This dependence on Cl
-
 explains why mutations in 

the CFTR that cause cystic fibrosis result in 

decreased pancreatic HCO3
2-

 secretion. 

Furthermore, the lack of normal water movement 

into the lumen leads to a thickening of pancreatic 

secretions; this can lead to clogging of the 

pancreatic ducts and pancreatic damage. In fact, the 

cystic and fibrotic (scarring) appearance of the 

diseased pancreas was the origin of the name of this 

disease. The enzymes the pancreas secretes digest 

fat, polysaccharides, proteins, and nucleic acids to 

fatty acids, sugars, amino acids, and nucleotides, 

respectively. The proteolytic enzymes are secreted 

in inactive forms (zymogens), as described for 

pepsinogen in the stomach, and then activated in the 

duodenum by other enzymes. Like pepsinogen, the 

secretion of zymogens protects pancreatic cells 

from autodigestion.  

 

Figure 12 Ion-transport pathways in pancreatic duct cells. 

(CFTR 5 Cystic fibrosis transmembrane conductance 

regulator) 
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A key step in this activation is mediated by 

enterokinase , which is embedded in the luminal 

plasma membranes of the intestinal epithelial cells. 

Enterokinase is a proteolytic enzyme that splits off a 

peptide from pancreatic trypsinogen , forming the 

active enzyme trypsin. Trypsin is also a proteolytic 

enzyme; once activated, it activates the other 

pancreatic zymogens by splitting off peptide 

fragments . This activating function is in addition to 

the role of trypsin in digesting ingested protein. The 

nonproteolytic enzymes secreted by the pancreas 

(e.g., amylase and lipase) are released in fully active 

form. Pancreatic secretion increases during a meal, 

mainly as a result of stimulation by the hormones 

secretin and CCK . Secretin is the primary stimulant 

for HCO3
2-

 secretion, whereas CCK mainly 

stimulates enzyme secretion. Because the function 

of pancreatic HCO3
2-

  is to neutralize acid entering 

the duodenum from the stomach, it is appropriate 

that the major stimulus for secretin release is 

increased acidity in the duodenum ( Figure 13 ).  

 

Figure 13 Activation of pancreatic enzyme precursor in the 

small intestine. 

 

In analogous fashion, CCK stimulates the secretion 

of digestive enzymes, including those for fat and 

protein digestion, so it is appropriate that the stimuli 

for its release are fatty acids and amino acids in the 

duodenum ( Figure 14). Luminal acid and fatty 

acids also act on afferent nerve endings in the 

intestinal wall, initiating reflexes that act on the 

pancreas to increase both enzyme and HCO3
2-

 

secretion. In these ways, the organic nutrients in the 

small intestine initiate neural and endocrine reflexes 

that control the secretions involved in their own 

digestion.  

 

Figure 13 Hormonal regulation of pancreatic HCO 3 2 
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secretion. Dashed line and E indicate that neutralization of 

intestinal acid (ᴻ pH) turns off secretin secretion (negative 

feedback). 

Although most of the pancreatic exocrine secretions 

are controlled by stimuli arising from the intestinal 

phase of digestion, cephalic and gastric stimuli also 

play a role by way of the parasympathetic nerves to 

the pancreas.  

 

Figure 14 Hormonal regulation of pancreatic enzyme 

secretion 

Thus, the taste of food or the distension of the 

stomach by  food will lead to increased pancreatic 

secretion. 

Bile Secretion The functional unit of the liver is the 

hepatic lobule ( Figure 15  ). Within the lobule, the 

portal triad is composed of branches of the bile 

duct, the hepatic and portal veins, and the hepatic 

artery (which brings oxygenated blood to the liver). 

Substances absorbed from the small intestine wind 

up in the hepatic sinusoid either to reach the vena 

cava via the central vein or are taken up by the 

hepatocytes (liver cells) in which they can be 

modified. Hepatocytes can rid the body of 

substances by secretion into the bile canaliculi , 

which converge to form the common hepatic bile 

duct . Bile contains six major ingredients: (1) bile 

salts, (2) lecithin (a phospholipid), (3) HCO3
2-
 and 

other salts, (4) cholesterol, (5) bile pigments and 

small amounts of other metabolic end products, and 

(6) trace metals. Bile salts and lecithin are 

synthesized in the liver and, as we have seen, help 

solubilize fat in the small intestine. HCO3
2-

 

neutralizes acid in the duodenum, and the last three 

ingredients represent substances extracted from the 

blood by the liver and excreted via the bile. The 

most important digestive components of bile are the 

bile salts. During the digestion of a fatty meal, most 

of the bile salts entering the intestinal tract via the 

bile are absorbed by specific Na
+
 -coupled 

transporters in the ileum (the last segment of the 

small intestine). The absorbed bile salts are returned 

via the portal vein to the liver, where they are once 

again secreted into the bile. Uptake of bile salts 

from portal blood into hepatocytes is driven by 

secondary active transport coupled to Na 
+
 .  
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Figure  15 Microscopic appearance of the liver. (a) Hepatic 

lobules are the functional units of the liver. (b) A small 

section of the liver showing the location of bile canaliculi 

and ducts with respect to blood and liver cells 

(hepatocytes). The hepatic portal veins communicate with 

the hepatic sinusoids and bring absorbed substances to the 

liver from the small intestines. Hepatocytes take up and 

process nutrients and other factors from the hepatic 

sinusoids. Bile (green) is formed by uptake by hepatocytes 

of bile salts and secretion into bile canaliculi. Finally, 

central veins, located at the center of each lobule, drain 

blood from the lobules into the systemic venous 

circulation. 

This recycling pathway from the liver to the 

intestine and back to the liver is known as the 

enterohepatic circulation (Figure 16). A small 

amount (5%) of the bile salts escapes this recycling 

and is lost in the feces, but the liver synthesizes new 

bile salts from cholesterol to replace it. During the 

digestion of a meal, the entire bile salt content of 

the body may be recycled several times via the 

enterohepatic circulation. In addition to 

synthesizing bile salts from cholesterol, the liver 

also secretes cholesterol extracted from the blood 

into the bile. Bile secretion, followed by excretion 

of cholesterol in the feces, is one of the mechanisms 

for maintaining cholesterol homeostasis in the blood 

and is also the process by which some cholesterol-

lowering drugs work. Dietary fiber also sequesters 

bile and thereby lowers plasma cholesterol. This 

occurs because the sequestered bile salts escape the 

enterohepatic circulation. Therefore, the liver must 

either synthesize new cholesterol, or remove it from 

the blood, or both to produce more bile salts. 

Cholesterol is insoluble in water, and its solubility 

in bile is achieved by its incorporation into micelles 

(whereas in blood, cholesterol is incorporated into 

lipoproteins). Gallstones, consisting of precipitated 

cholesterol, will be discussed at the end of this 

chapter. Bile pigments are substances formed from 

the heme portion 
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Figure 16 Regulation of bile entry into the small intestine. 

of hemoglobin when old or damaged erythrocytes 

are broken down in the spleen and liver. The 

predominant bile pigment is bilirubin , which is 

extracted from the blood by liver cells and actively 

secreted into the bile. Bilirubin is yellow and 

contributes to the color of bile. During their passage 

through the intestinal tract, some of the bile 

pigments are absorbed into the blood and are 

eventually excreted in the urine, giving urine its 

yellow color. After entering the intestinal tract, 

some bilirubin is modified by bacterial enzymes to 

form the brown pigments that give feces their 

characteristic color. The components of bile are 

secreted by two different cell types. The bile salts, 

cholesterol, lecithin, and bile pigments are secreted 

by hepatocytes, whereas most of the HCO3
2-
 rich 

solution is secreted by the epithelial cells lining the 

bile ducts. Secretion of the HCO3
2-
 rich solution by 

the bile ducts, just like the secretion by the 

pancreas, is stimulated by secretin in response to the 

presence of acid in the duodenum. Although bile 

secretion is greatest during and just after a meal, the 

liver is always secreting some bile. Surrounding the 

common bile duct at the point where it enters the 

duodenum is a ring of smooth muscle known as the 

sphincter of Oddi . When this sphincter is closed, 

the dilute bile secreted by the liver is shunted into 

the gallbladder. Here, the organic components of 

bile become concentrated as some NaCl and water 

are absorbed into the blood. Shortly after the 

beginning of a fatty meal, the sphincter of Oddi 

relaxes and the gallbladder contracts, discharging 

concentrated bile into the duodenum. The signal for 

gallbladder contraction and sphincter relaxation is 

the intestinal hormone CCKðappropriately so, 

because, as we have seen, the presence of fat in the 

duodenum is a major stimulus for this hormoneôs 

release. It is from this ability to cause contraction of 

the gallbladder that cholecystokinin received its 

name: chole, ñbileò; cysto, ñbladderò; and kinin, ñto 

move.ò Figure 16 summarizes the factors 

controlling the entry of bile into the small intestine.  

Small Intestine Secretion  

Approximately 1500 mL of fluid is secreted by the 

walls of the small intestine from the blood into the 

lumen each day. One of the causes of water 

movement (secretion) into the lumen is that the 

intestinal epithelium at the base of the villi secretes 

a number of mineral ionsðnotably, Na
+
 , Cl 

-
 , and 
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HCO3
2-
 ðinto the lumen, and water follows by 

osmosis. These secretions, along with mucus, 

lubricate the surface of the intestinal tract and help 

protect the epithelial cells from excessive damage 

by the digestive enzymes in the lumen. Some 

damage to these cells still occurs, however, and the 

intestinal epithelium has one of the highest cell-

renewal rates of any tissue in the body. As stated 

earlier, water movement into the lumen also occurs 

when the chyme entering the small intestine from 

the stomach is hypertonic because of a high 

concentration of solutes in the meal and because 

digestion breaks down large molecules into many 

more small molecules. This hypertonicity causes the 

osmotic movement of water from the isotonic 

plasma into the intestinal lumen. 

Absorption 

Normally, virtually all of the fluid secreted 

by the small intestine is absorbed back into the 

blood. In addition, a much larger volume of fluid, 

which includes salivary, gastric, hepatic, and 

pancreatic secretions, as well as ingested water, is 

simultaneously absorbed from the intestinal lumen 

into the blood. Thus, overall there is a large net 

absorption of water from the small intestine. 

Absorption is achieved by the transport of ions, 

primarily via Na 1 and nutrient cotransport from the 

intestinal lumen into the blood, with water 

following by osmosis. 

Motility  

In contrast to the peristaltic waves that sweep over 

the stomach, the most common motion in the small 

intestine during digestion of a meal is a stationary 

contraction and relaxation of intestinal segments, 

with little apparent net movement toward the large 

intestine ( Figure 17 ). Each contracting segment is 

only a few centimeters long, and the contraction 

lasts a few seconds. The chyme in the lumen of a 

contracting segment is forced both up and down the 

intestine. This rhythmic contraction and relaxation 

of the intestine, known as segmentation , produces a 

continuous division and subdivision of the intestinal 

contents, thoroughly mixing the chyme in the lumen 

and bringing it into contact with the intestinal wall. 

These segmenting movements are initiated by 

electrical activity generated by pacemaker cells (the 

interstitial cells of Cajal ) in the circular smooth 

muscle layer . As with the slow waves in the 

stomach, this intestinal basic electrical rhythm 

produces oscillations in the smooth muscle 

membrane potential. If threshold is reached, action 

potentials are triggered that increase muscle 

contraction. The frequency of segmentation is set by 

the frequency of the intestinal basic electrical 

rhythm; unlike the stomach, however, which 

normally has a single rhythm (three per minute), the 

intestinal rhythm varies along the length of the 

intestine, each successive region having a slightly 

lower frequency than the one above. For example, 

segmentation in the duodenum occurs at a 

frequency of about 12 contractions/min, whereas in 

the last portion of the ileum the rate is only 9 

contractions/ min. 
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Figure 17 15.34 Segmentation contractions in a portion of 

the small intestine in which segments of the intestines 

contract and relax in a rhythmic pattern but do not 

undergo peristalsis. This is the rhythm encountered during 

a meal. Dotted lines are reference points to show the site of 

the first contraction in time (starting at the top). As 

contractions occur at the next site, the chyme is divided 

and pushed back and forth, mixing the luminal contents. 

Segmentation produces, therefore, a slow migration 

of the intestinal contents toward the large intestine 

because more chyme is forced downward, on 

average, than upward. The intensity of segmentation 

can be altered by hormones, the enteric nervous 

system, and autonomic nerves; parasympathetic 

activity increases the force of contraction, and 

sympathetic stimulation decreases it. Thus, cephalic 

phase stimuli, as well as emotional states, can alter 

intestinal motility. As is true for the stomach, these 

inputs produce changes in the force of smooth 

muscle contraction but do not significantly change 

the frequencies of the basic electrical rhythms. After 

most of a meal has been absorbed, the segmenting 

contractions cease and are replaced by a pattern of 

peristaltic activity known as the migrating 

myoelectrical complex ( MMC ). Beginning in the 

lower portion of the stomach, repeated waves of 

peristaltic activity travel about 2 feet along the 

small intestine and then die out. The next MMC 

starts slightly farther down the small intestine so 

that peristaltic activity slowly migrates down the 

small intestine, taking about 2 h to reach the large 

intestine.By the time the MMC reaches the end of 

the ileum, new waves are beginning in the stomach, 

and the process repeats. The MMC moves any 

undigested material still remaining in the small 

intestine into the large intestine and also prevents 

bacteria from remaining in the small intestine long 

enough to grow and multiply excessively. In 

diseases characterized by an aberrant MMC, 

bacterial overgrowth in the small intestine can 

become a major problem. Upon the arrivalof a meal 

in the stomach, the MMC rapidly ceases in the 

intestineand is replaced by segmentation. 

An increase in the plasma concentration of the 

intestinal hormone motilin is thought to initiate the 

MMC. Feeding inhibits the release of motilin; 

motilin stimulates MMCs via both the enteric and 

autonomic nervous systems.The contractile activity 

in various regions of the small intestine can be 

altered by reflexes initiated at different points along 
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the gastrointestinal tract. For example, segmentation 

intensity in the ileum increases during periods of 

gastric emptying; this is known as the gastroileal 

reflex. Large distensions of the intestine, injury to 

the intestinal wall, and various bacterial infections 

in the intestine lead to a complete cessation of 

motility, the intestino-intestinal reflex . As much as 

500 mL of air may be swallowed during a meal. 

Most of this air travels no farther than the 

esophagus, from which it is eventually expelled by 

belching. Some of the air reaches the stomach, 

however, and is passed on to the intestines, where 

its percolation through the chyme as the 

intestinalcontents mix produces gurgling sounds 

that can be quite loud. 

Large Intestine 

Anatomy and Function: The large intestine is a tube 

about 6.5 cm (2.5 inches) in diameter and about 1.5 

m (5 feet) long. Although the large intestine has a 

greater diameter than the small intestine, its 

epithelial surface area is far smaller because the 

large intestine is shorter than the small intestine, its 

surface is not convoluted, and its mucosa lacks villi 

found in the small intestine . The first portion of the 

large intestine is the cecum . A sphincter between 

the ileum and the cecum is called the ileocecal 

valve (or sphincter ) and is composed primarily of 

circularsmooth muscle innervated by sympathetic 

nerves. The circular muscle contracts with 

distension of the colon and limits the movement of 

colonic contents backward into the ileum. This 

prevents bacteria from the large intestine from 

colonizing the final part of the small intestine. The 

appendix is a small, fingerlike projection that 

extends from the cecum and may participate in 

immune function but is not essential. The colon 

consists of three relatively straight segmentsðthe 

ascending, transverse, and descending portions. The 

terminal portion of the descending colon is S-

shaped, forming the sigmoid colon, which empties 

into a relatively straight segment of the large 

intestine, the rectum, which ends at the anus. The 

primary function of the large intestine is to store 

and concentrate fecal material before defecation. 

The secretions of the large intestine are scanty, lack 

digestive enzymes, and consist mostly of mucus and 

fluid containing HCO3
2-

 and K
+
  . About 1500 mL 

of chyme enters the large intestine from the small 

intestine each day. This material is derived largely 

from the secretions of the lower small intestine 

because most of the ingested food is absorbed 

before reaching the large intestine. Fluid absorption 

by the large intestine normally accounts for only a 

small fraction of the fluid absorbed by the 

gastrointestinal tract each day. The primary 

absorptive process in the large intestine is the active 

transport of Na
+
  from lumen to extracellular fluid, 

with the accompanying osmotic absorption of 

water. If fecal material remains in the large intestine 

for a long time, almostall the water is absorbed, 

leaving behind hard fecal pellets. There is normally 

a net movement of K
+
 from blood into the large 

intestine lumen. Severe depletion of total-body 

potassiumcan result when large volumes of fluid are 
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excreted in the feces. There is also a net movement 

of HCO3
2-

 into the lumen coupled to Cl
2-
 absorption 

from the lumen, and loss of this HCO3
2-

 (a base) in 

patients with prolonged diarrhea can 

causemetabolic acidosis . The large intestine also 

absorbs some of the products formed by the bacteria 

colonizing this region. It is now recognized that the 

colonic bacteria make a vital metabolic contribution 

to health. Undigested polysaccharides (fiber) are 

converted to short-chain fatty acids by bacteria in 

the large intestine and absorbed by passive diffusion 

as well as actively via specific short-chain fatty acid 

transporters. This route of absorption can represent 

a significant source of ingested calories and can be 

even more in obesity. The HCO3
2+

 secreted by the 

large intestine helps to neutralize the increased 

acidity resulting from the formation of these fatty 

acids. These bacteria also produce small amounts of 

vitamins, especially vitamin K, for absorption into 

the blood. Although this source of vitamins 

generally provides only a small part of the normal 

daily requirement, it may make a significant 

contribution when dietary vitamin intake is low. An 

individual who depends on absorption of nutrients 

and vitamins formed by bacteria in the large 

intestine can have adverse health consequences if 

treated with antibiotics that inhibit other species of 

bacteria in addition to the disease-causing bacteria. 

Other bacterial products include gas (flatus ), which 

is a mixture of nitrogen and carbon dioxide, with 

small amounts of the gases hydrogen, methane, and 

hydrogen sulfide. Bacterial fermentation of 

undigested polysaccharides produces these gases in 

the colon (except for nitrogen, which is derived 

from swallowed air) at the rate of about 400 to 700 

mL/day. Certain foods (beans, for example) contain 

large amounts of carbohydrates that cannot be 

digested by intestinal enzymes but are readily 

metabolized by bacteria in the large intestine, 

producing large amounts of gas. 

Motility and Defecation 

Contractions of the circular smooth muscle in the 

large intestine produce a segmentation motion with 

a rhythm considerably slower (one every 30 min) 

than that in the small intestine. Because of the slow 

propulsion of the large-intestine contents, material 

entering the large intestine from the small intestine 

remains for about 18 to 24 h. This provides time for 

bacteria to grow and multiply. Three to four times a 

day, generally following a meal, a wave of intense 

contraction known as a mass movement spreads 

rapidly over the transverse segment of the large 

intestine toward the rectum. The large intestine is 

innervated by parasympathetic and sympathetic 

nerves. Parasympathetic input increases segmental 

contractions, whereas sympathetic input decreases 

colonic contractions. The anus, the exit from the 

rectum, is normally closed by the internal anal 

sphincter, composed of smooth muscle, and the 

external anal sphincter, composed of skeletal 

muscle under voluntary control. The sudden 

distension of the walls of the rectum produced by 

the mass movement of fecal material into it initiates 

the neurally mediated defecation reflex. The 
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conscious urge to defecate, mediated by 

mechanoreceptors, accompanies distension of the 

rectum. The reflex response consists of a 

contraction of the rectum and relaxation of the 

internal anal sphincter but contraction of the 

external anal sphincter (initially) and increased 

motility in the sigmoid colon. Eventually, a pressure 

is reached in the rectum that triggers reflex 

relaxation of the external anal sphincter, allowing 

the feces to be expelled. Via descending pathways 

to somatic nerves to the external anal sphincter, 

however, brain centers can override the reflex 

signals that eventually would relax the sphincter, 

thereby keeping the external sphincter closed and 

allowing a person to delay defecation. In this case, 

the prolonged distension of the rectum initiates a 

reverse movement, driving the rectal contents back 

into the sigmoid colon. The urge to defecate then 

subsides until the next mass movement again 

propels more feces into the rectum, increasing its 

volume and again initiating the defecation reflex. 

Voluntary control of the external anal sphincter is 

learned during childhood. Spinal cord damage can 

lead to a loss of voluntary control over defecation. 

Defecation is normally assisted by a deep breath, 

followed by closure of the glottis and contraction of 

the abdominal and thoracic muscles, producing an 

increase in abdominal pressure that is transmitted to 

the contents of the large intestine and rectum. This 

maneuver (termed the Valsalva maneuver) also 

causes an increase in intrathoracic pressure, which 

leads to a transient increase in blood pressure 

followed by a decrease in pressure as the venous 

return to the heart is decreased. The cardiovascular 

changes resulting from excessive strain during 

defecation may in rare instances precipitate a stroke 

or heart attack, especially in constipated elderly 

people with cardiovascular disease.  

 

 


