CHAPTER 61

Cerebral Blood Flow, Cerebrospinal Fluid,

Thus far, we have discussed
the function of the brain as
if it were independent of its
blood flow, its metabolism,
and its fluids. However, this is
i far from true because abnor-

malities of any of these can

profoundly affect brain func-
tion. For instance, total cessation of blood flow to the brain
causes unconsciousness within 5 to 10 seconds. This occurs
because lack of oxygen delivery to the brain cells nearly shuts
down metabolism in these cells. Also, on a longer time scale,
abnormalities of the cerebrospinal fluid, either its composi-
tion or its fluid pressure, can have equally severe effects on
brain function.
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Cerebral Blood Flow

Blood flow of the brain is supplied by four large arteries—
two carotid and two vertebral arteries—which merge to form
the circle of Willis at the base of the brain. The arteries aris-
ing from the circle of Willis travel along the brain surface and
give rise to pial arteries, which branch out into smaller ves-
sels called penetrating arteries and arterioles (Figure 61-1).
The penetrating vessels are separated slightly from the brain
tissue by an extension of the subarachnoid space called the
Virchow-Robin space. The penetrating vessels dive down into
the brain tissue, giving rise to intracerebral arterioles, which
eventually branch into capillaries where exchange among the
blood and the tissues of oxygen, nutrients, carbon dioxide,
and metabolites occurs.

Normal Rate of Cerebral Blood Flow

Normal blood flow through the brain of the adult person
averages 50 to 65 milliliters per 100 grams of brain tissue per
minute. For the entire brain, this amounts to 750 to 900 ml/
min. Thus, the brain comprises only about 2 percent of the
body weight but receives 15 percent of the resting cardiac
output.

Regulation of Cerebral Blood Flow

As in most other vascular areas of the body, cerebral blood
flow is highly related to metabolism of the tissue. Several
metabolic factors are believed to contribute to cerebral
blood flow regulation: (1) carbon dioxide concentration,
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(2) hydrogen ion concentration, (3) oxygen concentration,
and (4) substances released from astrocytes, which are spe-
cialized, non-neuronal cells that appear to couple neuronal
activity with local blood flow regulation.

Increase of Cerebral Blood Flow in Response to Excess
Carbon Dioxide or Excess Hydrogen lon Concentration. An
increase in carbon dioxide concentration in the arterial
blood perfusing the brain greatly increases cerebral blood
flow. This is demonstrated in Figure 61-2, which shows
that a 70 percent increase in arterial Pco, approximately
doubles cerebral blood flow.
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Figure 61-1 Architecture of cerebral blood vessels and potential
mechanism for blood flow regulation by astrocytes. The pial arter-
ies lie on the glia limitans and the penetrating arteries are sur-
rounded by astrocyte foot processes. Note that the astrocytes also
have fine processes that are closely associated with synapses.
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Arterial Pco,

Figure 61-2 Relationship between arterial Pco, and cerebral
blood flow.

Carbon dioxide is believed to increase cerebral blood
flow by combining first with water in the body fluids to
form carbonic acid, with subsequent dissociation of this
acid to form hydrogen ions. The hydrogen ions then cause
vasodilation of the cerebral vessels—the dilation being
almost directly proportional to the increase in hydrogen
ion concentration up to a blood flow limit of about twice
normal.

Other substances that increase the acidity of the brain
tissue and therefore increase hydrogen ion concentration
will likewise increase cerebral blood flow. Such substances
include lactic acid, pyruvic acid, and any other acidic mate-
rial formed during the course of tissue metabolism.

Importance of Cerebral Blood Flow Control by Carbon
Dioxide and Hydrogen lons. Increased hydrogen ion con-
centration greatly depresses neuronal activity. Therefore, it
is fortunate that increased hydrogen ion concentration also
causes increased blood flow, which in turn carries hydro-
gen ions, carbon dioxide, and other acid-forming substances
away from the brain tissues. Loss of carbon dioxide removes
carbonic acid from the tissues; this, along with removal of
other acids, reduces the hydrogen ion concentration back
toward normal. Thus, this mechanism helps maintain a con-
stant hydrogen ion concentration in the cerebral fluids and
thereby helps to maintain a normal, constant level of neu-
ronal activity.

Oxygen Deficiency as a Regulator of Cerebral Blood
Flow. Except during periods of intense brain activity, the
rate of utilization of oxygen by the brain tissue remains
within narrow limits—almost exactly 3.5 (+0.2) milliliters of
oxygen per 100 grams of brain tissue per minute. If blood
flow to the brain ever becomes insufficient to supply this
needed amount of oxygen, the oxygen deficiency almost
immediately causes vasodilation, returning the brain blood
flow and transport of oxygen to the cerebral tissues to near
normal. Thus, this local blood flow regulatory mechanism
is almost exactly the same in the brain as in coronary blood
vessels, in skeletal muscle, and in most other circulatory
areas of the body.

Experiments have shown that a decrease in cerebral tis-
sue Po, below about 30 mm Hg (normal value is 35 to 40
mm Hg) immediately begins to increase cerebral blood flow.
This is fortuitous because brain function becomes deranged
at lower values of Po,, especially so at Po, levels below 20
mm Hg. Even coma can result at these low levels. Thus, the
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oxygen mechanism for local regulation of cerebral blood
flow is an important protective response against diminished
cerebral neuronal activity and, therefore, against derange-
ment of mental capability.

Substances Released from Astrocytes as Regulators of
Cerebral Blood Flow. Increasing evidence suggests that
the close coupling between neuronal activity and cere-
bral blood flow is due, in part, to substances released
from astrocytes (also called astroglial cells) that sur-
round blood vessels of the central nervous system.
Astrocytes are star-shaped non-neuronal cells that sup-
port and protect neurons, as well as provide nutrition.
They have numerous projections that make contact with
neurons and the surrounding blood vessels, providing a
potential mechanism for neurovascular communication.
Gray matter astrocytes (protoplasmic astrocytes) extend
fine processes that cover most synapses and large foot
processes that are closely apposed to the vascular wall
(see Figure 61-1).

Experimental studies have shown that electrical stimula-
tion of excitatory glutaminergic neurons leads to increases
in intracellular calcium ion concentration in astrocyte foot
processes and vasodilation of nearby arterioles. Additional
studies have suggested that the vasodilation is mediated by
several vasoactive metabolites released from astrocytes.
Although the precise mediators are still unclear, nitric
oxide, metabolites of arachidonic acid, potassium ions,
adenosine, and other substances generated by astrocytes
in response to stimulation of adjacent excitatory neurons
have all been suggested to be important in mediating local
vasodilation.

Measurement of Cerebral Blood Flow, and Effect of
Brain Activity on the Flow. A method has been developed
to record blood flow in as many as 256 isolated segments
of the human cerebral cortex simultaneously. To do this,
a radioactive substance, such as radioactive xenon, is
injected into the carotid artery; then the radioactivity of
each segment of the cortex is recorded as the radioactive
substance passes through the brain tissue. For this purpose,
256 small radioactive scintillation detectors are pressed
against the surface of the cortex. The rapidity of rise and
decay of radioactivity in each tissue segment is a direct
measure of the rate of blood flow through that segment.

Using this technique, it has become clear that blood flow
in each individual segment of the brain changes as much as
100 to 150 percent within seconds in response to changes
in local neuronal activity. For instance, simply making a fist
of the hand causes an immediate increase in blood flow in
the motor cortex of the opposite side of the brain. Reading a
book increases the blood flow, especially in the visual areas
of the occipital cortex and in the language perception areas
of the temporal cortex. This measuring procedure can also
be used for localizing the origin of epileptic attacks because
local brain blood flow increases acutely and markedly at the
focal point of each attack.

Demonstrating the effect of local neuronal activity on
cerebral blood flow, Figure 61-3 shows a typical increase in
occipital blood flow recorded in a cat’s brain when intense
light is shined into its eyes for one-half minute.

Cerebral Blood Flow Autoregulation Protects the Brain
From Fluctuations in Arterial Pressure Changes. During
normal daily activities, arterial pressure can fluctuate
widely, rising to high levels during states of excitement or
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Figure 61-3 Increase in blood flow to the occipital regions of a
cat’s brain when light is shined into its eyes.

strenuous activity and falling to low levels during sleep.
However, cerebral blood flow is “autoregulated” extremely
well between arterial pressure limits of 60 and 140 mm Hg.
That is, mean arterial pressure can be decreased acutely to
as low as 60 mm Hg or increased to as high as 140 mm Hg
without significant change in cerebral blood flow. And, in
people who have hypertension, autoregulation of cerebral
blood flow occurs even when the mean arterial pressure
rises to as high as 160 to 180 mm Hg. This is demonstrated
in Figure 61-4, which shows cerebral blood flow measured
in both persons with normal blood pressure and hyperten-
sive and hypotensive patients. Note the extreme constancy
of cerebral blood flow between the limits of 60 and 180 mm
Hg mean arterial pressure. But, if the arterial pressure falls
below 60 mm Hg, cerebral blood flow becomes severely
decreased.

Role of the Sympathetic Nervous System in Controlling
Cerebral Blood Flow. The cerebral circulatory system has
strong sympathetic innervation that passes upward from
the superior cervical sympathetic ganglia in the neck
and then into the brain along with the cerebral arteries.
This innervation supplies both the large brain arteries
and the arteries that penetrate into the substance of the
brain. However, transection of the sympathetic nerves
or mild to moderate stimulation of them usually causes
little change in cerebral blood flow because the blood
flow autoregulation mechanism can override the ner-
vous effects.
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When mean arterial pressure rises acutely to an exception-
ally high level, such as during strenuous exercise or during
other states of excessive circulatory activity, the sympa-
thetic nervous system normally constricts the large- and
intermediate-sized brain arteries enough to prevent the
high pressure from reaching the smaller brain blood ves-
sels. This is important in preventing vascular hemorrhages
into the brain—that is, for preventing the occurrence of
“cerebral stroke”

Cerebral Microcirculation

As is true for almost all other tissues of the body, the num-
ber of blood capillaries in the brain is greatest where the
metabolic needs are greatest. The overall metabolic rate of
the brain gray matter where the neuronal cell bodies lie is
about four times as great as that of white matter; correspond-
ingly, the number of capillaries and rate of blood flow are also
about four times as great in the gray matter.

An important structural characteristic of the brain capillar-
ies is that most of them are much less “leaky” than the blood
capillaries in almost any other tissue of the body. One reason
for this is that the capillaries are supported on all sides by “glial
feet, which are small projections from the surrounding glial
cells (e.g. astroglial cells) that abut against all surfaces of the
capillaries and provide physical support to prevent overstretch-
ing of the capillaries in case of high capillary blood pressure.

The walls of the small arterioles leading to the brain capil-
laries become greatly thickened in people who develop high
blood pressure, and these arterioles remain significantly
constricted all the time to prevent transmission of the high
pressure to the capillaries. We shall see later in the chapter
that whenever these systems for protecting against transuda-
tion of fluid into the brain break down, serious brain edema
ensues, which can lead rapidly to coma and death.

Cerebral “Stroke” Occurs When Cerebral Blood

Vessels Are Blocked

Almost all elderly people have blockage of some small
arteries in the brain, and up to 10 percent eventually have
enough blockage to cause serious disturbance of brain func-
tion, a condition called a “stroke”

Most strokes are caused by arteriosclerotic plaques that
occur in one or more of the feeder arteries to the brain. The
plaques can activate the clotting mechanism of the blood,
causing a blood clot to occur and block blood flow in the
artery, thereby leading to acute loss of brain function in a
localized area.

In about one quarter of people who develop strokes,
high blood pressure makes one of the blood vessels burst;
hemorrhage then occurs, compressing the local brain tissue
and further compromising its functions. The neurological
effects of a stroke are determined by the brain area affected.
One of the most common types of stroke is blockage of the
middle cerebral artery that supplies the midportion of one
brain hemisphere. For instance, if the middle cerebral artery
is blocked on the left side of the brain, the person is likely
to become almost totally demented because of lost function
in Wernicke’s speech comprehension area in the left cere-
bral hemisphere, and he or she also becomes unable to speak
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words because of loss of Broca’s motor area for word for-
mation. In addition, loss of function of neural motor control
areas of the left hemisphere can create spastic paralysis of
most muscles on the opposite side of the body.

Figure 61-4 Effect of differences in mean arterial pressure, from
hypotensive to hypertensive level, on cerebral blood flow in differ-
ent human beings. (Modified from Lassen NA: Cerebral blood flow
and oxygen consumption in man. Physiol Rev 39:183, 1959.)
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In a similar manner, blockage of a posterior cerebral
artery will cause infarction of the occipital pole of the hemi-
sphere on the same side as the blockage, which causes loss
of vision in both eyes in the half of the retina on the same
side as the stroke lesion. Especially devastating are strokes
that involve the blood supply to the midbrain because this
can block nerve conduction in major pathways between
the brain and spinal cord, causing both sensory and motor
abnormalities.

Cerebrospinal Fluid System

The entire cerebral cavity enclosing the brain and spinal
cord has a capacity of about 1600 to 1700 milliliters; about
150 milliliters of this capacity is occupied by cerebrospinal
fluid and the remainder by the brain and cord. This fluid,
as shown in Figure 61-5, is present in the ventricles of the
brain, in the cisterns around the outside of the brain, and in
the subarachnoid space around both the brain and the spinal
cord. All these chambers are connected with one another,
and the pressure of the fluid is maintained at a surprisingly
constant level.

Cushioning Function of the Cerebrospinal Fluid

A major function of the cerebrospinal fluid is to cushion the
brain within its solid vault. The brain and the cerebrospi-
nal fluid have about the same specific gravity (only about
4 percent different), so the brain simply floats in the fluid.
Therefore, a blow to the head, if it is not too intense, moves
the entire brain simultaneously with the skull, causing no
one portion of the brain to be momentarily contorted by
the blow.

Contrecoup. When a blow to the head is extremely severe,
it may not damage the brain on the side of the head where the
blow is struck but on the opposite side. This phenomenon is
known as “contrecoup;” and the reason for this effect is the
following: When the blow is struck, the fluid on the struck
side is so incompressible that as the skull moves, the fluid
pushes the brain at the same time in unison with the skull.
On the side opposite to the area that is struck, the sudden
movement of the whole skull causes the skull to pull away
from the brain momentarily because of the brain’s inertia,
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creating for a split second a vacuum space in the cranial vault
in the area opposite to the blow. Then, when the skull is no
longer being accelerated by the blow, the vacuum suddenly
collapses and the brain strikes the inner surface of the skull.

The poles and the inferior surfaces of the frontal and tem-
poral lobes, where the brain comes into contact with bony pro-
tuberances in the base of the skull, are often the sites of injury
and contusions (bruises) after a severe blow to the head, such
as that experienced by a boxer. If the contusion occurs on the
same side as the impact injury, it is a coup injury; if it occurs on
the opposite side, the contusion is a contrecoup injury.

Coup and contrecoup injuries can also be caused by rapid
acceleration or deceleration alone in the absence of physi-
cal impact due to a blow to the head. In these instances the
brain may bounce off the wall of the skull causing a coup
injury and then also bounce off the opposite side causing a
contrecoup contusion. Such injuries are thought to occur, for
example, in “shaken baby syndrome” or sometimes in vehicu-
lar accidents.

Formation, Flow, and Absorption

of Cerebrospinal Fluid

Cerebrospinal fluid is formed at a rate of about 500 milli-
liters each day, which is three to four times as much as the
total volume of fluid in the entire cerebrospinal fluid system.
About two thirds or more of this fluid originates as secretion
from the choroid plexuses in the four ventricles, mainly in the
two lateral ventricles. Additional small amounts of fluid are
secreted by the ependymal surfaces of all the ventricles and
by the arachnoidal membranes. A small amount comes from
the brain itself through the perivascular spaces that surround
the blood vessels passing through the brain.

The arrows in Figure 61-5 show that the main channels of
fluid flow from the choroid plexuses and then through the cere-
brospinal fluid system. The fluid secreted in the lateral ven-
tricles passes first into the third ventricle; then, after addition
of minute amounts of fluid from the third ventricle, it flows
downward along the aqueduct of Sylvius into the fourth ventri-
cle, where still another minute amount of fluid is added. Finally,
the fluid passes out of the fourth ventricle through three small
openings, two lateral foramina of Luschka and a midline fora-
men of Magendie, entering the cisterna magna, a fluid space
that lies behind the medulla and beneath the cerebellum.

Figure 61-5 The arrows show the pathway of cerebrospinal fluid
flow from the choroid plexuses in the lateral ventricles to the
arachnoidal villi protruding into the dural sinuses.
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The cisterna magna is continuous with the subarachnoid
space that surrounds the entire brain and spinal cord. Almost
all the cerebrospinal fluid then flows upward from the cis-
terna magna through the subarachnoid spaces surrounding
the cerebrum. From here, the fluid flows into and through
multiple arachnoidal villi that project into the large sagit-
tal venous sinus and other venous sinuses of the cerebrum.
Thus, any extra fluid empties into the venous blood through
pores of these villi.

Secretion by the Choroid Plexus. The choroid plexus, a
section of which is shown in Figure 61-6, is a cauliflower-like
growth of blood vessels covered by a thin layer of epithelial
cells. This plexus projects into the temporal horn of each lat-
eral ventricle, the posterior portion of the third ventricle, and
the roof of the fourth ventricle.

Secretion of fluid into the ventricles by the choroid
plexus depends mainly on active transport of sodium ions
through the epithelial cells lining the outside of the plexus.
The sodium ions in turn pull along large amounts of chlo-
ride ions as well because the positive charge of the sodium
ion attracts the chloride ion’s negative charge. The two ions
combined increase the quantity of osmotically active sodium
chloride in the cerebrospinal fluid, which then causes almost
immediate osmosis of water through the membrane, thus
providing the fluid of the secretion.

Less important transport processes move small amounts of
glucose into the cerebrospinal fluid and both potassium and
bicarbonate ions out of the cerebrospinal fluid into the capillar-
ies. Therefore, the resulting characteristics of the cerebrospinal
fluid become the following: osmotic pressure, approximately
equal to that of plasma; sodium ion concentration, also approx-
imately equal to that of plasma; chloride ion, about 15 percent
greater than in plasma; potassium ion, approximately 40 per-
cent less; and glucose, about 30 percent less.

Absorption of Cerebrospinal Fluid Through the Arach-
noidalVilli. Thearachnoidalvilliare microscopic fingerlike
inward projections of the arachnoidal membrane through
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the walls and into the venous sinuses. Conglomerates of
these villi form macroscopic structures called arachnoidal
granulations that can be seen protruding into the sinuses.
The endothelial cells covering the villi have been shown
by electron microscopy to have vesicular passages directly
through the bodies of the cells large enough to allow rela-
tively free flow of (1) cerebrospinal fluid, (2) dissolved pro-
tein molecules, and (3) even particles as large as red and
white blood cells into the venous blood.

Perivascular Spaces and Cerebrospinal Fluid. The large
arteries and veins of the brain lie on the surface of the brain
but their ends penetrate inward, carrying with them a layer
of pia mater, the membrane that covers the brain, as shown
in Figure 61-7. The pia is only loosely adherent to the ves-
sels, so a space, the perivascular space, exists between it and
each vessel. Therefore, perivascular spaces follow both the
arteries and the veins into the brain as far as the arterioles
and venules go.

Lymphatic Function of the Perivascular Spaces. As is
true elsewhere in the body, a small amount of protein leaks
out of the brain capillaries into the interstitial spaces of the
brain. Because no true lymphatics are present in brain tissue,
excess protein in the brain tissue leaves the tissue flowing
with fluid through the perivascular spaces into the subarach-
noid spaces. On reaching the subarachnoid spaces, the pro-
tein then flows with the cerebrospinal fluid, to be absorbed
through the arachnoidal villi into the large cerebral veins.
Therefore, perivascular spaces, in effect, are a specialized
lymphatic system for the brain.

In addition to transporting fluid and proteins, the
perivascular spaces transport extraneous particulate
matter out of the brain. For instance, whenever infec-
tion occurs in the brain, dead white blood cells and other
infectious debris are carried away through the perivascu-
lar spaces.

Cerebrospinal Fluid Pressure
The normal pressure in the cerebrospinal fluid system when
one is lying in a horizontal position averages 130 mm of water
(10 mm Hg), although this may be as low as 65 mm of water
or as high as 195 mm of water even in the normal healthy
person.

Regulation of Cerebrospinal Fluid Pressure by the
Arachnoidal Villi. The normal rate of cerebrospinal fluid
formation remains nearly constant, so changes in fluid
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Figure 61-7 Drainage of a perivascular space into the subarach-
noid space. (Redrawn from Ranson SW, Clark SL: Anatomy of the
Nervous System. Philadelphia: WB Saunders, 1959.)

Figure 61-6 Choroid plexus in a lateral ventricle.
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formation are seldom a factor in pressure control. Conversely,
the arachnoidal villi function like “valves” that allow cerebro-
spinal fluid and its contents to flow readily into the blood of
the venous sinuses while not allowing blood to flow back-
ward in the opposite direction. Normally, this valve action of
the villi allows cerebrospinal fluid to begin to flow into the
blood when cerebrospinal fluid pressure is about 1.5 mm Hg
greater than the pressure of the blood in the venous sinuses.
Then, if the cerebrospinal fluid pressure rises still higher, the
valves open more widely. Under normal conditions, the cere-
brospinal fluid pressure almost never rises more than a few
millimeters of mercury higher than the pressure in the cere-
bral venous sinuses.

Conversely, in disease states, the villi sometimes become
blocked by large particulate matter, by fibrosis, or by excesses
of blood cells that have leaked into the cerebrospinal fluid in
brain diseases. Such blockage can cause high cerebrospinal
fluid pressure, as follows.

High Cerebrospinal Fluid Pressure in Pathological
Conditions of the Brain. Often a large brain tumor ele-
vates the cerebrospinal fluid pressure by decreasing reab-
sorption of the cerebrospinal fluid back into the blood.
As a result, the cerebrospinal fluid pressure can rise to as
much as 500 mm of water (37 mm Hg) or about four times
normal.

The cerebrospinal fluid pressure also rises considerably
when hemorrhage or infection occurs in the cranial vault. In
both these conditions, large numbers of red and/or white
blood cells suddenly appear in the cerebrospinal fluid and
can cause serious blockage of the small absorption channels
through the arachnoidal villi. This also sometimes elevates
the cerebrospinal fluid pressure to 400 to 600 mm of water
(about four times normal).

Some babies are born with high cerebrospinal fluid pres-
sure. This is often caused by abnormally high resistance to
fluid reabsorption through the arachnoidal villi, resulting
either from too few arachnoidal villi or from villi with abnor-
mal absorptive properties. This is discussed later in connec-
tion with hydrocephalus.

Measurement of Cerebrospinal Fluid Pressure. The
usual procedure for measuring cerebrospinal fluid pres-
sure is simple: First, the person lies exactly horizontally
on his or her side so that the fluid pressure in the spinal
canal is equal to the pressure in the cranial vault. A spinal
needle is then inserted into the lumbar spinal canal below
the lower end of the cord, and the needle is connected to
a vertical glass tube that is open to the air at its top. The
spinal fluid is allowed to rise in the tube as high as it will. If
it rises to a level 136 mm above the level of the needle, the
pressure is said to be 136 mm of water pressure or, dividing
this by 13.6, which is the specific gravity of mercury, about
10 mm Hg pressure.

High Cerebrospinal Fluid Pressure Causes Edema of the
Optic Disc—Papilledema. Anatomically, the dura of the
brain extends as a sheath around the optic nerve and then
connects with the sclera of the eye. When the pressure rises
in the cerebrospinal fluid system, it also rises inside the optic
nerve sheath. The retinal artery and vein pierce this sheath a
few millimeters behind the eye and then pass along with the
optic nerve fibers into the eye itself. Therefore, (1) high cere-
brospinal fluid pressure pushes fluid first into the optic nerve
sheath and then along the spaces between the optic nerve
fibers to the interior of the eyeball; (2) the high pressure
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decreases outward fluid flow in the optic nerves, causing
accumulation of excess fluid in the optic disc at the center
of the retina; and (3) the pressure in the sheath also impedes
flow of blood in the retinal vein, thereby increasing the reti-
nal capillary pressure throughout the eye, which results in
still more retinal edema.

The tissues of the optic disc are much more disten-
sible than those of the remainder of the retina, so the disc
becomes far more edematous than the remainder of the ret-
ina and swells into the cavity of the eye. The swelling of the
disc can be observed with an ophthalmoscope and is called
papilledema. Neurologists can estimate the cerebrospinal
fluid pressure by assessing the extent to which the edema-
tous optic disc protrudes into the eyeball.

Obstruction to Flow of Cerebrospinal Fluid

Can Cause Hydrocephalus

“Hydrocephalus” means excess water in the cranial vault.
This condition is frequently divided into communicat-
ing hydrocephalus and noncommunicating hydrocephalus.
In communicating hydrocephalus fluid flows readily from
the ventricular system into the subarachnoid space, whereas
in noncommunicating hydrocephalus fluid flow out of one or
more of the ventricles is blocked.

Usually the noncommunicating type of hydrocephalus
is caused by a block in the aqueduct of Sylvius, resulting
from atresia (closure) before birth in many babies or from
blockage by a brain tumor at any age. As fluid is formed
by the choroid plexuses in the two lateral and the third
ventricles, the volumes of these three ventricles increase
greatly. This flattens the brain into a thin shell against the
skull. In neonates, the increased pressure also causes the
whole head to swell because the skull bones have not yet
fused.

The communicating type of hydrocephalus is usually
caused by blockage of fluid flow in the subarachnoid spaces
around the basal regions of the brain or by blockage of the
arachnoidal villi where the fluid is normally absorbed into
the venous sinuses. Fluid therefore collects both on the out-
side of the brain and to a lesser extent inside the ventricles.
This will also cause the head to swell tremendously if it
occurs in infancy when the skull is still pliable and can be
stretched, and it can damage the brain at any age. A therapy
for many types of hydrocephalus is surgical placement of a
silicone tube shunt all the way from one of the brain ven-
tricles to the peritoneal cavity where the excess fluid can be
absorbed into the blood.

Blood-Cerebrospinal Fluid and Blood-Brain Barriers
It has already been pointed out that the concentrations of
several important constituents of cerebrospinal fluid are
not the same as in extracellular fluid elsewhere in the body.
Furthermore, many large molecular substances hardly pass
at all from the blood into the cerebrospinal fluid or into the
interstitial fluids of the brain, even though these same sub-
stances pass readily into the usual interstitial fluids of the
body. Therefore, it is said that barriers, called the blood-
cerebrospinal fluid barrier and the blood-brain barrier, exist
between the blood and the cerebrospinal fluid and brain
fluid, respectively.

Barriers exist both at the choroid plexus and at the tis-
sue capillary membranes in essentially all areas of the brain
parenchyma except in some areas of the hypothalamus,



Chapter 61

pineal gland, and area postrema, where substances diffuse
with greater ease into the tissue spaces. The ease of diffu-
sion in these areas is important because they have sensory
receptors that respond to specific changes in the body flu-
ids, such as changes in osmolality and in glucose concentra-
tion, as well as receptors for peptide hormones that regulate
thirst, such as angiotensin II. The blood-brain barrier also
has specific carrier molecules that facilitate transport of
hormones, such as leptin, from the blood into the hypo-
thalamus where they bind to specific receptors that control
other functions such as appetite and sympathetic nervous
system activity.

In general, the blood-cerebrospinal fluid and blood-
brain barriers are highly permeable to water, carbon dioxide,
oxygen, and most lipid-soluble substances such as alcohol
and anesthetics; slightly permeable to electrolytes such as
sodium, chloride, and potassium; and almost totally imper-
meable to plasma proteins and most non-lipid-soluble large
organic molecules. Therefore, the blood-cerebrospinal fluid
and blood-brain barriers often make it impossible to achieve
effective concentrations of therapeutic drugs, such as protein
antibodies and non-lipid-soluble drugs, in the cerebrospinal
fluid or parenchyma of the brain.

The cause of the low permeability of the blood-cere-
brospinal fluid and blood-brain barriers is the manner in
which the endothelial cells of the brain tissue capillaries are
joined to one another. They are joined by so-called tight
junctions. That is, the membranes of the adjacent endothe-
lial cells are tightly fused rather than having large slit-pores
between them, as is the case for most other capillaries of
the body.

Brain Edema

One of the most serious complications of abnormal cere-
bral fluid dynamics is the development of brain edema.
Because the brain is encased in a solid cranial vault, accu-
mulation of extra edema fluid compresses the blood vessels,
often causing seriously decreased blood flow and destruc-
tion of brain tissue.

The usual cause of brain edema is either greatly increased
capillary pressure or damage to the capillary wall that makes
the wall leaky to fluid. A common cause is a serious blow to
the head, leading to brain concussion, in which the brain tis-
sues and capillaries are traumatized and capillary fluid leaks
into the traumatized tissues.

Once brain edema begins, it often initiates two vicious
circles because of the following positive feedbacks: (1) Edema
compresses the vasculature. This in turn decreases blood
flow and causes brain ischemia. The ischemia in turn causes
arteriolar dilation with still further increase in capillary pres-
sure. The increased capillary pressure then causes more
edema fluid, so the edema becomes progressively worse. (2)
The decreased cerebral blood flow also decreases oxygen
delivery. This increases the permeability of the capillaries,
allowing still more fluid leakage. It also turns off the sodium
pumps of the neuronal tissue cells, thus allowing these cells
to swell in addition.

Once these two vicious circles have begun, heroic mea-
sures must be used to prevent total destruction of the brain.
One such measure is to infuse intravenously a concentrated
osmotic substance, such as a concentrated mannitol solution.
This pulls fluid by osmosis from the brain tissue and breaks
up the vicious circles. Another procedure is to remove fluid

Cerebral Blood Flow, Cerebrospinal Fluid, and Brain Metabolism

quickly from the lateral ventricles of the brain by means of
ventricular needle puncture, thereby relieving the intracere-
bral pressure.

Brain Metabolism

Like other tissues, the brain requires oxygen and food
nutrients to supply its metabolic needs. However, there
are special peculiarities of brain metabolism that require
mention.

Total Brain Metabolic Rate and Metabolic Rate of
Neurons. Under resting but awake conditions, the metabo-
lism of the brain accounts for about 15 percent of the total
metabolism in the body, even though the mass of the brain
is only 2 percent of the total body mass. Therefore, under
resting conditions, brain metabolism per unit mass of tissue
is about 7.5 times the average metabolism in non-nervous
system tissues.

Most of this excess metabolism of the brain occurs in the
neurons, not in the glial supportive tissues. The major need
for metabolism in the neurons is to pump ions through their
membranes, mainly to transport sodium and calcium ions
to the outside of the neuronal membrane and potassium
ions to the interior. Each time a neuron conducts an action
potential, these ions move through the membranes, increas-
ing the need for additional membrane transport to restore
proper ionic concentration differences across the neuron
membranes. Therefore, during high levels of brain activity,
neuronal metabolism can increase as much as 100 to 150
percent.

Special Requirement of the Brain for Oxygen—Lack of
Significant Anaerobic Metabolism. Most tissues of the body
can live without oxygen for several minutes and some for as
long as 30 minutes. During this time, the tissue cells obtain
their energy through processes of anaerobic metabolism,
which means release of energy by partially breaking down
glucose and glycogen but without combining these with oxy-
gen. This delivers energy only at the expense of consuming
tremendous amounts of glucose and glycogen. However, it
does keep the tissues alive.

The brain is not capable of much anaerobic metabo-
lism. One of the reasons for this is the high metabolic rate
of the neurons, so most neuronal activity depends on sec-
ond-by-second delivery of oxygen from the blood. Putting
these factors together, one can understand why sudden
cessation of blood flow to the brain or sudden total lack
of oxygen in the blood can cause unconsciousness within
5 to 10 seconds.

Under Normal Conditions Most Brain Energy Is
Supplied by Glucose. Under normal conditions, almost
all the energy used by the brain cells is supplied by glucose
derived from the blood. As is true for oxygen, most of this
is derived minute by minute and second by second from the
capillary blood, with a total of only about a 2-minute supply
of glucose normally stored as glycogen in the neurons at any
given time.

A special feature of glucose delivery to the neurons is
that its transport into the neurons through the cell mem-
brane is not dependent on insulin, even though insulin is
required for glucose transport into most other body cells.
Therefore, in patients who have serious diabetes with essen-
tially zero secretion of insulin, glucose still diffuses readily
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into the neurons, which is most fortunate in preventing loss
of mental function in diabetic patients. Yet when a diabetic
patient is overtreated with insulin, the blood glucose con-
centration can fall extremely low because the excess insulin
causes almost all the glucose in the blood to be transported
rapidly into the vast numbers of insulin-sensitive non-neural
cells throughout the body, especially into muscle and liver
cells. When this happens, not enough glucose is left in the
blood to supply the neurons properly and mental function
becomes seriously deranged, leading sometimes to coma
and even more often to mental imbalances and psychotic
disturbances—all caused by overtreatment with insulin.
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CHAPTER 62

General Principles of Gastrointestinal Function—
Motility, Nervous Control, and Blood Circulation

- The alimentary tract pro-
sl vides the body with a con-
tinual supply of water,
electrolytes, vitamins, and
nutrients. To achieve this
requires (1) movement of
food through the alimen-
tary tract; (2) secretion of digestive juices and digestion
of the food; (3) absorption of water, various electrolytes,
vitamins, and digestive products; (4) circulation of blood
through the gastrointestinal organs to carry away the
absorbed substances; and (5) control of all these functions
by local, nervous, and hormonal systems.

Figure 62-1 shows the entire alimentary tract. Each
part is adapted to its specific functions: some to simple
passage of food, such as the esophagus; others to tempo-
rary storage of food, such as the stomach; and others to
digestion and absorption, such as the small intestine. In
this chapter, we discuss the basic principles of function
in the entire alimentary tract; in the following chapters,
we discuss the specific functions of different segments of
the tract.

General Principles of Gastrointestinal
Motility

Physiologic Anatomy of the Gastrointestinal
Wall

Figure 62-2 shows a typical cross section of the intesti-
nal wall, including the following layers from outer sur-
face inward: (1) the serosa, (2) a longitudinal smooth
muscle layer, (3) a circular smooth muscle layer, (4) the
submucosa, and (5) the mucosa. In addition, sparse bun-
dles of smooth muscle fibers, the mucosal muscle, lie in
the deeper layers of the mucosa. The motor functions of
the gut are performed by the different layers of smooth
muscle.

The general characteristics of smooth muscle and its
function are discussed in Chapter 8, which should be
reviewed as a background for the following sections of this
chapter. The specific characteristics of smooth muscle in
the gut are the following.

Parotid gland
Mouth

Salivary glands

Esophagus

Liver Stomach
Gallbladder Pancreas
Duodenum
Transverse Jejunum
colon
Ascending Descending
colon colon

lleum

Anus

Figure 62-1 Alimentary tract.

Gastrointestinal Smooth  Muscle Functions
as a Syncytium. The individual smooth muscle fibers in
the gastrointestinal tract are 200 to 500 micrometers in
length and 2 to 10 micrometers in diameter, and they are
arranged in bundles of as many as 1000 parallel fibers. In
the longitudinal muscle layer, the bundles extend longi-
tudinally down the intestinal tract; in the circular muscle
layer, they extend around the gut.

Within each bundle, the muscle fibers are electrically
connected with one another through large numbers
of gap junctions that allow low-resistance movement
of ions from one muscle cell to the next. Therefore,
electrical signals that initiate muscle contractions can
travel readily from one fiber to the next within each bun-
dle but more rapidly along the length of the bundle than
sideways.
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Serosa
Circular muscle

Meissner's
nerve plexus

Mucosa

lining

(/> Myenteric nerve
(/) plexus

¢/
4/ Submucosal gland

Figure 62-2 Typical cross section of the gut.

Each bundle of smooth muscle fibers is partly sepa-
rated from the next by loose connective tissue, but the
muscle bundles fuse with one another at many points,
so in reality each muscle layer represents a branching
latticework of smooth muscle bundles. Therefore, each
muscle layer functions as a syncytium; that is, when an
action potential is elicited anywhere within the muscle
mass, it generally travels in all directions in the muscle.
The distance that it travels depends on the excitability
of the muscle; sometimes it stops after only a few mil-
limeters and at other times it travels many centimeters
or even the entire length and breadth of the intestinal
tract.

Also, a few connections exist between the longitudinal
and circular muscle layers, so excitation of one of these
layers often excites the other as well.

Electrical Activity of Gastrointestinal
Smooth Muscle

The smooth muscle of the gastrointestinal tract is excited
by almost continual slow, intrinsic electrical activity along
the membranes of the muscle fibers. This activity has
two basic types of electrical waves: (1) slow waves and (2)
spikes, both of which are shown in Figure 62-3. In addi-
tion, the voltage of the resting membrane potential of the
gastrointestinal smooth muscle can be made to change to
different levels, and this, too, can have important effects
in controlling motor activity of the gastrointestinal tract.
Slow Waves. Most gastrointestinal contractions occur
rhythmically, and this rhythm is determined mainly by
the frequency of so-called “slow waves” of smooth muscle
membrane potential. These waves, shown in Figure 62-3,
are not action potentials. Instead, they are slow, undu-
lating changes in the resting membrane potential. Their
intensity usually varies between 5 and 15 millivolts, and
their frequency ranges in different parts of the human
gastrointestinal tract from 3 to 12 per minute: about 3
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Figure 62-3 Membrane potentials in intestinal smooth muscle.
Note the slow waves, the spike potentials, total depolarization, and

hyperpolarization, all of which occur under different physiologic
conditions of the intestine.

in the body of the stomach, as much as 12 in the duode-
num, and about 8 or 9 in the terminal ileum. Therefore,
the rhythm of contraction of the body of the stomach is
usually about 3 per minute, of the duodenum about 12 per
minute, and of the ileum 8 to 9 per minute.

The precise cause of the slow waves is not completely
understood, although they appear to be caused by com-
plex interactions among the smooth muscle cells and spe-
cialized cells, called the interstitial cells of Cajal, that are
believed to act as electrical pacemakers for smooth mus-
cle cells. These interstitial cells form a network with each
other and are interposed between the smooth muscle lay-
ers, with synaptic-like contacts to smooth muscle cells.
The interstitial cells of Cajal undergo cyclic changes in
membrane potential due to unique ion channels that peri-
odically open and produce inward (pacemaker) currents
that may generate slow wave activity.

The slow waves usually do not by themselves cause
muscle contraction in most parts of the gastrointestinal
tract, except perhaps in the stomach. Instead, they mainly
excite the appearance of intermittent spike potentials,
and the spike potentials in turn actually excite the muscle
contraction.

Spike Potentials. The spike potentials are true action
potentials. They occur automatically when the rest-
ing membrane potential of the gastrointestinal smooth
muscle becomes more positive than about —40 millivolts
(the normal resting membrane potential in the smooth
muscle fibers of the gut is between -50 and —60 milli-
volts). Note in Figure 62-3 that each time the peaks of
the slow waves temporarily become more positive than
—-40 millivolts, spike potentials appear on these peaks.
The higher the slow wave potential rises, the greater the
frequency of the spike potentials, usually ranging between
1 and 10 spikes per second. The spike potentials last 10 to
40 times as long in gastrointestinal muscle as the action
potentials in large nerve fibers, each gastrointestinal spike
lasting as long as 10 to 20 milliseconds.

Another important difference between the action
potentials of the gastrointestinal smooth muscle and
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those of nerve fibers is the manner in which they are gen-
erated. In nerve fibers, the action potentials are caused
almost entirely by rapid entry of sodium ions through
sodium channels to the interior of the fibers. In gastro-
intestinal smooth muscle fibers, the channels responsi-
ble for the action potentials are somewhat different; they
allow especially large numbers of calcium ions to enter
along with smaller numbers of sodium ions and therefore
are called calcium-sodium channels. These channels are
much slower to open and close than are the rapid sodium
channels of large nerve fibers. The slowness of opening
and closing of the calcium-sodium channels accounts for
the long duration of the action potentials. Also, the move-
ment of large amounts of calcium ions to the interior of
the muscle fiber during the action potential plays a special
role in causing the intestinal muscle fibers to contract, as
we discuss shortly.

Changes in Voltage of the Resting Membrane
Potential. In addition to the slow waves and spike poten-
tials, the baseline voltage level of the smooth muscle rest-
ing membrane potential can also change. Under normal
conditions, the resting membrane potential averages
about -56 millivolts, but multiple factors can change this
level. When the potential becomes less negative, which is
called depolarization of the membrane, the muscle fibers
become more excitable. When the potential becomes
more negative, which is called hyperpolarization, the
fibers become less excitable.

Factors that depolarize the membrane—that is, make
it more excitable—are (1) stretching of the muscle, (2)
stimulation by acetylcholine released from the endings
of parasympathetic nerves, and (3) stimulation by several
specific gastrointestinal hormones.

Important factors that make the membrane potential
more negative—that is, hyperpolarize the membrane and
make the muscle fibers less excitable—are (1) the effect
of norepinephrine or epinephrine on the fiber membrane
and (2) stimulation of the sympathetic nerves that secrete
mainly norepinephrine at their endings.

Calcium lons and Muscle Contraction. Smooth mus-
cle contraction occurs in response to entry of calcium
ions into the muscle fiber. As explained in Chapter 8, cal-
cium ions, acting through a calmodulin control mecha-
nism, activate the myosin filaments in the fiber, causing
attractive forces to develop between the myosin filaments
and the actin filaments, thereby causing the muscle to
contract.

The slow waves do not cause calcium ions to enter the
smooth muscle fiber (only sodium ions). Therefore, the
slow waves by themselves usually cause no muscle con-
traction. Instead, it is during the spike potentials, gen-
erated at the peaks of the slow waves, that significant
quantities of calcium ions do enter the fibers and cause
most of the contraction.

Tonic Contraction of Some Gastrointestinal Smooth
Muscle. Some smooth muscle of the gastrointestinal
tract exhibits tonic contraction, as well as, or instead of,
rhythmical contractions. Tonic contraction is continu-

ous, not associated with the basic electrical rhythm of
the slow waves but often lasting several minutes or even
hours. The tonic contraction often increases or decreases
in intensity but continues.

Tonic contraction is sometimes caused by contin-
uous repetitive spike potentials—the greater the fre-
quency, the greater the degree of contraction. At other
times, tonic contraction is caused by hormones or other
factors that bring about continuous partial depolariza-
tion of the smooth muscle membrane without causing
action potentials. A third cause of tonic contraction is
continuous entry of calcium ions into the interior of the
cell brought about in ways not associated with changes
in membrane potential. The details of these mechanisms
are still unclear.

Neural Control of Gastrointestinal
Function—Enteric Nervous System

The gastrointestinal tract has a nervous system all its
own called the enteric nervous system. It lies entirely
in the wall of the gut, beginning in the esophagus and
extending all the way to the anus. The number of neu-
rons in this enteric system is about 100 million, almost
exactly equal to the number in the entire spinal cord.
This highly developed enteric nervous system is espe-
cially important in controlling gastrointestinal move-
ments and secretion.

The enteric nervous system is composed mainly of
two plexuses, shown in Figure 62-4: (1) an outer plexus
lying between the longitudinal and circular muscle lay-
ers, called the myenteric plexus or Auerbach’s plexus,
and (2) an inner plexus, called the submucosal plexus or
Meissner’s plexus, that lies in the submucosa. The nervous
connections within and between these two plexuses are
also shown in Figure 62-4.

The myenteric plexus controls mainly the gastroin-
testinal movements, and the submucosal plexus con-
trols mainly gastrointestinal secretion and local blood
flow.

Note especially in Figure 62-4 the extrinsic sympa-
thetic and parasympathetic fibers that connect to both the
myenteric and submucosal plexuses. Although the enteric
nervous system can function independently of these
extrinsic nerves, stimulation by the parasympathetic and
sympathetic systems can greatly enhance or inhibit gas-
trointestinal functions, as we discuss later.

Also shown in Figure 62-4 are sensory nerve end-
ings that originate in the gastrointestinal epithelium or
gut wall and send afferent fibers to both plexuses of the
enteric system, as well as (1) to the prevertebral ganglia
of the sympathetic nervous system, (2) to the spinal cord,
and (3) in the vagus nerves all the way to the brain stem.
These sensory nerves can elicit local reflexes within the
gut wall itself and still other reflexes that are relayed to
the gut from either the prevertebral ganglia or the basal
regions of the brain.
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Figure 62-4 Neural control of the gut
wall, showing (1) the myenteric and
submucosal plexuses (black fibers); (2)
extrinsic control of these plexuses by the
sympathetic and parasympathetic ner- stem
vous systems (red fibers); and (3) sensory f
fibers passing from the luminal epithelium 1
and gut wall to the enteric plexuses, then |
to the prevertebral ganglia of the spinal !
cord and directly to the spinal cord and 1
brain stem (dashed fibers). \
'.
\
\
\
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neurons AN

Differences Between the Myenteric
and Submucosal Plexuses

The myenteric plexus consists mostly of a linear chain of
many interconnecting neurons that extends the entire
length of the gastrointestinal tract. A section of this chain
is shown in Figure 62-4.

Because the myenteric plexus extends all the way along
the intestinal wall and because it lies between the longi-
tudinal and circular layers of intestinal smooth muscle,
it is concerned mainly with controlling muscle activity
along the length of the gut. When this plexus is stimu-
lated, its principal effects are (1) increased tonic contrac-
tion, or “tone,” of the gut wall; (2) increased intensity of
the rhythmical contractions; (3) slightly increased rate of
the rhythm of contraction; and (4) increased velocity of
conduction of excitatory waves along the gut wall, causing
more rapid movement of the gut peristaltic waves.

The myenteric plexus should not be considered entirely
excitatory because some of its neurons are inkibitory; their
fiber endings secrete an inhibitory transmitter, possibly
vasoactive intestinal polypeptide or some other inhibi-
tory peptide. The resulting inhibitory signals are espe-
cially useful for inhibiting some of the intestinal sphincter
muscles that impede movement of food along successive
segments of the gastrointestinal tract, such as the pyloric
sphincter, which controls emptying of the stomach into
the duodenum, and the sphincter of the ileocecal valve,
which controls emptying from the small intestine into the
cecum.

The submucosal plexus, in contrast to the myenteric
plexus, is mainly concerned with controlling function
within the inner wall of each minute segment of the intes-
tine. For instance, many sensory signals originate from
the gastrointestinal epithelium and are then integrated
in the submucosal plexus to help control local intestinal
secretion, local absorption, and local contraction of the
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Types of Neurotransmitters Secreted
by Enteric Neurons

In an attempt to understand better the multiple functions
of the gastrointestinal enteric nervous system, research
workers the world over have identified a dozen or more
different neurotransmitter substances that are released
by the nerve endings of different types of enteric neu-
rons. Two of them with which we are already familiar
are (1) acetylcholine and (2) norepinephrine. Others are
(3) adenosine triphosphate, (4) serotonin, (5) dopamine,
(6) cholecystokinin, (7) substance B, (8) vasoactive intes-
tinal polypeptide, (9) somatostatin, (10) leu-enkephalin,
(11) met-enkephalin, and (12) bombesin. The specific
functions of many of these are not known well enough
to justify discussion here, other than to point out the
following.

Acetylcholine most often excites gastrointestinal activ-
ity. Norepinephrine almost always inhibits gastrointestinal
activity. This is also true of epinephrine, which reaches the
gastrointestinal tract mainly by way of the blood after it is
secreted by the adrenal medullae into the circulation. The
other aforementioned transmitter substances are a mix-
ture of excitatory and inhibitory agents, some of which we
discuss in the following chapter.

Autonomic Control of the Gastrointestinal Tract

Parasympathetic Stimulation Increases Activity of
the Enteric Nervous System. The parasympathetic sup-
ply to the gut is divided into cranial and sacral divisions,
which were discussed in Chapter 60.

Except for a few parasympathetic fibers to the mouth
and pharyngeal regions of the alimentary tract, the cranial
parasympathetic nerve fibers are almost entirely in the
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vagus nerves. These fibers provide extensive innervation
to the esophagus, stomach, and pancreas and somewhat
less to the intestines down through the first half of the
large intestine.

The sacral parasympathetics originate in the second,
third, and fourth sacral segments of the spinal cord and
pass through the pelvic nerves to the distal half of the large
intestine and all the way to the anus. The sigmoidal, rec-
tal, and anal regions are considerably better supplied with
parasympathetic fibers than are the other intestinal areas.
These fibers function especially to execute the defecation
reflexes, discussed in Chapter 63.

The postganglionic neurons of the gastrointestinal
parasympathetic system are located mainly in the myen-
teric and submucosal plexuses. Stimulation of these para-
sympathetic nerves causes general increase in activity of
the entire enteric nervous system. This in turn enhances
activity of most gastrointestinal functions.

Sympathetic Stimulation Usually Inhibits Gastro-
intestinal Tract Activity. The sympathetic fibers to the
gastrointestinal tract originate in the spinal cord between
segments T5 and L2. Most of the preganglionic fibers that
innervate the gut, after leaving the cord, enter the sympa-
thetic chains that lie lateral to the spinal column, and many
of these fibers then pass on through the chains to outlying
ganglia such as to the celiac ganglion and various mesen-
teric ganglia. Most of the postganglionic sympathetic neu-
ron bodies are in these ganglia, and postganglionic fibers
then spread through postganglionic sympathetic nerves
to all parts of the gut. The sympathetics innervate essen-
tially all of the gastrointestinal tract, rather than being
more extensive nearest the oral cavity and anus, as is true
of the parasympathetics. The sympathetic nerve endings
secrete mainly norepinephrine but also small amounts of
epinephrine.

In general, stimulation of the sympathetic nervous sys-
tem inhibits activity of the gastrointestinal tract, causing
many effects opposite to those of the parasympathetic sys-
tem. It exerts its effects in two ways: (1) to a slight extent
by direct effect of secreted norepinephrine to inhibit
intestinal tract smooth muscle (except the mucosal mus-
cle, which it excites) and (2) to a major extent by an inhib-
itory effect of norepinephrine on the neurons of the entire
enteric nervous system.

Strong stimulation of the sympathetic system can
inhibit motor movements of the gut so greatly that this
can literally block movement of food through the gastro-
intestinal tract.

Afferent Sensory Nerve Fibers from the Gut

Many afferent sensory nerve fibers innervate the gut.
Some of them have their cell bodies in the enteric ner-
vous system itself and some in the dorsal root ganglia
of the spinal cord. These sensory nerves can be stimu-
lated by (1) irritation of the gut mucosa, (2) excessive
distention of the gut, or (3) presence of specific chemi-
cal substances in the gut. Signals transmitted through
the fibers can then cause excitation or, under other

conditions, inhibition of intestinal movements or intes-
tinal secretion.

In addition, other sensory signals from the gut go all
the way to multiple areas of the spinal cord and even the
brain stem. For example, 80 percent of the nerve fibers in
the vagus nerves are afferent rather than efferent. These
afferent fibers transmit sensory signals from the gastroin-
testinal tract into the brain medulla, which in turn initi-
ates vagal reflex signals that return to the gastrointestinal
tract to control many of its functions.

Gastrointestinal Reflexes

The anatomical arrangement of the enteric nervous
system and its connections with the sympathetic and
parasympathetic systems support three types of gastroin-
testinal reflexes that are essential to gastrointestinal con-
trol. They are the following:

1. Reflexes that are integrated entirely within the gut wall
enteric nervous system. These include reflexes that con-
trol much gastrointestinal secretion, peristalsis, mixing
contractions, local inhibitory effects, and so forth.

2. Reflexes from the gut to the prevertebral sympathetic
ganglia and then back to the gastrointestinal tract.
These reflexes transmit signals long distances to other
areas of the gastrointestinal tract, such as signals from
the stomach to cause evacuation of the colon (the gas-
trocolic reflex), signals from the colon and small intes-
tine to inhibit stomach motility and stomach secretion
(the enterogastric reflexes), and reflexes from the colon
to inhibit emptying of ileal contents into the colon
(the colonoileal reflex).

3. Reflexes from the gut to the spinal cord or brain stem and
then back to the gastrointestinal tract. These include
especially (1) reflexes from the stomach and duode-
num to the brain stem and back to the stomach—by
way of the vagus nerves—to control gastric motor and
secretory activity; (2) pain reflexes that cause general
inhibition of the entire gastrointestinal tract; and (3)
defecation reflexes that travel from the colon and rec-
tum to the spinal cord and back again to produce the
powerful colonic, rectal, and abdominal contractions
required for defecation (the defecation reflexes).

Hormonal Control of Gastrointestinal Motility

The gastrointestinal hormones are released into the portal
circulation and exert physiological actions on target cells
with specific receptors for the hormone. The effects of
the hormones persist even after all nervous connections
between the site of release and the site of action have been
severed. Table 62-1 outlines the actions of each gastroin-
testinal hormone, as well as the stimuli for secretion and
sites at which secretion takes place.

In Chapter 64, we discuss the extreme importance of
several hormones for controlling gastrointestinal secre-
tion. Most of these same hormones also affect motility
in some parts of the gastrointestinal tract. Although the
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Table 62-1 Gastrointestinal Hormone Actions, Stimuli for Secretion, and Site of Secretion

Hormone Stimuli for Secretion Site of Secretion Actions

Gastrin Protein G cells of the antrum, duodenum, Stimulates
Distention and jejunum Gastric acid secretion
Nerve Mucosal growth

(Acid inhibits release)

Cholecystokinin Protein | cells of the duodenum, jejunum, Stimulates
Fat and ileum Pancreatic enzyme secretion
Acid Pancreatic bicarbonate secretion
Gallbladder contraction
Growth of exocrine pancreas
Inhibits
Gastric emptying
Secretin Acid S cells of the duodenum, jejunum, Stimulates
Fat and ileum Pepsin secretion
Pancreatic bicarbonate secretion
Biliary bicarbonate secretion
Growth of exocrine pancreas
Inhibits
Gastric acid secretion
Gastric inhibitory peptide  Protein K cells of the duodenum Stimulates
Fat and jejunum Insulin release
Carbohydrate Inhibits
Gastric acid secretion
Motilin Fat M cells of the duodenum Stimulates
Acid and jejunum Gastric motility
Nerve Intestinal motility

motility effects are usually less important than the secre-
tory effects of the hormones, some of the more important
of them are the following.

Gastrin is secreted by the “G” cells of the antrum of the
stomach in response to stimuli associated with ingestion
of a meal, such as distention of the stomach, the products
of proteins, and gastrin releasing peptide, which is released
by the nerves of the gastric mucosa during vagal stimula-
tion. The primary actions of gastrin are (1) stimulation of
gastric acid secretion and (2) stimulation of growth of the
gastric mucosa.

Cholecystokinin (CCK) is secreted by “I” cells in
the mucosa of the duodenum and jejunum mainly in
response to digestive products of fat, fatty acids, and
monoglycerides in the intestinal contents. This hor-
mone strongly contracts the gallbladder, expelling bile
into the small intestine, where the bile in turn plays
important roles in emulsifying fatty substances, and
allowing them to be digested and absorbed. CCK also
inhibits stomach contraction moderately. Therefore, at
the same time that this hormone causes emptying of the
gallbladder, it also slows the emptying of food from the
stomach to give adequate time for digestion of the fats
in the upper intestinal tract. CCK also inhibits appe-
tite to prevent overeating during meals by stimulating
sensory afferent nerve fibers in the duodenum; these
fibers, in turn, send signals by way of the vagus nerve
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to inhibit feeding centers in the brain as discussed in
Chapter 71.

Secretin was the first gastrointestinal hormone dis-
covered and is secreted by the “S” cells in the mucosa of
the duodenum in response to acidic gastric juice empty-
ing into the duodenum from the pylorus of the stomach.
Secretin has a mild effect on motility of the gastrointes-
tinal tract and acts to promote pancreatic secretion of
bicarbonate, which in turn helps to neutralize the acid in
the small intestine.

Gastric inhibitory peptide (GIP) is secreted by the
mucosa of the upper small intestine, mainly in response
to fatty acids and amino acids but to a lesser extent in
response to carbohydrate. It has a mild effect in decreas-
ing motor activity of the stomach and therefore slows
emptying of gastric contents into the duodenum when
the upper small intestine is already overloaded with food
products. GIP, at blood levels even lower than those
needed to inhibit gastric motility, also stimulates insulin
secretion and for this reason is also known as glucose-
dependent insulinotropic peptide.

Motilin is secreted by the stomach and upper duode-
num during fasting, and the only known function of this
hormone is to increase gastrointestinal motility. Motilin
is released cyclically and stimulates waves of gastrointes-
tinal motility called interdigestive myoelectric complexes
that move through the stomach and small intestine every
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90 minutes in a fasted person. Motilin secretion is inhib-
ited after ingestion by mechanisms that are not fully
understood.

Functional Types of Movements
in the Gastrointestinal Tract

Two types of movements occur in the gastrointesti-
nal tract: (1) propulsive movements, which cause food
to move forward along the tract at an appropriate rate
to accommodate digestion and absorption, and (2) mix-
ing movements, which keep the intestinal contents thor-
oughly mixed at all times.

Propulsive Movements—~Peristalsis

The basic propulsive movement of the gastrointesti-
nal tract is peristalsis, which is illustrated in Figure 62-5.
A contractile ring appears around the gut and then moves
forward; this is analogous to putting one’s fingers around
a thin distended tube, then constricting the fingers and
sliding them forward along the tube. Any material in front
of the contractile ring is moved forward.

Peristalsis is an inherent property of many syncytial
smooth muscle tubes; stimulation at any point in the
gut can cause a contractile ring to appear in the circu-
lar muscle, and this ring then spreads along the gut tube.
(Peristalsis also occurs in the bile ducts, glandular ducts,
ureters, and many other smooth muscle tubes of the
body.)

The usual stimulus for intestinal peristalsis is disten-
tion of the gut. That is, if a large amount of food collects at
any point in the gut, the stretching of the gut wall stimu-
lates the enteric nervous system to contract the gut wall 2
to 3 centimeters behind this point, and a contractile ring
appears that initiates a peristaltic movement. Other stim-
uli that can initiate peristalsis include chemical or physi-
cal irritation of the epithelial lining in the gut. Also, strong
parasympathetic nervous signals to the gut will elicit
strong peristalsis.

Function of the Myenteric Plexus in Peristalsis.
Peristalsis occurs only weakly or not at all in any portion
of the gastrointestinal tract that has congenital absence
of the myenteric plexus. Also, it is greatly depressed or

Peristaltic contraction

Leading wave of distention

—/\/—

Zero time

5 seconds later
Figure 62-5 Peristalsis.

completely blocked in the entire gut when a person is
treated with atropine to paralyze the cholinergic nerve
endings of the myenteric plexus. Therefore, effectual peri-
stalsis requires an active myenteric plexus.

Directional Movement of Peristaltic Waves Toward
the Anus. Peristalsis, theoretically, can occur in either
direction from a stimulated point, but it normally dies out
rapidly in the orad (toward the mouth) direction while
continuing for a considerable distance toward the anus.
The exact cause of this directional transmission of peri-
stalsis has never been ascertained, although it probably
results mainly from the fact that the myenteric plexus
itself is “polarized” in the anal direction, which can be
explained as follows.

Peristaltic Reflex and the "Law of the Gut”. When
a segment of the intestinal tract is excited by distention
and thereby initiates peristalsis, the contractile ring caus-
ing the peristalsis normally begins on the orad side of the
distended segment and moves toward the distended seg-
ment, pushing the intestinal contents in the anal direction
for 5 to 10 centimeters before dying out. At the same time,
the gut sometimes relaxes several centimeters down-
stream toward the anus, which is called “receptive relax-
ation,” thus allowing the food to be propelled more easily
toward the anus than toward the mouth.

This complex pattern does not occur in the absence of
the myenteric plexus. Therefore, the complex is called the
myenteric reflex or the peristaltic reflex. The peristaltic
reflex plus the anal direction of movement of the peristal-
sis is called the “law of the gut”

Mixing Movements

Mixing movements differ in different parts of the ali-
mentary tract. In some areas, the peristaltic contrac-
tions themselves cause most of the mixing. This is
especially true when forward progression of the intes-
tinal contents is blocked by a sphincter so that a peri-
staltic wave can then only churn the intestinal contents,
rather than propelling them forward. At other times,
local intermittent constrictive contractions occur every
few centimeters in the gut wall. These constrictions
usually last only 5 to 30 seconds; then new constrictions
occur at other points in the gut, thus “chopping” and
“shearing” the contents first here and then there. These
peristaltic and constrictive movements are modified in
different parts of the gastrointestinal tract for proper
propulsion and mixing, as discussed for each portion of
the tract in Chapter 63.

Gastrointestinal Blood Flow—"Splanchnic
Circulation”

The blood vessels of the gastrointestinal system are part
of a more extensive system called the splanchnic circu-
lation, shown in Figure 62-6. It includes the blood flow
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Vena cava

Hepatic artery

Hepatic vein

Hepatic
sinuses

Splenic
vein

Capillary
Figure 62-6 Splanchnic circulation.

through the gut itself plus blood flows through the spleen,
pancreas, and liver. The design of this system is such that
all the blood that courses through the gut, spleen, and
pancreas then flows immediately into the liver by way
of the portal vein. In the liver, the blood passes through

Middle colic

Ascending
colon

Right colic

lleocolic

lleum

millions of minute liver sinusoids and finally leaves the
liver by way of hepatic veins that empty into the vena cava
of the general circulation. This flow of blood through the
liver, before it empties into the vena cava, allows the retic-
uloendothelial cells that line the liver sinusoids to remove
bacteria and other particulate matter that might enter
the blood from the gastrointestinal tract, thus prevent-
ing direct transport of potentially harmful agents into the
remainder of the body.

The nonfat, water-soluble nutrients absorbed from the
gut (such as carbohydrates and proteins) are transported
in the portal venous blood to the same liver sinusoids.
Here, both the reticuloendothelial cells and the principal
parenchymal cells of the liver, the hepatic cells, absorb
and store temporarily from one half to three quarters of
the nutrients. Also, much chemical intermediary pro-
cessing of these nutrients occurs in the liver cells. We dis-
cuss these nutritional functions of the liver in Chapters
67 through 71. Almost all of the fats absorbed from the
intestinal tract are not carried in the portal blood but
instead are absorbed into the intestinal lymphatics and
then conducted to the systemic circulating blood by way
of the thoracic duct, bypassing the liver.

Anatomy of the Gastrointestinal Blood Supply

Figure 62-7 shows the general plan of the arterial blood
supply to the gut, including the superior mesenteric and
inferior mesenteric arteries supplying the walls of the

Transverse
colon

Branch of
inferior
mesenteric

Superior
mesenteric

Descending
colon

Jejunum

Jejunal

Figure 62-7 Arterial blood supply to the intestines through the mesenteric web.
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small and large intestines by way of an arching arterial
system. Not shown in the figure is the celiac artery, which
provides a similar blood supply to the stomach.

On entering the wall of the gut, the arteries branch and
send smaller arteries circling in both directions around
the gut, with the tips of these arteries meeting on the side
of the gut wall opposite the mesenteric attachment. From
the circling arteries, still much smaller arteries penetrate
into the intestinal wall and spread (1) along the muscle
bundles, (2) into the intestinal villi, and (3) into submu-
cosal vessels beneath the epithelium to serve the secre-
tory and absorptive functions of the gut.

Figure 62-8 shows the special organization of the
blood flow through an intestinal villus, including a small
arteriole and venule that interconnect with a system of
multiple looping capillaries. The walls of the arterioles
are highly muscular and are highly active in controlling
villus blood flow.

Effect of Gut Activity and Metabolic Factors
on Gastrointestinal Blood Flow

Under normal conditions, the blood flow in each area of
the gastrointestinal tract, as well as in each layer of the
gut wall, is directly related to the level of local activity.
For instance, during active absorption of nutrients, blood

Central lacteal

Blood capillaries

Vein

Artery

Figure 62-8 Microvasculature of the villus, showing a countercur-
rent arrangement of blood flow in the arterioles and venules.

flow in the villi and adjacent regions of the submucosa
is increased as much as eightfold. Likewise, blood flow
in the muscle layers of the intestinal wall increases with
increased motor activity in the gut. For instance, after a
meal, the motor activity, secretory activity, and absorp-
tive activity all increase; likewise, the blood flow increases
greatly but then decreases back to the resting level over
another 2 to 4 hours.

Possible Causes of the Increased Blood Flow
During Gastrointestinal Activity. Although the pre-
cise causes of the increased blood flow during increased
gastrointestinal activity are still unclear, some facts are
known.

First, several vasodilator substances are released from
the mucosa of the intestinal tract during the digestive
process. Most of these are peptide hormones, including
cholecystokinin, vasoactive intestinal peptide, gastrin, and
secretin. These same hormones control specific motor and
secretory activities of the gut, as discussed in Chapters 63
and 64.

Second, some of the gastrointestinal glands also release
into the gut wall two kinins, kallidin and bradykinin, at
the same time that they secrete other substances into the
lumen. These kinins are powerful vasodilators that are
believed to cause much of the increased mucosal vasodi-
lation that occurs along with secretion.

Third, decreased oxygen concentration in the gut wall
can increase intestinal blood flow at least 50 to 100 per-
cent; therefore, the increased mucosal and gut wall meta-
bolic rate during gut activity probably lowers the oxygen
concentration enough to cause much of the vasodilation.
The decrease in oxygen can also lead to as much as a four-
fold increase of adenosine, a well-known vasodilator that
could be responsible for much of the increased flow.

Thus, the increased blood flow during increased
gastrointestinal activity is probably a combination of
many of the aforementioned factors plus still others yet
undiscovered.

“Countercurrent” Blood Flow in the Villi. Note in
Figure 62-8 that the arterial flow into the villus and the
venous flow out of the villus are in directions opposite
to each other, and that the vessels lie in close appo-
sition to each other. Because of this vascular arrange-
ment, much of the blood oxygen diffuses out of the
arterioles directly into the adjacent venules without
ever being carried in the blood to the tips of the villi. As
much as 80 percent of the oxygen may take this short-
circuit route and therefore not be available for local
metabolic functions of the villi. The reader will recog-
nize that this type of countercurrent mechanism in the
villi is analogous to the countercurrent mechanism in
the vasa recta of the kidney medulla, discussed in detail
in Chapter 28.

Under normal conditions, this shunting of oxygen
from the arterioles to the venules is not harmful to the
villi, but in disease conditions in which blood flow to
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the gut becomes greatly curtailed, such as in circulatory
shock, the oxygen deficit in the tips of the villi can become
so great that the villus tip or even the whole villus suffers
ischemic death and can disintegrate. Therefore, for this
reason and others, in many gastrointestinal diseases the
villi become seriously blunted, leading to greatly dimin-
ished intestinal absorptive capacity.

Nervous Control of Gastrointestinal Blood Flow

Stimulation of the parasympathetic nerves going to the
stomach and lower colon increases local blood flow at
the same time that it increases glandular secretion. This
increased flow probably results secondarily from the
increased glandular activity and not as a direct effect of
the nervous stimulation.

Sympathetic stimulation, by contrast, has a direct effect
on essentially all the gastrointestinal tract to cause intense
vasoconstriction of the arterioles with greatly decreased
blood flow. After a few minutes of this vasoconstric-
tion, the flow often returns to near normal by means of
a mechanism called “autoregulatory escape” That is, the
local metabolic vasodilator mechanisms that are elicited
by ischemia override the sympathetic vasoconstriction,
returning toward normal the necessary nutrient blood
flow to the gastrointestinal glands and muscle.

Importance of Nervous Depression of Gastro-
intestinal Blood Flow When Other Parts of the Body
Need Extra Blood Flow. A major value of sympathetic
vasoconstriction in the gut is that it allows shutoff of gas-
trointestinal and other splanchnic blood flow for short
periods of time during heavy exercise, when the skeletal
muscle and heart need increased flow. Also, in circulatory
shock, when all the body’s vital tissues are in danger of
cellular death for lack of blood flow—especially the brain
and the heart—sympathetic stimulation can decrease
splanchnic blood flow to very little for many hours.

Sympathetic stimulation also causes strong vasocon-
striction of the large-volume intestinal and mesenteric
veins. This decreases the volume of these veins, thereby dis-
placing large amounts of blood into other parts of the cir-
culation. In hemorrhagic shock or other states of low blood
volume, this mechanism can provide as much as 200 to 400
milliliters of extra blood to sustain the general circulation.
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CHAPTER 63

Propulsion and Mixing of Food

The time that food remains
in each part of the alimentary
tract is critical for optimal
processing and absorption
of nutrients. Also, appropri-
ate mixing must be provided.
Because the requirements
for mixing and propulsion are quite different at each stage
of processing, multiple automatic nervous and hormonal
mechanisms control the timing of each of these so that they
will occur optimally, not too rapidly, not too slowly.
The purpose of this chapter is to discuss these
movements, especially the automatic mechanisms of
this control.

Ingestion of Food

The amount of food that a person ingests is determined
principally by intrinsic desire for food called hunger.
The type of food that a person preferentially seeks is
determined by appetite. These mechanisms are extremely
important for maintaining an adequate nutritional supply
for the body and are discussed in Chapter 71 in relation
to nutrition of the body. The current discussion of food
ingestion is confined to the mechanics of ingestion, espe-
cially mastication and swallowing.

Mastication (Chewing)

The teeth are admirably designed for chewing. The ante-
rior teeth (incisors) provide a strong cutting action and
the posterior teeth (molars) a grinding action. All the jaw
muscles working together can close the teeth with a force
as great as 55 pounds on the incisors and 200 pounds on
the molars.

Most of the muscles of chewing are innervated by the
motor branch of the fifth cranial nerve, and the chew-
ing process is controlled by nuclei in the brain stem.
Stimulation of specific reticular areas in the brain stem
taste centers will cause rhythmical chewing movements.
Also, stimulation of areas in the hypothalamus, amygdala,
and even the cerebral cortex near the sensory areas for
taste and smell can often cause chewing.

in the Alimentary Tract

Much of the chewing process is caused by a chewing
reflex. The presence of a bolus of food in the mouth at
first initiates reflex inhibition of the muscles of mastica-
tion, which allows the lower jaw to drop. The drop in turn
initiates a stretch reflex of the jaw muscles that leads to
rebound contraction. This automatically raises the jaw to
cause closure of the teeth, but it also compresses the bolus
again against the linings of the mouth, which inhibits the
jaw muscles once again, allowing the jaw to drop and
rebound another time; this is repeated again and again.

Chewing is important for digestion of all foods, but
especially important for most fruits and raw vegetables
because these have indigestible cellulose membranes
around their nutrient portions that must be broken before
the food can be digested. Also, chewing aids the diges-
tion of food for still another simple reason: Digestive
enzymes act only on the surfaces of food particles; there-
fore, the rate of digestion is absolutely dependent on the
total surface area exposed to the digestive secretions. In
addition, grinding the food to a very fine particulate con-
sistency prevents excoriation of the gastrointestinal tract
and increases the ease with which food is emptied from
the stomach into the small intestine, then into all succeed-
ing segments of the gut.

Swallowing (Deglutition)

Swallowing is a complicated mechanism, principally
because the pharynx subserves respiration and swallow-
ing. The pharynx is converted for only a few seconds at
a time into a tract for propulsion of food. It is especially
important that respiration not be compromised because
of swallowing.

In general, swallowing can be divided into (1) a vol-
untary stage, which initiates the swallowing process; (2)
a pharyngeal stage, which is involuntary and constitutes
passage of food through the pharynx into the esophagus;
and (3) an esophageal stage, another involuntary phase
that transports food from the pharynx to the stomach.

Voluntary Stage of Swallowing. When the food is
ready for swallowing, it is “voluntarily” squeezed or rolled
posteriorly into the pharynx by pressure of the tongue
upward and backward against the palate, as shown in
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Figure 63-1 Swallowing mechanism.

Figure 63-1. From here on, swallowing becomes entirely—
or almost entirely—automatic and ordinarily cannot be
stopped.

Pharyngeal Stage of Swallowing. As the bolus of
food enters the posterior mouth and pharynx, it stimu-
lates epithelial swallowing receptor areas all around the
opening of the pharynx, especially on the tonsillar pillars,
and impulses from these pass to the brain stem to initi-
ate a series of automatic pharyngeal muscle contractions
as follows:

1. The soft palate is pulled upward to close the posterior
nares, to prevent reflux of food into the nasal cavities.

2. The palatopharyngeal folds on each side of the pharynx
are pulled medially to approximate each other. In this
way, these folds form a sagittal slit through which the
food must pass into the posterior pharynx. This slit
performs a selective action, allowing food that has
been masticated sufficiently to pass with ease. Because
this stage of swallowing lasts less than 1 second, any
large object is usually impeded too much to pass into
the esophagus.

3. The vocal cords of the larynx are strongly approxi-
mated, and the larynx is pulled upward and anteriorly
by the neck muscles. These actions, combined with the
presence of ligaments that prevent upward movement
of the epiglottis, cause the epiglottis to swing backward
over the opening of the larynx. All these effects act-
ing together prevent passage of food into the nose and
trachea. Most essential is the tight approximation of
the vocal cords, but the epiglottis helps to prevent food
from ever getting as far as the vocal cords. Destruction
of the vocal cords or of the muscles that approximate
them can cause strangulation.
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4. The upward movement of the larynx also pulls up and
enlarges the opening to the esophagus. At the same
time, the upper 3 to 4 centimeters of the esophageal
muscular wall, called the upper esophageal sphinc-
ter (also called the pharyngoesophageal sphincter),
relaxes. Thus, food moves easily and freely from the
posterior pharynx into the upper esophagus. Between
swallows, this sphincter remains strongly contracted,
thereby preventing air from going into the esopha-
gus during respiration. The upward movement of the
larynx also lifts the glottis out of the main stream of
food flow, so the food mainly passes on each side of
the epiglottis rather than over its surface; this adds
still another protection against entry of food into the
trachea.

5. Once the larynx is raised and the pharyngoesophageal
sphincter becomes relaxed, the entire muscular wall of
the pharynx contracts, beginning in the superior part
of the pharynx, then spreading downward over the
middle and inferior pharyngeal areas, which propels
the food by peristalsis into the esophagus.

To summarize the mechanics of the pharyngeal stage
of swallowing: The trachea is closed, the esophagus is
opened, and a fast peristaltic wave initiated by the ner-
vous system of the pharynx forces the bolus of food into
the upper esophagus, the entire process occurring in less
than 2 seconds.

Nervous Initiation of the Pharyngeal Stage
of Swallowing. The most sensitive tactile areas of the
posterior mouth and pharynx for initiating the pharyngeal
stage of swallowing lie in a ring around the pharyngeal
opening, with greatest sensitivity on the tonsillar pillars.
Impulses are transmitted from these areas through the
sensory portions of the trigeminal and glossopharyngeal
nerves into the medulla oblongata, either into or closely
associated with the tractus solitarius, which receives
essentially all sensory impulses from the mouth.

The successive stages of the swallowing process are
then automatically initiated in orderly sequence by neu-
ronal areas of the reticular substance of the medulla and
lower portion of the pons. The sequence of the swallow-
ing reflex is the same from one swallow to the next, and
the timing of the entire cycle also remains constant from
one swallow to the next. The areas in the medulla and
lower pons that control swallowing are collectively called
the deglutition or swallowing center.

The motor impulses from the swallowing center to
the pharynx and upper esophagus that cause swallowing
are transmitted successively by the fifth, ninth, tenth, and
twelfth cranial nerves and even a few of the superior cer-
vical nerves.

In summary, the pharyngeal stage of swallowing is
principally a reflex act. It is almost always initiated by
voluntary movement of food into the back of the mouth,
which in turn excites involuntary pharyngeal sensory
receptors to elicit the swallowing reflex.



Effect of the Pharyngeal Stage of Swallowing
on Respiration. The entire pharyngeal stage of swallow-
ing usually occurs in less than 6 seconds, thereby inter-
rupting respiration for only a fraction of a usual respiratory
cycle. The swallowing center specifically inhibits the
respiratory center of the medulla during this time, halting
respiration at any point in its cycle to allow swallowing
to proceed. Yet even while a person is talking, swallow-
ing interrupts respiration for such a short time that it is
hardly noticeable.

Esophageal Stage of Swallowing. The esophagus
functions primarily to conduct food rapidly from the
pharynx to the stomach, and its movements are organized
specifically for this function.

The esophagus normally exhibits two types of peristal-
tic movements: primary peristalsis and secondary peri-
stalsis. Primary peristalsis is simply continuation of the
peristaltic wave that begins in the pharynx and spreads
into the esophagus during the pharyngeal stage of swal-
lowing. This wave passes all the way from the pharynx to
the stomach in about 8 to 10 seconds. Food swallowed by
a person who is in the upright position is usually transmit-
ted to the lower end of the esophagus even more rapidly
than the peristaltic wave itself, in about 5 to 8 seconds,
because of the additional effect of gravity pulling the food
downward.

If the primary peristaltic wave fails to move into the
stomach all the food that has entered the esophagus,
secondary peristaltic waves result from distention of the
esophagus itself by the retained food; these waves con-
tinue until all the food has emptied into the stomach.
The secondary peristaltic waves are initiated partly by
intrinsic neural circuits in the myenteric nervous sys-
tem and partly by reflexes that begin in the pharynx
and are then transmitted upward through vagal affer-
ent fibers to the medulla and back again to the esopha-
gus through glossopharyngeal and vagal efferent nerve
fibers.

The musculature of the pharyngeal wall and upper
third of the esophagus is striated muscle. Therefore,
the peristaltic waves in these regions are controlled by
skeletal nerve impulses from the glossopharyngeal and
vagus nerves. In the lower two thirds of the esophagus,
the musculature is smooth muscle, but this portion of
the esophagus is also strongly controlled by the vagus
nerves acting through connections with the esophageal
myenteric nervous system. When the vagus nerves to
the esophagus are cut, the myenteric nerve plexus of the
esophagus becomes excitable enough after several days
to cause strong secondary peristaltic waves even with-
out support from the vagal reflexes. Therefore, even after
paralysis of the brain stem swallowing reflex, food fed by
tube or in some other way into the esophagus still passes
readily into the stomach.

Receptive Relaxation of the Stomach. When the
esophageal peristaltic wave approaches toward the stom-
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ach, a wave of relaxation, transmitted through myenteric
inhibitory neurons, precedes the peristalsis. Furthermore,
the entire stomach and, to a lesser extent, even the duo-
denum become relaxed as this wave reaches the lower end
of the esophagus and thus are prepared ahead of time to
receive the food propelled into the esophagus during the
swallowing act.

Function of the Lower Esophageal Sphincter
(Gastroesophageal Sphincter). At the lower end of
the esophagus, extending upward about 3 centimeters
above its juncture with the stomach, the esophageal
circular muscle functions as a broad lower esophageal
sphincter, also called the gastroesophageal sphincter.
This sphincter normally remains tonically constricted
with an intraluminal pressure at this point in the esoph-
agus of about 30 mm Hg, in contrast to the midpor-
tion of the esophagus, which normally remains relaxed.
When a peristaltic swallowing wave passes down the
esophagus, there is “receptive relaxation” of the lower
esophageal sphincter ahead of the peristaltic wave,
which allows easy propulsion of the swallowed food
into the stomach. Rarely, the sphincter does not relax
satisfactorily, resulting in a condition called achalasia.
This is discussed in Chapter 66.

The stomach secretions are highly acidic and con-
tain many proteolytic enzymes. The esophageal mucosa,
except in the lower one eighth of the esophagus, is not
capable of resisting for long the digestive action of gastric
secretions. Fortunately, the tonic constriction of the lower
esophageal sphincter helps to prevent significant reflux of
stomach contents into the esophagus except under abnor-
mal conditions.

Additional Prevention of Esophageal Reflux
by Valvelike Closure of the Distal End of the
Esophagus. Another factor that helps to prevent reflux
is a valvelike mechanism of a short portion of the esoph-
agus that extends slightly into the stomach. Increased
intra-abdominal pressure caves the esophagus inward
at this point. Thus, this valvelike closure of the lower
esophagus helps to prevent high intra-abdominal pres-
sure from forcing stomach contents backward into the
esophagus. Otherwise, every time we walked, coughed,
or breathed hard, we might expel stomach acid into the
esophagus.

Motor Functions of the Stomach

The motor functions of the stomach are threefold: (1) stor-
age of large quantities of food until the food can be pro-
cessed in the stomach, duodenum, and lower intestinal
tract; (2) mixing of this food with gastric secretions until
it forms a semifluid mixture called chyme; and (3) slow
emptying of the chyme from the stomach into the small
intestine at a rate suitable for proper digestion and absorp-
tion by the small intestine.
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Figure 63-2 Physiologic anatomy of the stomach.

Figure 63-2 shows the basic anatomy of the stom-
ach. Anatomically, the stomach is usually divided
into two major parts: (1) the body and (2) the antrum.
Physiologically, it is more appropriately divided into (1)
the “orad” portion, comprising about the first two thirds
of the body, and (2) the “caudad” portion, comprising the
remainder of the body plus the antrum.

Storage Function of the Stomach

As food enters the stomach, it forms concentric circles
of the food in the orad portion of the stomach, the new-
est food lying closest to the esophageal opening and the
oldest food lying nearest the outer wall of the stomach.
Normally, when food stretches the stomach, a “vagova-
gal reflex” from the stomach to the brain stem and then
back to the stomach reduces the tone in the muscular wall
of the body of the stomach so that the wall bulges pro-
gressively outward, accommodating greater and greater
quantities of food up to a limit in the completely relaxed
stomach of 0.8 to 1.5 liters. The pressure in the stomach
remains low until this limit is approached.

Mixing and Propulsion of Food in the Stomach—
Basic Electrical Rhythm of the Stomach Wall

The digestive juices of the stomach are secreted by gas-
tric glands, which are present in almost the entire wall
of the body of the stomach except along a narrow strip
on the lesser curvature of the stomach. These secretions
come immediately into contact with that portion of the
stored food lying against the mucosal surface of the stom-
ach. As long as food is in the stomach, weak peristaltic
constrictor waves, called mixing waves, begin in the mid
to upper portions of the stomach wall and move toward
the antrum about once every 15 to 20 seconds. These
waves are initiated by the gut wall basic electrical rhythm,
which was discussed in Chapter 62, consisting of electri-
cal “slow waves” that occur spontaneously in the stomach
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wall. As the constrictor waves progress from the body of
the stomach into the antrum, they become more intense,
some becoming extremely intense and providing power-
ful peristaltic action potential-driven constrictor rings
that force the antral contents under higher and higher
pressure toward the pylorus.

These constrictor rings also play an important role
in mixing the stomach contents in the following way:
Each time a peristaltic wave passes down the antral wall
toward the pylorus, it digs deeply into the food contents
in the antrum. Yet the opening of the pylorus is still small
enough that only a few milliliters or less of antral con-
tents are expelled into the duodenum with each peristaltic
wave. Also, as each peristaltic wave approaches the pylo-
rus, the pyloric muscle itself often contracts, which fur-
ther impedes emptying through the pylorus. Therefore,
most of the antral contents are squeezed upstream
through the peristaltic ring toward the body of the stom-
ach, not through the pylorus. Thus, the moving peristaltic
constrictive ring, combined with this upstream squeezing
action, called “retropulsion,” is an exceedingly important
mixing mechanism in the stomach.

Chyme. After food in the stomach has become thor-
oughly mixed with the stomach secretions, the result-
ing mixture that passes down the gut is called chyme.
The degree of fluidity of the chyme leaving the stom-
ach depends on the relative amounts of food, water,
and stomach secretions and on the degree of digestion
that has occurred. The appearance of chyme is that of a
murky semifluid or paste.

Hunger Contractions. Besides the peristaltic con-
tractions that occur when food is present in the stomach,
another type of intense contractions, called hunger con-
tractions, often occurs when the stomach has been empty
for several hours or more. They are rhythmical peristaltic
contractions in the body of the stomach. When the suc-
cessive contractions become extremely strong, they often
fuse to cause a continuing tetanic contraction that some-
times lasts for 2 to 3 minutes.

Hunger contractions are most intense in young,
healthy people who have high degrees of gastrointestinal
tonus; they are also greatly increased by the person’s hav-
ing lower than normal levels of blood sugar. When hunger
contractions occur in the stomach, the person sometimes
experiences mild pain in the pit of the stomach, called
hunger pangs. Hunger pangs usually do not begin until 12
to 24 hours after the last ingestion of food; in starvation,
they reach their greatest intensity in 3 to 4 days and grad-
ually weaken in succeeding days.

Stomach Emptying

Stomach emptying is promoted by intense peristaltic
contractions in the stomach antrum. At the same time,
emptying is opposed by varying degrees of resistance to
passage of chyme at the pylorus.



Intense Antral Peristaltic Contractions During
Stomach Emptying—"Pyloric Pump.” Most of the
time, the rhythmical stomach contractions are weak and
function mainly to cause mixing of food and gastric secre-
tions. However, for about 20 percent of the time while
food is in the stomach, the contractions become intense,
beginning in midstomach and spreading through the cau-
dad stomach; these contractions are strong peristaltic,
very tight ringlike constrictions that can cause stomach
emptying. As the stomach becomes progressively more
and more empty, these constrictions begin farther and
farther up the body of the stomach, gradually pinching
off the food in the body of the stomach and adding this
food to the chyme in the antrum. These intense peristal-
tic contractions often create 50 to 70 centimeters of water
pressure, which is about six times as powerful as the usual
mixing type of peristaltic waves.

When pyloric tone is normal, each strong peristal-
tic wave forces up to several milliliters of chyme into the
duodenum. Thus, the peristaltic waves, in addition to
causing mixing in the stomach, also provide a pumping
action called the “pyloric pump”

Role of the Pylorus in Controlling Stomach
Emptying. The distal opening of the stomach is the
pylorus. Here the thickness of the circular wall muscle
becomes 50 to 100 percent greater than in the earlier por-
tions of the stomach antrum, and it remains slightly toni-
cally contracted almost all the time. Therefore, the pyloric
circular muscle is called the pyloric sphincter.

Despite normal tonic contraction of the pyloric
sphincter, the pylorus usually is open enough for water
and other fluids to empty from the stomach into the
duodenum with ease. Conversely, the constriction usu-
ally prevents passage of food particles until they have
become mixed in the chyme to almost fluid consistency.
The degree of constriction of the pylorus is increased or
decreased under the influence of nervous and humoral
reflex signals from both the stomach and the duodenum,
as discussed shortly.

Regulation of Stomach Emptying

The rate at which the stomach empties is regulated
by signals from both the stomach and the duodenum.
However, the duodenum provides by far the more
potent of the signals, controlling the emptying of chyme
into the duodenum at a rate no greater than the rate at
which the chyme can be digested and absorbed in the
small intestine.

Gastric Factors That Promote Emptying

Effect of Gastric Food Volume on Rate of
Emptying. Increased food volume in the stomach pro-
motes increased emptying from the stomach. But this
increased emptying does not occur for the reasons that
one would expect. It is not increased storage pressure
of the food in the stomach that causes the increased
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emptying because, in the usual normal range of volume,
the increase in volume does not increase the pressure
much. However, stretching of the stomach wall does elicit
local myenteric reflexes in the wall that greatly accentuate
activity of the pyloric pump and at the same time inhibit
the pylorus.

Effect of the Hormone Gastrin on Stomach
Emptying. In Chapter 64, we discuss how stomach wall
stretch and the presence of certain types of foods in the
stomach—particularly digestive products of meat—elicit
release of the hormone gastrin from the antral mucosa.
This has potent effects to cause secretion of highly acidic
gastric juice by the stomach glands. Gastrin also has mild
to moderate stimulatory effects on motor functions in the
body of the stomach. Most important, it seems to enhance
the activity of the pyloric pump. Thus, gastrin likely pro-
motes stomach emptying.

Powerful Duodenal Factors That Inhibit Stomach
Emptying

Inhibitory Effect of Enterogastric Nervous Reflexes
from the Duodenum. When food enters the duodenum,
multiple nervous reflexes are initiated from the duodenal
wall. They pass back to the stomach to slow or even stop
stomach emptying if the volume of chyme in the duode-
num becomes too much. These reflexes are mediated by
three routes: (1) directly from the duodenum to the stom-
ach through the enteric nervous system in the gut wall,
(2) through extrinsic nerves that go to the prevertebral
sympathetic ganglia and then back through inhibitory
sympathetic nerve fibers to the stomach, and (3) prob-
ably to a slight extent through the vagus nerves all the way
to the brain stem, where they inhibit the normal excit-
atory signals transmitted to the stomach through the vagi.
All these parallel reflexes have two effects on stomach
emptying: First, they strongly inhibit the “pyloric pump”
propulsive contractions, and second, they increase the
tone of the pyloric sphincter.

The types of factors that are continually monitored in
the duodenum and that can initiate enterogastric inhibi-
tory reflexes include the following:

1. The degree of distention of the duodenum

2. The presence of any degree of irritation of the duode-
nal mucosa

3. The degree of acidity of the duodenal chyme
4. The degree of osmolality of the chyme

5. The presence of certain breakdown products in the
chyme, especially breakdown products of proteins and,
perhaps to a lesser extent, of fats

The enterogastric inhibitory reflexes are especially sen-
sitive to the presence of irritants and acids in the duodenal
chyme, and they often become strongly activated within
as little as 30 seconds. For instance, whenever the pH of
the chyme in the duodenum falls below about 3.5 to 4, the
reflexes frequently block further release of acidic stomach
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contents into the duodenum until the duodenal chyme
can be neutralized by pancreatic and other secretions.

Breakdown products of protein digestion also elicit
inhibitory enterogastric reflexes; by slowing the rate of
stomach emptying, sufficient time is ensured for adequate
protein digestion in the duodenum and small intestine.

Finally, either hypotonic or hypertonic fluids (espe-
cially hypertonic) elicit the inhibitory reflexes. Thus, too
rapid flow of nonisotonic fluids into the small intestine is
prevented, thereby also preventing rapid changes in elec-
trolyte concentrations in the whole-body extracellular
fluid during absorption of the intestinal contents.

Hormonal Feedback from the Duodenum Inhibits
Gastric Emptying—Role of Fats and the Hormone
Cholecystokinin. Not only do nervous reflexes from
the duodenum to the stomach inhibit stomach empty-
ing, but hormones released from the upper intestine
do so as well. The stimulus for releasing these inhibi-
tory hormones is mainly fats entering the duodenum,
although other types of foods can increase the hormones
to a lesser degree.

On entering the duodenum, the fats extract several
different hormones from the duodenal and jejunal epi-
thelium, either by binding with “receptors” on the epithe-
lial cells or in some other way. In turn, the hormones are
carried by way of the blood to the stomach, where they
inhibit the pyloric pump and at the same time increase
the strength of contraction of the pyloric sphincter. These
effects are important because fats are much slower to be
digested than most other foods.

Precisely which hormones cause the hormonal feed-
back inhibition of the stomach is not fully clear. The
most potent appears to be cholecystokinin (CCK), which
is released from the mucosa of the jejunum in response
to fatty substances in the chyme. This hormone acts as
an inhibitor to block increased stomach motility caused
by gastrin.

Other possible inhibitors of stomach emptying are the
hormones secretin and gastric inhibitory peptide (GIP),
also called glucose-dependent insulinotropic peptide.
Secretin is released mainly from the duodenal mucosa in
response to gastric acid passed from the stomach through
the pylorus. GIP has a general but weak effect of decreas-
ing gastrointestinal motility.

GIP is released from the upper small intestine in
response mainly to fat in the chyme, but to a lesser extent
to carbohydrates as well. Although GIP inhibits gastric
motility under some conditions, its main effect at phys-
iologic concentrations is probably mainly to stimulate
secretion of insulin by the pancreas.

These hormones are discussed at greater length else-
where in this text, especially in Chapter 64 in relation
to control of gallbladder emptying and control of rate of
pancreatic secretion.

In summary, hormones, especially CCK, can inhibit
gastric emptying when excess quantities of chyme, espe-
cially acidic or fatty chyme, enter the duodenum from the
stomach.
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Summary of the Control of Stomach Emptying

Emptying of the stomach is controlled only to a moderate
degree by stomach factors such as the degree of filling in
the stomach and the excitatory effect of gastrin on stom-
ach peristalsis. Probably the more important control of
stomach emptying resides in inhibitory feedback signals
from the duodenum, including both enterogastric inhib-
itory nervous feedback reflexes and hormonal feedback
by CCK. These feedback inhibitory mechanisms work
together to slow the rate of emptying when (1) too much
chyme is already in the small intestine or (2) the chyme is
excessively acidic, contains too much unprocessed pro-
tein or fat, is hypotonic or hypertonic, or is irritating. In
this way, the rate of stomach emptying is limited to that
amount of chyme that the small intestine can process.

Movements of the Small Intestine

The movements of the small intestine, like those else-
where in the gastrointestinal tract, can be divided into
mixing contractions and propulsive contractions. To a
great extent, this separation is artificial because essen-
tially all movements of the small intestine cause at least
some degree of both mixing and propulsion. The usual
classification of these processes is the following.

Mixing Contractions (Segmentation Contractions)

When a portion of the small intestine becomes distended
with chyme, stretching of the intestinal wall elicits local-
ized concentric contractions spaced at intervals along
the intestine and lasting a fraction of a minute. The con-
tractions cause “segmentation” of the small intestine, as
shown in Figure 63-3. That is, they divide the intestine
into spaced segments that have the appearance of a chain
of sausages. As one set of segmentation contractions
relaxes, a new set often begins, but the contractions this
time occur mainly at new points between the previous
contractions. Therefore, the segmentation contractions
“chop” the chyme two to three times per minute, in this
way promoting progressive mixing of the food with secre-
tions of the small intestine.

R XX >
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Figure 63-3 Segmentation movements of the small intestine.



The maximum frequency of the segmentation contrac-
tions in the small intestine is determined by the frequency
of electrical slow waves in the intestinal wall, which is the
basic electrical rhythm described in Chapter 62. Because
this frequency normally is not over 12 per minute in the
duodenum and proximal jejunum, the maximum fre-
quency of the segmentation contractions in these areas
is also about 12 per minute, but this occurs only under
extreme conditions of stimulation. In the terminal ileum,
the maximum frequency is usually eight to nine contrac-
tions per minute.

The segmentation contractions become exceedingly
weak when the excitatory activity of the enteric nervous
system is blocked by the drug atropine. Therefore, even
though it is the slow waves in the smooth muscle itself
that cause the segmentation contractions, these contrac-
tions are not effective without background excitation
mainly from the myenteric nerve plexus.

Propulsive Movements

Peristalsis in the Small Intestine. Chyme is pro-
pelled through the small intestine by peristaltic waves.
These can occur in any part of the small intestine, and
they move toward the anus at a velocity of 0.5 to 2.0 cm/
sec, faster in the proximal intestine and slower in the ter-
minal intestine. They are normally weak and usually die
out after traveling only 3 to 5 centimeters, rarely farther
than 10 centimeters, so forward movement of the chyme
is very slow, so slow that net movement along the small
intestine normally averages only 1 cm/min. This means
that 3 to 5 hours are required for passage of chyme from
the pylorus to the ileocecal valve.

Control of Peristalsis by Nervous and Hormonal
Signals. Peristaltic activity of the small intestine is greatly
increased after a meal. This is caused partly by the begin-
ning entry of chyme into the duodenum causing stretch
of the duodenal wall. Also, peristaltic activity is increased
by the so-called gastroenteric reflex that is initiated by dis-
tention of the stomach and conducted principally through
the myenteric plexus from the stomach down along the
wall of the small intestine.

In addition to the nervous signals that may affect small
intestinal peristalsis, several hormonal factors also affect
peristalsis. They include gastrin, CCK, insulin, motilin,
and serotonin, all of which enhance intestinal motility
and are secreted during various phases of food process-
ing. Conversely, secretin and glucagon inhibit small intes-
tinal motility. The physiologic importance of each of
these hormonal factors for controlling motility is still
questionable.

The function of the peristaltic waves in the small intes-
tine is not only to cause progression of chyme toward the
ileocecal valve but also to spread out the chyme along
the intestinal mucosa. As the chyme enters the intestines
from the stomach and elicits peristalsis, this immediately
spreads the chyme along the intestine; and this process
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intensifies as additional chyme enters the duodenum.
On reaching the ileocecal valve, the chyme is sometimes
blocked for several hours until the person eats another
meal; at that time, a gastroileal reflex intensifies peristalsis
in the ileum and forces the remaining chyme through the
ileocecal valve into the cecum of the large intestine.

Propulsive Effect of the Segmentation Movements.
The segmentation movements, although lasting for only
a few seconds at a time, often also travel 1 centimeter or
so in the anal direction and during that time help pro-
pel the food down the intestine. The difference between
the segmentation and the peristaltic movements is not as
great as might be implied by their separation into these
two classifications.

Peristaltic Rush. Although peristalsis in the small
intestine is normally weak, intense irritation of the intes-
tinal mucosa, as occurs in some severe cases of infectious
diarrhea, can cause both powerful and rapid peristalsis,
called the peristaltic rush. This is initiated partly by ner-
vous reflexes that involve the autonomic nervous system
and brain stem and partly by intrinsic enhancement of the
myenteric plexus reflexes within the gut wall itself. The
powerful peristaltic contractions travel long distances
in the small intestine within minutes, sweeping the con-
tents of the intestine into the colon and thereby reliev-
ing the small intestine of irritative chyme and excessive
distention.

Movements Caused by the Muscularis Mucosae and Muscle
Fibers of the Villi The muscularis mucosae can cause short
folds to appear in the intestinal mucosa. In addition, individ-
ual fibers from this muscle extend into the intestinal villi and
cause them to contract intermittently. The mucosal folds
increase the surface area exposed to the chyme, thereby
increasing absorption. Also, contractions of the villi—short-
ening, elongating, and shortening again—“milk” the villi so
that lymph flows freely from the central lacteals of the villi
into the lymphatic system. These mucosal and villous con-
tractions are initiated mainly by local nervous reflexes in the
submucosal nerve plexus that occur in response to chyme in
the small intestine.

Function of the Ileocecal Valve

A principal function of the ileocecal valve is to prevent
backflow of fecal contents from the colon into the small
intestine. As shown in Figure 63-4, the ileocecal valve
itself protrudes into the lumen of the cecum and therefore
is forcefully closed when excess pressure builds up in the
cecum and tries to push cecal contents backward against
the valve lips. The valve usually can resist reverse pressure
of at least 50 to 60 centimeters of water.

In addition, the wall of the ileum for several centime-
ters immediately upstream from the ileocecal valve has
a thickened circular muscle called the ileocecal sphincter.
This sphincter normally remains mildly constricted and
slows emptying of ileal contents into the cecum. However,
immediately after a meal, a gastroileal reflex (described
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Figure 63-4 Emptying at the ileocecal valve.

earlier) intensifies peristalsis in the ileum, and emptying
of ileal contents into the cecum proceeds.

Resistance to emptying at the ileocecal valve pro-
longs the stay of chyme in the ileum and thereby facili-
tates absorption. Normally, only 1500 to 2000 milliliters
of chyme empty into the cecum each day.

Feedback Control of the Ileocecal Sphincter. The
degree of contraction of the ileocecal sphincter and the
intensity of peristalsis in the terminal ileum are con-
trolled significantly by reflexes from the cecum. When the
cecum is distended, contraction of the ileocecal sphinc-
ter becomes intensified and ileal peristalsis is inhibited,
both of which greatly delay emptying of additional chyme
into the cecum from the ileum. Also, any irritant in the
cecum delays emptying. For instance, when a person has
an inflamed appendix, the irritation of this vestigial rem-
nant of the cecum can cause such intense spasm of the
ileocecal sphincter and partial paralysis of the ileum that
these effects together block emptying of the ileum into
the cecum. The reflexes from the cecum to the ileoce-
cal sphincter and ileum are mediated both by way of the
myenteric plexus in the gut wall itself and of the extrinsic
autonomic nerves, especially by way of the prevertebral
sympathetic ganglia.

Movements of the Colon

The principal functions of the colon are (1) absorp-
tion of water and electrolytes from the chyme to form
solid feces and (2) storage of fecal matter until it can
be expelled. The proximal half of the colon, shown in
Figure 63-5, is concerned principally with absorption,
and the distal half with storage. Because intense colon
wall movements are not required for these functions, the
movements of the colon are normally sluggish. Yet in a
sluggish manner, the movements still have characteris-
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Figure 63-5 Absorptive and storage functions of the large
intestine.

tics similar to those of the small intestine and can be
divided once again into mixing movements and propul-
sive movements.

Mixing Movements—"Haustrations.” In the same
manner that segmentation movements occur in the
small intestine, large circular constrictions occur in the
large intestine. At each of these constrictions, about 2.5
centimeters of the circular muscle contract, sometimes
constricting the lumen of the colon almost to occlusion.
At the same time, the longitudinal muscle of the colon,
which is aggregated into three longitudinal strips called
the teniae coli, contracts. These combined contractions
of the circular and longitudinal strips of muscle cause the
unstimulated portion of the large intestine to bulge out-
ward into baglike sacs called haustrations.

Each haustration usually reaches peak intensity in
about 30 seconds and then disappears during the next 60
seconds. They also at times move slowly toward the anus
during contraction, especially in the cecum and ascending
colon, and thereby provide a minor amount of forward
propulsion of the colonic contents. After another few
minutes, new haustral contractions occur in other areas
nearby. Therefore, the fecal material in the large intes-
tine is slowly dug into and rolled over in much the same
manner that one spades the earth. In this way, all the fecal
material is gradually exposed to the mucosal surface of
the large intestine, and fluid and dissolved substances are
progressively absorbed until only 80 to 200 milliliters of
feces are expelled each day.

Propulsive Movements—"“Mass Movements.”
Much of the propulsion in the cecum and ascending colon
results from the slow but persistent haustral contractions,
requiring as many as 8 to 15 hours to move the chyme
from the ileocecal valve through the colon, while the
chyme itself becomes fecal in quality, a semisolid slush
instead of semifluid.



From the cecum to the sigmoid, mass movements can,
for many minutes at a time, take over the propulsive role.
These movements usually occur only one to three times
each day, in many people especially for about 15 minutes
during the first hour after eating breakfast.

A mass movement is a modified type of peristalsis
characterized by the following sequence of events: First, a
constrictive ring occurs in response to a distended or irri-
tated point in the colon, usually in the transverse colon.
Then, rapidly, the 20 or more centimeters of colon distal
to the constrictive ring lose their haustrations and instead
contract as a unit, propelling the fecal material in this seg-
ment en masse further down the colon. The contraction
develops progressively more force for about 30 seconds,
and relaxation occurs during the next 2 to 3 minutes.
Then, another mass movement occurs, this time perhaps
farther along the colon.

A series of mass movements usually persists for 10 to
30 minutes. Then they cease but return perhaps a half day
later. When they have forced a mass of feces into the rec-
tum, the desire for defecation is felt.

Initiation of Mass Movements by Gastrocolic
and Duodenocolic Reflexes. Appearance of mass
movements after meals is facilitated by gastrocolic and
duodenocolic reflexes. These reflexes result from disten-
tion of the stomach and duodenum. They occur either not
at all or hardly at all when the extrinsic autonomic nerves
to the colon have been removed; therefore, the reflexes
almost certainly are transmitted by way of the autonomic
nervous system.

Irritation in the colon can also initiate intense mass
movements. For instance, a person who has an ulcerated
condition of the colon mucosa (ulcerative colitis) frequently
has mass movements that persist almost all the time.

Defecation

Most of the time, the rectum is empty of feces. This
results partly from the fact that a weak functional sphinc-
ter exists about 20 centimeters from the anus at the junc-
ture between the sigmoid colon and the rectum. There is
also a sharp angulation here that contributes additional
resistance to filling of the rectum.

When a mass movement forces feces into the rectum,
the desire for defecation occurs immediately, including
reflex contraction of the rectum and relaxation of the anal
sphincters.

Continual dribble of fecal matter through the anus is
prevented by tonic constriction of (1) an internal anal
sphincter, a several-centimeters-long thickening of the
circular smooth muscle that lies immediately inside the
anus, and (2) an external anal sphincter, composed of stri-
ated voluntary muscle that both surrounds the internal
sphincter and extends distal to it. The external sphincter
is controlled by nerve fibers in the pudendal nerve, which
is part of the somatic nervous system and therefore is
under voluntary, conscious, or at least subconscious con-
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trol; subconsciously, the external sphincter is usually kept
continuously constricted unless conscious signals inhibit
the constriction.

Defecation Reflexes. Ordinarily, defecation is initiated
by defecation reflexes. One of these reflexes is an intrinsic
reflex mediated by the local enteric nervous system in the
rectal wall. This can be described as follows: When feces
enter the rectum, distention of the rectal wall initiates affer-
ent signals that spread through the myenteric plexus to ini-
tiate peristaltic waves in the descending colon, sigmoid,
and rectum, forcing feces toward the anus. As the peristal-
tic wave approaches the anus, the internal anal sphincter is
relaxed by inhibitory signals from the myenteric plexus; if
the external anal sphincter is also consciously, voluntarily
relaxed at the same time, defecation occurs.

The intrinsic myenteric defecation reflex function-
ing by itself normally is relatively weak. To be effective in
causing defecation, it usually must be fortified by another
type of defecation reflex, a parasympathetic defecation
reflex that involves the sacral segments of the spinal cord,
shown in Figure 63-6. When the nerve endings in the
rectum are stimulated, signals are transmitted first into
the spinal cord and then reflexly back to the descending
colon, sigmoid, rectum, and anus by way of parasympa-
thetic nerve fibers in the pelvic nerves. These parasym-
pathetic signals greatly intensify the peristaltic waves
and relax the internal anal sphincter, thus converting the
intrinsic myenteric defecation reflex from a weak effort
into a powerful process of defecation that is sometimes
effective in emptying the large bowel all the way from the
splenic flexure of the colon to the anus.

Defecation signals entering the spinal cord initiate
other effects, such as taking a deep breath, closure of the
glottis, and contraction of the abdominal wall muscles to
force the fecal contents of the colon downward and at the
same time cause the pelvic floor to relax downward and
pull outward on the anal ring to evaginate the feces.

Descending
From colon
conscious
cortex

Afferent
nerve
fibers

Parasympathetic
nerve fibers
(pelvic nerves)

Sigmoid

Skeletal colon

motor nerve
Rectum
External anal sphincter
Internal anal sphincter

Figure 63-6 Afferent and efferent pathways of the parasympa-
thetic mechanism for enhancing the defecation reflex.
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When it becomes convenient for the person to defecate,
the defecation reflexes can purposely be activated by tak-
ing a deep breath to move the diaphragm downward and
then contracting the abdominal muscles to increase the
pressure in the abdomen, thus forcing fecal contents into
the rectum to cause new reflexes. Reflexes initiated in this
way are almost never as effective as those that arise natu-
rally, for which reason people who too often inhibit their
natural reflexes are likely to become severely constipated.

In newborn babies and in some people with transected
spinal cords, the defecation reflexes cause automatic
emptying of the lower bowel at inconvenient times dur-
ing the day because of lack of conscious control exercised
through voluntary contraction or relaxation of the exter-
nal anal sphincter.

Other Autonomic Reflexes That Affect
Bowel Activity

Aside from the duodenocolic, gastrocolic, gastroileal,
enterogastric, and defecation reflexes that have been dis-
cussed in this chapter, several other important nervous
reflexes also can affect the overall degree of bowel activ-
ity. They are the peritoneointestinal reflex, renointestinal
reflex, and vesicointestinal reflex.

The peritoneointestinal reflex results from irritation of
the peritoneum; it strongly inhibits the excitatory enteric
nerves and thereby can cause intestinal paralysis, espe-
cially in patients with peritonitis. The renointestinal and
vesicointestinal reflexes inhibit intestinal activity as a
result of kidney or bladder irritation, respectively.
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CHAPTER 64

Secretory Functions of the Alimentary Tract

Throughout the gastro-
=2 intestinal tract, secretory
=  glands subserve two pri-
mary functions: First, diges-
tive enzymes are secreted in
most areas of the alimentary
tract, from the mouth to the
distal end of the ileum. Second, mucous glands, from the
mouth to the anus, provide mucus for lubrication and
protection of all parts of the alimentary tract.

Most digestive secretions are formed only in response
to the presence of food in the alimentary tract, and the
quantity secreted in each segment of the tract is usu-
ally the precise amount needed for proper digestion.
Furthermore, in some portions of the gastrointestinal
tract, even the types of enzymes and other constituents of
the secretions are varied in accordance with the types of
food present. The purpose of this chapter is to describe
the different alimentary secretions, their functions, and
regulation of their production.

General Principles of Alimentary Tract Secretion

Anatomical Types of Glands

Several types of glands provide the different types of alimen-
tary tract secretions. First, on the surface of the epithelium in
most parts of the gastrointestinal tract are billions of single-
cell mucous glands called simply mucous cells or sometimes
goblet cells because they look like goblets. They function
mainly in response to local irritation of the epithelium: They
extrude mucus directly onto the epithelial surface to act as
a lubricant that also protects the surfaces from excoriation
and digestion.

Second, many surface areas of the gastrointestinal tract
are lined by pits that represent invaginations of the epithe-
lium into the submucosa. In the small intestine, these pits,
called crypts of Lieberkiihn, are deep and contain specialized
secretory cells. One of these cells is shown in Figure 64-1.

Third, in the stomach and upper duodenum are large
numbers of deep tubular glands. A typical tubular gland can
be seen in Figure 64-4, which shows an acid- and pepsino-
gen-secreting gland of the stomach (oxyntic gland).

Fourth, also associated with the alimentary tract are sev-
eral complex glands—the salivary glands, pancreas, and

liver—that provide secretions for digestion or emulsification
of food. The liver has a highly specialized structure that is
discussed in Chapter 70. The salivary glands and the pan-
creas are compound acinous glands of the type shown in
Figure 64-2. These glands lie outside the walls of the alimen-
tary tract and, in this, differ from all other alimentary glands.
They contain millions of acini lined with secreting glandular
cells; these acini feed into a system of ducts that finally empty
into the alimentary tract itself.

Basic Mechanisms of Stimulation
of the Alimentary Tract Glands

Contact of Food with the Epithelium Stimulates
Secretion—Function of Enteric Nervous Stimuli.
The mechanical presence of food in a particular segment
of the gastrointestinal tract usually causes the glands of
that region and adjacent regions to secrete moderate to
large quantities of juices. Part of this local effect, espe-
cially the secretion of mucus by mucous cells, results from
direct contact stimulation of the surface glandular cells by
the food.

In addition, local epithelial stimulation also activates
the enteric nervous system of the gut wall. The types of
stimuli that do this are (1) tactile stimulation, (2) chemical
irritation, and (3) distention of the gut wall. The resulting
nervous reflexes stimulate both the mucous cells on the
gut epithelial surface and the deep glands in the gut wall
to increase their secretion.

Autonomic Stimulation of Secretion

Parasympathetic Stimulation Increases Alimentary
Tract Glandular Secretion Rate. Stimulation of the
parasympathetic nerves to the alimentary tract almost
invariably increases the rates of alimentary glandular
secretion. This is especially true of the glands in the
upper portion of the tract (innervated by the glossopha-
ryngeal and vagus parasympathetic nerves) such as the
salivary glands, esophageal glands, gastric glands, pan-
creas, and Brunner’s glands in the duodenum. It is also
true of some glands in the distal portion of the large
intestine, innervated by pelvic parasympathetic nerves.
Secretion in the remainder of the small intestine and in
the first two thirds of the large intestine occurs mainly
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Figure 64-1 Typical function of a glandular cell for formation and
secretion of enzymes and other secretory substances.
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Figure 64-2 Formation and secretion of saliva by a submandibu-
lar salivary gland.

in response to local neural and hormonal stimuli in each
segment of the gut.

Sympathetic Stimulation Has a Dual Effect on
Alimentary Tract Glandular Secretion Rate. Stimulation
of the sympathetic nerves going to the gastrointestinal
tract causes a slight to moderate increase in secretion
by some of the local glands. But sympathetic stimulation
also results in constriction of the blood vessels that sup-
ply the glands. Therefore, sympathetic stimulation can
have a dual effect: (1) sympathetic stimulation alone usu-
ally slightly increases secretion and (2) if parasympathetic
or hormonal stimulation is already causing copious secre-
tion by the glands, superimposed sympathetic stimulation
usually reduces the secretion, sometimes significantly so,
mainly because of vasoconstrictive reduction of the blood
supply.

Regulation of Glandular Secretion by Hormones. In
the stomach and intestine, several different gastrointes-
tinal hormones help regulate the volume and character
of the secretions. These hormones are liberated from
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the gastrointestinal mucosa in response to the presence
of food in the lumen of the gut. The hormones are then
absorbed into the blood and carried to the glands, where
they stimulate secretion. This type of stimulation is par-
ticularly valuable to increase the output of gastric juice
and pancreatic juice when food enters the stomach or
duodenum.

Chemically, the gastrointestinal hormones are poly-
peptides or polypeptide derivatives.

Basic Mechanism of Secretion by Glandular Cells

Secretion of Organic Substances. Although all the
basic mechanisms by which glandular cells function are
not known, experimental evidence points to the following
principles of secretion, as shown in Figure 64-1.

1. The nutrient material needed for formation of the
secretion must first diffuse or be actively transported
by the blood in the capillaries into the base of the glan-
dular cell.

2. Many mitochondria located inside the glandular cell
near its base use oxidative energy to form adenosine
triphosphate (ATP).

3. Energy from the ATP, along with appropriate substrates
provided by the nutrients, is then used to synthesize
the organic secretory substances; this synthesis occurs
almost entirely in the endoplasmic reticulum and Golgi
complex of the glandular cell. Ribosomes adherent to
the reticulum are specifically responsible for formation
of the proteins that are secreted.

4. The secretory materials are transported through the
tubules of the endoplasmic reticulum, passing in about
20 minutes all the way to the vesicles of the Golgi
complex.

5. In the Golgi complex, the materials are modified, added
to, concentrated, and discharged into the cytoplasm in
the form of secretory vesicles, which are stored in the
apical ends of the secretory cells.

6. These vesicles remain stored until nervous or hor-
monal control signals cause the cells to extrude the
vesicular contents through the cells’ surface. This prob-
ably occurs in the following way: The control signal
first increases the cell membrane permeability to cal-
cium ions, and calcium enters the cell. The calcium in
turn causes many of the vesicles to fuse with the apical
cell membrane. Then the apical cell membrane breaks
open, thus emptying the vesicles to the exterior; this
process is called exocytosis.

Water and Electrolyte Secretion. A second neces-
sity for glandular secretion is secretion of sufficient water
and electrolytes to go along with the organic substances.
Secretion by the salivary glands, discussed in more detail
later, provides an example of how nervous stimulation
causes water and salts to pass through the glandular



cells in great profusion, washing the organic substances
through the secretory border of the cells at the same time.
Hormones acting on the cell membrane of some glandu-
lar cells are believed also to cause secretory effects similar
to those caused by nervous stimulation.

Lubricating and Protective Properties of Mucus, and
Importance of Mucus in the Gastrointestinal Tract

Mucus is a thick secretion composed mainly of water, elec-
trolytes, and a mixture of several glycoproteins, which them-
selves are composed of large polysaccharides bound with
much smaller quantities of protein. Mucus is slightly differ-
ent in different parts of the gastrointestinal tract, but every-
where it has several important characteristics that make
it both an excellent lubricant and a protectant for the wall
of the gut. First, mucus has adherent qualities that make it
adhere tightly to the food or other particles and to spread as
a thin film over the surfaces. Second, it has sufficient body
that it coats the wall of the gut and prevents actual contact
of most food particles with the mucosa. Third, mucus has a
low resistance for slippage, so the particles can slide along
the epithelium with great ease. Fourth, mucus causes fecal
particles to adhere to one another to form the feces that are
expelled during a bowel movement. Fifth, mucus is strongly
resistant to digestion by the gastrointestinal enzymes. And
sixth, the glycoproteins of mucus have amphoteric proper-
ties, which means that they are capable of buffering small
amounts of either acids or alkalies; also, mucus often con-
tains moderate quantities of bicarbonate ions, which specifi-
cally neutralize acids.

In summary, mucus has the ability to allow easy slip-
page of food along the gastrointestinal tract and to prevent
excoriative or chemical damage to the epithelium. A person
becomes acutely aware of the lubricating qualities of mucus
when the salivary glands fail to secrete saliva, because then it
is difficult to swallow solid food even when it is eaten along
with large amounts of water.

Secretion of Saliva

Saliva Contains a Serous Secretion and a Mucus
Secretion. The principal glands of salivation are the
parotid, submandibular, and sublingual glands; in addi-
tion, there are many tiny buccal glands. Daily secretion
of saliva normally ranges between 800 and 1500 millili-
ters, as shown by the average value of 1000 milliliters in
Table 64-1.

Saliva contains two major types of protein secretion:
(1) a serous secretion that contains ptyalin (an o-amylase),
which is an enzyme for digesting starches, and (2) mucus
secretion that contains mucin for lubricating and for sur-
face protective purposes.

The parotid glands secrete almost entirely the serous
type of secretion, whereas the submandibular and sub-
lingual glands secrete both serous secretion and mucus.
The buccal glands secrete only mucus. Saliva has a pH
between 6.0 and 7.0, a favorable range for the digestive
action of ptyalin.

Chapter 64 Secretory Functions of the Alimentary Tract

Table 64-1 Daily Secretion of Intestinal Juices

Daily Volume (ml) pH
Saliva 1000 6.0-7.0
Gastric secretion 1500 1.0-3.5
Pancreatic secretion 1000 8.0-8.3
Bile 1000 7.8
Small intestine secretion 1800 7.5-8.0
Brunner’s gland secretion 200 8.0-8.9
Large intestinal secretion 200 7.5-8.0
Total 6700

Secretion of lons in Saliva. Saliva contains espe-
cially large quantities of potassium and bicarbonate ions.
Conversely, the concentrations of both sodium and chlo-
ride ions are several times less in saliva than in plasma.
One can understand these special concentrations of ions
in the saliva from the following description of the mecha-
nism for secretion of saliva.

Figure 64-2 shows secretion by the submandibular
gland, a typical compound gland that contains acini and
salivary ducts. Salivary secretion is a two-stage opera-
tion: The first stage involves the acini, and the second,
the salivary ducts. The acini secrete a primary secretion
that contains ptyalin and/or mucin in a solution of ions in
concentrations not greatly different from those of typical
extracellular fluid. As the primary secretion flows through
the ducts, two major active transport processes take place
that markedly modify the ionic composition of the fluid
in the saliva.

First, sodium ions are actively reabsorbed from all the
salivary ducts and potassium ions are actively secreted in
exchange for the sodium. Therefore, the sodium ion concen-
tration of the saliva becomes greatly reduced, whereas the
potassium ion concentration becomes increased. However,
there is excess sodium reabsorption over potassium secre-
tion, and this creates electrical negativity of about —70 milli-
volts in the salivary ducts; this in turn causes chloride ions to
be reabsorbed passively. Therefore, the chloride ion concen-
tration in the salivary fluid falls to a very low level, matching
the ductal decrease in sodium ion concentration.

Second, bicarbonate ions are secreted by the ductal epi-
thelium into the lumen of the duct. This is at least partly
caused by passive exchange of bicarbonate for chloride
ions, but it may also result partly from an active secre-
tory process.

The net result of these transport processes is that under
resting conditions, the concentrations of sodium and chlo-
ride ions in the saliva are only about 15 mEq/L each, about
one-seventh to one-tenth their concentrations in plasma.
Conversely, the concentration of potassium ions is about
30 mEq/L, seven times as great as in plasma, and the con-
centration of bicarbonate ions is 50 to 70 mEq/L, about
two to three times that of plasma.
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During maximal salivation, the salivary ionic con-
centrations change considerably because the rate of for-
mation of primary secretion by the acini can increase as
much as 20-fold. This acinar secretion then flows through
the ducts so rapidly that the ductal reconditioning of the
secretion is considerably reduced. Therefore, when copi-
ous quantities of saliva are being secreted, the sodium
chloride concentration is about one-half or two-thirds
that of plasma, and the potassium concentration rises to
only four times that of plasma.

Function of Saliva for Oral Hygiene. Under basal awake
conditions, about 0.5 milliliter of saliva, almost entirely of
the mucous type, is secreted each minute; but during sleep,
little secretion occurs. This secretion plays an exceedingly
important role for maintaining healthy oral tissues. The
mouth is loaded with pathogenic bacteria that can easily
destroy tissues and cause dental caries. Saliva helps prevent
the deteriorative processes in several ways.

First, the flow of saliva itself helps wash away pathogenic
bacteria, as well as food particles that provide their metabolic
support.

Second, saliva contains several factors that destroy bac-
teria. One of these is thiocyanate ions and another is several
proteolytic enzymes—most important, lysozyme—that (a)
attack the bacteria, (b) aid the thiocyanate ions in entering
the bacteria where these ions in turn become bactericidal,
and (c) digest food particles, thus helping further to remove
the bacterial metabolic support.

Third, saliva often contains significant amounts of protein
antibodies that can destroy oral bacteria, including some that
cause dental caries. In the absence of salivation, oral tissues
often become ulcerated and otherwise infected, and caries of
the teeth can become rampant.

Nervous Regulation of Salivary Secretion

Figure 64-3 shows the parasympathetic nervous pathways
for regulating salivation, demonstrating that the salivary
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Figure 64-3 Parasympathetic nervous regulation of salivary
secretion.
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glands are controlled mainly by parasympathetic nervous
signals all the way from the superior and inferior saliva-
tory nuclei in the brain stem.

The salivatory nuclei are located approximately at the
juncture of the medulla and pons and are excited by both
taste and tactile stimuli from the tongue and other areas
of the mouth and pharynx. Many taste stimuli, especially
the sour taste (caused by acids), elicit copious secretion of
saliva—often 8 to 20 times the basal rate of secretion. Also,
certain tactile stimuli, such as the presence of smooth
objects in the mouth (e.g., a pebble), cause marked sal-
ivation, whereas rough objects cause less salivation and
occasionally even inhibit salivation.

Salivation can also be stimulated or inhibited by ner-
vous signals arriving in the salivatory nuclei from higher
centers of the central nervous system. For instance, when
a person smells or eats favorite foods, salivation is greater
than when disliked food is smelled or eaten. The appetite
area of the brain, which partially regulates these effects, is
located in proximity to the parasympathetic centers of the
anterior hypothalamus, and it functions to a great extent
in response to signals from the taste and smell areas of the
cerebral cortex or amygdala.

Salivation also occurs in response to reflexes origi-
nating in the stomach and upper small intestines—par-
ticularly when irritating foods are swallowed or when a
person is nauseated because of some gastrointestinal
abnormality. The saliva, when swallowed, helps to remove
the irritating factor in the gastrointestinal tract by diluting
or neutralizing the irritant substances.

Sympathetic stimulation can also increase salivation a
slight amount, much less so than does parasympathetic
stimulation. The sympathetic nerves originate from the
superior cervical ganglia and travel along the surfaces of
the blood vessel walls to the salivary glands.

A secondary factor that also affects salivary secretion
is the blood supply to the glands because secretion always
requires adequate nutrients from the blood. The para-
sympathetic nerve signals that induce copious salivation
also moderately dilate the blood vessels. In addition, sali-
vation itself directly dilates the blood vessels, thus provid-
ing increased salivatory gland nutrition as needed by the
secreting cells. Part of this additional vasodilator effect
is caused by kallikrein secreted by the activated salivary
cells, which in turn acts as an enzyme to split one of the
blood proteins, an alpha2-globulin, to form bradykinin, a
strong vasodilator.

Esophageal Secretion

The esophageal secretions are entirely mucous and mainly
provide lubrication for swallowing. The main body of the
esophagus is lined with many simple mucous glands. At the
gastric end and to a lesser extent in the initial portion of the
esophagus, there are also many compound mucous glands.
The mucus secreted by the compound glands in the upper
esophagus prevents mucosal excoriation by newly entering



food, whereas the compound glands located near the
esophagogastric junction protect the esophageal wall from
digestion by acidic gastric juices that often reflux from the
stomach back into the lower esophagus. Despite this protec-
tion, a peptic ulcer at times can still occur at the gastric end
of the esophagus.

Gastric Secretion

Characteristics of the Gastric Secretions

In addition to mucus-secreting cells that line the entire
surface of the stomach, the stomach mucosa has two
important types of tubular glands: oxyntic glands (also
called gastric glands) and pyloric glands. The oxyntic
(acid-forming) glands secrete hydrochloric acid, pepsino-
gen, intrinsic factor, and mucus. The pyloric glands secrete
mainly mucus for protection of the pyloric mucosa from
the stomach acid. They also secrete the hormone gastrin.

The oxyntic glands are located on the inside surfaces
of the body and fundus of the stomach, constituting the
proximal 80 percent of the stomach. The pyloric glands
are located in the antral portion of the stomach, the distal
20 percent of the stomach.

Secretions from the Oxyntic (Gastric) Glands

A typical stomach oxyntic gland is shown in Figure 64-4.
It is composed of three types of cells: (1) mucous neck
cells, which secrete mainly mucus; (2) peptic (or chief)
cells, which secrete large quantities of pepsinogen; and
(3) parietal (or oxyntic) cells, which secrete hydrochlo-
ric acid and intrinsic factor. Secretion of hydrochloric
acid by the parietal cells involves special mechanisms,
as follows.

Basic Mechanism of Hydrochloric Acid Secretion.
When stimulated, the parietal cells secrete an acid solu-
tion that contains about 160 mmol/L of hydrochloric acid,
which is nearly isotonic with the body fluids. The pH of
this acid is about 0.8, demonstrating its extreme acid-
ity. At this pH, the hydrogen ion concentration is about
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Figure 64-4 Oxyntic gland from the body of the stomach.
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3 million times that of the arterial blood. To concentrate
the hydrogen ions this tremendous amount requires more
than 1500 calories of energy per liter of gastric juice. At
the same time that hydrogen ions are secreted, bicarbon-
ate ions diffuse into the blood so that gastric venous blood
has a higher pH than arterial blood when the stomach is
secreting acid.

Figure 64-5 shows schematically the functional struc-
ture of a parietal cell (also called oxyntic cell), demonstrat-
ing that it contains large branching intracellular canaliculi.
The hydrochloric acid is formed at the villus-like projec-
tions inside these canaliculi and is then conducted through
the canaliculi to the secretory end of the cell.

The main driving force for hydrochloric acid secretion
by the parietal cells is a hydrogen-potassium pump (H*-K*
ATPase). The chemical mechanism of hydrochloric acid
formation is shown in Figure 64-6 and consists of the fol-
lowing steps:

1. Water inside the parietal cell becomes dissociated
into H* and OH- in the cell cytoplasm. The H* is then
actively secreted into the canaliculus in exchange for
K*, an active exchange process that is catalyzed by H*-
K* ATPase. Potassium ions transported into the cell
by the Na*-K* ATPase pump on the basolateral (extra-
cellular) side of the membrane tend to leak into the
lumen but are recycled back into the cell by the H*-K*
ATPase. The basolateral Na*-K* ATPase creates low
intracellular Na*, which contributes to Na* reabsorp-
tion from the lumen of the canaliculus. Thus, most of
the K* and Na* in the canaliculus is reabsorbed into the
cell cytoplasm, and hydrogen ions take their place in the
canaliculus.

2. The pumping of H* out of the cell by the H*-K* ATPase

permits OH™ to accumulate and form HCO; from CO,,
either formed during metabolism in the cell or entering

Mucous
neck cells

Oxyntic
(parietal)
cell

Canaliculi

Figure 64-5 Schematic anatomy of the canaliculi in a parietal
(oxyntic) cell.
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Figure 64-6 Postulated mechanism for secretion of hydrochloric acid. (The points labeled “P” indicate active pumps, and the dashed lines

represent free diffusion and osmosis.)

the cell from the blood. This reaction is catalyzed by
carbonic anhydrase. The HCO; is then transported
across the basolateral membrane into the extracellular
fluid in exchange for chloride ions, which enter the cell
and are secreted through chloride channels into the
canaliculus, giving a strong solution of hydrochloric
acid in the canaliculus. The hydrochloric acid is then
secreted outward through the open end of the canali-
culus into the lumen of the gland.

. Water passes into the canaliculus by osmosis because
of extra ions secreted into the canaliculus. Thus, the
final secretion from the canaliculus contains water,
hydrochloric acid at a concentration of about 150 to
160 mEq/L, potassium chloride at a concentration of
15 mEq/L, and a small amount of sodium chloride.

To produce a concentration of hydrogen ions as great
as that found in gastric juice requires minimal back leak
into the mucosa of the secreted acid. A major part of
the stomach’s ability to prevent back leak of acid can be
attributed to the gastric barrier due to the formation of
alkaline mucus and to tight junctions between epithelia
cells as described later. If this barrier is damaged by toxic
substances, such as occurs with excessive use of aspi-
rin or alcohol, the secreted acid does leak down an elec-
trochemical gradient into the mucosa, causing stomach
mucosal damage.

Basic Factors That Stimulate Gastric Secretion Are
Acetylcholine, Gastrin, and Histamine. Acetylcholine
released by parasympathetic stimulation excites secre-
tion of pepsinogen by peptic cells, hydrochloric acid by
parietal cells, and mucus by mucous cells. In comparison,
both gastrin and histamine strongly stimulate secretion
of acid by parietal cells but have little effect on the other
cells.

Secretion and Activation of Pepsinogen. Several
slightly different types of pepsinogen are secreted by the
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peptic and mucous cells of the gastric glands. Even so, all
the pepsinogens perform the same functions.

When pepsinogen is first secreted, it has no diges-
tive activity. However, as soon as it comes in contact with
hydrochloric acid, it is activated to form active pepsin. In
this process, the pepsinogen molecule, having a molecu-
lar weight of about 42,500, is split to form a pepsin mol-
ecule, having a molecular weight of about 35,000.

Pepsin functions as an active proteolytic enzyme
in a highly acid medium (optimum pH 1.8 to 3.5), but
above a pH of about 5 it has almost no proteolytic activ-
ity and becomes completely inactivated in a short time.
Hydrochloric acid is as necessary as pepsin for protein
digestion in the stomach, as discussed in Chapter 65.

Secretion of Intrinsic Factor by Parietal Cells. The sub-
stance intrinsic factor, essential for absorption of vitamin B ,
in the ileum, is secreted by the parietal cells along with the
secretion of hydrochloric acid. When the acid-producing
parietal cells of the stomach are destroyed, which frequently
occurs in chronic gastritis, the person develops not only
achlorhydria (lack of stomach acid secretion) but often also
pernicious anemia because of failure of maturation of the red
blood cells in the absence of vitamin B,, stimulation of the
bone marrow. This is discussed in detail in Chapter 32.

Pyloric Glands—Secretion of Mucus and Gastrin

The pyloric glands are structurally similar to the oxyntic
glands but contain few peptic cells and almost no parietal
cells. Instead, they contain mostly mucous cells that are iden-
tical with the mucous neck cells of the oxyntic glands. These
cells secrete a small amount of pepsinogen, as discussed ear-
lier, and an especially large amount of thin mucus that helps
to lubricate food movement, as well as to protect the stom-
ach wall from digestion by the gastric enzymes. The pyloric
glands also secrete the hormone gastrin, which plays a key
role in controlling gastric secretion, as we discuss shortly.



Surface Mucous Cells

The entire surface of the stomach mucosa between glands
has a continuous layer of a special type of mucous cells
called simply “surface mucous cells” They secrete large
quantities of viscid mucus that coats the stomach mucosa
with a gel layer of mucus often more than 1 millimeter
thick, thus providing a major shell of protection for the
stomach wall, as well as contributing to lubrication of
food transport.

Another characteristic of this mucus is that it is alka-
line. Therefore, the normal underlying stomach wall
is not directly exposed to the highly acidic, proteolytic
stomach secretion. Even the slightest contact with food or
any irritation of the mucosa directly stimulates the surface
mucous cells to secrete additional quantities of this thick,
alkaline, viscid mucus.

Stimulation of Gastric Acid Secretion

Parietal Cells of the Oxyntic Glands Are the Only
Cells That Secrete Hydrochloric Acid. The parietal
cells, located deep in the oxyntic glands of the main body
of the stomach, are the only cells that secrete hydrochlo-
ric acid. As noted earlier in the chapter, the acidity of
the fluid secreted by these cells can be great, with pH as
low as 0.8. However, secretion of this acid is under con-
tinuous control by both endocrine and nervous signals.
Furthermore, the parietal cells operate in close associa-
tion with another type of cell called enterochromaffin-
like cells (ECL cells), the primary function of which is to
secrete histamine.

The ECL cells lie in the deep recesses of the oxyntic
glands and therefore release histamine in direct contact
with the parietal cells of the glands. The rate of formation
and secretion of hydrochloric acid by the parietal cells is
directly related to the amount of histamine secreted by the
ECL cells. In turn, the ECL cells are stimulated to secrete
histamine by the hormonal substance gastrin, which is
formed almost entirely in the antral portion of the stom-
ach mucosa in response to proteins in the foods being
digested. The ECL cells may also be stimulated by hor-
monal substances secreted by the enteric nervous system
of the stomach wall. Let us discuss first the gastrin mech-
anism for control of the ECL cells and their subsequent
control of parietal cell secretion of hydrochloric acid.

Stimulation of Acid Secretion by Gastrin. Gastrin
is itself a hormone secreted by gastrin cells, also called G
cells. These cells are located in the pyloric glands in the
distal end of the stomach. Gastrin is a large polypeptide
secreted in two forms: a large form called G-34, which
contains 34 amino acids, and a smaller form, G-17, which
contains 17 amino acids. Although both of these are
important, the smaller is more abundant.

When meats or other protein-containing foods
reach the antral end of the stomach, some of the pro-
teins from these foods have a special stimulatory effect
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on the gastrin cells in the pyloric glands to cause release
of gastrin into the blood to be transported to the ECL
cells of the stomach. The vigorous mixing of the gastric
juices transports the gastrin rapidly to the ECL cells in
the body of the stomach, causing release of histamine
directly into the deep oxyntic glands. The histamine
then acts quickly to stimulate gastric hydrochloric acid
secretion.

Regulation of Pepsinogen Secretion

Regulation of pepsinogen secretion by the peptic cells in
the oxyntic glands occurs in response to two main types
of signals: (1) stimulation of the peptic cells by acetylcho-
line released from the vagus nerves or from the gastric
enteric nervous plexus, and (2) stimulation of peptic cell
secretion in response to acid in the stomach. The acid
probably does not stimulate the peptic cells directly but
instead elicits additional enteric nervous reflexes that
support the original nervous signals to the peptic cells.
Therefore, the rate of secretion of pepsinogen, the pre-
cursor of the enzyme pepsin that causes protein diges-
tion, is strongly influenced by the amount of acid in the
stomach. In people who have lost the ability to secrete
normal amounts of acid, secretion of pepsinogen is also
decreased, even though the peptic cells may otherwise
appear to be normal.

Phases of Gastric Secretion

Gastric secretion is said to occur in three “phases” (as shown
in Figure 64-7): a cephalic phase, a gastric phase, and an
intestinal phase.

Cephalic Phase. The cephalic phase of gastric secre-
tion occurs even before food enters the stomach, espe-
cially while it is being eaten. It results from the sight, smell,
thought, or taste of food, and the greater the appetite, the
more intense is the stimulation. Neurogenic signals that
cause the cephalic phase of gastric secretion originate in the
cerebral cortex and in the appetite centers of the amygdala
and hypothalamus. They are transmitted through the dor-
sal motor nuclei of the vagi and thence through the vagus
nerves to the stomach. This phase of secretion normally
accounts for about 30 percent of the gastric secretion asso-
ciated with eating a meal.

Gastric Phase. Once food enters the stomach, it excites
(1) long vagovagal reflexes from the stomach to the brain and
back to the stomach, (2) local enteric reflexes, and (3) the
gastrin mechanism, all of which in turn cause secretion of
gastric juice during several hours while food remains in the
stomach. The gastric phase of secretion accounts for about
60 percent of the total gastric secretion associated with eat-
ing a meal and therefore accounts for most of the total daily
gastric secretion of about 1500 milliliters.

Intestinal Phase. The presence of food in the upper
portion of the small intestine, particularly in the duode-
num, will continue to cause stomach secretion of small
amounts of gastric juice, probably partly because of small
amounts of gastrin released by the duodenal mucosa. This
accounts for about 10 percent of the acid response to a
meal.

779

IIX LINN




Unit XIl  Gastrointestinal Physiology

Figure 64-7 Phases of gastric secretion and their
regulation.
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Inhibition of Gastric Secretion by Other Post-Stomach
Intestinal Factors

Although intestinal chyme slightly stimulates gastric secre-
tion during the early intestinal phase of stomach secretion,
it paradoxically inhibits gastric secretion at other times. This
inhibition results from at least two influences.

1. The presence of food in the small intestine initiates a
reverse enterogastric reflex, transmitted through the
myenteric nervous system and extrinsic sympathetic
and vagus nerves, that inhibits stomach secretion. This
reflex can be initiated by distending the small bowel, by
the presence of acid in the upper intestine, by the pres-
ence of protein breakdown products, or by irritation of
the mucosa. This is part of the complex mechanism dis-
cussed in Chapter 63 for slowing stomach emptying when
the intestines are already filled.

2. The presence of acid, fat, protein breakdown products,
hyperosmotic or hypo-osmotic fluids, or any irritating
factor in the upper small intestine causes release of sev-
eral intestinal hormones. One of these is secretin, which
is especially important for control of pancreatic secre-
tion. However, secretin opposes stomach secretion.
Three other hormones—gastric inhibitory peptide (glu-
cose-dependent insulinotropic peptide), vasoactive intes-
tinal polypeptide, and somatostatin—also have slight to
moderate effects in inhibiting gastric secretion.

The functional purpose of intestinal factors that inhibit
gastric secretion is presumably to slow passage of chyme
from the stomach when the small intestine is already filled
or already overactive. In fact, the enterogastric inhibi-
tory reflexes plus inhibitory hormones usually also reduce
stomach motility at the same time that they reduce gastric
secretion, as was discussed in Chapter 63.

Gastric Secretion During the Interdigestive Period. The
stomach secretes a few milliliters of gastric juice each hour
during the “interdigestive period,” when little or no digestion
is occurring anywhere in the gut. The secretion that does
occur is usually almost entirely of the nonoxyntic type, com-
posed mainly of mucus but little pepsin and almost no acid.
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Unfortunately, emotional stimuli frequently increase
interdigestive gastric secretion (highly peptic and acidic)
to 50 milliliters or more per hour, in much the same way
that the cephalic phase of gastric secretion excites secre-
tion at the onset of a meal. This increase of secretion in
response to emotional stimuli is believed to be one of the
causative factors in development of peptic ulcers, as dis-
cussed in Chapter 66.

Chemical Composition of Gastrin and Other
Gastrointestinal Hormones

Gastrin, cholecystokinin (CCK), and secretin are all large
polypeptides with approximate molecular weights,
respectively, of 2000, 4200, and 3400. The terminal five
amino acids in the gastrin and CCK molecular chains
are the same. The functional activity of gastrin resides in
the terminal four amino acids, and the activity for CCK
resides in the terminal eight amino acids. All the amino
acids in the secretin molecule are essential.

A synthetic gastrin, composed of the terminal four
amino acids of natural gastrin plus the amino acid alanine,
has all the same physiologic properties as the natural gas-
trin. This synthetic product is called pentagastrin.

Pancreatic Secretion

The pancreas, which lies parallel to and beneath the
stomach (illustrated in Figure 64-10), is a large compound
gland with most of its internal structure similar to that
of the salivary glands shown in Figure 64-2. The pancre-
atic digestive enzymes are secreted by pancreatic acini,
and large volumes of sodium bicarbonate solution are
secreted by the small ductules and larger ducts leading
from the acini. The combined product of enzymes and
sodium bicarbonate then flows through a long pancre-
atic duct that normally joins the hepatic duct immediately



before it empties into the duodenum through the papilla
of Vater, surrounded by the sphincter of Oddi.

Pancreatic juice is secreted most abundantly in
response to the presence of chyme in the upper portions
of the small intestine, and the characteristics of the pan-
creatic juice are determined to some extent by the types
of food in the chyme. (The pancreas also secretes insu-
lin, but this is not secreted by the same pancreatic tissue
that secretes intestinal pancreatic juice. Instead, insulin is
secreted directly into the blood—not into the intestine—
by the islets of Langerhans that occur in islet patches
throughout the pancreas. These are discussed in detail in
Chapter 78.)

Pancreatic Digestive Enzymes

Pancreatic secretion contains multiple enzymes for
digesting all of the three major types of food: proteins,
carbohydrates, and fats. It also contains large quantities of
bicarbonate ions, which play an important role in neutral-
izing the acidity of the chyme emptied from the stomach
into the duodenum.

The most important of the pancreatic enzymes for
digesting proteins are trypsin, chymotrypsin, and carboxy-
polypeptidase. By far the most abundant of these is trypsin.

Trypsin and chymotrypsin split whole and partially
digested proteins into peptides of various sizes but do not
cause release of individual amino acids. However, car-
boxypolypeptidase splits some peptides into individual
amino acids, thus completing digestion of some proteins
all the way to the amino acid state.

The pancreatic enzyme for digesting carbohydrates
is pancreatic amylase, which hydrolyzes starches,
glycogen, and most other carbohydrates (except
cellulose) to form mostly disaccharides and a few
trisaccharides.

The main enzymes for fat digestion are (1) pancre-
atic lipase, which is capable of hydrolyzing neutral fat
into fatty acids and monoglycerides; (2) cholesterol
esterase, which causes hydrolysis of cholesterol esters;
and (3) phospholipase, which splits fatty acids from
phospholipids.

When first synthesized in the pancreatic cells, the
proteolytic digestive enzymes are in the inactive forms
trypsinogen, chymotrypsinogen, and procarboxypolypepti-
dase, which are all inactive enzymatically. They become
activated only after they are secreted into the intestinal
tract. Trypsinogen is activated by an enzyme called enter-
okinase, which is secreted by the intestinal mucosa when
chyme comes in contact with the mucosa. Also, trypsino-
gen can be autocatalytically activated by trypsin that has
already been formed from previously secreted trypsino-
gen. Chymotrypsinogen is activated by trypsin to form
chymotrypsin, and procarboxypolypeptidase is activated
in a similar manner.

Secretion of Trypsin Inhibitor Prevents Digestion of
the Pancreas lItself. It is important that the proteolytic
enzymes of the pancreatic juice not become activated
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until after they have been secreted into the intestine
because the trypsin and the other enzymes would digest
the pancreas itself. Fortunately, the same cells that secrete
proteolytic enzymes into the acini of the pancreas secrete
simultaneously another substance called trypsin inhibitor.
This substance is formed in the cytoplasm of the glandu-
lar cells, and it prevents activation of trypsin both inside
the secretory cells and in the acini and ducts of the pan-
creas. And, because it is trypsin that activates the other
pancreatic proteolytic enzymes, trypsin inhibitor pre-
vents activation of the others as well.

When the pancreas becomes severely damaged
or when a duct becomes blocked, large quantities of
pancreatic secretion sometimes become pooled in the
damaged areas of the pancreas. Under these conditions,
the effect of trypsin inhibitor is often overwhelmed, in
which case the pancreatic secretions rapidly become
activated and can literally digest the entire pancreas
within a few hours, giving rise to the condition called
acute pancreatitis. This is sometimes lethal because
of accompanying circulatory shock; even if not lethal,
it usually leads to a subsequent lifetime of pancreatic
insufficiency.

Secretion of Bicarbonate lons

Although the enzymes of the pancreatic juice are secreted
entirely by the acini of the pancreatic glands, the other
two important components of pancreatic juice, bicarbon-
ate ions and water, are secreted mainly by the epithelial
cells of the ductules and ducts that lead from the acini.
When the pancreas is stimulated to secrete copious quan-
tities of pancreatic juice, the bicarbonate ion concentra-
tion can rise to as high as 145 mEq/L, a value about five
times that of bicarbonate ions in the plasma. This pro-
vides a large quantity of alkali in the pancreatic juice that
serves to neutralize the hydrochloric acid emptied into
the duodenum from the stomach.

The basic steps in the cellular mechanism for secret-
ing sodium bicarbonate solution into the pancreatic
ductules and ducts are shown in Figure 64-8. They are
the following:

1. Carbon dioxide diffuses to the interior of the cell
from the blood and, under the influence of carbonic
anhydrase, combines with water to form carbonic
acid (H,CO,). The carbonic acid in turn dissociates
into bicarbonate ions and hydrogen ions (HCO; and
H*). Then the bicarbonate ions are actively trans-
ported in association with sodium ions (Na*) through
the luminal border of the cell into the lumen of the
duct.

2. The hydrogen ions formed by dissociation of car-
bonic acid inside the cell are exchanged for sodium
ions through the blood border of the cell by a secondary
active transport process. This supplies the sodium ions
(Na*) that are transported through the luminal border
into the pancreatic duct lumen to provide electrical
neutrality for the secreted bicarbonate ions.
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Figure 64-8 Secretion of isosmotic sodium bicarbonate solution
by the pancreatic ductules and ducts.

3. The overall movement of sodium and bicarbonate ions
from the blood into the duct lumen creates an osmotic
pressure gradient that causes osmosis of water also
into the pancreatic duct, thus forming an almost com-
pletely isosmotic bicarbonate solution.

Regulation of Pancreatic Secretion
Basic Stimuli That Cause Pancreatic Secretion

Three basic stimuli are important in causing pancreatic
secretion:

1. Acetylcholine, which is released from the parasympa-
thetic vagus nerve endings and from other cholinergic
nerves in the enteric nervous system

2. Cholecystokinin, which is secreted by the duodenal
and upper jejunal mucosa when food enters the small
intestine

3. Secretin, which is also secreted by the duodenal and
jejunal mucosa when highly acidic food enters the
small intestine

The first two of these stimuli, acetylcholine and chole-
cystokinin, stimulate the acinar cells of the pancreas, caus-
ing production of large quantities of pancreatic digestive
enzymes but relatively small quantities of water and elec-
trolytes to go with the enzymes. Without the water, most
of the enzymes remain temporarily stored in the acini
and ducts until more fluid secretion comes along to wash
them into the duodenum. Secretin, in contrast to the first
two basic stimuli, stimulates secretion of large quantities
of water solution of sodium bicarbonate by the pancreatic
ductal epithelium.

Multiplicative Effects of Different Stimuli. When
all the different stimuli of pancreatic secretion occur at
once, the total secretion is far greater than the sum of the
secretions caused by each one separately. Therefore, the
various stimuli are said to “multiply,” or “potentiate,” one
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another. Thus, pancreatic secretion normally results from
the combined effects of the multiple basic stimuli, not
from one alone.

Phases of Pancreatic Secretion

Pancreatic secretion occurs in three phases, the same
as for gastric secretion: the cephalic phase, the gastric
phase, and the intestinal phase. Their characteristics are
as follows.

Cephalic and Gastric Phases. During the cephalic
phase of pancreatic secretion, the same nervous sig-
nals from the brain that cause secretion in the stomach
also cause acetylcholine release by the vagal nerve end-
ings in the pancreas. This causes moderate amounts of
enzymes to be secreted into the pancreatic acini, account-
ing for about 20 percent of the total secretion of pancre-
atic enzymes after a meal. But little of the secretion flows
immediately through the pancreatic ducts into the intes-
tine because only small amounts of water and electrolytes
are secreted along with the enzymes.

During the gastric phase, the nervous stimulation of
enzyme secretion continues, accounting for another 5 to
10 percent of pancreatic enzymes secreted after a meal.
But, again, only small amounts reach the duodenum
because of continued lack of significant fluid secretion.

Intestinal Phase. After chyme leaves the stomach and
enters the small intestine, pancreatic secretion becomes
copious, mainly in response to the hormone secretin.

Secretin Stimulates Copious Secretion of Bicarbonate
lons,Which Neutralizes Acidic Stomach Chyme. Secretin
is a polypeptide, containing 27 amino acids (molecular
weight about 3400), present in an inactive form, prose-
cretin, in so-called S cells in the mucosa of the duodenum
and jejunum. When acid chyme with pH less than 4.5 to
5.0 enters the duodenum from the stomach, it causes duo-
denal mucosal release and activation of secretin, which is
then absorbed into the blood. The one truly potent con-
stituent of chyme that causes this secretin release is the
hydrochloric acid from the stomach.

Secretin in turn causes the pancreas to secrete large
quantities of fluid containing a high concentration of bicar-
bonate ion (up to 145 mEq/L) but a low concentration of
chloride ion. The secretin mechanism is especially impor-
tant for two reasons: First, secretin begins to be released
from the mucosa of the small intestine when the pH of the
duodenal contents falls below 4.5 to 5.0, and its release
increases greatly as the pH falls to 3.0. This immediately
causes copious secretion of pancreatic juice containing
abundant amounts of sodium bicarbonate. The net result
is then the following reaction in the duodenum:

HCL + NaHCO3 — NaCl + H,CO;

Then the carbonic acid immediately dissociates into
carbon dioxide and water. The carbon dioxide is absorbed
into the blood and expired through the lungs, thus leaving
a neutral solution of sodium chloride in the duodenum.



In this way, the acid contents emptied into the duodenum
from the stomach become neutralized, so further peptic
digestive activity by the gastric juices in the duodenum
is immediately blocked. Because the mucosa of the small
intestine cannot withstand the digestive action of acid
gastric juice, this is an essential protective mechanism to
prevent development of duodenal ulcers, as is discussed
in further detail in Chapter 66.

Bicarbonate ion secretion by the pancreas provides
an appropriate pH for action of the pancreatic digestive
enzymes, which function optimally in a slightly alkaline or
neutral medium, at a pH of 7.0 to 8.0. Fortunately, the pH
of the sodium bicarbonate secretion averages 8.0.

Cholecystokinin—Its Contribution to Control of
Digestive Enzyme Secretion by the Pancreas. The pres-
ence of food in the upper small intestine also causes a sec-
ond hormone, CCK, a polypeptide containing 33 amino
acids, to be released from yet another group of cells, the /
cells, in the mucosa of the duodenum and upper jejunum.
This release of CCK results especially from the presence
of proteoses and peptones (products of partial protein
digestion) and long-chain fatty acids in the chyme coming
from the stomach.

CCK, like secretin, passes by way of the blood to the
pancreas but instead of causing sodium bicarbonate
secretion causes mainly secretion of still much more pan-
creatic digestive enzymes by the acinar cells. This effect
is similar to that caused by vagal stimulation but even
more pronounced, accounting for 70 to 80 percent of the
total secretion of the pancreatic digestive enzymes after
a meal.

The differences between the pancreatic stimulatory
effects of secretin and CCK are shown in Figure 64-9,
which demonstrates (1) intense sodium bicarbonate
secretion in response to acid in the duodenum, stimulated
by secretin; (2) a dual effect in response to soap (a fat); and
(3) intense digestive enzyme secretion (when peptones
enter the duodenum) stimulated by CCK.

Water and
NaHCO4 —

— [ Enzymes

Rate of pancreatic secretion

n b

HCI Soap Peptone

Figure 64-9 Sodium bicarbonate (NaHCO,), water, and enzyme
secretion by the pancreas, caused by the presence of acid (HCl),
fat (soap), or peptone solutions in the duodenum.

Chapter 64 Secretory Functions of the Alimentary Tract

Acid from stomach
releases secretin from
wall of duodenum;
fats and amino acids
cause release of
cholecystokinin

Common
bile duct

Vagal
stimulation

releases
/ enzymes
n——1 into acini

Secretin causes
copious secretion
of pancreatic fluid
and bicarbonate;
cholecystokinin
causes secretion
of enzymes

Secretin and
cholecystokinin
absorbed into
blood stream

Figure 64-10 Regulation of pancreatic secretion.

Figure 64-10 summarizes the more important fac-
tors in the regulation of pancreatic secretion. The total
amount secreted each day is about 1 liter.

Secretion of Bile by the Liver; Functions
of the Biliary Tree

One of the many functions of the liver is to secrete bile,
normally between 600 and 1000 ml/day. Bile serves two
important functions.

First, bile plays an important role in fat digestion and
absorption, not because of any enzymes in the bile that
cause fat digestion, but because bile acids in the bile do
two things: (1) They help to emulsify the large fat par-
ticles of the food into many minute particles, the surface
of which can then be attacked by lipase enzymes secreted
in pancreatic juice, and (2) they aid in absorption of the
digested fat end products through the intestinal mucosal
membrane.

Second, bile serves as a means for excretion of sev-
eral important waste products from the blood. These
include especially bilirubin, an end product of hemoglo-
bin destruction, and excesses of cholesterol.

Physiologic Anatomy of Biliary Secretion

Bile is secreted in two stages by the liver: (1) The initial
portion is secreted by the principal functional cells of the
liver, the hepatocytes; this initial secretion contains large
amounts of bile acids, cholesterol, and other organic con-
stituents. It is secreted into minute bile canaliculi that
originate between the hepatic cells.

(2) Next, the bile flows in the canaliculi toward the
interlobular septa, where the canaliculi empty into ter-
minal bile ducts and then into progressively larger ducts,
finally reaching the hepatic duct and common bile duct.
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Figure 64-11 Liver secretion and gallbladder
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From these the bile either empties directly into the duo-
denum or is diverted for minutes up to several hours
through the cystic duct into the gallbladder, shown in
Figure 64-11.

In its course through the bile ducts, a second portion
of liver secretion is added to the initial bile. This addi-
tional secretion is a watery solution of sodium and bicar-
bonate ions secreted by secretory epithelial cells that line
the ductules and ducts. This second secretion sometimes
increases the total quantity of bile by as much as an addi-
tional 100 percent. The second secretion is stimulated
especially by secretin, which causes release of additional
quantities of bicarbonate ions to supplement the bicar-
bonate ions in pancreatic secretion (for neutralizing acid
that empties into the duodenum from the stomach).

Storing and Concentrating Bile in the Gallbladder.
Bile is secreted continually by the liver cells, but most of
it is normally stored in the gallbladder until needed in the
duodenum. The maximum volume that the gallbladder can
hold is only 30 to 60 milliliters. Nevertheless, as much as 12
hours of bile secretion (usually about 450 milliliters) can be
stored in the gallbladder because water, sodium, chloride,
and most other small electrolytes are continually absorbed
through the gallbladder mucosa, concentrating the remain-
ing bile constituents that contain the bile salts, cholesterol,
lecithin, and bilirubin.

Most of this gallbladder absorption is caused by active
transport of sodium through the gallbladder epithelium,
and this is followed by secondary absorption of chloride
ions, water, and most other diffusible constituents. Bile is
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normally concentrated in this way about 5-fold, but it can
be concentrated up to a maximum of 20-fold.

Composition of Bile. Table 64-2 gives the composi-
tion of bile when it is first secreted by the liver and then
after it has been concentrated in the gallbladder. This
table shows that by far the most abundant substances
secreted in the bile are bile salts, which account for about
one half of the total solutes also in the bile. Also secreted
or excreted in large concentrations are bilirubin, choles-
terol, lecithin, and the usual electrolytes of plasma.

Table 64-2 Composition of Bile

Liver Bile Gallbladder Bile
Water 97.5 g/dl 92 g/dl
Bile salts 1.1 g/dl 6 g/dl
Bilirubin 0.04 g/dl 0.3 g/dl
Cholesterol 0.1 g/dl 0.3 to 0.9 g/dl
Fatty acids 0.12 g/dl 0.3 to 1.2 g/dl
Lecithin 0.04 g/dl 0.3 g/dl
Na* 145 mEq/L 130 mEq/L
K* 5 mEq/L 12 mEq/L
Ca*t 5 mEq/L 23 mEg/L
Ccl 100 mEg/L 25 mEg/L
HCO; 28 mEq/L 10 mEg/L



In the concentrating process in the gallbladder, water
and large portions of the electrolytes (except calcium
ions) are reabsorbed by the gallbladder mucosa; essen-
tially all other constituents, especially the bile salts and
the lipid substances cholesterol and lecithin, are not reab-
sorbed and, therefore, become highly concentrated in the
gallbladder bile.

Emptying of the Gallbladder—Stimulatory Role of
Cholecystokinin. When food begins to be digested in
the upper gastrointestinal tract, the gallbladder begins to
empty, especially when fatty foods reach the duodenum
about 30 minutes after a meal. The mechanism of gall-
bladder emptying is rhythmical contractions of the wall of
the gallbladder, but effective emptying also requires simul-
taneous relaxation of the sphincter of Oddi, which guards
the exit of the common bile duct into the duodenum.

By far the most potent stimulus for causing the gall-
bladder contractions is the hormone CCK. This is the
same CCK discussed earlier that causes increased secre-
tion of digestive enzymes by the acinar cells of the pan-
creas. The stimulus for CCK entry into the blood from
the duodenal mucosa is mainly the presence of fatty foods
in the duodenum.

The gallbladder is also stimulated less strongly by ace-
tylcholine-secreting nerve fibers from both the vagi and
the intestinal enteric nervous system. They are the same
nerves that promote motility and secretion in other parts
of the upper gastrointestinal tract.

In summary, the gallbladder empties its store of con-
centrated bile into the duodenum mainly in response to
the CCK stimulus that itself is initiated mainly by fatty
foods. When fat is not in the food, the gallbladder emp-
ties poorly, but when significant quantities of fat are pres-
ent, the gallbladder normally empties completely in about
1 hour. Figure 64-11 summarizes the secretion of bile, its
storage in the gallbladder, and its ultimate release from
the bladder to the duodenum.

Function of Bile Salts in Fat Digestion
and Absorption

The liver cells synthesize about 6 grams of bile salts daily.
The precursor of the bile salts is cholesterol, which is either
present in the diet or synthesized in the liver cells during
the course of fat metabolism. The cholesterol is first con-
verted to cholic acid or chenodeoxycholic acid in about
equal quantities. These acids in turn combine principally
with glycine and to a lesser extent with taurine to form
glyco- and tauro-conjugated bile acids. The salts of these
acids, mainly sodium salts, are then secreted in the bile.

The bile salts have two important actions in the intes-
tinal tract:

First, they have a detergent action on the fat particles
in the food. This decreases the surface tension of the par-
ticles and allows agitation in the intestinal tract to break
the fat globules into minute sizes. This is called the emul-
sifying or detergent function of bile salts.
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Second, and even more important than the emulsify-
ing function, bile salts help in the absorption of (1) fatty
acids, (2) monoglycerides, (3) cholesterol, and (4) other
lipids from the intestinal tract. They do this by forming
small physical complexes with these lipids; the complexes
are called micelles, and they are semisoluble in the chyme
because of the electrical charges of the bile salts. The
intestinal lipids are “ferried” in this form to the intesti-
nal mucosa, where they are then absorbed into the blood,
as will be described in detail in Chapter 65. Without the
presence of bile salts in the intestinal tract, up to 40 per-
cent of the ingested fats are lost into the feces and the
person often develops a metabolic deficit because of this
nutrient loss.

Enterohepatic Circulation of Bile Salts. About 94 percent of
the bile salts are reabsorbed into the blood from the small
intestine, about one half of this by diffusion through the
mucosa in the early portions of the small intestine and the
remainder by an active transport process through the intes-
tinal mucosa in the distal ileum. They then enter the por-
tal blood and pass back to the liver. On reaching the liver,
on first passage through the venous sinusoids these salts are
absorbed almost entirely back into the hepatic cells and then
resecreted into the bile.

In this way, about 94 percent of all the bile salts are recir-
culated into the bile, so on the average these salts make the
entire circuit some 17 times before being carried out in the
feces. The small quantities of bile salts lost into the feces are
replaced by new amounts formed continually by the liver
cells. This recirculation of the bile salts is called the enterohe-
patic circulation of bile salts.

The quantity of bile secreted by the liver each day is
highly dependent on the availability of bile salts—the
greater the quantity of bile salts in the enterohepatic circu-
lation (usually a total of only about 2.5 grams), the greater
the rate of bile secretion. Indeed, ingestion of supplemen-
tal bile salts can increase bile secretion by several hundred
milliliters per day.

If a bile fistula empties the bile salts to the exterior for sev-
eral days to several weeks so that they cannot be reabsorbed
from the ileum, the liver increases its production of bile salts
6- to 10-fold, which increases the rate of bile secretion most
of the way back to normal. This demonstrates that the daily
rate of liver bile salt secretion is actively controlled by the
availability (or lack of availability) of bile salts in the entero-
hepatic circulation.

Role of Secretin in Controlling Bile Secretion. In addi-
tion to the strong stimulating effect of bile acids to cause bile
secretion, the hormone secretin that also stimulates pancre-
atic secretion increases bile secretion, sometimes more than
doubling its secretion for several hours after a meal. This
increase in secretion is almost entirely secretion of a sodium
bicarbonate—rich watery solution by the epithelial cells of the
bile ductules and ducts, and not increased secretion by the
liver parenchymal cells themselves. The bicarbonate in turn
passes into the small intestine and joins the bicarbonate from
the pancreas in neutralizing the hydrochloric acid from the
stomach. Thus, the secretin feedback mechanism for neu-
tralizing duodenal acid operates not only through its effects
on pancreatic secretion but also to a lesser extent through its
effect on secretion by the liver ductules and ducts.
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Causes of gallstones:
1. Too much absorption of water
from bile
2. Too much absorption of bile
acids from bile
3. Too much cholesterol in bile
Stones

4. Inflammation of epithelium / Liver
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Figure 64-12 Formation of gallstones.

Liver Secretion of Cholesterol and Gallstone Formation
Bile salts are formed in the hepatic cells from cholesterol in
the blood plasma. In the process of secreting the bile salts,
about 1 to 2 grams of cholesterol are removed from the blood
plasma and secreted into the bile each day.

Cholesterol is almost completely insoluble in pure water,
but the bile salts and lecithin in bile combine physically with
the cholesterol to form ultramicroscopic micelles in the form
of a colloidal solution, as explained in more detail in Chapter
65. When the bile becomes concentrated in the gallbladder,
the bile salts and lecithin become concentrated along with
the cholesterol, which keeps the cholesterol in solution.

Under abnormal conditions, the cholesterol may precipi-
tate in the gallbladder, resulting in the formation of choles-
terol gallstones, as shown in Figure 64-12. The amount of
cholesterol in the bile is determined partly by the quantity
of fat that the person eats, because liver cells synthesize cho-
lesterol as one of the products of fat metabolism in the body.
For this reason, people on a high-fat diet over a period of
years are prone to the development of gallstones.

Inflammation of the gallbladder epithelium, often result-
ing from low-grade chronic infection, may also change the
absorptive characteristics of the gallbladder mucosa, some-
times allowing excessive absorption of water and bile salts but
leaving behind the cholesterol in the gallbladder in progres-
sively greater concentrations. Then the cholesterol begins to
precipitate, first forming many small crystals of cholesterol
on the surface of the inflamed mucosa, but then progressing
to large gallstones.

Secretions of the Small Intestine

Secretion of Mucus by Brunner’s Glands
in the Duodenum

An extensive array of compound mucous glands, called
Brunner’s glands, is located in the wall of the first few cen-
timeters of the duodenum, mainly between the pylorus
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of the stomach and the papilla of Vater, where pancreatic
secretion and bile empty into the duodenum. These glands
secrete large amounts of alkaline mucus in response to
(1) tactile or irritating stimuli on the duodenal mucosa;
(2) vagal stimulation, which causes increased Brunner’s
glands secretion concurrently with increase in stomach
secretion; and (3) gastrointestinal hormones, especially
secretin.

The function of the mucus secreted by Brunner’s glands
is to protect the duodenal wall from digestion by the
highly acidic gastric juice emptying from the stomach. In
addition, the mucus contains a large excess of bicarbonate
ions, which add to the bicarbonate ions from pancreatic
secretion and liver bile in neutralizing the hydrochloric
acid entering the duodenum from the stomach.

Brunner’s glands are inhibited by sympathetic stimula-
tion; therefore, such stimulation in very excitable persons
is likely to leave the duodenal bulb unprotected and is per-
haps one of the factors that cause this area of the gastro-
intestinal tract to be the site of peptic ulcers in about 50
percent of ulcer patients.

Secretion of Intestinal Digestive Juices by the
Crypts of Lieberkiihn

Located over the entire surface of the small intestine are
small pits called crypts of Lieberkiihn, one of which is
illustrated in Figure 64-13. These crypts lie between the
intestinal villi. The surfaces of both the crypts and the villi
are covered by an epithelium composed of two types of
cells: (1) a moderate number of goblet cells, which secrete
mucus that lubricates and protects the intestinal surfaces,
and (2) a large number of enterocytes, which, in the crypts,
secrete large quantities of water and electrolytes and, over
the surfaces of adjacent villi, reabsorb the water and elec-
trolytes along with end products of digestion.

The intestinal secretions are formed by the enterocytes
of the crypts at a rate of about 1800 ml/day. These secre-
tions are almost pure extracellular fluid and have a slightly
alkaline pH in the range of 7.5 to 8.0. The secretions are

Mucous goblet
cell

Figure 64-13 A crypt of Lieberkiihn, found in all parts of the small
intestine between the villi, which secretes almost pure extracel-
lular fluid.



also rapidly reabsorbed by the villi. This flow of fluid
from the crypts into the villi supplies a watery vehicle for
absorption of substances from chyme when it comes in
contact with the villi. Thus, the primary function of the
small intestine is to absorb nutrients and their digestive
products into the blood.

Mechanism of Secretion of the Watery Fluid. The
exact mechanism that controls the marked secretion of
watery fluid by the crypts of Lieberkiihn is still unclear,
but it is believed to involve at least two active secretory
processes: (1) active secretion of chloride ions into the
crypts and (2) active secretion of bicarbonate ions. The
secretion of both ions causes electrical drag of positively
charged sodium ions through the membrane and into the
secreted fluid as well. Finally, all these ions together cause
osmotic movement of water.

Digestive Enzymes in the Small Intestinal
Secretion. When secretions of the small intestine are
collected without cellular debris, they have almost no
enzymes. The enterocytes of the mucosa, especially those
that cover the villi, contain digestive enzymes that digest
specific food substances while they are being absorbed
through the epithelium. These enzymes are the follow-
ing: (1) several peptidases for splitting small peptides
into amino acids; (2) four enzymes—sucrase, maltase,
isomaltase, and lactase—for splitting disaccharides into
monosaccharides; and (3) small amounts of intestinal
lipase for splitting neutral fats into glycerol and fatty
acids.

The epithelial cells deep in the crypts of Lieberkithn
continually undergo mitosis, and new cells migrate along
the basement membrane upward out of the crypts toward
the tips of the villi, thus continually replacing the villus
epithelium and also forming new digestive enzymes. As
the villus cells age, they are finally shed into the intestinal
secretions. The life cycle of an intestinal epithelial cell is
about 5 days. This rapid growth of new cells also allows
rapid repair of excoriations that occur in the mucosa.

Regulation of Small Intestine Secretion—Local
Stimuli

By far the most important means for regulating small
intestine secretion are local enteric nervous reflexes,
especially reflexes initiated by tactile or irritative stimuli
from the chyme in the intestines.

Secretion of Mucus by the Large Intestine

Mucus Secretion. The mucosa of the large intes-
tine, like that of the small intestine, has many crypts of
Lieberkithn; however, unlike the small intestine, there are
no villi. The epithelial cells secrete almost no digestive
enzymes. Instead, they contain mucous cells that secrete
only mucus. This mucus contains moderate amounts of
bicarbonate ions secreted by a few non-mucus-secreting
epithelial cells. The rate of secretion of mucus is regulated
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principally by direct, tactile stimulation of the epithelial
cells lining the large intestine and by local nervous reflexes
to the mucous cells in the crypts of Lieberkiithn.

Stimulation of the pelvic nerves from the spinal cord,
which carry parasympathetic innervation to the distal
one half to two thirds of the large intestine, also can cause
marked increase in mucus secretion. This occurs along
with increase in peristaltic motility of the colon, which
was discussed in Chapter 63.

During extreme parasympathetic stimulation, often
caused by emotional disturbances, so much mucus can
occasionally be secreted into the large intestine that the
person has a bowel movement of ropy mucus as often as
every 30 minutes; this mucus often contains little or no
fecal material.

Mucus in the large intestine protects the intestinal wall
against excoriation, but in addition, it provides an adherent
medium for holding fecal matter together. Furthermore, it
protects the intestinal wall from the great amount of bac-
terial activity that takes place inside the feces, and, finally,
the mucus plus the alkalinity of the secretion (pH of 8.0
caused by large amounts of sodium bicarbonate) provides
a barrier to keep acids formed in the feces from attacking
the intestinal wall.

Diarrhea Caused by Excess Secretion of
Water and Electrolytes in Response to Irritation.
Whenever a segment of the large intestine becomes
intensely irritated, as occurs when bacterial infection
becomes rampant during enteritis, the mucosa secretes
extra large quantities of water and electrolytes in addition
to the normal viscid alkaline mucus. This acts to dilute
the irritating factors and to cause rapid movement of the
feces toward the anus. The result is diarrhea, with loss of
large quantities of water and electrolytes. But the diarrhea
also washes away irritant factors, which promotes earlier
recovery from the disease than might otherwise occur.
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CHAPTER 65

Digestion and Absorption

in the Gastrointestinal Tract

The major foods on which
the body lives (with the
exception of small quan-
tities of substances such
as vitamins and minerals)
can be classified as carbo-
hydrates, fats, and proteins.
They generally cannot be absorbed in their natural
forms through the gastrointestinal mucosa and, for this
reason, are useless as nutrients without preliminary
digestion. Therefore, this chapter discusses the pro-
cesses by which carbohydrates, fats, and proteins are
digested into small enough compounds for absorption
and the mechanisms by which the digestive end prod-
ucts, as well as water, electrolytes, and other substances,
are absorbed.

Digestion of the Various Foods
by Hydrolysis

Hydrolysis of Carbohydrates. Almost all the car-
bohydrates of the diet are either large polysaccharides or
disaccharides, which are combinations of monosaccha-
rides bound to one another by condensation. This means
that a hydrogen ion (H*) has been removed from one of
the monosaccharides, and a hydroxyl ion (-OH) has been
removed from the next one. The two monosaccharides
then combine with each other at these sites of removal,
and the hydrogen and hydroxyl ions combine to form
water (H,O).

When carbohydrates are digested, the above process is
reversed and the carbohydrates are converted into mono-
saccharides. Specific enzymes in the digestive juices of the
gastrointestinal tract return the hydrogen and hydroxyl
ions from water to the polysaccharides and thereby sepa-
rate the monosaccharides from each other. This process,
called hydrolysis, is the following (in which R”-R is a
disaccharide):

digestive
R”-R"+ H,0 R”OH +R'H
nzyme

Hydrolysis of Fats. Almost the entire fat portion of
the diet consists of triglycerides (neutral fats), which are
combinations of three fatty acid molecules condensed
with a single glycerol molecule. During condensation,
three molecules of water are removed.

Digestion of the triglycerides consists of the reverse
process: the fat-digesting enzymes return three molecules
of water to the triglyceride molecule and thereby split the
fatty acid molecules away from the glycerol. Here again,
the digestive process is one of hydrolysis.

Hydrolysis of Proteins. Proteins are formed from
multiple amino acids that are bound together by pep-
tide linkages. At each linkage, a hydroxyl ion has been
removed from one amino acid and a hydrogen ion has
been removed from the succeeding one; thus, the suc-
cessive amino acids in the protein chain are also bound
together by condensation, and digestion occurs by the
reverse effect: hydrolysis. That is, the proteolytic enzymes
return hydrogen and hydroxyl ions from water molecules
to the protein molecules to split them into their constitu-
ent amino acids.

Therefore, the chemistry of digestion is simple because,
in the case of all three major types of food, the same basic
process of hydrolysis is involved. The only difference lies in
the types of enzymes required to promote the hydrolysis
reactions for each type of food.

All the digestive enzymes are proteins. Their secretion
by the different gastrointestinal glands was discussed in
Chapter 64.

Digestion of Carbohydrates

Carbohydrate Foods of the Diet. Only three major
sources of carbohydrates exist in the normal human
diet. They are sucrose, which is the disaccharide known
popularly as cane sugar; lactose, which is a disaccharide
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found in milk; and starches, which are large polysaccha-
rides present in almost all nonanimal foods, particularly
in potatoes and different types of grains. Other carbohy-
drates ingested to a slight extent are amylose, glycogen,
alcohol, lactic acid, pyruvic acid, pectins, dextrins, and
minor quantities of carbohydrate derivatives in meats.

The diet also contains a large amount of cellulose,
which is a carbohydrate. However, no enzymes capable
of hydrolyzing cellulose are secreted in the human diges-
tive tract. Consequently, cellulose cannot be considered a
food for humans.

Digestion of Carbohydrates in the Mouth and
Stomach. When food is chewed, it is mixed with
saliva, which contains the digestive enzyme ptyalin (an
o-amylase) secreted mainly by the parotid glands. This
enzyme hydrolyzes starch into the disaccharide maltose
and other small polymers of glucose that contain three to
nine glucose molecules, as shown in Figure 65-1. However,
the food remains in the mouth only a short time, so prob-
ably not more than 5 percent of all the starches will have
become hydrolyzed by the time the food is swallowed.

However, starch digestion sometimes continues in
the body and fundus of the stomach for as long as 1 hour
before the food becomes mixed with the stomach secre-
tions. Then activity of the salivary amylase is blocked
by acid of the gastric secretions because the amylase is
essentially nonactive as an enzyme once the pH of the
medium falls below about 4.0. Nevertheless, on the aver-
age, before food and its accompanying saliva do become
completely mixed with the gastric secretions, as much as
30 to 40 percent of the starches will have been hydrolyzed
mainly to form maltose.

Digestion of Carbohydrates in the Small Intestine

Digestion by Pancreatic Amylase. Pancreatic secre-
tion, like saliva, contains a large quantity of a-amylase
that is almost identical in its function with the a-amylase
of saliva but is several times as powerful. Therefore,
within 15 to 30 minutes after the chyme empties from
the stomach into the duodenum and mixes with pancre-
atic juice, virtually all the carbohydrates will have become
digested.

In general, the carbohydrates are almost totally con-
verted into maltose and/or other small glucose poly-
mers before passing beyond the duodenum or upper
jejunum.

Figure 65-1 Digestion of carbohydrates. Starches

Hydrolysis of Disaccharides and Small Glucose
Polymersinto Monosaccharides by Intestinal Epithelial
Enzymes. The enterocytes lining the villi of the small
intestine contain four enzymes (lactase, sucrase, maltase,
and o-dextrinase), which are capable of splitting the disac-
charides lactose, sucrose, and maltose, plus other small
glucose polymers, into their constituent monosaccharides.
These enzymes are located in the enterocytes covering the
intestinal microvilli brush border, so the disaccharides are
digested as they come in contact with these enterocytes.

Lactose splits into a molecule of galactose and a
molecule of glucose. Sucrose splits into a molecule of
fructose and a molecule of glucose. Maltose and other
small glucose polymers all split into multiple molecules of
glucose. Thus, the final products of carbohydrate diges-
tion are all monosaccharides. They are all water soluble
and are absorbed immediately into the portal blood.

In the ordinary diet, which contains far more starches
than all other carbohydrates combined, glucose represents
more than 80 percent of the final products of carbohy-
drate digestion, and galactose and fructose each represent
seldom more than 10 percent.

The major steps in carbohydrate digestion are summa-
rized in Figure 65-1.

Digestion of Proteins

Proteins of the Diet. The dietary proteins are
chemically long chains of amino acids bound together
by peptide linkages. A typical linkage is the following:

NH, H

| ——— |
Ve AN

R—CH—cC— 0H+H;)—N—CH— COOH >

o R
NH, H

R— CH—C—N—CH— COOH +H,0

(0] R

The characteristics of each protein are determined by
the types of amino acids in the protein molecule and by
the sequential arrangements of these amino acids. The
physical and chemical characteristics of different proteins
important in human tissues are discussed in Chapter 69.

Ptyalin (saliva)—20-40%
Pancreatic amylase-50-80%

Maltose and 3 to 9 glucose polymers

Maltase and a-dextrinase
(intestine)

Lactose Sucrose

Sucrase
(intestine)

Lactase
(intestine)

<
Glucose

Fructose

<
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Digestion of Proteins in the Stomach. Pepsin, the
important peptic enzyme of the stomach, is most active
at a pH of 2.0 to 3.0 and is inactive at a pH above about
5.0. Consequently, for this enzyme to cause digestion of
protein, the stomach juices must be acidic. As explained
in Chapter 64, the gastric glands secrete a large quantity
of hydrochloric acid. This hydrochloric acid is secreted by
the parietal (oxyntic) cells in the glands at a pH of about
0.8, but by the time it is mixed with the stomach contents
and with secretions from the nonoxyntic glandular cells
of the stomach, the pH then averages around 2.0 to 3.0, a
highly favorable range of acidity for pepsin activity.

One of the important features of pepsin digestion is
its ability to digest the protein collagen, an albuminoid
type of protein that is affected little by other digestive
enzymes. Collagen is a major constituent of the intercel-
lular connective tissue of meats; therefore, for the diges-
tive enzymes of the digestive tract to penetrate meats and
digest the other meat proteins, it is necessary that the
collagen fibers be digested. Consequently, in persons who
lack pepsin in the stomach juices, the ingested meats are
less well penetrated by the other digestive enzymes and,
therefore, may be poorly digested.

As shown in Figure 65-2, pepsin only initiates the pro-
cess of protein digestion, usually providing only 10 to 20
percent of the total protein digestion to convert the pro-
tein to proteoses, peptones, and a few polypeptides. This
splitting of proteins occurs as a result of hydrolysis at the
peptide linkages between amino acids.

Most Protein Digestion Results from Actions of
Pancreatic Proteolytic Enzymes. Most protein diges-
tion occurs in the upper small intestine, in the duode-
num and jejunum, under the influence of proteolytic
enzymes from pancreatic secretion. Immediately on
entering the small intestine from the stomach, the partial
breakdown products of the protein foods are attacked
by major proteolytic pancreatic enzymes: trypsin,
chymotrypsin, carboxypolypeptidase, and proelastase,
as shown in Figure 65-2.

Both trypsin and chymotrypsin split protein mole-
cules into small polypeptides; carboxypolypeptidase then
cleaves individual amino acids from the carboxyl ends of
the polypeptides. Proelastase, in turn, is converted into
elastase, which then digests elastin fibers that partially
hold meats together.

Pepsin |_Proteoses
> |_Peptones

Polypeptides

Proteins

Trypsin, chymotrypsin, carboxypolypeptidase,

proelastase
Polypeptides—|
+
Amino acidsJ

Figure 65-2 Digestion of proteins.

Peptidases

> Amino acids

Chapter 65 Digestion and Absorption in the Gastrointestinal Tract

Only a small percentage of the proteins are digested all
the way to their constituent amino acids by the pancreatic
juices. Most remain as dipeptides and tripeptides.

Digestion of Peptides by Peptidases in the
Enterocytes That Line the Small Intestinal Villi. The
last digestive stage of the proteins in the intestinal lumen is
achieved by the enterocytes that line the villi of the small
intestine, mainly in the duodenum and jejunum. These cells
have a brush border that consists of hundreds of microvilli
projecting from the surface of each cell. In the membrane
of each of these microvilli are multiple peptidases that pro-
trude through the membranes to the exterior, where they
come in contact with the intestinal fluids.

Two types of peptidase enzymes are especially impor-
tant, aminopolypeptidase and several dipeptidases. They
succeed in splitting the remaining larger polypeptides into
tripeptides and dipeptides and a few into amino acids.
Both the amino acids plus the dipeptides and tripeptides
are easily transported through the microvillar membrane
to the interior of the enterocyte.

Finally, inside the cytosol of the enterocyte are multiple
other peptidases that are specific for the remaining types
of linkages between amino acids. Within minutes, virtu-
ally all the last dipeptides and tripeptides are digested to
the final stage to form single amino acids; these then pass
on through to the other side of the enterocyte and thence
into the blood.

More than 99 percent of the final protein digestive
products that are absorbed are individual amino acids,
with only rare absorption of peptides and very, very rare
absorption of whole protein molecules. Even these few
absorbed molecules of whole protein can sometimes
cause serious allergic or immunologic disturbances, as
discussed in Chapter 34.

Digestion of Fats

Fats of the Diet. By far the most abundant fats of
the diet are the neutral fats, also known as triglycerides,
each molecule of which is composed of a glycerol nucleus
and three fatty acid side chains, as shown in Figure 65-3.

CHz— (CH,);s—C— O —CH,

I Lipase
CHg— (CH,);g—C— O —CH + 2H,0 ————>—

I
CHz;—(CH,);,—C—0—CH,
(Tristearin)

?I) HO — (|3H2 o
CH;—(CH,);,—C—0— (l)H +2CH;—(CH,),;,—C—OH
HO —CH,
(2-Monoglyceride) (Stearic acid)

Figure 65-3 Hydrolysis of neutral fat catalyzed by lipase.
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Neutral fat is a major constituent in food of animal origin
but much, much less so in food of plant origin.

In the usual diet are also small quantities of phospho-
lipids, cholesterol, and cholesterol esters. The phospholip-
ids and cholesterol esters contain fatty acid and therefore
can be considered fats. Cholesterol, however, is a sterol
compound that contains no fatty acid, but it does exhibit
some of the physical and chemical characteristics of fats;
plus, it is derived from fats and is metabolized similarly to
fats. Therefore, cholesterol is considered, from a dietary
point of view, a fat.

Digestion of Fats in the Intestine. A small amount
of triglycerides is digested in the stomach by lingual lipase
that is secreted by lingual glands in the mouth and swal-
lowed with the saliva. This amount of digestion is less than
10 percent and generally unimportant. Instead, essentially
all fat digestion occurs in the small intestine as follows.

The First Step in Fat Digestion Is Emulsification by
Bile Acids and Lecithin. The first step in fat digestion is
physically to break the fat globules into small sizes so that
the water-soluble digestive enzymes can act on the glob-
ule surfaces. This process is called emulsification of the
fat, and it begins by agitation in the stomach to mix the fat
with the products of stomach digestion.

Then, most of the emulsification occurs in the duo-
denum under the influence of bile, the secretion from
the liver that does not contain any digestive enzymes.
However, bile does contain a large quantity of bile salts,
as well as the phospholipid lecithin. Both of these, but
especially the lecithin, are extremely important for emul-
sification of the fat. The polar parts (the points where
ionization occurs in water) of the bile salts and lecithin
molecules are highly soluble in water, whereas most of the
remaining portions of their molecules are highly soluble
in fat. Therefore, the fat-soluble portions of these liver
secretions dissolve in the surface layer of the fat glob-
ules, with the polar portions projecting. The polar pro-
jections, in turn, are soluble in the surrounding watery
fluids, which greatly decreases the interfacial tension of
the fat and makes it soluble as well.

When the interfacial tension of a globule of nonmisci-
ble fluid is low, this nonmiscible fluid, on agitation, can be
broken up into many tiny particles far more easily than it
can when the interfacial tension is great. Consequently, a
major function of the bile salts and lecithin, especially the
lecithin, in the bile is to make the fat globules readily frag-
mentable by agitation with the water in the small bowel.
This action is the same as that of many detergents that are
widely used in household cleaners for removing grease.

Each time the diameters of the fat globules are signifi-
cantly decreased as a result of agitation in the small intestine,
the total surface area of the fat increases manyfold. Because
the average diameter of the fat particles in the intestine after
emulsification has occurred is less than 1 micrometer, this
represents an increase of as much as 1000-fold in total sur-
face areas of the fats caused by the emulsification process.

792

The lipase enzymes are water-soluble compounds
and can attack the fat globules only on their surfaces.
Consequently, this detergent function of bile salts and
lecithin is very important for digestion of fats.

Triglycerides Are Digested by Pancreatic Lipase. By
far the most important enzyme for digestion of the triglyc-
erides is pancreatic lipase, present in enormous quantities
in pancreatic juice, enough to digest within 1 minute all
triglycerides that it can reach. In addition, the enterocytes
of the small intestine contain additional lipase, known as
enteric lipase, but this is usually not needed.

End Products of Fat Digestion Are Free Fatty
Acids. Most of the triglycerides of the diet are split by pan-
creatic lipase into free fatty acids and 2-monoglycerides, as
shown in Figure 65-4.

(Bile + Agitation)
Fat » Emulsified fat

Pancreatic lipase

Y

Emulsified fat Fatty acids and

2-monoglycerides

Figure 65-4 Digestion of fats.

Bile Salts Form Micelles That Accelerate Fat
Digestion. The hydrolysis of triglycerides is a highly
reversible process; therefore, accumulation of monoglyc-
erides and free fatty acids in the vicinity of digesting fats
quickly blocks further digestion. But the bile salts play
the additional important role of removing the monoglyc-
erides and free fatty acids from the vicinity of the digest-
ing fat globules almost as rapidly as these end products of
digestion are formed. This occurs in the following way.

Bile salts, when in high enough concentration in water,
have the propensity to form micelles, which are small spher-
ical, cylindrical globules 3 to 6 nanometers in diameter
composed of 20 to 40 molecules of bile salt. These develop
because each bile salt molecule is composed of a sterol
nucleus that is highly fat-soluble and a polar group that is
highly water-soluble. The sterol nucleus encompasses the
fat digestate, forming a small fat globule in the middle of
a resulting micelle, with polar groups of bile salts project-
ing outward to cover the surface of the micelle. Because
these polar groups are negatively charged, they allow the
entire micelle globule to dissolve in the water of the diges-
tive fluids and to remain in stable solution until the fat is
absorbed into the blood.

The bile salt micelles also act as a transport medium to
carry the monoglycerides and free fatty acids, both of which
would otherwise be relatively insoluble, to the brush borders
of the intestinal epithelial cells. There the monoglycerides and
free fatty acids are absorbed into the blood, as discussed later,
but the bile salts themselves are released back into the chyme
to be used again and again for this “ferrying” process.

Digestion of Cholesterol Esters and Phos-
pholipids. Most cholesterol in the diet is in the form of



cholesterol esters, which are combinations of free cholesterol
and one molecule of fatty acid. Phospholipids also contain
fatty acid within their molecules. Both the cholesterol esters
and the phospholipids are hydrolyzed by two other lipases in
the pancreatic secretion that free the fatty acids—the enzyme
cholesterol ester hydrolase to hydrolyze the cholesterol ester,
and phospholipase A, to hydrolyze the phospholipid.

The bile salt micelles play the same role in “ferrying”
free cholesterol and phospholipid molecule digestates
that they play in “ferrying” monoglycerides and free fatty
acids. Indeed, essentially no cholesterol is absorbed with-
out this function of the micelles.

Basic Principles of Gastrointestinal
Absorption

It is suggested that the reader review the basic principles
of transport of substances through cell membranes dis-
cussed in Chapter 4. The following paragraphs present
specialized applications of these transport processes dur-
ing gastrointestinal absorption.

Anatomical Basis of Absorption

The total quantity of fluid that must be absorbed each day
by the intestines is equal to the ingested fluid (about 1.5
liters) plus that secreted in the various gastrointestinal
secretions (about 7 liters). This comes to a total of 8 to
9 liters. All but about 1.5 liters of this is absorbed in the
small intestine, leaving only 1.5 liters to pass through the
ileocecal valve into the colon each day.

The stomach is a poor absorptive area of the gastro-
intestinal tract because it lacks the typical villus type of
absorptive membrane, and also because the junctions
between the epithelial cells are tight junctions. Only a few
highly lipid-soluble substances, such as alcohol and some
drugs like aspirin, can be absorbed in small quantities.
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Figure 65-5 Longitudinal section of the small intestine, showing
the valvulae conniventes covered by villi.

Folds of Kerckring, Villi, and Microvilli Increase
the Mucosal Absorptive Area by Nearly 1000-
Fold. Figure 65-5 demonstrates the absorptive sur-
face of the small intestinal mucosa, showing many folds
called valvulae conniventes (or folds of Kerckring), which
increase the surface area of the absorptive mucosa about
threefold. These folds extend circularly most of the way
around the intestine and are especially well developed in
the duodenum and jejunum, where they often protrude
up to 8 millimeters into the lumen.

Also located on the epithelial surface of the small intes-
tine all the way down to the ileocecal valve are millions
of small villi. These project about 1 millimeter from the
surface of the mucosa, as shown on the surfaces of the
valvulae conniventes in Figure 65-5 and in individual
detail in Figure 65-6. The villi lie so close to one another
in the upper small intestine that they touch in most areas,

Figure 65-6 Functional organi-
zation of the villus. A, Longitudinal
section. B, Cross section showing
a basement membrane beneath
the epithelial cells and a brush
border at the other ends of these
cells.

Basement
membrane

Venules

Central
lacteal

793

IIX LINN




Unit XIl  Gastrointestinal Physiology

i

ét

+ Brush border

- — Pinocytic
vesicl
o esicles

—___ Endoplasmic

=, reticulum

———=—— Mitochondria

Figure 65-7 Brush border of a gastrointestinal epithelial cell,
showing also absorbed pinocytic vesicles, mitochondria, and endo-
plasmic reticulum lying immediately beneath the brush border.
(Courtesy Dr. William Lockwood.)

but their distribution is less profuse in the distal small
intestine. The presence of villi on the mucosal surface
enhances the total absorptive area another 10-fold.

Finally, each intestinal epithelial cell on each villus is
characterized by a brush border, consisting of as many as
1000 microvilli 1 micrometer in length and 0.1 micrometer
in diameter protruding into the intestinal chyme; these
microvilli are shown in the electron micrograph in Figure
65-7. This increases the surface area exposed to the intes-
tinal materials at least another 20-fold.

Thus, the combination of the folds of Kerckring, the
villi, and the microvilli increases the total absorptive area
of the mucosa perhaps 1000-fold, making a tremendous
total area of 250 or more square meters for the entire
small intestine—about the surface area of a tennis court.

Figure 65-6A shows in longitudinal section the general
organization of the villus, emphasizing (1) the advanta-
geous arrangement of the vascular system for absorption
of fluid and dissolved material into the portal blood and
(2) the arrangement of the ‘central lacteal” lymph ves-
sel for absorption into the lymph. Figure 65-68 shows a
cross section of the villus, and Figure 65-7 shows many
small pinocytic vesicles, which are pinched-off portions
of infolded enterocyte membrane forming vesicles of
absorbed fluids that have been entrapped. Small amounts
of substances are absorbed by this physical process of
pinocytosis.

Extending from the epithelial cell body into each
microvillus of the brush border are multiple actin fila-
ments that contract rhythmically to cause continual move-
ment of the microvilli, keeping them constantly exposed
to new quantities of intestinal fluid.

Absorption in the Small Intestine

Absorption from the small intestine each day consists
of several hundred grams of carbohydrates, 100 or more
grams of fat, 50 to 100 grams of amino acids, 50 to 100
grams of ions, and 7 to 8 liters of water. The absorptive
capacity of the normal small intestine is far greater than
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this: as much as several kilograms of carbohydrates per
day, 500 grams of fat per day, 500 to 700 grams of pro-
teins per day, and 20 or more liters of water per day. The
large intestine can absorb still additional water and ions,
although very few nutrients.

Absorption of Water by Osmosis

Isosmotic Absorption. Water is transported through
the intestinal membrane entirely by diffusion. Furthermore,
this diffusion obeys the usual laws of osmosis. Therefore,
when the chyme is dilute enough, water is absorbed
through the intestinal mucosa into the blood of the villi
almost entirely by osmosis.

Conversely, water can also be transported in the oppo-
site direction—from plasma into the chyme. This occurs
especially when hyperosmotic solutions are discharged
from the stomach into the duodenum. Within minutes,
sufficient water usually will be transferred by osmosis to
make the chyme isosmotic with the plasma.

Absorption of lons

Sodium Is Actively Transported Through the
Intestinal Membrane. Twenty to 30 grams of sodium
are secreted in the intestinal secretions each day. In addi-
tion, the average person eats 5 to 8 grams of sodium each
day. Therefore, to prevent net loss of sodium into the
feces, the intestines must absorb 25 to 35 grams of sodium
each day, which is equal to about one seventh of all the
sodium present in the body.

Whenever significant amounts of intestinal secretions
are lost to the exterior, as in extreme diarrhea, the sodium
reserves of the body can sometimes be depleted to lethal
levels within hours. Normally, however, less than 0.5
percent of the intestinal sodium is lost in the feces each
day because it is rapidly absorbed through the intestinal
mucosa. Sodium also plays an important role in helping
to absorb sugars and amino acids, as subsequent discus-
sions reveal.

The basic mechanism of sodium absorption from the
intestine is shown in Figure 65-8. The principles of this
mechanism, discussed in Chapter 4, are also essentially
the same as for absorption of sodium from the gallbladder
and renal tubules as discussed in Chapter 27.

The motive power for sodium absorption is provided
by active transport of sodium from inside the epithe-
lial cells through the basal and lateral walls of these cells
into paracellular spaces. This active transport obeys the
usual laws of active transport: It requires energy, and
the energy process is catalyzed by appropriate adeno-
sine triphosphatase (ATP) enzymes in the cell membrane
(see Chapter 4). Part of the sodium is absorbed along with
chloride ions; in fact, the negatively charged chloride ions
are mainly passively “dragged” by the positive electrical
charges of the sodium ions.

Active transport of sodium through the basolateral
membranes of the cell reduces the sodium concentra-
tion inside the cell to a low value (=50 mEq/L), as shown
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Figure 65-8 Absorption of sodium, chloride, glucose, and amino
acids through the intestinal epithelium. Note also osmotic absorp-
tion of water (i.e., water “follows” sodium through the epithelial
membrane).

in Figure 65-8. Because the sodium concentration in the
chyme is normally about 142mEq/L (i.e., about equal to
that in plasma), sodium moves down this steep electro-
chemical gradient from the chyme through the brush
border of the epithelial cell into the epithelial cell cyto-
plasm. Sodium is also co-transported through the brush
border membrane by several specific carrier proteins,
including (1) sodium-glucose co-transporter, (2) sodium-
amino acid co-transporters, and (3) sodium-hydrogen
exchanger. These transporters function similarly as in
the renal tubules, described in Chapter 27, and provide
still more sodium ions to be transported by the epithelial
cells into the paracellular spaces. At the same time they
also provide secondary active absorption of glucose and
amino acids, powered by the active Na*-K* ATPase pump
on the basolateral membrane.

Osmosis of the Water. The next step in the trans-
port process is osmosis of water by transcellular and para-
cellular pathways. This occurs because a large osmotic
gradient has been created by the elevated concentration
of ions in the paracellular space. Much of this osmosis
occurs through the tight junctions between the apical
borders of the epithelial cells (paracellular pathway), but
much also occurs through the cells themselves (transcel-
lular pathway). And osmotic movement of water creates
flow of fluid into and through the paracellular spaces and,
finally, into the circulating blood of the villus.

Aldosterone Greatly Enhances Sodium Absorp-
tion. Whena person becomes dehydrated, large amounts
of aldosterone almost always are secreted by the cortices
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of the adrenal glands. Within 1 to 3 hours this aldoster-
one causes increased activation of the enzyme and trans-
port mechanisms for all aspects of sodium absorption
by the intestinal epithelium. And the increased sodium
absorption in turn causes secondary increases in absorp-
tion of chloride ions, water, and some other substances.

This effect of aldosterone is especially important in the
colon because it allows virtually no loss of sodium chlo-
ride in the feces and also little water loss. Thus, the func-
tion of aldosterone in the intestinal tract is the same as
that achieved by aldosterone in the renal tubules, which
also serves to conserve sodium chloride and water in the
body when a person becomes dehydrated.

Absorption of Chloride lons in the Small
Intestine. Intheupper part ofthe small intestine, chloride
ion absorption is rapid and occurs mainly by diffusion
(i.e., absorption of sodium ions through the epithelium
creates electronegativity in the chyme and electropositiv-
ity in the paracellular spaces between the epithelial cells).
Then chloride ions move along this electrical gradient
to “follow” the sodium ions. Chloride is also absorbed
across the brush border membrane of parts of the ileum
and large intestine by a brush border membrane chloride-
bicarbonate exchanger; chloride exits the cell on the baso-
lateral membrane through chloride channels.

Absorption of Bicarbonate lons in the Duodenum
and Jejunum. Often large quantities of bicarbonate
ions must be reabsorbed from the upper small intestine
because large amounts of bicarbonate ions have been
secreted into the duodenum in both pancreatic secretion
and bile. The bicarbonate ion is absorbed in an indirect
way as follows: When sodium ions are absorbed, moder-
ate amounts of hydrogen ions are secreted into the lumen
of the gut in exchange for some of the sodium. These
hydrogen ions in turn combine with the bicarbonate ions
to form carbonic acid (H,CO,), which then dissociates to
form water and carbon dioxide. The water remains as part
of the chyme in the intestines, but the carbon dioxide is
readily absorbed into the blood and subsequently expired
through the lungs. Thus, this is so-called “active absorp-
tion of bicarbonate ions” It is the same mechanism that
occurs in the tubules of the kidneys.

Secretion of Bicarbonate lons in the lleum and Large
Intestine—Simultaneous Absorption of Chloride lons

The epithelial cells on the surfaces of the villi in the ileum, as
well as on all surfaces of the large intestine, have a special capa-
bility of secreting bicarbonate ions in exchange for absorption
of chloride ions (see Figure 65-8). This is important because it
provides alkaline bicarbonate ions that neutralize acid prod-
ucts formed by bacteria in the large intestine.

Extreme Secretion of Chloride lons, Sodium lons, and
Water from the Large Intestine Epithelium in Some Types
of Diarrhea. Deep in the spaces between the intestinal
epithelial folds are immature epithelial cells that continually
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divide to form new epithelial cells. These in turn spread out-
ward over the luminal surfaces of the intestines. While still
in the deep folds, the epithelial cells secrete sodium chloride
and water into the intestinal lumen. This secretion in turn is
reabsorbed by the older epithelial cells outside the folds, thus
providing flow of water for absorbing intestinal digestates.

The toxins of cholera and of some other types of diarrheal
bacteria can stimulate the epithelial fold secretion so greatly that
this secretion often becomes much greater than can be reab-
sorbed, thus sometimes causing loss of 5 to 10 liters of water and
sodium chloride as diarrhea each day. Within 1 to 5 days, many
severely affected patients die from this loss of fluid alone.

Extreme diarrheal secretion is initiated by entry of a sub-
unit of cholera toxin into the epithelial cells. This stimulates
formation of excess cyclic adenosine monophosphate, which
opens tremendous numbers of chloride channels, allowing
chloride ions to flow rapidly from inside the cell into the
intestinal crypts. In turn, this is believed to activate a sodium
pump that pumps sodium ions into the crypts to go along
with the chloride ions. Finally, all this extra sodium chloride
causes extreme osmosis of water from the blood, thus pro-
viding rapid flow of fluid along with the salt. All this excess
fluid washes away most of the bacteria and is of value in com-
bating the disease, but too much of a good thing can be lethal
because of serious dehydration of the whole body that might
ensue. In most instances, the life of a cholera victim can be
saved by administration of tremendous amounts of sodium
chloride solution to make up for the loss.

Active Absorption of Calcium, Iron, Potassium,
Magnesium, and Phosphate. Calcium ions are actively
absorbed into the blood, especially from the duodenum,
and the amount of calcium ion absorption is exactly con-
trolled to supply the daily need of the body for calcium.
One important factor controlling calcium absorption is
parathyroid hormone secreted by the parathyroid glands,
and another is vitamin D. Parathyroid hormone activates
vitamin D, and the activated vitamin D in turn greatly
enhances calcium absorption. These effects are dis-
cussed in Chapter 79.

Iron ions are also actively absorbed from the small
intestine. The principles of iron absorption and regula-
tion of its absorption in proportion to the body’s need for
iron, especially for the formation of hemoglobin, are dis-
cussed in Chapter 32.

Potassium, magnesium, phosphate, and probably still
other ions can also be actively absorbed through the intes-
tinal mucosa. In general, the monovalent ions are absorbed
with ease and in great quantities. Conversely, bivalent
ions are normally absorbed in only small amounts; for
example, maximum absorption of calcium ions is only
1/50 as great as the normal absorption of sodium ions.
Fortunately, only small quantities of the bivalent ions are
normally required daily by the body.

Absorption of Nutrients

Carbohydrates Are Mainly Absorbed
as Monosaccharides

Essentially all the carbohydrates in the food are absorbed
in the form of monosaccharides; only a small fraction
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is absorbed as disaccharides and almost none as larger
carbohydrate compounds. By far the most abundant
of the absorbed monosaccharides is glucose, usually
accounting for more than 80 percent of carbohydrate
calories absorbed. The reason for this is that glucose is
the final digestion product of our most abundant carbo-
hydrate food, the starches. The remaining 20 percent of
absorbed monosaccharides is composed almost entirely
of galactose and fructose, the galactose derived from milk
and the fructose as one of the monosaccharides digested
from cane sugar.

Virtually all the monosaccharides are absorbed by an
active transport process. Let us first discuss the absorp-
tion of glucose.

Glucose Is Transported by a Sodium Co-Transport
Mechanism. In the absence of sodium transport through
the intestinal membrane, virtually no glucose can be
absorbed. The reason is that glucose absorption occurs in
a co-transport mode with active transport of sodium (see
Figure 65-8).

There are two stages in the transport of sodium
through the intestinal membrane. First is active transport
of sodium ions through the basolateral membranes of the
intestinal epithelial cells into the blood, thereby deplet-
ing sodium inside the epithelial cells. Second, decrease of
sodium inside the cells causes sodium from the intestinal
lumen to move through the brush border of the epithelial
cells to the cell interiors by a process of secondary active
transport. That is, a sodium ion combines with a trans-
port protein, but the transport protein will not transport
the sodium to the interior of the cell until the protein also
combines with some other appropriate substance such as
glucose. Intestinal glucose also combines simultaneously
with the same transport protein and then both the sodium
ion and glucose molecule are transported together to the
interior of the cell. Thus, the low concentration of sodium
inside the cell literally “drags” sodium to the interior of the
cell and along with it the glucose at the same time. Once
inside the epithelial cell, other transport proteins and
enzymes cause facilitated diffusion of the glucose through
the cell’s basolateral membrane into the paracellular space
and from there into the blood.

To summarize, it is the initial active transport of
sodium through the basolateral membranes of the intesti-
nal epithelial cells that provides the eventual motive force
for moving glucose also through the membranes.

Absorption of Other Monosaccharides. Galactose is
transported by almost exactly the same mechanism as glu-
cose. Conversely, fructose transport does not occur by the
sodium co-transport mechanism. Instead, fructose is trans-
ported by facilitated diffusion all the way through the intes-
tinal epithelium but not coupled with sodium transport.

Much of the fructose, on entering the cell, becomes
phosphorylated, then converted to glucose, and finally
transported in the form of glucose the rest of the way into
the blood. Because fructose is not co-transported with
sodium, its overall rate of transport is only about one half
that of glucose or galactose.



Absorption of Proteins as Dipeptides,
Tripeptides, or Amino Acids

As explained earlier in the chapter, most proteins, after
digestion, are absorbed through the luminal membranes
of the intestinal epithelial cells in the form of dipeptides,
tripeptides, and a few free amino acids. The energy for
most of this transport is supplied by a sodium co-trans-
port mechanism in the same way that sodium co-trans-
port of glucose occurs. That is, most peptide or amino acid
molecules bind in the cell's microvillus membrane with a
specific transport protein that requires sodium binding
before transport can occur. After binding, the sodium ion
then moves down its electrochemical gradient to the inte-
rior of the cell and pulls the amino acid or peptide along
with it. This is called co-transport (or secondary active
transport) of the amino acids and peptides (see Figure
65-8). A few amino acids do not require this sodium
co-transport mechanism but instead are transported by
special membrane transport proteins in the same way
that fructose is transported, by facilitated diffusion.

At least five types of transport proteins for transport-
ing amino acids and peptides have been found in the
luminal membranes of intestinal epithelial cells. This
multiplicity of transport proteins is required because of
the diverse binding properties of different amino acids
and peptides.

Absorption of Fats

Earlier in this chapter, it was pointed out that when
fats are digested to form monoglycerides and free fatty
acids, both of these digestive end products first become
dissolved in the central lipid portions of bile micelles.
Because the molecular dimensions of these micelles are
only 3 to 6 nanometers in diameter, and because of their
highly charged exterior, they are soluble in chyme. In this
form, the monoglycerides and free fatty acids are carried
to the surfaces of the microvilli of the intestinal cell brush
border and then penetrate into the recesses among the
moving, agitating microvilli. Here, both the monoglycer-
ides and fatty acids diffuse immediately out of the micelles
and into the interior of the epithelial cells, which is possi-
ble because the lipids are also soluble in the epithelial cell
membrane. This leaves the bile micelles still in the chyme,
where they function again and again to help absorb still
more monoglycerides and fatty acids.

Thus, the micelles perform a “ferrying” function that is
highly important for fat absorption. In the presence of an
abundance of bile micelles, about 97 percent of the fat is
absorbed; in the absence of the bile micelles, only 40 to 50
percent can be absorbed.

After entering the epithelial cell, the fatty acids and
monoglycerides are taken up by the cell’s smooth endo-
plasmic reticulum; here, they are mainly used to form
new triglycerides that are subsequently released in the
form of chylomicrons through the base of the epithelial
cell, to flow upward through the thoracic lymph duct and
empty into the circulating blood.
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Direct Absorption of Fatty Acids into the Portal
Blood. Small quantities of short- and medium-chain fatty
acids, such as those from butterfat, are absorbed directly
into the portal blood rather than being converted into trig-
lycerides and absorbed by way of the lymphatics. The cause
of this difference between short- and long-chain fatty acid
absorption is that the short-chain fatty acids are more water-
soluble and mostly are not reconverted into triglycerides by
the endoplasmic reticulum. This allows direct diffusion of
these short-chain fatty acids from the intestinal epithelial
cells directly into the capillary blood of the intestinal villi.

Absorption in the Large Intestine:
Formation of Feces

About 1500 milliliters of chyme normally pass through
the ileocecal valve into the large intestine each day. Most
of the water and electrolytes in this chyme are absorbed in
the colon, usually leaving less than 100 milliliters of fluid
to be excreted in the feces. Also, essentially all the ions
are absorbed, leaving only 1 to 5 mEq each of sodium and
chloride ions to be lost in the feces.

Most of the absorption in the large intestine occurs in
the proximal one half of the colon, giving this portion the
name absorbing colon, whereas the distal colon functions
principally for feces storage until a propitious time for
feces excretion and is therefore called the storage colon.

Absorption and Secretion of Electrolytes and
Water. The mucosa of the large intestine, like that of the
small intestine, has a high capability for active absorption
of sodium, and the electrical potential gradient created by
absorption of the sodium causes chloride absorption as
well. The tight junctions between the epithelial cells of the
large intestinal epithelium are much tighter than those of
the small intestine. This prevents significant amounts of
back-diffusion of ions through these junctions, thus allow-
ing the large intestinal mucosa to absorb sodium ions far
more completely—that is, against a much higher concen-
tration gradient—than can occur in the small intestine.
This is especially true when large quantities of aldoster-
one are available because aldosterone greatly enhances
sodium transport capability.

In addition, as occurs in the distal portion of the small
intestine, the mucosa of the large intestine secretes bicar-
bonate ions while it simultaneously absorbs an equal
number of chloride ions in an exchange transport process
that has already been described. The bicarbonate helps
neutralize the acidic end products of bacterial action in
the large intestine.

Absorption of sodium and chloride ions creates an
osmotic gradient across the large intestinal mucosa, which
in turn causes absorption of water.

Maximum Absorption Capacity of the Large

Intestine. The large intestine can absorb a maximum of
5 to 8 liters of fluid and electrolytes each day. When the
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total quantity entering the large intestine through the ileo-
cecal valve or by way of large intestine secretion exceeds
this amount, the excess appears in the feces as diarrhea.
As noted earlier in the chapter, toxins from cholera or
certain other bacterial infections often cause the crypts
in the terminal ileum and in the large intestine to secrete
10 or more liters of fluid each day, leading to severe and
sometimes lethal diarrhea.

Bacterial Action in the Colon. Numerous bacteria, especially
colon bacilli, are present even normally in the absorbing
colon. They are capable of digesting small amounts of cel-
lulose, in this way providing a few calories of extra nutrition
for the body. In herbivorous animals, this source of energy is
significant, although it is of negligible importance in human
beings.

Other substances formed as a result of bacterial activity
are vitamin K, vitamin B ,, thiamine, riboflavin, and various
gases that contribute to flatus in the colon, especially carbon
dioxide, hydrogen gas, and methane. The bacteria-formed
vitamin K is especially important because the amount of this
vitamin in the daily ingested foods is normally insufficient to
maintain adequate blood coagulation.

Composition of the Feces. The feces normally are
about three-fourths water and one-fourth solid matter
that is composed of about 30 percent dead bacteria, 10
to 20 percent fat, 10 to 20 percent inorganic matter, 2 to 3
percent protein, and 30 percent undigested roughage from
the food and dried constituents of digestive juices, such
as bile pigment and sloughed epithelial cells. The brown
color of feces is caused by stercobilin and urobilin, deriva-
tives of bilirubin. The odor is caused principally by prod-
ucts of bacterial action; these products vary from one
person to another, depending on each person’s colonic
bacterial flora and on the type of food eaten. The actual
odoriferous products include indole, skatole, mercaptans,
and hydrogen sulfide.
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