








1 04 Unit 1 Organization of the Body 

Figure 4.2 Epithelial tissues. (a) to (d), Simple epithelia. 

Description: Single 
layer of flattened cells 
with disk-shaped central 
nuclei and sparse cyto
plasm; the simplest of 
the epithelia. 

Location: Air sacs of lungs; 
kidney glomeruli; lining of 
heart, blood vessels, and lymphatic 
vessels; lining of ventral 
body cavity (serosae). 

Function: Allows passage of materials by dif
fusion and filtration in sites where protection 
is not important; secretes lubricating substances 
in serosae. 

Photomicrograph: Simple squamous epithelium 
forming walls of alveoli (air sacs) of the lung (280 x ). 
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"' 
@imple cuboidal epithelium 

Description: Single 
layer of cubelike cells 
with large, spherical 
central nuclei; may 
have microvilli. 

Location: Kidney tubules; 
ducts and secretory portions 
of small glands; ovary 
surface. 

Functivn: .secretion and absorption. 

Photomicrograph: Simple cuboidal eipthelium 
in kidney tubules (11 0 x ); the strand of 
cells on the left has become detached 
from their basement membrane. 
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(a) Long bone 
(e.g., humerus 
of arm) 

(b) Short bones 
(e.g., carpals 
of wrist) 

Figure 6.1 Classification of bones on 
the basis of shape. 

Functions of the Bones 

Besides contributing to body shape and form, our bones 
perform several important functions for the body: • 

1. Support. Bones provide a hard framework that sup
ports and anchors all soft organs of the body. The bones 
of the legs act as pillars to support the body trunk 
when we stand, and the rib cage supports the thorax 
wall. 

2. Protection. The fused bones of the skull provide a 
snug enclosure for the brain. The vertebrae surround 
the spinal cord, and the rib cage helps protect the vital 
organs of the thorax. 

3. Movement. Skeletal muscles, attached to bones by 
tendons, use the bones as levers to move the body and 
its parts. As a result, we can walk, grasp, and breathe. 
The arrangement of bones and the design of joints 
determine the types of movement possible. 

4. Storage. Fat is stored in the internal cavities of bones. 
Bone matrix itself serves as a storehouse, or reservoir, 
for minerals, the most important being calcium and 
phosphorus, although potassium, sodium, sulfur, 
magnesium, and copper are also stored. The stored 
minerals can be mobilized and released into the 
bloodstream in ionic form for distribution to all parts 
of the body as needed; indeed, "deposits" and "with
drawals" of minerals to and from the bony matrix go 
on almost continuously. 
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(c) Flat bone 
(e.g ., parietal bone 
of skull 

(d) Irregular bone 
(e .g., vertebra) 

5. Blood cell formation. The bulk of blood cell for
mation, or hematopoiesis (he"-mah-to-poy-e'-sis), 
occurs within the marrow cavities of certain bones. 

Classification of Bones 

Bones come in many sizes and shapes. For example, 
the tiny pisiform bone of the wrist is the size and 
shape of a pea, whereas the femur, or thighbone, is 
nearly 2 feet long and has a large ball-shaped head. 
The unique shape of each bone fulfills a particular 
need . The femur, for example, must withstand great 
weight and pressure, and its cylindrical design pro
vides maximum strength with minimum weight. 

Bones are classified according to shape as long, 
short, flat, and irregular bones (Figure 6.1). Bones of 
different shapes contain different proportions of the 
two basic types of osseous tissue: compact and spongy 
bone. Compact bone is dense and looks smooth and 
homogeneous. Spongy, or cancellous, bone is com
posed of small needlelike or flat pieces of bone called 
trabeculae (truh-beh' -kyoo-le), literally, "little beams," 
and has a good deal of open space. We will describe 
these bone textures in more detail when we discuss 
the microscopic structure of bone. 
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(g) Circumduction 
of the arm. 
Distal end of the 
limb describes a 
cone; the 
humerus head 
moves slightly in 
the glenoid cavity 

(f) Movement of the 
arm along the 
frontal plane 

(h) Rotation of the 
head (articulation 
between atlas [C,] 
and axis [C 2 ]) 

Figure 8.6 (continued). (f, g) Angular movements, (h, i) Rotation. 

Extension. Extension is the reverse of flexion and 
occurs at the same joints. It involves movement that 
increases the angle between the articulating bones, 
such as straightening flexed fingers, elbows, or knees 
or bringing the flexed head back to its anatomical posi
tion (Figure 8.6b-e). Bending the head backward beyond 
the upright position is called hyperextension. When 
the shoulder is extended, the arm is carried to a point 
behind the shoulder joint. In the foot, extension or 
straightening of the ankle (pointing one's toes) is 
referred to as plantar flexion. 

Abduction. Abduction ("moving away or apart") is 
movement of a limb away from the midline, or median 
plane, of the body, along the frontal plane. Raising the 
arm (Figure 8.6f) or thigh laterally and upward is an 
example of abduction. When the term is used to indi
cate the movement of the fingers or toes, it means 
spreading them apart. The reference point in this case 
is the midline of the hand or foot (digit 3). Notice, 
however, that lateral bending of the trunk away from 
the body midline in the frontal plane is called (lateral) 
flexion, not abduction. 

Adduction. Adduction ("moving toward") is the 
opposite of abduction, so it is the movement of a limb 
toward the body midline (Figure 8.5f), or in the case 
of the digits, toward the midline of the hand or foot. 

(i) Rotation of the 
lower limb around 
its longitudinal 
axis. (Movement 
at hip joint) 

Medial 
rotation 

Circumduction. Circumduction (Figure 8.6g) consists 
of the angular movements of flexion, abduction, 
extension, and adduction performed in succession so 
that the limb describes a cone in space (circum = 
around; duco = to draw). While the distal end of the 
limb moves in a circle, the point of the cone (the joint) 
is more-or-less stationary. A pitcher winding up to 
throw a ball is actually circumducting his or her pitch
ing arm. Because circumduction encompasses all pos
sible movements of the shoulder and hip joints, it is 
the best (and quickest) way to exercise the muscles 
controlling the movements of those ball-and-socket 
joints. Circumduction is also a typical movement of 
the saddle joint of the thumb. 

Rotation 

Rotation is the turning movement of a bone around 
its own long axis. It is the only move~ent allowed 
between the first two cervical vertebrae (Figure 8.6h) 
and is common at the hip and shoulder joints (see 
Figure 8.5i). Rotation may occur toward the midline 
or away from it; in medial rotation of the humerus, 
the bone's anterior surface moves toward the median 
plane of the body. 



Protraction 
of mandible 
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Retraction 
of mandible 

(a) Supination and pronation (c) Protraction and retraction 

Inversion 

Elevation 
of mandible 

t Depression 
of mandible 

(b) Eversion and inversion (d) Elevation and depression 

Figure 8.7 Special body movements. 

Special Movements 

Certain movements occur only at specific joints or 
areas of the body (Figure 8.7). Since these movements 
involve more than a single joint or cannot be accu
rately regarded as any of the movements already 
described, they are classed as special movements. 

Supination and Pronation. The terms supination (soo"
pih-na'-shun) and pronation (pr6-na'-shun) refer only 
to the movements of the radius around the ulna (Fig
ure 8.7a) . Movement of the forearm so that the palm 
faces anteriorly or superiorly is supination. When the 
body is in the anatomical position, the hand is supi
nated and the radius and ulna are parallel. In prona
tion, the palm is moved to a posterior- or inferior
facing positi8n. During this action, the distal end of 
the radius moves across the ulna toward the body 
midline. This is the normal position for the forearm 
when we are standing in a relaxed manner. 

Inversion and Eversion. The terms inversion and 
eversion refer to special movements of the foot (Fig
ure 8.7b). In inversion, the sole of the foot is turned 
medially; in eversion, the sole faces laterally. 

Protraction and Retraction. Nonangular forward and 
backward movements in a transverse plane are called 
protraction and retraction, respectively (Figure 8.7c). 
Protraction is anterior movement of a body part, such 
as the forward projection of the mandible when you 
jut out your jaw. Retraction is the posterior mo~em~nt 
that returns a protracted bone or body part to Its ang
inal position. "Squaring" your shoulders in a military 
stance is an example of retraction. 

Elevation and Depression. Elevation means lifting or 
moving superiorly along a frontal plane (Figure 8.7d). 
For example, the scapulae are elevated when you shrug 
your shoulders. When the elevated part is move.d 
downward to its original position, the movement IS 
called depression. During chewing, the mandible is 
alternately elevated and depressed. 

Types of Synovial Joints 

Although all synovial joints have common structural 
features, they do not have a common structural plan. 
Based on their structure and movements allowed, 
synovial joints can be classified further into the six 
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Table 9.1 Structure and Organizational Levels of Skeletal Muscle 

Structure and organizational level 

Muscle (organ) 

Epimysium Fascicle Muscle 

Fascicle (a portion of the muscle) 

Muscle fiber (cell) 

Part of a muscle fiber Nucleus 

Myofibril or fibril (complex organel le composed of bundles 
of myofilaments) 

Sarcomere (a segment of a myofibril) 

-----'--- Sarcomere ----+ 

Thin (actin) filament Thick (myosin) filament 

Myofilament or filament (extended macromolecular structure) 

Tendon 

Thin filament Actin molecules 

Thick filament Head of myosin molecule 

Description 

Consists of hundreds to thou
sands of muscle cells, plus 
connective tissue wrappings, 
blood vessels, and nerve fibers 

Discrete bundle of muscle 
cells, segregated from the rest 
of the muscle by a connective 
tissue sheath 

Elongated multinucleate cell; 
has a banded (striated) 
appearance 

Connective 
tissue 

wrappings 

Covered exter
nally by the 
epimysium 

Surrounded by 
a perimysium 

Surrounded by 
the endomysium 

Rod like contractile element; myofibrils occupy most of 
the muscle cel l volume; appear banded, and bands of 
adjacent myofibrils are aligned; composed of sarco
meres, end to end 

The contractile unit, composed of myofilaments made up 
of contractile proteins 

Myofilaments are of two types-thick and thin-com
posed of contractile proteins; the thick filaments contain 
bundled myosin molecules; the thin filaments contain 
actin molecules (plus other proteins); the sliding of the 
thin filaments past the thick filaments produces muscle 
shortening 



(a) Tendon Epimysium 
(deep 
fascia) 

Endomysium 
(between 
fibers) 

Fascicle 
(wrapped 
by peri
mysium) 
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Muscle 
fiber 
(cell) 

Endomysium 

Muscle fiber 

Blood vessel 

Perimysium 

Figure 9.1 Connective tissue wrap
pings of skeletal muscle. (a) In a skele
tal muscle, each muscle fiber is wrapped 
with a delicate connective tissue· sheath, 

the endomysium. Bundles, or fascicles, of 
muscle fibers are bound by a collagenic 
sheath called a perimysium. The entire 
muscle is strengthened and wrapped by 

a coarse epimysium, or deep fascia 
sheath. (b) Photomicrograph of a cross 
section of a skeletal muscle (64 x ). 

The blood vessels and nerve fibers supplying each 
muscle fiber enter the muscle and branch profusely 
through its connective tissue septa. The capillaries 
(Figure 9.2) and final nerve endings invade the deli
cate endomysium surrounding each muscle fiber. 

Attachments 

Muscles are attached to bones (or other structures) 
either directly or indirectly. In direct attachments, the 
epimysium of the muscle is fused to the periosteum 
of a bone or perichondrium of a cartilage. In indirect 
attachments, the muscle fascia extends beyond the 
muscle as a ropelike tendon or a flat, broad aponeu
rosis (a"-po-ner-ro'-sis). The tendon or aponeurosis 
anchors the muscle to the connective tissue covering 
of a skeletal element (bone or cartilage) or to the fascia 
of other muscles. 

Of the two, indirect attachments are much more 
common in the body. This no doubt reflects the size 
and durability of such attachments. Tendons, com
posed almost entirely of tough collagen fibers, can 
withstand friction at points of contact with bone much 
better than can soft muscle tissue. 

Arrangement of Fascicles 

Although all skeletal muscles consist of fascicles, fas
cicle arrangements vary. This results in muscles with 
different shapes and functional capabilities. The most 
common patterns of fascicle arrangement are parallel, 
p~nnate, convergent, and circular (Figure 9.3). 

Figure 9.2 Photomicrograph of the capillary network of a 
portion of a skeletal muscle. The arterial supply has been 
injected with purple gelatin to demonstrate the capillary bed. 
Notice the numerous cross connections between the capillar-

. ies. The muscle fibers are stained blue (150 x ). 

In a parallel arrangement, the long axes of the 
fascicles run with the longitudinal axis of the muscle. 
Such muscles are either straplike, such as the sarto
rius muscle of the thigh, or fusiform (fyoo'-zih-form), 
with an expanded belly, like the biceps brachii muscle 
of the arm. 

In a pennate (peh' -nat) pattern, the muscle fibers 
are short and the fascicles are attached obliquely 
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Nucleus Sarcolemma 
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Figure 9.4 Microscopic anatomy of a 
muscle fiber. (a) Photomicrograph of 
portions of two isolated skeletal muscle 
cells (250 x ). Notice the obvious cross 
striations (alternating light and dark 
bands) . (b) One myofibril is shown 
extending from the cut end of a muscle 
fiber. -Both the cell (fiber) and the myofibri l 
have a banded appearance. (c) A small 
portion of one myofibri l is enlarged to 

• • • • . .. 0... . •. -.--· •· ~ - •-------------• . . • • • 
2 3 4 5 

show the myofilaments responsible for the 
banding pattern. Each sarcomere, or con
tractile unit , extends from one Z line to the 
next. (d) The latticelike arrangement of the 
actin and myosin filaments becomes 
obvious when the myofibril is cross-sec
tioned. (1) In a cut made through the I 
band, only actin filaments are seen; (2) in 
a cut made through the H zone, only 
myosin filaments are seen ; (3) in a cut 

made through the M line, myosin fila
ments and connecting fibers are obvious; 
(4) if a cut is made through a portion of 
the A band containing both actin and 
myosin filaments and this region is 
enlarged , we see (5) the hexagonal 
arrangement of actin filaments around 
each myosin filament and the triangular 
arrangement of myosin filaments around 
each actin filament. 

for about 80% of cellular volume. The myofibrils are 
the contractile elements of skeletal muscle cells, and 
each myofibril consists of a chain of even smaller con
tractile units called sarcomeres. 

nating dark and light bands is evident. The dark bands 
are called A bands because they are anisotropic lan
I"-suh-tro'-pik) ; that is, they can polarize visible light. 
The light bands, called I bands, are isotropic (I"-suh
tro'-pik), or nonpolarizing. In an intact muscle cell, 
the myofibril bands are nearly perfectly aligned with 
one another and are continuous across the width of 

Striations, Sarcomeres, and Myofilaments. Along the 
length of each myofibril, a repeating series of alter-
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the cell. This causes the cell as a whole to appear 
striated. 

As illustrated in Figure 9.4c, each A band is inter
rupted in its midsection by a lighter stripe called the 
H zone (H stands for helle, which means "bright"). 
The H zones are visible only in relaxed muscle fibers 
for reasons that will soon become obvious. To make 
things a bit more complicated, each H zone is bisected 
by a dark line called theM line. The I bands also have 
a midline interruption, a darker area called the Z line. 
A sarcomere (sar' -ko-mer), literally, "muscle part or 
segment," is the region of a myofibril between two 
successive Z lines (see Figure 9.4c) and is the smallest 
contractile unit of a muscle cell. Thus, the functional 
units of skeletal muscle are actually very minute por
tions of the myofibrils, and each myofibril can be con
sidered a chain of sarcomere units laid end to end. 

If we examine the banding pattern of the myofibril 
at the molecular level, we see that it arises from an 
orderly arrangement of two types of protein filaments 
(myofilaments) within the sarcomeres. The central 
thick filaments extend the entire length of the A band. 
The more lateral thin filaments extend across the I 
band and partway into the A band. The Z line is actually 
a disklike protein sheet that serves as the point of 
attachment of the thin filaments and also connects 
each myofibril to the next throughout the width of the 
muscle cell. The H zone of the A band appears less 
dense when viewed microscopically because the thick 
filaments are not overlapped by the thinner ones in 
this region. The :M line in the center of the H zone is 
slightly darker because of the presence of fine strands 
that connect adjacent thick filaments together in this 
area. 

A longitudinal view of the myofilaments, such as 
that depicted in Figure 9.4c, is somewhat misleading 
because it gives the impression that each thick fila
ment interdigitates along a plane with only four thin 
filaments. We can get a more accurate picture of the 
three-dimensional relationships of the filaments by 
observing cross-sectional views of a myofibril taken 
at different regions of a sarcomere (see Figure 9.4d). 
In areas where thick and thin filaments overlap, each 
thick filament is surrounded by a hexagonal arrange
ment of six thin filaments, and each thin filament is 
bordered by a triangular arrangement of three thick 
filaments. 

Ultrastructure and Molecular Composition of the 

Myofilaments. Thick filaments are composed primar
ily of the protein myosin (Figure 9.5a) . Each myosin 
molecule has a distinctive structure; it has a rodlike 
tail, or axis, terminating in two globular heads, some
times called cross bridges because they interact with 
specific sites on the thin filaments. As will be explained 
shortly, it is these cross bridges that generate the ten
sion developed by a muscle cell when it contracts. 

c=1~aii=========He=ads~~ 
(a) Myosin molecule 

Troponin complex Tropor:nyosin G actin 

(c) Portion of a thin filament 

.. 
Thick filament Thin filament 

(d) Longitudinal section of filaments within one sarcomere of a 
myofibril 

Figure 9.5 Myofilament cOmposition in skeletal mus-
cle. (a) An individual myosin molecule has a stalklike tail, from 
which two "heads" protrude. (b) Each thick filament consists of 
many myosin molecules, whose heads protrude at opposite 
ends of the filament, as shown in (d). (c) A thin filament con
tains two strands of F actin twisted together. Each strand is 
made up of G actin subunits. Tropomyosin molecules coil 
around the F actin, helping to reinforce the filament. A troponin 
complex is attached to each tropomyosin molecule. (d) 
Arrangement of the filaments in a sarcomere (longitudinpl 
view). In the center of the sarcomere, the thick filaments are 
devoid of myosin heads, but at points of thick and thin filament 
overlap, the heads extend toward the actin with which they 
interact during contraction. 



Each thick filament within a sarcomere contains 
approximately 200 myosin molecules. As shown in 
Figure 9.5b and d, the myosin molecules are bundled 
together in such a way that their tails form the central 
portion of the filament and their globular heads face 
outward and in opposite directions at each end. As a 
result, the central portion of a thick filament is smooth, 
but its ends are studded with myosin heads arranged 
in a staggered array. The heads of myosin molecules 
also contain ATPases that have the ability to act enzy
matically to split ATP. 

The thin filaments are composed chiefly of actin 
(Figure 9.5c). The polypeptide subunits of actin are 
called globular actin or G actin, and these G actin 
monomers are polymerized into long linear strands 
called fibrous actin or F actin. The backbone of each 
thin filament is formed by two strands of F actin that 
coil around each other, forming a helical structure that 
looks like a twisted double strand of pearls. Several 
regulatory proteins are also present. Tropomyosin (tro"
puh-mi' -uh-sin), a rod-shaped protein, spirals about 
the F actin core and helps to stiffen it. Successive 
tropomyosin molecules are arranged end to end along 
the F actin chains. The other major protein in the thin 
filament, troponin (tro' -puh-nin) , is actually a com
plex of three polypeptides. One of these polypeptides 
(Tnl) binds to actin; another (TnT) binds to tropo
myosin and helps to position it on actin; the third 
(TnC) binds calcium ions. Both troponin and tropo-
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myosin play a role in controlling the myosin-actin 
interactions involved in contraction. 

The Sarcoplasmic Reticulum and T Tubules 

The sarcoplasmic reticulum (sar''-ko-plaz'-mik rih-tik'
yoo-lum) (SR) inside each muscle cell is an elaborate 
form of smooth endoplasmic reticulum. Its intercon
necting tubules lie in the narrow spaces between the 
myofibrils, run parallel to them, and surround each 
of them, much as the sleeve of a loosely crocheted 
sweater surrounds your arm (Figure 9.6). At the level 
of the H zones and the A-1 junctions, the tubules fuse 
to provide lateral channel connections. The saclike 
channels abutting the A-1 junctions are called termi
nal cisternae. 

At each A-1 junction the sarcolemma of the mus
cle cell penetrates deeply into the cell interior to form 
a hollow elongated tube called the transverse tubule 
or T tubule, the lumen of which ·is continuous with 
the extracellular space. As each T tubule protrudes 
deep into the cell interior, it runs between the termi
nal cisternae of the SR so that triads, succ-;:;SSIVe 
groupings of the three membranous structures (ter
minal cisterna, T tubule, terminal cisterna), are formed. 
The thousands of T tubules of each muscle cell are 
collectively called the ~r system. 

Mitochondrion 

Sarcolemma 

Triad 

Tubules of 
sarcoplasmic 
reticulum 

Terminal cisterna 
of the sarcoplasmic 
reticulum 

Transverse tubule 
(T tubule) 

Figure 9.6 Relationship of the sarco
plasmic reticulum and T tubules to the 
myofibrils of skeletal muscle. The tu
bules of the sarcoplasmic reticulum encir
cle each myofibril like a "holey" sleeve. At 
certain points , the tubules fuse laterally to 

form communicating channels ; this 
occurs primarily at the level of the H zone 
and in the regions abutting the A-1 junc
tions where the saclike elements are 
called terminal cisternae. The T tubules, 
inward invaginations of the sarcolemf11a, 

run deep into the cell between the termi
nal cisternae at the A-1 junctions. Sites of 
close contact of these three elements (ter
minal cisterna, T tubule, and terminal cis
terna) are called triads. 



.. 

(containing glucose, oxygen, and various ions) can be 
brought into close contact with deeper parts of the 
muscle cell. The major role of the SR is to regulate 
intracellular levels of ionic calcium: It sequesters cal
cium and releases it "on demand" when the muscle 
fiber is stimulated to contract. The importance of this 
function will become apparent shortly. 

Contraction of a Skeletal Muscle Fiber 

Mechanism of Contraction 

Contraction reflects the activity of individual sarco
meres. When a muscle cell contracts, its sarcomeres 
shorten and the distance between successive Z lines 
is reduced. As the length of their sarcomeres decreases, 
the myofibrils shorten as well, resulting in shortening 
of the cell as a whole. 

Close examination of the contractile event reveals 
that the actin- and myosin-containing filaments do not 
change in length as the sarcomeres shorten. So how 
can muscle cell shortening be explained? According 
to the sliding filament theory of contraction, first pro
posed in 1954 by Hugh Huxley, the contraction mech
anism involves a sliding of the thin filaments past the 
thick ones so that the extent of myofilament overlap 
increases (Figure 9.7) . In a relaxed muscle fiber, the 
thick and thin filaments overlap only slightly; but 
during contraction, the thin filaments penetrate more 
and more deeply into the central portion of the A 
band. Notice that as the thin filaments slide centrally, 
the Z lines to which they are attached are also pulled 
toward the thick filaments. Overall, the I bands dimin
ish in size, the H zones disappear, and the A bands 
move closer together but do not diminish in length. 

What causes the filaments to slide? This question 
brings us back to the cross bridges (myosin heads) that 
protrude all around the ends of the thick filaments. 
When muscle fibers are stimulated by the nervous sys
tem, the cross bridges attach to active sites on the actin 
subunits of the thin filaments, and the sliding begins. 
Each cross bridge attaches and detaches several times 
during a contraction, acting much like a tiny oar or 
ratchet to generate tension and pull the thin filaments 
toward the center of the sarcomere. As this event occurs 
simultaneously in sarcomeres throughout the cell, the 
muscle cell shortens. The attachment of the myosin 
cross bridges to actin requires calcium ions, and the 
nerve impulse leading to contraction causes an increase 
in calcium ions within the muscle cell. We will dis-

z I I 

I~' 

A 

Figure 9.7 Sliding filament model of contraction. At fu ll. 
contraction, the z lines abut the myosin filaments and the act1n 
filaments overlap each other. The numbers indicate the 
sequence of events, with 1 being relaxed and 3 being fully con 
tracted. The photomicrographs (top view in each case) show 
enlargements of 20,000 x. 

cuss the nerve impulse and the calcium fluxes later 
here let us concentrate on the contraction mechanisn 
itself. 

Although many details are unclear, it appears tha 
in the absence of calcium, the myosin-binding site 
on actin are physically blocked by tropomyosin mol 
ecules (Figure 9.8a), and the muscle cell is relaxec 
However, when calcip.m ions become available, the 
are avidly bound by troponin (Figure 9.8b). The trc 
ponin-calcium complex then undergoes a change i 
its conformation that physically moves tropomyosi 
into the center of the helical groove of F actin an 
away from the myosin-binding sites (Figure 9.8c, 9.8d 
Thus, the tropomyosin "blockade" is removed whe 
calcium is present. 

Once binding sites on actin are exposed, the fo 
lowing events occur in rapid succession (Figure 9.9 
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Thin filament 

Thick 
filament 

(4) Cocking of the myosin head occurs as ATP 
is split into ADP and P; 

New ATP 
attaches to 
myosin 
head 

ATP 
Myosin head 
(low-energy 
configuration) 

(3) Cross bridge detachment occurs as new 
ATP attaches to the myosin head 

~@ 

(1) Cross bridge attachment 

ADP and P; 
(inorganic 
phosphate) 
re leased 

' ® - - ...... . 
(2) Power stroke-the myosin head bends as 

it pulls the actin filament 

Figure 9.9 Sequence of events involved in the sliding of the actin filaments dur
ing contraction. A small segment of adjacent thick and thin filaments is used to illus
trate the interactions that occur between the two types of myofilaments. These events 
occur only in the presence of ionic calcium (Ca2 +) . 

calcium ions from the sarcoplasm by the SR restores 
the tropomyosin inhibition, contraction ends, and the 
muscle fiber relaxes. 
_A" The phenomenon of rigor mortis (death rigor) 
-A illustrates the fact that cross bridge detachment is 
ATP-driven. Muscles begin to stiffen 3 to 4 hours after 
death. Peak rigidity occurs at 12 hours and then grad
ually dissipates over the next 48 to 60 hours. Because 
injured and dying cells are unable to exclude calcium 
ions (which are in higher concentration in the extra-

cellular fluid), calcium influx into muscle cells pro
motes myosin cross bridge binding. However, in the 
absence of ATP synthesis, which occurs shortly after 
breathing stops, cross bridge detachment is impossi
ble. Actin and myosin become irreversibly cross-linked, 
producing the stiffening of dead muscle. The gradual 
disappearance of rigor mortis reflects the breakdown 
of biological molecules, including actin and myosin, 
several hours after death. • 
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~--+-- ACh receptor on sarcolemma 

---~'---- ACh 

Sarcolemma 

(1) Action potential generated 
is propagated along 

ACh ACh ACh 

the sarcolemma and down 
the T tubules 

Neurotransmitter released 
diffuses across the synaptic 
cleft and attaches to ACh 
receptors on the sarcolemma 

(6) Tropomyosin blockage 
restored; contraction 
ends and muscle fiber 
relaxes 

(2) Action potential 
triggers Ca2 + release 
from terminal cisternae 
of SR 

. . . .. . 
• Ca2 + 

(3) Calcium ions bind to troponin; 
troponin changes shape, removing 
the blocking action of tropomyosin; 
actin active sites exposed 

(4) Contraction; myosin cross bridges alternately attach 
to actin and detach, pulling the actin filaments toward 
the center of the sarcomere; release of energy by ATP 
hydrolysis powers the cycling process 

Figure 9.11 Sequence of events in excitation-contraction coupling. Events ( 1) 
through (5) ind icate the sequence of events in the coupling process. As shown in the 
flow of events to the left, contraction continues until the calcium signal ends. 

within the SR) and calmodulin, which can alternately 
bind calcium (removing it from solution) and release 
it to provide a metabolic signal. 

Contraction of a Skeletal Muscle 

In its completely relaxed state , a muscle is unimpres
sive. It is soft and not at all what you would expect of 

a "prime mover" of the body. However, within a few 
milliseconds, it can become transformed into a hard 
elastic structure with dynamic characteristics that 
intrigue not only biologists, but engineers and phys
icists as well. 

Now that you are familiar with the cellular events 
of muscle contraction, we can consider muscle con
traction on the gross level. Although single muscle 
cells respond to stimulation in an "all-or-none" fash-



Load Effort 

[LJ .[]. 

Fu lcrum 

(a) First-class lever 

Load Load 

~ 
if 

Fulcrum Effort 

(b) Second-class lever 

Effort 
Load 

~ 
Load 

Fulcrum Effort 

(c) Third-class lever Load 

the proximal radius, and the load to be lifted is the 
distal part of the forearm (and anything carried in the 
hand or over the forearm). Third-class lever systems 
permit a muscle to be inserted very close to the joint 
(~ulcrum) across which movement occurs, providing 
for rapid and extensive movement with relatively lit
tle shortening of the muscle. 

In conclusion, differences in the positioning of 
e three elements modify muscle activity with respect 

o (1) speed of contraction, (2) range of movement, and 
(3) the weight of the load that can be lifted. In lever 
~ystems that operate at a mechanical disadvantage, 
force is lost but speed is gained, and this is often a 

istinct advantage. Systems that operate at a mechan
, cal advantage tend to be slower, more stable, and used 

here strength is a priority. 

Load 
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Effort 

Figure 10.2 Lever systems. (a) In a 
first-class lever, the arrangement of the 
elements is load-fu lcrum-effort . A scissors 
exhibits this lever class. In the body, a 
first-class lever system is activated when 
you raise your head off your chest. The 
posterior neck muscles provide the effort, 
the occipitoatlanto joint is the fulcrum, and 
the weight to be lifted is the facial skele
ton. (b) In second-class levers, the 
arrangement is fulcrum-load-effort, as 
exemplified by a wheelbarrow. In the 
body, second-class leverage is exerted 
when you stand on tip-toe. The joints of 
the ball of the foot are the fulcrum, the 
weight of the body is the load, and the 

·· effort is exerted by the calf muscles pull
ing upward on the heel (calcaneus) of the 
foot. (c) In a third-class lever, the arrange
ment is load-effort-fulcrum. A pair of 
tweezers or forceps uses this type of 
leverage. The operation of the biceps bra
chii muscle in flexing the forearm exempli
fies third-class leverage. The load is the 
hand and distal end of the forearm, the 
effort is exerted on the proximal radius of 
the forearm, and the fulcrum is the elbow 
joint. 

Interactions of Skeletal Muscles 
in the Body 

The arrangement of body muscles permits groups of 
muscles to work either together or in opposition to 
achieve a wide variety of movements. As you eat, for 
example, you alternately raise your fork to your lips 
and lower it to your plate, and both sets of actions are 
accomplished by your arm and hand muscles . But 
muscles can only pull; they never push. Muscle con
traction causes shortening, not lengthening, of the 
muscle and, as a muscle shortens, its insertion (attach
ment on the movable bone) moves toward its origin 
(its fixed or immovable point·of attachment) . Thus, 
whatever one muscle (or muscle group) can do, there 













8. Ventral buccal branch of 
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Figure 4-6 
Superficial Anatomy of Cat 
Head and Neck, Left Lateral 
View 

1. Vibrissal barrels for 
sensory hairs (whiskers) 

2. Tongue 
3. Buccinator muscle 
4. Diagastric muscle 
5. Temporalis muscle 
6. Masseter muscle 
7. Dorsal buccal branch of 

facial (VII) nerve 

facial (VII) nerve 
9. Parotid duct 

10. Parotid gland 
11. Submaxillary gland 
12. Lymph node 
13. External jugular vein 
14. Transverse jugular vein 
15. Anterior facial vein 
16. Posterior facial vein 
17. Sternohyoid muscle 
18. Sternothyroid muscle 
19. Cleidomastoid muscle 
20. Sternomastoid muscle 
21. Clavotrapezius muscle 
22. Clavobrachialis muscle 
23. Acromiotrapezius muscle 
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Figure 4-7 
Superficial Anatomy of Cat 
Head and Neck. Ventral 
Aspect 

1. Body of mandible 
2. Digastric muscle 
3. Mylohyoid muscle 
4. Buccinator muscle 
5. Masseter muscle 
6. Dorsal branch of facial 

(VII) nerve 
7. Ventral branch of facial 

(VII) nerve 
8. Lymph node 
9. Submaxillary gland 

10. Anterior facia I vein 
11. Posterior facial vein 
12. Transverse jugular vein 
13. External jugular vein 
14. Larynx 
15. Trachea 
16. Sternohyoid muscle 
17. Sternothyroid muscle 

(unavoidably damaged on 
anlmal's right side during 
vascular perfusion) 

18. Cleidomastoid muscle 
19. Sternomastoid muscle 
20. Clavotrapezius muscle 
21. Clavobrachia!is muscle 
22. Pectoantebrachialis 

muscle 
23. Sternum 
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Figure 4-8 
Deep Anatomy of Cat Head 
and Neck. Left Ventrolateral 
Aspect 

1. Lower canine tooth 
2. Upper canine tooth 
3. Upper premolar tooth 
4. Lower premolar tooth 
5. Body of mandible 
6. Digastric muscle 
7. Mylohyoid muscle 
8. Temporalis muscle 
9. Masseter muscle 

10. Dorsal branch offacial 
(VII) nerve 

11. Ventral branch of facial 
(VII) nerve 

12. Parotid duct 
13. Cutaneous branch of 

facial (VII) nerve 
14. Platysma muscle 

(reflected) 
15. Lymph node 
16. Sternohyoid muscle 
17. Sternothyroid muscle 

(reflec ted) 
18. Sternomastoid muscle 
19. Omohyoid muscle 
20. 4th cervical nerve 
21. 5th cervical nerve 
n. Jugular vein 
23. Subclavian vein 
24. Musculocutaneous nerve 
25. Radial nerve 
26. Median nerve 
27. Ulnar nerve 
28. Thoracic nerve 
29. Ventral thoracic nerve 

(cut) 
30. Axi lIary nerve 
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Figure 4-10
 
Superficial Muscles of the
 
Cat Thoracic Limb. Ventral
 
Aspect
 

1. Clavobrachialis muscle 
2.	 Pectoantebrachialis
 

muscle
 
3. Pectoralis major muscle 
4. Pectoralis minor muscle 
5. Latissimus dorsi muscle 
6. Epi trochlearis muscle 
7.	 Flexor carpi ulnaris
 

muscle
 
8. Palmaris longus muscle 
9. Flexor carpi radialis
 

muscle
 
10. Pronator teres muscle 
11. Extensor carpi radialis
 

muscle
 
12. Brachioradialis muscle
 

(cut)
 
13. Cephalic vein 
14. Antebrachial fascia 
15. Ulnar nerve 
16. Olecranon process of
 

ulna
 
17. Flexor retinaculum
 

(transverse carpal
 
ligament)
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Figure 4-12 Superficial Muscles of the Cat left Thoracic limb. Dorsal Aspect 
1. Flexor carpi ulnaris muscle 8. Antebrachial fascia 14. Brachialis muscle 
2. Extensor carpi ulnaris muscle 9. Cephalic vein 15. Clavobrachialis muscle 
3. Extensor carpi digitorum lateralis 10. Extensor retinaculum (dorsal 16. Acromiodeltoid muscle 

muscle carpal ligament) 17. Spinodeltoid muscle 
4. Extensor poUicis brevis muscle 11. Triceps brachii muscle (lateral 18. Acromiotrapezius muscle 
5. Extensor digitorum communis head) 19. Latissimus dorsi muscle 

muscle 12. Triceps brachii muscle (long 20. Levator scapulae ventralis 
6. Extensor carpi radialis muscle head) 
7. Brachioradialis muscle 13. Anconeus muscle 
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Figure 4-13 Deep Muscles of the Cat Left Thoracic Limb. 
Dorsal Aspect 

I. Extensor carpi ulnaris 
muscle (cut) 

2. Extensor digitorum
 
lateralis muscle (cut)
 

3. Extensor digitorum
 
communis muscle
 
(cut)
 

4. Extensor indicus
 
proprius muscle
 

5. Extensor pollicis
 
brevis muscle
 

6.	 Extensor carpi radialis 
muscle 

7. Brachioradialis muscle 
8. Radial nerve 
9. Cephalic vein 

10. Extensor retinaculum 
(dorsal carpal 
ligament) 

II. Extensor digiti minimi 
tendon 

12. Extensor digitorum 
tendons 

13. Extensor indicis 
tendon 

14. Brachioradialis muscle 
15. Median nerve 
16. Ulnar nerve 
17. Triceps brachii muscle 

(medial head) 
18. Triceps brachii muscle 

(long head) 
19. Triceps brachii muscle 

(lateral head, cut) 
20. Anconeus muscle 
21. Posterior interosseous 

nerve 
22. Clavobrachialis 

muscle 
23. Acromiodeltoid 

muscle 
24. Spinodeltoid muscle 
25. Latissimus dorsi 

muscle 

15 

Figure 4-14 Superficial Muscles of the Cat Neck and 
Back 

I. Nuchal ligament 9. Cephalic vein 
2. Clavotrapezius muscle 10. Rhomboideus minor 
3. Clavobrachialis muscle 

muscle 11. Rhomboideus capitis 
4. Acromiotrapezius muscle (occipito

muscle (cu t and scapularis muscle) 
reflected on right) 12. Splenius capitis 

5. Supraspinatus muscle muscle 
6. Acromiodeltoid 13. Spinotrapezius muscle 

muscle 14. Latissimus dorsi 
7. Spinodeltoid muscle muscle 
8. Triceps brachii muscle 15. Lumbodorsal fascia 

(long head) 



r 

106 DISSECTIONS
 

16 

Figure 4-15 Deep Muscles of the Cat Neck and Back 
1. Nuchal ligament 11. Splenius capitis muscle 
2. Clavotrapezius muscle 12. Rhomboideus minor 

(reflected on left) muscle 
3. Acromiotrapezius muscle 13. Rhomboideus major 

(Cllt, removed altogether muscle 
on left) 14. Spinotrapezius muscle 

4. Supraspinatus muscle 15. Latissimus dorsi muscle 
5. Infraspinatus muscle (reflected on left, 
6. Triceps brach ii muscle partially removed on 

(long head) right) 
7. Triceps brachii muscle 16. Multifidus muscle 

(lateral head) 17 Spinalis muscle 
8. Acromiodelcoid muscle 18. Longi simus muscle 
9. Clavobrachialis muscle 19. Iliocostalis muscle 

10. Rhomboideus capitis 20. Lumbodorsal fascia 
muscle (largely removed) 
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Figure 4-16 Deep Muscles of the Back of the Cat 
1. Spinotrapezius muscle	 5. Spinalis muscle 
Z.	 Latissimus dorsi muscle (cut and 6. Longissimus muscle
 

rolled on right) 7. Iliocostalis muscle
 
3. Lumbodorsal fascia	 8. Rib 
4. Multifidus muscle	 9. Dorsal ramus of spinal nerve 

A B 

10. External oblique muscle 
11. External intercostal muscles 
12. Internal intercostal muscles 
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Figure 4-17 
Superficial Muscles of the 
Cat Left Hind Limb, Dorsal 
Aspect 

1. Lumbodorsal fascia 
2. Sartorius muscle 
3. Tensor fascia latae muscle 
4. Iliotibial band 
5. Gluteus medius muscle 
6. Gluteus maximus muscle 
7. Caudofemoralis muscle 
8. Biceps femoris muscle 
9. Semitendinosus muscle 

10. Semimembranosus 
muscle 

11. Gastrocnemius muscle 
12. Soleus muscle 
13. Achilles tendon 
14. Calcaneal tuberosity 
15. Flexor hallucis longus 

muscle 
16. Peroneus longus muscle 
17. Extensor digitorum 

longus muscle 
18. Tibialis anterior muscle 
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Figure 4-18 
Deep Muscles of the Cat Left 
Hind Limb, Dorsal Aspect 

1. Lumbodorsal fascia 
2. Sartorius muscle 
3. Tensor fascia latae muscle 
4. Vastus lateralis muscle 
5. Gluteus medius muscle 

(under fascia) 
6. Glut.eu m . imus muscle 

(under fascia) 
7. Caudofemoralis muscle 
8. Biceps femoris muscle 

(cut) 
9. Semitendinosus muscle 

(cut) 
10. Semimembranosus
 

muscle
 
11. Adductor femoris muscle 
12. Sciatic nerve 
13. Common peroneal 

division of sciatic nerve 
14. Tibial division of sciatic 

nerve 
15. Gastrocnemius muscle 
16. Soleus muscle 
17. Achilles tendon 
18. Flexor haUucis longus 

muscle 
19. Peroneus longus muscle 
20. Tibialis anterior muscle 
21. Extensor digitorum 

longus muscle 
22. Proximal extensor
 

retinaculum
 
23. Distal extensor
 

retinaculum
 



p 
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Figure 4-19	 Superficial Muscles of the Cat Left Hind Limb. Medial Aspect 
1. Rectus abdominis muscle 6. Pectineus muscle (deep to blood 12. Branch of obturator nerve 
2. External oblique muscle vessels)	 13. Tensor fascia latae muscle 
3. Sartorius muscle (cut)	 7. Adductor longus mucle 14. Semimembranosus muscle 
4. Iliopsoas muscle (deep to blood 8. Addu t r fem ris muscle 15. Vastus lateralis muscle
 

vessels) 9. Gracilis muscle 16. Rectus f moris muscle
 
5. Femoral artery (a), vein (v), and 10. Semitendinosus muscle 17. Gastrocnemius muscle
 

nerve (n) 11. Greater saphenous vein
 

Figure 4-20	 Deep Muscles of the Cat Left Hind 
Limb. Medial Aspect 

1. Sartorius muscle (cut) 
2. Tensor fascia \atae muscle 
3. Vastus lateralis muscle 
4. Vastus medialis muscle 
5. Femoral artery (a), vein (v), and nerve (n) 
6. Middle caudal femoral artery and vein 
7. Pectineus muscle 
8. Adductor longus muscle 
9. Adductor femoris muscle 

10 Gracilis muscle (cut) 
11. Semimembranosus muse Ie 
12. Semitendinosus muscle 
13. Biceps femoris muscle 
14. astrocnemius muscle (reflected) 
15. Soleus muscle 
16. Achilles tendon 
17. Posterior tibial nerve 
18. Flexor hallucis longus muscle 
19. Flexor digitorum longus muscle 
20. Tibialis posterior muscle 
21. Tlbia 
22. Tibiali'! anterior muscle 
23. Proximal extensor retinaculum 
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Figure 4-21 
Superficial Muscles of the 
Cat Thorax, Ventral View 

1. Clavobrachialis muscle 
2.	 Pectoantebrachialis
 

muscle
 

3. Pectoralis major muscle 
4. Pectoralis minor muscle 
5. Xiphihumeralis muscle 
6. Epitrochlearis muscle 
7. Latissimus dorsi muscle 
8. External oblique muscle 
9.	 Rectus ilhdominis muscle 

(deep co aponeurosis) 
10. Linea alba 

11. Inferior angle of scapula 
12. Teres major muscle 
13. Subscapularis muscle 
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Figure 4-29 Superficial Muscles of the Cat, Abdomen and Thorax 
1. Clavobrachialis muscle 8. Epitrochlearis muscle 
2. Pectoantebrachialis muscle 9. External oblique muscle 
3. Pe toralis major muscle (partially reflected) 
4. Pectoralis minor muscle 10. Internal oblique muscle 
5. Xi hihumeralis muscle (partially reflected) 

(r> oved on right) 11. Transversalis abdominis 
6. S rratu:, nterior muscle muscle 
7. Latissimus dorsi muscle (cut 12. Peritoneum 

to reveal underlying 13. Rectus abdominis muscle 
muscles) 14. Linea alba 
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A 

figure 4-30	 Abdominal Viscera of Cat with (A) Greater Omentum 
Intact and (8) Greater Omentum Removed 

1. Greater omentum	 5. Kidney 
2. Lobes of the liver	 6. Small intestine (duodenum) 

R. Right lateral lobe	 7. Small intestine (jejunem and 
M. Right medial lobe	 ileum) 
Q. Quadrate lobe	 8. Pancreas 
N. Left medial lobe	 9. Large intestine (descending 
L. Left lateral lobe	 colon) 

3. Stomach (greater curvature) 10. Bladder 
4. Spleen	 11. Abdomina! fat 

B 

..
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Figure 4-31 
Abdominal Viscera of the Cat, 
Mesentery 
1. Small intestine 
2. Mesentery 
3. Mesenteric artery 
4. Mesenteric vein 
5. Lymph vessel 
6. Bladder 
7. Uterus 
8. Rectum 
9. Abdominal fat 







TABLE 2-2. The important minerals in the body, their recommended daily intake, dietary sources, major bodily functions, and 
the effects of deficiencies and excessesa,b 

AMOUNT IN RDA FOR HEAL THY 

ADULT BODY ADULT MALE AND 

MINERAL (g) FEMALEc (mg) DIETARY SOURCES MAJOR BODY FUNCTIONS DEFICIENCY EXCESS 

CALCIUM 1,500 800 Milk, cheese, dark-green Bone and tooth formation Stunted growth Not reported in man 
800 vegetables, dried Blood clotting Rickets, osteoporosis 

legumes Nerve transmission Convulsions 

PHOSPHORUS 860 800 Milk, cheese, meat, Bone and tooth formation Weakness, deminer- Erosion of jaw 
800 poultry, grains Acid-base balance alization of bone (fossy jaw) 

Loss of calcium 

SULFUR 300 (Provided by Sulfur amino acids Constituent of active Related to intake and Excess sulfur amino 
sulfur amino (methionine and tissue compounds, deficiency of sulfur acid intake leads to 
acids) cystine) in dietary cartilage and tendon amino acids poor growth 

proteins 

POTASSIUM 180 1875-5625 Meats, milk, many fruits Acid-base balance Muscular weakness Muscular weakness 
Body water balance Paralysis Death 
Nerve function 

CHLORINE 74 1700-5100 Common sail Formation of gastric juice Muscle cramps Vomiting 
Acid-base balance Mental apathy 

Reduced appetite 

SODIUM 64 1100-3300 Common salt . Acid-base balance Muscle cramps High blood 
Body water balance Mental apathy pressure 
Nerve function Reduced appetite 

MAGNESIUM 25 350 Whole grains, green Activates enzymes. Growth failure Diarrhea 
300 leafy vegetables Involved in protein Behavioral disturbances 

synthesis Weakness, spasms 

IRON 4.5 10 Eggs, lean meats, Constituent of hemoglobin Iron-deficiency anemia Siderosis 
18 legumes, whole grains, and enzymes involved in (weakness, reduced Cirrhosis of liver 

green leafy vegetables energy metabolism resistance to infection) 

FLUORINE 2.6 1.5-4.0 Drinking water, tea, May be important in Higher frequency of Mottling of teeth 
seafood maintenance of bone tooth decay Increased bone density 

structure Neurologic 
disturbances 

~~-

ZINC I 2 I 15 Widely distributed in Constituent of enzymes Growth failure I Fever, nausea, vomiting, 
15 foods Involved in digestion Small sex glands diarrhea 

COPPER I .1 I 2 Meats, drinking water Constituent of enzymes Anemia, bone I Rare metabolic 
2 associated with iron changes (rare in man) condition (Wilson's 

metabolism 
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FLU O RINE 2.6 1 .5-4 .0 

Z INC 2 1 5 

1 5 

COPPER .1 2 
2 

SILICON .024 Not established 
VANADIUM .018 
TIN .017 
NICKEL .010 

SELENIUM .013 .05-.02 

MANGANESE .012 Not established 
(Diet provides 
6-8 per day) 

IODINE .011 .15 

MOLYBDENUM .009 Not established 
(Diet provides 
.4 per day) 

CHROMIUM .006 .05-.2 

COBALT .0015 (Required as 
vitamin 8 12) 

WATER 40,000 1.5 liters per day 
(60% of 
body weight) 

Drinking water, tea, 
seafood 

VV id e l y distr i b u t ed i n 

foods 

Meats, drinking water 

Widely distributed in 
foods 

Seafood, meat, grains 

Widely distributed in 
foods 

Marine fish and shell-
fish , dairy products, 
many vegetables 

Legumes, cereals, 
organ meats 

Fats, vegetable oils, 
meats 

Organ and muscle 
meats, milk 

Solid foods, liquids, 
drinking water 

May be important in 
maintenance of bone 
structure 

Con s t itu e nt of enzym es 
Involved in di g e s t ion 

Constituent of enzymes 
associated with iron 
metabolism 

Function unknown 
(essential for animals) 

Functions in close 
association with Vitamin E 

Constituent of enzymes 
involved in fat synthesis 

Constituent of thyroid 
hormones 

Constituent of some 
enzymes 

Involved in glucose and 
energy metabolism 

Constituent of vitamin 

812 

Transport of nutrients 
Temperature regulation 
Participates in metabolic 
reactions 

•From Scrimshaw, N.S., and Young , V.R.: The requirements of human nutrition. Sci. Am. 235:50-73, 1976. 

Higher frequency of 
tooth decay 

Growth fail ure 
Small sex g lands 

Anemia, bone 
changes (rare in man) 

Not reported in man 

Anemia (rare) 

In animals: poor 
growth, disturbances 
of nervous system, 
reproductive 
abnormalities 

Goiter (enlarged thyroid) 

Not reported in man 

Impaired ability to 
metabolize glucose 

Not reported in man 

Thirst, dehydration 

hRecommended Dietary Allowances, Revised 1980. Food and Nutrition Board, National Academy of Sciences-National Research Council , Washington, D.C. 
' First values are for males. 

Mottling of teeth 
Increased bone density 
Neurologic 
disturbances 

F ever, nausea , vomiti n g , 

diarrhea 

Rare metabolic 
condition (Wilson's 
disease) 

Industrial exposures: 
Silicon-silicosis 
Vanadium-lung 
irritation 

Tin-vomiting 
Nickel-acute 
pneumonitis 

Gastrointestinal dis-
orders, lung irritation 

Poisoning in 
manganese mines: 
generalized disease of 
nervous system 

Very high intakes 
depress thyroid activity 

Inhibition of enzymes 

Occupational exposures: 
skin and kidney damage 

Industrial exposure: 
dermatitis and d iseases 
of red blood cells 

Headaches, nausea 
Edema 
High blood pressure 
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