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CELL MEMBRANE COMPOSITION AND TRANSPORT

mponents of the cell membrane?

hic, or two-sided. They have a phosphorylated glycerol back

id tails attached by ester bonds. The fatty acid tail of L--u:lltl );“m
y water but mutually attracted to other fatty acid lili|‘\ ll{- "fh-
brane and form the membrane core. Each lipid ;l|5(; L.(,I:l!:»LL ’
utward because it is polar and attracted to the S““'”"Iu‘l il:;

re the main €0
ds are amphipat
obic fatty ac
olecule 18 repelled b
the inside of the mem
d head, which faces O

1. What 2

The lipi
ith two hydroph
pholipid m
the tails face

a phOSphOIipi
water. ; s id bi ; ‘
The proteins float in the lipid bilayer. Substances that cannot pass directly through the lipid
ein channels or use carrier proteins for facilitated transport across the
g are located on the inner or outer surface of

bilayer move through p}'ot : : : :
membrane. Other proteins involved in cell signalin
olecules for neurotransmitters or transducing proteins, which

the membrane, such as receptor m

Jink receptors t0 cytoplasmic proteins and enzymes.

Cholesterol is interspersed between the phospholipids of mammalian cell membranes. The
t it to span the membrane. Cholesterol acts to re-

steroid structure Of cholesterol does not permi
duce membrane fluidity at physiologic temperatures but increases fluidity at lower temperatures
function. The lipid and protein composition of the membrane

{o maintain normal membrane

varies greatly between different cell types.
Carbohydrates bind to external sites O

coproteins and glycolipids. The resulting carbo

called the glycocalyx. The glycocalyx, which is negatively ch

functions. It binds extracellular Ca®* to stabilize membrane structures

| matrix for other cells (see figure).

f membrane protein and lipid molecules to form gly-
hydrate layer on the outer membrane surface is
arged, performs several important
and acts as an attachment

lycoprotein
e glycolipid

cholesterol
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3. Whatis another name for the cell membrane?
Plasma membrane.

mbrane lipids and proteins synthesized?

ll is the site of synthesis. Lipids are

d on the surface of the ER by the i"'hy"lhe-.‘,.ﬂ

sses the ER products fmn,.:ﬁ:m of
.

3, At what cellular site are me
The endoplasmic reticulum (ER) of the

within the ER, whereas proieins are synthesi
cssenger RNA with ribosones. The Golgi apparatus Pr

cation to the plasma membrane.

contribute to cell homeostasis?
"a membrane is to maintain cell homeostasi by
Il cytoplasm. The phospholipid bilayer acts as s bt:ﬂy o,
h i o,
and provi

4, How does the membrane
“The main function of the plas
trolling the internal milicu of the cel

sulate the cell cytoplasm from
aspension within which membrane protins can move (0 enact ritcalchanges i el b
i,

Nom il membrane fludityis required for cel function and growth and for optimal funey
transport, carrer, and signaling proteins. tion of

5. Where are membrane proteins located?
Proteins may be located at the intemmal or external surfaces of the cell membrune
o spn

across the entire lipid bilayer.

6. What are the functions of membrane proteins?
+ To ransport hydrophlic,lrge polr substances and ons across the membrane

eral proteins may interact o process one signal across the membrane)

7. Does the
m..:? plasma membrane of different kinds of cells express the same types of pry.
“The population profile of membrane
populs i proteins varies tremendousl i

cells and s “sailor made” for each cell’s function. For example, neumyn:':‘el;;go:’ﬁmm“m‘ hmm o
e whereas i
i exa::lim;nd contraction. Nerve cell membranes are densely populted
G channels, whereas Na* channels are not found in the plasma membrane of smooth mus-

£ e of the i “and fluid di

‘extracellular contains l_ngh eoneenl‘nlmns of sodium (Na*) l;nd c;dr‘n‘iﬂe ).

tion resembling e » ; :
dlhm—‘lnmlml. the intracellular fluid contains a high com':n::::
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gisrbuted cros the S membrane, Knowing e
O ons and other criicl substances iy caspnt 1 1"
will ross the membrane when transportsysne. "

Activated :

rentially 0¥
e
alsodre atratio
vllullrW i
e
o w.‘mcmp.d.mmmmnd hydrophilic (water-s
g, Hon 60

S0luble) substances crogy
cell membran® substances can cross the plasma membrane by
- ‘m,dnrwv'““‘m pls ofthese substances are the gascs o £
s lipidcore ImPOrtAet i ‘membranes. Some small polar substances, incluy
vichcan Jipid bilayer through intermolecular pores. Hydropni - - 1" **°
‘nnea‘\ly'l'::mmm which are not lipid-soluble and are repelled by the ‘h id g
ol PO KL et with  specialized cartie protein or chanel proy nI,:u:M il
memnrumvu ‘d m,,lumesuvsmnm, which require special transport proteins 1y nery <.
enbane. e an i acids (g polar subsanees) an i soperen 1€

mply passin
ing through
xygen and carbon dioid

e e TR )
FACILITATED DIFFUSION  ACTIVE TRANSPORT

Mechanisms for the movement of substances across the cell membrane.

der physiologic conditions?
‘The lipid solubility of many substances depends on on their environment. For example, many
mﬁiummm mudz- pmmmrad (pouuvely chuth form or in an unprotonated

h.-dh lecule does not cross the
o -.mvmmlecnln
Sk

J Py
‘goveming lpid solubilty is used o advantage in treatment blood
during barbiturate overdose. For example. at the sy lood pn.u 74,
Only the unp ed form

from the blood to the urine for removal from the body. Administra
hawever,increases the pH of the blood, and some of the protonated

‘*mnhﬂnnm environment, The resulting increase in
phenobarbital molecules enhances the passing of this drug

lower systemic drug levels.
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hstances

12, List the three main processes by whid ross cell membragg,
1. Simple diffusion

"
1 ed diffusion (also called carrer-mediated diffusion)

3. Active transport

.

13. Define diffusion.
“The random moli
cal gradient.

on by which @ molecule crosses the cell membrane down i g,
ectrog

14. Whats a diffusion coefficient?
A diffusion coefficient is a meast
ing an ara of 1 cm and a thickness of I cm, when
brancis | mol/L. Uncharged, I =
ecules (water) have high diffusion coeffcients because they can quickly crons the celj
Stany drogs, uch as general anesthetic agents, also are lipophilc and have high it
cients. These drugs can readily diffuse across cell membranes (o exert their ffect, Lgpg
i d ients, Hence, these gty

e of the rate at which  solute Can erows & meppy
c i
the cor ion difference acrgy 'Iv:'
(oxyge

jons have I
require transport proteins to cross the cell membrane.

15. Which four factors determine the total amount of uncharged solute that ¢
across a cell membrane? b
‘Simple diffusion of an uncharged solute s direetly proportional o (1) the concent
dientiof the solute (2) the solut's diffusion coeffcient, and (3) the membrane area g
versely proportonsl 0 (4)the membrane hickness. Changes inthe level o these four o
srcatly impct simple diffsion. For example, pulmonary bross rduces the lung e
which i required for oxygenation of body tssues. During pulmonry infcctions i

I al the rate of diffusion of oxygen
10 the pulmonary capillaries In both cases, these diffusional limitations may result i sy

16. Define simple diffusion.
~ During diffusion, substances cross the cell membrane by simple movement
17. What are the properties of simple diffusion?
* Diffusion occurs down an clectrochemical gradint

sents a linear function of th

substances cross the membrane by contacting a transport
orted by carrier proteins, whereas charged ions are
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,m#_ d_#.-gwuwhidlmwuya.nwum I
aier iS85 LT Cemple diffusion of ater down its concenypyg "

s trough
from an area of low solute concentrario | .

EOMBION gradieny

s occors 4 Where the ™t e g,
s o s it
--:’ of volume. Heace, OSTIOSi provides  mechanism wherehy g cror
ir volume- 0
st i
Sk HO
2 membrane down its.
pifasionofwaler 7085
concrmation gt
H,0 + solute

21, What s osmotic pressure? it

o ol for the
ffusion o waler.
2. How s osmotic pressure.

?
2 Oemocepressure i proportonal 0 the number of solute patiles per it volume o flid
i bec: the ki single solute

s i it smilar regardless of size. o

fuid than in

ce suggests that this occurs when insulin binds 1 is receptors on the
translocation of glucose transport proteins from the cytoplasm to

greater

‘urine in diabetes mellitus?
by the kidney into the urine. Normal levels of glucosc in

detected in the urine. In diabetes mellitus, blood glucose

into the urine. The abnormally high levels of glucose in

i the kidney that are responsible for tubular reabsorption.
ed in urine samples as a hallmark sign of diabetes mellis.

s

cell membrane against an clectrochemical gradient
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»

N
When are transported unid it
oA By (e SAINE EHETEY-dHVEN AN protein o

. " Aresaport protein
napposit direetions s the vell mernbrane I
31 WWhy 5 coransport portant i Uhe absorpiion of sugars and amino acids in he g

& e age of the Na* gradient established
VK pamg, " high Na* (140 miig/L imt“:
' ot n\m"l :“m Y Because Na* concenira
e ep i involved in the cotransport process.
- high possibility of binding extraceliular Na * 10 its outer face. The subsequent cobinding of i

ik y 1o the inside of
an i

sugars and

K pump to transport H* out of the cell by
g of extracellular Na* and intracellular H* o the.

the cytosolic
hmmha-wﬂ.
mrcellular Ca?* (see fgure) T
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o xchanger Irurllu some issues but
oty lular Ca* on a 2-for-1 basis
- '{:mlﬂﬂ‘ o ubsequent decrease i th intacelllar

co
: lh Mmh_ﬂ,,.pmsm. such as neurotransmitter release
o

willinhipy
tion,

aine Nt K
Cortpe L Cultcounler T
andthe N cell mem
n e
b

s

Side drugs take advantage of secondary active transport
m‘;nuwdm"‘“'““ of the heart? i
‘the fail-

o the external face of the acsubunit of the Na*, K- pump to infibit
ingactive Na*

o

Digialis 1Y

g e, These drugs bind

A s buid-up of Na* a th insde surfac ofthe el menbrae i

M”""a.."' because it reduces the electrochemical gradient for Na- and thereby also

reducesthe acivity of the. Na, Ca?* countertransporter. The subsequent buildup of Ca?* in the
provides an increased supply of intracellular Ca2* to activate the contractile pro-
‘muscle cells, thereby enhancing the force of contraction of the heart,

THE ELECTRICAL PROPERTIES OF CELLS

on channel?
e specialized proteins in the membrane that provide a passageway through
‘can cross the cell membrane down their electrochemical gradient.
the movement of charged ions through membrane channels
a form of facilitated diffusion because it involves a transport protein (see

structure of ion channels?
protein structures, similar to the carrier proteins in the mem-
i banits :

the membrane, Other regulatory subunits (B, 3, ) influence the gat-
subunits and may regulate their level of expression in the men-
have a selectivity filter, which makes the channel selectively
sodium channels preferentially conduct Na* jons over otherion
primarily conduct K * ions and reject other ion species.

from a pore?

3 pore’
in the membrane between lipid molecules that permit simplc
that can exist in open or closed states (0 regU
can traverse channels only when in the open state
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main conformational states of an ion channel?
channel refers 10 & channel that is clogeq
ol or voltage stimulus. Ut s ay,
I refers 10 o channel that iy
Open ang
Permiy,

37. What are the three
The state of an i
opening if challenged by a che

* The activated state of an fon chann
sage of fonic current

+ Th Inactivated state of an ion channel refers (o channel that is clogeq
At or ctivation. Generally the inactvated state 0ccurs immediately S
Sctivtion (opening) o the channel by a chemicl of voltage stmulus T the

e behavior of single ion channels studied?

e patch-clamp method s commonly sed 10 MU CUTTt through g
The open ot gl pipte i placed on the membrane surface of a el ag b
seal is made between the pipette wall and the cell membrane. lonic currents re, igh-
opening of single ion channels i the membrane patch formed within the pjp‘:"‘::h‘n[ i
R by  high-esolution amplifir (s figur). Using this method, the ey,
“cterities of on channels in different types of cells can be studicd, and the 1
drugs on ion channel behavior can be explored.

38, Howistl

The patch-clamp
for measuring cume
ele ion channels,

.
a cell membrane?

mmwmmx () that crosses a membrane is described by the
I=nxixp

e, i unitary current
that a single channel i in the open state.

. Binding of a chemical messenger to the
€ channel, which causes it to shift from the resting sse!
n are nonselective ion channels, which conduct
cies in the open state. For example, the binding
n the skeletal muscle membrane activates 3
of Na* into and K out of the muscle cell i ¥

‘changes in cell membrane potential Changes
in trigger the movement of positively a-s:
ing shaft of the channel. Asareslt
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9

<oange, thechannel S M 0t o
e excitabilty, soch as N K- and

e Mostion-se

lective o
channels, rpree,annels

Present volage.

the

wmmx Atres, cells have an excss of oo o U
f-ﬂ“‘" B memivane and oW 4 HEgAINE membrane pcnil, e charges a
e

£ Wy ‘cell membrane is preferentially pemmhh toK* mm s R
L e e 20-100 times more permcable 10K than o N il
_.di‘h e K- concniation inside the el i muchhigher than the cuie con
e apaMmRuEacHEIOT
pt < o Na K- pump sting memby "
clectrogenic Hence, the estng

._.--llﬂ'w
,,..dve.hmul potentials generated by both K * efflux and the m
r'ﬂ-

theNa* K+

.‘
l“‘"‘. ol et primailygeneres the el pontis e s
and -90 mV in different

.d cells, it f the Na*, K™ pu 1o thi
o -2 f el Olage

44 Whatisan w
Th equiibium potential for an fon i the membrane potential that would exist if the cell
became selectively and o

ly permeable only to that ion species. Un-
on of the ion across the membranc would be at equilibrium

t equation: V = I.n C

i
in volts, R = the gas constant (2 cal/mol/°K), T = the ab-
constant (9.65 X 10 coulombs/mole), Z = the valence of
,and C, = the outside and inside concentrations of a pos-
denominator of the C,/C; ratio are reversed 1o calculate

K* and Na* equilibrium potentials for a man-

cal values and converting from the natural log
(in millivols) for K *:

milli-

predicts the equilibrium potential (in
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for K N rovent bt g g,
il potentinty i
47, What do the equ il g
a1 nery i
ot membean PURTEES UL UC) i erve coll TSR DEIWen K0 Y g
e roting IEEEEEE Because the membrane porential of theso celly

K ol o o ot o gy sl
il )

Tathor than to Na* undar resting conditions

"
o

y I"mu;,:'“‘:?

?
soldmann constant-field equation’
bl hl‘l’:"\:l:‘?mnhmw oental dopends o 1he concentions of Ky
The n"f,.‘.. he membrane and on the elative permeability of the ey, ot g
:.,.,';‘:: :;uhlﬂum\ constantiekd equation can be wsed 10 predict the contrbygipg o ‘;In o~
Jon permeabilte o esting mombrane potentil o
RT Pro [Ka'14 Py IN&,'1H P [C1) 4P, [x)
; P N0 Py 16, 107, ]
= gas constant, T = absolute temperature, =
= mombrane potential, R = gas constant, T = ol pertie, ¥ « 1y
m"‘: - pemmuhlﬂll;ﬂlllw membrane o X, and [X] = CONCEntrtion of on 5 g m,':',:tﬂ
the outsde of the cell membrane. ,,

49, Which definitions ure commonly used (0 describe chinges in membrane

+ Firing threshold:th level of membrane potential t which suffcient depolyy
oceurred to initiate an action potential M hey

« Depalarizations the cell membrane potential becomes less polarized (.. oye,
OmV from amore negative potential level) Towang

+ Repolarization: thecell membrane potential becomes polarized igain (e g, e
from O mV to.a more negative membrane potential) vy

. the cll membrane potentinl becomes more polarzed (g gy |
the original resting membrane potential level |

S0. What is the fonic basis for the action potential in nerve celly? |
An etion potential s the scries of membrane
old stimulus and results in cell excitation,
potential in neurons,
. :{llmlmym mﬂmtl induces the nerve cell to reach the firing threshiold for the iniflation
) i

potential changes that follow a suprhyey
The following series of events characterizes the g |

i h the N chan. |
nel protein, w Averts it from its resting to its activated state, Ay n:‘N. o

open, Na* shinto the cell down its electrochemical gradient, This mnu:::
tively char he inside surface of the cell membrane depolarizes the cll futher
This chain of eventy has o snowball effect, and the stion
08 ts full course regardiess of other cell changes, Mem
several thousand-fold during the early stages o
O8L simultancous ictivation of a dense population ol

of the nerve cell,

dependent K * channels open more and K be-

from inside 1o outside down it electrocheniéll
ls are inactivated by the sustained

0f the positively charged K * jons begin 1o 69

Of resting membrane potential. In man)

exceeds the original level of resting mem

iZation, Increases in membrane K* perme:

of the action potential and fors bt
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oits original level of resting membry
 atterthe Sl resting stte. i3

IR
o 0.

Potential, the Na+ apq

: "
0

&
channels

The conornatonalchn

. sinvotage ga
Nat and K- chanoels, whieh wnasre e
action potential in nerve cells. £

n.‘ly(b'wlh“dllndlxﬁvmbefon voltage-gated K* channels in re-

o depolarizing stimulus?
ﬁﬁ-ﬁnmmﬂﬂu than K* channels (i.c., they are activated at more

membrane potentals). Just a small depolarization from a resting membrane potental
Oor ~90 mV is adequate to activate Nar* channels, which open rapidly to permit

cell and induce cell depolarization. Larger changes in membrane potential consis-

i i ivate the less. itive K* channels, so

* permeability are observed later.

S

the functional reqy

£10 form many subtypes of a channel. Furthermore, the aliemative
3 ds to many isoforms of the same channel. Regardiess, it 5 i
" . i action potential

or different types of tissues.
repetitively to transmit electrical impulses Ihmugb:ul the
o i showing rapid changes
'A). The rapidly activating Na * channels Pro” ide m;
gir almost immediate inactivation coupled t0 the actiVatior 7
. Voltage-gated, neuronal-type £
al, and the resulting C
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i nsmitter release. The N-type Cat* chapgy
o, W P e elsof the ventricular myocardium also show St g "
e AV and ~ 90 mY. The duration of ther action potential i v “‘I‘*Mh\
tial betweer the length of the action potential in newrons (see figure, &), The long ﬂhuw
o it jl reflcts the functional sk of these musclecel, whigy s Wy
SRR PO e at  Telaively slow rate of 60-90 tives et im0 Sy &
e ST chamnels canribute to the depolarizaion and repalarizats e
S aetion paental, imilr o ther ole in excitation of neuronal cell. The [y
dn:'ucu';u‘n cells expresses a different type of voltage- gated Ca®* channel thyy the “‘"'
i neuronal cells, Depolarization of cardiac cells triggers the activation of \ulm‘N‘y‘R gy
o aing (L43pe)Ca* hannels, Which inctate Sy and provid
Cat intothe muscle cell. This Ca* influ. coupled 0 the elease of '+ g e
stores provideshe actvatorCi* I o HEVIGOOUS contaction of he g N
" siined infl of G also acts 0 matain GepOlaiZtion and sy P
plaean phase of the action potental. Notably, the pacemaker cll i the gy ™ oy
et node have  ifrnt acton potntal conuation. Reting e
less negative in these cells, and they show spontancous depolarization. Also, importany, “’:lu
troke of theaction potential i mediated by Ca* influx primarily through | ype sty
vather than by Na' influx as occursin neuronal and cardiae ventricular ce
Smooth muscle cells populate & heterogencous group of ts
bladder,uterus, and gastrintestinal tract. Their clectrical propers s
dsues. What enerally istinguishesthe lctrical POPTes of thess s o e et
dine ventricular cell is (1) the absence of voltage-gated Na'* channels in their pasmy
and (2) the setting of their resting potential at less negative potentials between - 45 gpg ~tny,
In his range of potetals, volage-gaed Na chanls (i presen) s gy nactvat g
hence ot avalable o partiipae n el exciaton. Thus, smooth iuscle el el iy
‘voltage-gated, L-type Ca®* channels for electrical excitation. The influx of Ca?* through
‘gated Ca?* channels s responsible for the upstroke of action potentials in smooth

S hoy,

musclecell g

Nerve Cardiac ventricle P Cardiac AV node

different action potential configurationt
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i
 These actio

= ction i POLEntials gy by
o e B i (o s ey el s 4 9
mdhl". ;" MC";‘AM action potentials wly‘v’w e i
many SO0 ovide activator Cal* (see figute, £, The xcitypn, 10 changes 1
-’. cole their functional role in the body. &: Y ptterns of iffey.
smooth 016 Gatingeng
P e

iy in thythmic contraction designed 1 4,
- c; paricip potentials. Vascular smooth muscle :cl:: "

e " to maintain artrial tone and pre Which requie
oGt 10 prevent rapid changes in ploge " * 1
::, constant level of resing membrane potenia conple /1y 0
- e, ven undr these CTCUSUINCCS. e xcitaony oy
o-"“u—“"‘“ potential (sce figure. /) 05 iy trgger
.
s a refractory period?. "
2 ,.adlh""'" action potential during which another action potentisl cunnot i

e |
e vtrciocy perod. The contincd inactivalion o e vy 1,
e fring o nsctonpenal ks e nvaabe for oponiagamd
o basi o e refacory period provides

the cell fr

54, How =

e Y 1 the sarme
s e i . i s
vt s function. Forexample. c the cel from t

e bologiessch s sezares. I th cardia venticular el therefrctry pero o pre
Wﬁ-pﬂ‘n&wﬁkﬁmlﬂ trigger a rapid heart rate (tachycardia) or dis

'  conduction pattems resulting in cardiac arthythmias and death

?whdﬂ

Na* channel the
s begin resting state after restor

mbrane potential. During this period, a second action potential cannot be

of the strength of the stimulus.
tory period refers to the time period immediately after an action po-

ction potential can be triggered if a suprathreshold stimulus is applicd

fhe Nar* channels have returned to their resting state and are avail

i .. period in

AAND NEUROTRANSMISSION

of a motor neuron?
‘of the neuron, which acts as a processing center for the

 processes that project out from the soma and increase the
from other neurons, which they subsequently trans-

‘of the dendrites is densely populated with ligand-

sites for chemical transmitrs released by Sur

action potentials away from the soma. The
soma) and ends in a nerve terminal This ter-

tiers, which can be released when an 0
the axon ultimately provides an electrochem-
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"
(Il propagated A0 @ AEEVE wxon?
Jatone st the 10rve pIAsIA membrano s gy :
sons (0o figure e
a self-perpotuating process (see figuro). 1|n.,u.‘.\.“":‘m,,m
epolarized s1tos on the insido o
ol flowof curren (positive charge) from depo Im:l i ;:»:.«:.pm:. """“'“"var,‘:"‘h
otz membrane sten available for actvation, e gy
e to adjacent, normally ¥ e o o o
h{-‘-m"n.wcmmlummn prapagte alon 0 v 0 D TN EAUS i h g iy
e D il acion poentas, whil propagate unidrectionally away fry g 4t
i allows the action pots
ol action potential, The efractory period gt follow the action potena
O h backwand flow af curtent toward the nital excitation site wnd act o
o .
quency of action potential transmission

57, How Iy an wetlon poten
‘An action potentialinitiated
outthe rest o the nerve fiber by

he g o
o
long h _“:he
N g ';u

-2 4kt tout

3
TN, fcas

8. What s saltatory conduction?

“he axons of some nerves e populated by cells called oligodendrocytes (1 the by
spinal cord) or Schwann’s cells (in peripheral nerves). The plasma membrane of ofigodegg
cytes and Selhwann’scells contains  igh densiy of lpid calld myeln, nd the ick gy
of c € nerve axon -
which insulate the underlying nerve cell membrane from excitatory stimuli. etween the mygly
blocks are the nodes of Ranvier, which are myelin-free sites where the cell membrane gy
exposed to the exiracellular fluid and is densely populated with voltage-gated Na* chamely
promote action potential generation. Saltatory conduction rofers 10 the unidirections! junpin

izati neighboring node, d

agation of nerve impulses for long distances. sl

59. Which two factors are the main determinants of the velocity of action potential props.
tion?.

1. Myelination increases the speed of action potential propagation along the axon. The

nodes of Ranvier provide a sequence of highly efficient sites to transmit the nerve impulse o i
Myelinai of action potential

‘much as fiftyfold. The requirement of myelin for normal motor function is revealed by the ot

i patients with discase of the central ner

vous system of possible autoimmun origin.
2. The diameter of nerve fibers also positively influences the velocity of action potentil
Large myelinated nerve fibers, such as those innervating skeletal muscle, show i

fibers, such as the sympathetic posty

between nerve cells?
ting structure between the axon terminal of 0%
o, target nerve (ihe pos

merves that must be spanned topermit

. When i nerve impulse i '

influx of Ca’* though vulullvwg

nerve terminal triggers the release MW
terminal, These neurotransmitier”
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.1y and bind to specific high- 5
s synapic :‘:,‘,. If the chep?qlcﬂg‘ng;: ?ff,':,"';‘;u'_““wun on the pi
e P L yacelllar signals thtsr he iy mof
operted B ptic neuron- ¥
factors determine the concentration of neurotransmiy
iter in
el mn‘uﬂmo(,.,nwlﬂsminer PR it it pros £ S
. unt O e o the transmitter down i B ot
T sive lown its concentration gradic o
s d’,ﬁﬂwuramnnlu fluid gradient from the synaptic

ation of thees Y
al and funcionglpry
operties

e et smitter by transport proteins in the pla

: : lasma membrane of the
ing mof mitter molecules by enzymes located in the pre:
uptaks e presynaptic cleft

 The breakdown
o O mbrancs ofthe presynaptic or POsisynaplic nurons

o it different presynapti 3
{pelevel of excitabiity ‘of the postsynaptic neuron? 3

& itters that either te.
:“‘ Doy i ko promot o i xcittionf
e o nonpropagaied depolriaion of the Gyt i, i
Josiis ynaptic neuron, which is

fons produce & 5

= . potential (EPSP). Because the amplitude of this de

Gonisraely sufficient tobring | membrane potential to the threshold required for .:I y oy

dnniu_wuiﬂl-rhﬂdﬂﬂw_e effect of multiple EPSPs is generally required o
ol B nier sl o

ion potential at the postsynaptic mem
2P e  small,local, nonpropagated hyperpalarization when they

urization i called an inhibitory
e graded changes in potental determines whether the membranc
3 i N D potential of the postsynap-
depolarizes sufficiently ‘o reach its firing threshold and initiate an & un';olgn"l::

\/L/W

&

o between temporal and spatial summation’
1o the additive effect of sequential multiple EPSPs or IPSPS
neuron on the membrane potentil of the post

vefiing of a single excitatory presyniPLe ‘neuron m:

lbrane potential to its firing threshold

£ membrane depolar

ory period does 10t
{ on the membran®

‘memt
2pSP results in only a small incremer ©
e voliage-gated Na' channels. 8 et
exert a summating, depolarizing effect

dilvs effoct of muliple EPSPs or IPSP* simultaneously
metrons on the membrane poientis! of the postsynaPic
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sitir signals have different S€OgTaphic oiging), (e,

i v

. neuron (i.¢., the neurotra mation act concurrently 1o regulate the nwmhm:hhu\lm
ey

"y

Conditions, spatial and temporal sum
of the postsynaptic neuron.
NEUROMUSCULAR TRANSMISSION

function?

e et e musce conrcion
% :: :rd?:c muscle,sympathetic and parasympathetic nerves modulate the Peromn
{he musele,even though cardiac muscle CONUTCtin iS SpONANCOUS and ingopy
e el mascle nrves may either intiate contracti actvity or module
of contracile force inthe muscl. For example. norepinephrine from adrenergi
‘minals can increase the level of active tone in a blood vessel above the reyg

{one that exist s a result of intrinsic excitability of the muscle cells.

e o
ey o
the

v
Ing level o

65. What is a motor unit?

A molor unt conssts f the alpha motor neuron and all the skeletal musce ibers g %
nervates.
6. What i the innervation ratio?

‘The number of muscle ibersinnervated by each alpha motor neuron. If few fibers e

i on rati control s possible, but the overall g

s less. If the i on ratio is high, more fi e ::ﬁ
the movements are e precise. Contraction of motor units with low an high imnervation g
is integrated in the central nervous system.

67. What is the “all or none law” for skeletal muscle?

The all or none law states that when any skeletal muscle fiber is stimulated to threshold, i
‘will contract to the maximum of its ability. If a threshold stimulus is not delivered to the muscle,
the muscle will not contract. That s, the force of contraction in an individual skeletal muscle e
is not graded in intensity. In contrast, contractile force of cardiac muscle fibers can be graded in

pi the heart.
68. What s the motor end plate?
A specialized wdf of the muscle fiber membrane with receptors at the top of junctional

folds that Jie m the terminal region of the presynaptic motor neuron. The skeletal -
romuscular e¢ figure, top of next page) is an excitatory synapse that serves o trnsker

mu
dby the chemical transmitter acetylcholine.

transmission at the skeletal muscle neuromusculit

Eay
MOLOr neurons release acetylcholine, which is pick
Presynaptic membrane and release their conka
€ vesicles requires Ca?* ions that enter the &l
d in response to the depolarization of %
Acetylcholine diffuses across the
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junction, (From Fawcett DW
& Hall, 1994, with permis

of skeletal muscle peuromuscular

decma
?::ﬁrmmomysiomgy. i ed. New York. Chapman

acetylcholine receptor on the skeltal muscle

70. What is un about the nicotinic
The nicotinic Jcholine receptor in ‘keltal muscle is an integral part of the ion ¢ hannel
o e ostyIPc nat is responsible for the end plate potential. Binding of acety}
dolne o the receptor-channel omplex leads to opening of the ‘channel, resulting in
3 motor end plate potental
71, Whatis  motor end plate potential and what causes it?
The lcal depolarzation of the end plate region of skeleta! muscle fibers that occurs in re
qunse toacetylcholine binding to the nicotinic cholinerEle receptors located on it. The motor end
il is caused by increases in permeability of the postsynaptic membrane 10 N
ik muningdupomympti: membrane to depolarize past the. threshold value for an a¢
npﬂinmﬂden‘ muscl
Je neuromuscular

ease at the skeletal musc]
mes

72 Wt the sfey ftor for transmitter rel
at acetylcholine s relcased in GUnTE many in
al at the postsynaptic memPriCh This en

& muscle fibers that it

fctoerefers o the fact
et anthose reguired (o produe 21 action POL°
potenial in the motor nerve (igEet &
ission at the skelet:

rons in the central 1

that needs to be st

jividual

tter?
‘molecules in discrete packages O quanta. An ind

ptic vesicle in the presynaptic neurO"™

on the MO
potentials

potential that 0ccur™ spontaneously ¢
n. Miniature 19 plate

‘muscle neuromuscular junc
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clease of individual quanti of the neuroy
wgppe e ot ot R EEL Lo e ot e 4
choline and the subsequent binding of acetylc YVIIC Mgy

75, How s the action of acetylcholine terminated at the synupse
The acetylcholine released into the s pic clft i apidly hydrolyzed 0 acete g,
by the enzyme acetylcholinesterase. T (€ it the action of the st op e
aptic rceplors. Anicholinesterases, such a hose found In classie nerve gases, fou P

Jonged action of acetylcholine and subsequently
g o failure to climinate the transmitier

Sy

 pry

tal
Mgty

& prolonged contraction of the e

cell owi

76, What is myasthenia gravis, and how Is it related (0 Beuromuscular (ransiniygjyy
Myasthenia grovis i a neuromuscular disorder tha leids (0 muscle weaks ?

an autoimmune response to the person’s own acetylcholine receptors, feud

the number of functional receptors i the postsynaptic membrane

i

& iteq
810 0 el

o iy

77. How does curare work?

The South American arrow poison curare urarine, o Compound thag
nicotinic receptors at the skeletal muscle neuromuscular junction. inbibiting the bindi
‘neurotransmitter acetylcholine o the same postsynaptic re alysis of the M'“’v of the
results from the inhibition of neurotransmission at the junction. "0l Miiscle

ontain d-tube

inds 1y

MUSCLE STRUCTURE, CONTRACTIL

PROTEINS, AND CROSS-BRIDGE CYCLiNG

78. Why are skeletal muscle and cardi
muscle not classified as striated muscle?

Skeletal muscle and cardiae musele are called striated muscle becaus
(stripes) in the cells; these striations are absent in smooth muscle cells. The
(rnll and cardiac muscle are formed by the orderly arrangement of the thick
laments, which produce altermating arcas oflght and drk bands. giving the muscle s s

have ucture, and there
c structure,

is no orderly overlap of thick and thin filaments to cause striations in the muscle cell (see fig

ures).

muscle called striated muscle? Wh iy sy

of the striations
triations in skele.
1d thin contraile

acterisic banding paters

plogy, 12th ed. New Yo
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i
Fasccults
:
o
5008
Hierarchical arrangement of structural componens of kel

i Sevel. (From Rhioades RA, Tanner GA: Medical Physiolopy.

»:m Boston, Little, Brown, 1995, with permission)

ém,nﬁmm

10000000 U
PSS

i i t of the structural f skeletal muscle?
e ndividul skeletal muscle cells are known as muscle fibers. Skeletal muscle fibers (and
s muscle cell) contain bundles of myofibrils that are composed of many individual sar-
e aanged i series, The sarcomere i the fundamental contracile of striated muscle
st of overlapping thck and thin filaments that produce a characteritic peters of light
i dkbands(eeclectron micrograph in question 78). The individual fibers ax surrounded by
St suelayer known as e endomysium, which connects the individual fbers b
‘lelmisclcells. Groups ofskeletal musele fibers make up a fasciculus, Which is surrounded by
tive i i make up the muscle it

Tefsicl, with their asociated blood vessel
e isuelayer, the epimysium. The fasciculi, which run the length of the ‘muscle, are surroun
byyetanother connective tssue layer, called the fascia. The fascia is @ strong and dense layer of

it covers th entire muscle,In addition o separating muscles from each other,
le to become the tendon.

ictonless motion and also extends beyond the mu:

nponents of an individual sarcomerc?
komere is bordered by two structures known as the Z-lnes or Z-disks,
At of attachment for the thin filaments. The thin filaments 2 ttached t0
\which i a major component of isolated Z-disks. The I (isotropic) band
ly, whereas the A (anis band is a dark band
between the thick and thin filaments. As seen n the elec
borders of the indi-
f the thick filaments

th
yosinis the primary
o major components

»and actin, tropomyosiy i
wyosin, and troponin are (h
‘micrograph in question 78).
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of contraction?

b mechanism of conf

:.xlv:::\\vl\mvliml!h' stce by the Inteenction of ik
toslide between each other. The siding flament theory expliing [ mr”"

causing theh 108105 ¥ tion o ench ot n arder (o allow the sitcomeres 1y horgy S

i "“'“\Im g of the cross-bridges causes the thin filaments (o slide v e ‘mm‘l

mmmnﬁ-@h( "he distance between adjocent Z fines, allowing the comerg ‘:’m

ments; this ; g 0y

and the muscle to develop

1. Whatis the sliding
“This refers o the gener

0 i g

ck filament?
compasition of the thick

i ils of the moleculos facing toward the center of e . i
3 sed with the tails of the mo e
""kiﬂ:ﬂfrm 1o be directionally oriented 5o that the thin laments are ey prct
Centerof the flament,causing acive force generation und shortening of the Muscle, e
cen L caus

hemical characteristics of myosin?
8. What ";':f:;:cpmm" 470 KD) consisting of ix polypeptide chains g,
Two of these chains are myosin heavy chains consisting of an a-helical porton gy
ead portion. The globular head potion f the molcule hydrolyzes ATP i the prespeq g o
and ineracts with the thin filaments to generate contractile force. The interactions g &
sick and thin ilmensar pssible because of prjections of the myonin ol g
whichextend towand th thin filsmen. The cross-bridge consists o e s
bead o the molecule and part ofthe o helical siuctue. The hlical part o the ey g
o hinges. Oneoftese i loated et 0 th thick ilument,and the other is locsied ey g
lbular head ofthe myosin molecue, The hinge near the body o the tick ilament gy g
‘rossbridge o extend owardthe acivestes on the thin filamen, and the hinge nea e g
the molecule allows the head 1o otate 0 produce the power stroke that generates coppagt,
force. Pairs o cross-bridges are arranged on the opposit sides of the thick filamen ity
on from one set of cross-bridges (0 another, allowing cross-bridges o feach thin flapeg,
on differentsides of the thick lament. Myosin also hus two types of polypepide lght gy .
sociated with the globular head of the molecule. These are wrapped around the neck ofthe g,
cule,below the myosin head, and appear (0 stiffen the neck region. Onc of these chains i cag
the essentiallight chaiin and may be important o the ATPase activity of the molecule. Tre s
light chain is known a the regulatory light chain. In smooth muscie, phosphorylation of e
ight chains allows the myosin molecule (o begin ATP hy ! -
i on of acti ile force.

$4. What are the components of the thin filaments?
striated muscle consist of two strands of fibrous acin F-
intertwined in a double helical arrangement like two strands o

ing of individual globular

ely 42-45 kD) that are arranged in series like a tring of esés

bridges bind and where

f the attached

e n
"

: drolysis, resulting in cross

myosin is a fibrous protein 38-39 nm in length B
ly 50 kD. Troponin is a globular protein compose!
lin € (18 kD), which binds Ca2* fons; (2) ropon®

actin; and (3) troponin T (22 kD), which B
links
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d troponin in muscle contraction?
ive sit

tes on the thin filament, T

In str Sl

A oss-bridges and the

S SO cywplasti ot levels BPrse (00 ation-contraction seupi
s ind 0 P (GeThis chanes| oree of attraction between the troporin sy
b esthe iropomyoin complex to move farther down into the groove of ;]li!mnm
;‘;ML exposing the active sites on the thin filament. This allows the myosin er n\\—hn:; ctin
e o th acive s, and cross-bridge cycling begins, causing musce contruction. 0
i (sich acks roporie) the tropomyosin may have a strctural function. hlrins
tegriy of the thin filaments. . helping

. Whatarethe e major roles of ATP in muscle fun
TP provides energy for the generation of contractile force, when it is hydrolyzed by the

i % hydrolysis of ATP i
i e of the myosin molecule. The hydroly provides stored energy that is
e il e by e conformatonl chang in the myoi e
it occrs spontaneously right after the myosin head binds 10 the active site on the thin
{he head of the myosin molecule, reducing the affinity of the cross-bridge

filament.
2. ATPbinds (0
binding of ATP o the myosin hea

for the actve site. This e
o Inthe abserceof ATP, ase from the thin filament, and
ot compleesare formed. These complexes are responsible for the rigor mortis that occurs

‘shen ATP stores are exhausted after death.
. ATP also provides energy for active transport of ions by Various transpor proteins thit
i fonic gradi 1l pump Ca?* back i ¥

arpump G out of the cell(in smooth muscle).

Cycle stops here in
relaxed living muscle
(because of actions of

regulatory mechanisms)
Cross

bridge

Z line

A+ Mo ADP P

G here in absence
TS AT tigor mort)
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ridge eycling?
87, What stops ate '""ﬂm t::-:::l(l|:::ﬂtm-lim contractile force in muscle iy
e cros bridge YL CEEL chmentand elease of myosin heads at the g .

mechanisn it P Tor cross brdge cyelin i derived from the hydroygs oy 4
anthe thin Hlamert, B8 ATPase when it an ineract With ctvesieson e e
by the myosin head, ‘;’;"n drlyed by the myosin molecule,the ADP and P, that sy gt B
EaneI Ah: tt .f. he myosin head. At this point, the myosin head iy injig Higher g
hydrolysis temait bR e o conformational change in Which it store the energy g
:%K;::\m;ﬁm of the ATP molecule as potential energy that Wil be rel

power st

i maiscuiels bead g alsch

o vosin.ADP-P, conformation of the molecule’s head has  high offy
i {:‘;’;ﬂ:ﬁm A'u‘\‘nclivc site on the thin filament at the first oppurlnm(;:“
i, nce of elevated Ca?* Tevels n the ytoplasm,the Gross brdges can inteag Wil
the .:cnx::: e on the thin flment. Right aftr the myosin head on the ross-bridge comp,
it the acive st on the thin flament,the ADP and P e rleased (rom the myosin hey g
the power troke oceurs s  resultof @ spontancous change in the conformation o the
head o the lower energy sate. Thenet result of this conformational change is that the energy gy

Plcher

Dexg
Y for

i TP hydrolysis is converted to mechanical
tored in the myosin head as a result of ATP hy o
K'Z? :ulln the thin ﬁfmm toward the center of the sarcomere via the mechanism, TRy,
‘Afer the power stroke s completed, myosin has a high affnity for ATP, which binds e

ead portion of the molecule. Binding of AT o the myosin head reduces the affinity of th crge
Pridge for actin, causing i {0 elease it attachment t the active site on the thin ilament, The ATp
g W, causing f the globular head g
return to the higher energy conformation for the next cycle. The ADP and P, formed from the by,
drolysis of the ATP molecule remain bound to the head, and the cycle repeats as ong s the actve
sites o the thin ilament are exposed 1o allow cross-bridge attachment (see figure in question )

EXCITATION-CONTRACTION COUPLING

volving changes in men-
10 increases in cytoplasmic Ca?* concentration and muscle conte-
tion. The increase n eyloplasmic Ca* concentration nitiates muscle contraction by ineracing

Land odulin in smooth
muscle. Under some conditions, excitatory or inhibitory agents also can cause changes in cyto-
plasmic Ca?* concentration and contractile force in smooth muscle without a change in mem-
brane potential (pharmacomechanical coupling).
o A S
) d why is it important?
cell membrane of the muscle fiber. It is an excitable men-
i I 0 those giving rse (0 he
- The permeability of the sarcolemma in skeletal muscle is it
holine acting at the neuromuscular junction, This leadsto
the cell membrane and into the center of the fiber ¥
curs via mechanisms it

membrane (sarcolemma) that occur at regula®
and cardiac muscle, These form a dense intereo
usele cell ytoplasm (sce figure). Smooth sk
surface area-to-volume ratio allows inkrsee -
extracellular Ca?* and by release of C¥




Cells, Nerves, and Muscles

Myofibils

Sacolemma

Taubule {
whuie

Mio
chondro Sapn

Mito.
chondrion

Tubule ik

Contactofreticulum with T-ubule

..ug-‘mwmwkuu\.mnm....m cle (gt pane). (Fon
e AL it A New Yk Chaprnd o 10 prion)

vl.wmuﬁnupmﬂf
The' Wﬁmmanmuulw fluid and contains volt
The T-

of tetrodotoxin binding he T-tubul

system allows ac-
e muscle fiber,

pmihnildm:l—d.xduﬂun of the muscle cell. Ex
nump—ﬂimﬂﬁw Ca* release from the terminal
whmnmmdmmbmunm of Ca?* from int
fibrils, This s important bec:

dinated

“This results in
rge volume of the
cile

on of

makes
Puhmﬂ,mml_hnhr Ca®* ions impossible.
92 Whatis the i reticulum?

coupling. The sarcopla
jy dense in

fthe muscle cell, which stores Ca?* igns that

smic reticulum (SR) i not con-

Keletal muscle, is prominent but
in smooth muscle.

e reticulum function?
muscle fiber is terminated, Ca”* s actively transported back into the
allows lage numbers of a2 ions to be stored it R. The ac-
in (calseq at binds C
‘e action o the sarcoplasmic retculu!
depolarization of the T-
from the SR- n

lease of more

diac muscle

Jetal and car
tion:

Jeased during €X¢!

he sarcoplasmic reticulum in ske

 Ca* ions that are e
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The terminal csternae are lrge in skeletal muscle, by
mngement is consistent with the greater role of
in cardise muscle.

contraction coupling.
cardiac muscle. This a “"M“mu (‘ e
for regulating the contractile force i ..,."

Whatis a triad?
98 e by heclose apposiion of o termial cistermasagyn

skeletal and cardiac muscle. The triad structure is important in the electromecygy, o ey
process i which the action potential pasing (hrough the T-tubule eventually leagy e “““mm
Jease from the terminal cisternac. acay

membrane potential, i ol
mcﬁlefol« in various kinds of muscle?

centration (and therefore contractile force) in muscle cells leh\nnuu\n o mt e
Sociated with increased levels of Ca2* in the cytoplasm of skeletal, o ity
In skeletal muscle, action potentials spreading over the i,  process e

use Ca* 10 be released frony ‘;,:“umu

action potential propagation in nerve cells eventuall
nal cisterna of the SR.
In cardine musclé, depolarization of the membrane notonly causes thereleaseof g
he SR. but also leads to some influx of Ca?* ions from the extracellular fuid. Infly o o™
Jular Ca2* fons not only contributes to the development of contractile force, but also fegge
leaseof Ca?* from the SR (calcium-induced Ca?* release St
‘both skeletal and cardiac muscle,cytoplasmic Ca?* levels reach u peak value

ter mluse from the SR, preceding peak force development. As the Ca®* ons w M";W'"y Al
“ponin C, free Ca?* in the cytoplasm falls, while contractile force inc Pk force au“ih,,

When all the regulatory sites on troponin are saturated, and the elasic clemens i sries

parallel with the contractile laments are drawn tight by the activity of the contractile filanegy
Afte exciation ofthe muscle i erminated, Ca diffuses off of the regulatory subui T
ponin and is removed from the cytoplasm by active pumping into the SR by the Ca?* ATPag fy
cardiac muscle, Ca* is also extruded from the cell via the Na*, Ca?* exchanger, whichis .
‘ondary active transport mechanism.

pe d Ca* channels, ead
hﬁuxofcmledlu.ln Ca?* ions. This triggers co o

nﬂnmmmoﬂwrml, ir receptors on the cell membrane also ca

from the SR of smooth muscle. This elase of Ca? from the SR i rggered by nosal s

{phate, a second messenger compound tha s i formed by the hydrolysi of membran iy
ted b the excttoy

s of the mb\xluu\ry light chains af e
e cycling. Hyperpolarization of the smooth muscle menbk
, resulting in smooth muscle relaxation. Many smoothmusk

. which are usually associated with spontancous
are due to Ca®* jons and are eliminated by C** d--w‘
er some conditions, contractile force in smooth musck &8
pmenul.l A change in smooth muscle conractle iS¢
as pharmacomechanical couj

sarcolemma, T-tubale, and srcoplasic ek

coupling in striated mt bt
d muscle during excitation-o mxmm coupift
cisternae of the SR, The T
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Wﬂw voltage sensors that are lined up opposi
i BVOOPTE e SR. These SR fect are composed of it from the specializeg
,.,uzvﬂ““ ", domain and acytoplasmic domain. The SR feet T" identical subunis
penbie SPIRIELC i pharmacologic agent, Which causes el e :
e#”_”";ﬁ,i,l,nofucﬂ‘ channel that releases Ca?* m“‘:‘::fm—- from the SR The
ol channels inthe SR appeals (0 be controle by an e e
F ot prtins,where e ey Vbl n e ignaing trical couping b

O cross the T-ubule membrane. The depolarization that occurs as "8 Pocess s the elecrical
et £ Mkmwmxlwfmlllmal 7 S Sy e g
T ol change is Tansmited (0 the 00 prtens Xt el -
e cpens o G chanoels 0 the SR. This allows Ca?* ions I(\‘:n:': :;"-‘ dropyridine re-
ceplors’ i jient. In cardiac muscle, the influx of mmcn.:ur (j:‘ hj&:;:\:"

g e SR (Ca*induccd Ca* reeas)

rapid
45, Whatstops contraction of skeletal muscle?

mwnmm-ﬁmufﬂzlem muscle is the cessation of nerve impulses in the
o neuron. When the nerve. impulses cease, the signal to release calcium ions from n:-mx-m
sores s emoved. SIOPPInE ﬁm!an-“ release. The SR re-sequesters any free calcium mnm‘w
{ng n e cytoplasm via an active transport mechanism that requires ATP (SR calcium o]
i eoved from the cytoplasm, C2- jons bound (o roponin difuse o o
s andare in the SR. When Ca®* ions are no longer bound to the troy o
e and i Blamentscan 1o longer interact, and confraction s erminaied g

MECHANICS OF MUSCLE CONTRACTION

9. Whatis the difference between an isotonic and an isometric contraction?

racti in which a muscle it exerts acon
_mmm%. load being lifted by the muscle.
jion in whi 1 length of the muscle does

oot change because the force being generated by the muscle is insufficient t© move the load to

n In "" body, most i are a i of isometric and isotonic
Mﬁmlz.-\:-@phnm ‘unil the muscle generates enough force to lft the load.
i isotonic phase begins and the muscle shortens at a constant force as it lifts the
an-!mafmp-dc shortening during an sotonic contraction is less with heavier

is longer with heavier loads.

lmmﬂmwllmkmlm?
single brief contraction of the nmuscle that occurs in respo

f a skeletal muscle owing o
tion, the musc! exhibits
the SR and to maintain
and contractile force s

tetanus, is a maintained contraction of
ing a tetanic contract

n. Cross-bridges cycle continuously.

o Ca2* levels full below the threshold ©
lation of the muscle at
resolved. The mag
use the
pletely

ontractions can arise from rapid stmu
individual twitch contractions can b
e ot atwikch

ction becat

stretched, and the Ca?* regulatory sites are comj

e y pes
ctile force in skeletal muscle. There aret o
h rapid frequencies of Stim! the muscle i 1€

Jation.
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o Muscle twch
1 il
o) sl
W
Recordings of contractile force ¢
simuli &
s contraction (upper pancl), (""P\'!H[':z Sty
i o ) of contractile force mup..,d, )
f————coniraction of skel ¢| o
From Berne RM, N o )
Tetanus. iology, 2nd ed. St. Iom\ Mmhy g’;:‘“ "hy
mission.)
S0 simli
per scond
s
o sccond
Tim

activated before it is fully relaxed from the previous stimulus. Multiple motor unit summagi
occurs when stronger stimuli cause the activation of additional motor units with lower excitah.
ity (.., higher thresholds), leading to an increased force of muscle contraction.

102 How can the power output of a muscle be calculated?
“The power output of a muscle is the mechanical force (work X distance shortened) perurit
of time and can be calculated as the product of load times shortening velocity.

103. Can twitch contractions be of different magnitudes?
‘Yes. Single-twitch contractions can be of different magnitudes, depending on the number of
motor units that are activated and the position of the muscle on the length-force curve. A motar
unit consists of a motor nerve fiber and all of the muscle cells innervated by that nerve fiber. At
|Ml stimulus. mgﬂu he ‘more excitable, smaller motor units are activated. With increasing
i u|r=sholds ! table, la ‘motor neurons)
A maxnmzl stimulus of the muscle activates
at are greater than the maximal stimuls)
mm in the magnitude of the twitch contraction. As & ‘muscle s
 length. and ‘contractionif-
‘between thick and thin ﬁlamcnls At the rest length or optinél
er of myosin heads that can combine with active sites an i
their maximal amp

ect) refers ither to the progressive increase in the magnitdet!
08 plateau value during repeticive stimulaton aftr 4%
in the magnitude of cardiac muscle contraction’

after an increasc in heart ratc. The phenometo? ::

15 affer successive activations of the MU
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sailty of the SR 4nd Ca* extrusion mechanisms
,en«t;:‘t;' “he levels €xistinE ‘before the contraction. S 0 festore cytoplasmic Cy?

1, s e TS between preload and afterload?

105 eoad e et a muscle experiences before the onsctof

o isthe ot O eich o a resting muscle during the % v

ek €200 o f striching of carizc e s ol s
of ch

n
giastolc voIUE- <
aload that is encountered by the muscle only after it start
ood o the floor during @ weightlfing by s
o orthe

ample s e Toad
‘hat the heart ‘muscle encounters at the onset of systole.

sure

106, Wh s the length-force (un_zﬂl-unslun) relations|
The mw ,d_.ﬂm-llip is the nla(‘wnshlp between the length of the muscle
; o y a transducer a

mmmma» :r"mf—,m rs force generated by the contractile machinery
s activated, and passive ‘force refers to the clastic force acting on the muscl eb s
o ecomectve S50 ‘and other elastic components of the muscle. i o oo
m:h e e foree on the

terial pres

Toul Pusive
4 S/ |¥ 2

(o elatoshipfrom sketl musce. (From e £’
. Boston, Litle, Bown. = 5 Agive

e are not

107 Describe how the
tive force

length-force

‘At short muscle ler ip works.

stetched. A _""U"‘, the muscle is slack and the elastic components of the mu
e

{o activation, and the
Jonger lengths. ASThe ms-

measured when =
g ol it y smaller than i is t
‘passive force on the muscle increases exponentially because of the
ments of the muscle. i o at this point lso inCTEases
the thick stretched
ve sites

; bridg
sly. At the rest fength (also known as the OPU™ D of the mus-
ive sites andthe

,w-“‘mol coniracile force. AS the muscle i
of optimal overlap, and fewer myosi® neads can reach acU¥®
i ive force be generated by the ML
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hat is the difference Detween the rest Tongth (1) of & skeletal muggl =
108, What
e it o i the length ot which the contractile e
keletal muscle %
hege 0 of e Ao refemed o as optinaLISIR of the muse ..,":,“:Ww
the musdle is X -

i L ™
Sle t restin the
the lngth ""l,‘,' musclot WL e length to which the muscle reg
“The

of the muscle 18 u

? librium Irnlm,m i which passive force on the. muscle just equals (, THRJ”""TM :kr‘"_,%
! and the contractile force exerted by the musgy .‘:“""’"m

st Tength, owing (o the changes in the 1, the g

donis cul T 1 1
Jength i shorter thn the st englh ¢
ibgam length i essthan that occuring 81

relationship-

e

y ip?
"The hyperbolic relati X “;mmﬁmmmm
depends Soth on the ofthe muscle and on the oad on the m:::;“:
hough skeltal muscls of diferent types ¢ vary subsanially in their velocityof copgy ’..l;
at given load, the velocity of shorteaing decreases s the oad i s, g o

cle type.

B

Force-velocity relationship forselel g
contraction. (From Guyton AC, Hall: Tay
book of Medical Physiology, thed, P,
phia, W.B. Saunders, 1996, with permisson)

Velosity of contraction (cm/sec)

0 1 2 3
Load-opposing contraction (kg)

elocity relati e vl |
R LeAnig R

- have

e resulting in a redu
nerate:
At this load, shortening velocity is 0, andile
::-dnqm;m the x-axis. As the load on the muscle is reduced, shorening e
increases. The shortening velocity at 0 load (where the curve intersects the y-axis) s i
‘maximal velocity of shortening (V). In skeletal muscle, V... is constant for a given misck
o i muselé, V,_can chang as a esuof

r force-velocity relationship as stiated muscle, but e ¥
Skeletal and cardiac muscle (see figure). The velocityof
substantial variation, depending on the level of i

on the head of the myosin molecule.

type?
ined by the myosin isofomy
different rates of ATP hydrolysis,
v,
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mﬂ muscle. Note the
wm:"‘;’f,," ,,1 P ion T smooth muscle
e ‘umlnmel& (From Rhoades RA, Tan-
uuﬂ‘d ‘Boston, Little, Brown, 1995,
P
on)

Force? 3

el sl Vg 1. CODSIR 014 gVen musclc i detrmind by e my
st osin
i sV can chunge, with increases in V., occuring dring posiise
tates such as e S“mu!lllo" and treatment with cardiac glycosides. \A:\Il:m
« Decssss it Vo, 0T dring NCESLNC intiopc st Kaoiatic:
"““‘mm e angesin Vo aregenerally related 0 changes in the svailabiliyof Ca?* ion
o oplaam for exciton-contracton coupling. e
e e,V can exhibit substantil variation, depending o he extentof po

Wmmm ight chains on the myosin cross-bridges (i, phosphorylted
yis greater <oy
e phosphorylated). o
(COMPARATIVE PHYSIOLOGY OF MUSCLE

112, How does cardiac muscle differ from skeletal muscle?

‘A major difference between cardiac muscle and skeletal muscle is the property of auto-
matcy i th hesrt, which risefrom spontancous pacemaket potentals that occur s sl

m pa cell tentials in the heart
exhibita substantial regional variation, and cardiac muscle exhibi number of different ionic
curens that are not found in skeletal muscle.

1 contrast to skeletal muscle, the heart acts as a functional syneytium, with ¢
mﬂl from gell t0 cell through low-resistance pathways, crwblmg the contractile activity of
1obe coordinated mmnedu efﬁmenl pumping of blood.

itation

ction coupling (greater

s in
W} e properties (ablh(y 10 chunge Vi 4103
) relative to skeletal muscle.

nm e the twogeneral tpesofcardia action poen
rapid depolarization (phm 0) with a s

mﬁd of the overshoot owing t0 & plmu] repolmm.m. m nu cell
se 3) st

ntial

i Jess overshoot, &
Tnstable resting potential it ©

diastolic depolarization that s a major feature of pacemake:
action potentials both exhibit an effective absolute) and &
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Fastesponse and slow esponse action potentals rom cardiae muscle, showing the dif
i periods. (From ne,..‘mha
Candiovascular Physiology. 7th ed. St. Louis, Mosby, 1997, with permission.) Levy

ne the fast-respon iac action potential?

,mwwws which result in complex ionic currents that
changes in membrane potental (see figure). ol
« Phase 0 refers to the initial depolarizatio of the fast cardiac action potenia,
s due to the opening of tetrodotoxin-sensitive, voltage-gated Na- channels, |
nels are rapidly voltage Iactivated, stopping the inward Na * current. &
« Phase 1 refers o the transien rpolarizatian h s mediated by a transientou
* ives the initial repolarization, aided by the inactivat

Na* current.

e
of a ventriculrmss:
cle cell Iy, indicates mvard N
indicates invard G
current, Iy, indicates curre
inward recifer K channels.l
rectifier channels, and I i
transient outward corent Gk
Sperclakis N Banks

L Changes in ionic currens durig!
action potent

RO (e

sentials of Physiology, 200
=== Boston, Litte Brown. 19
permission.)

N
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2ref jateau hls:loflheucunn potential, which i
! . . s
ase 2 o by e C channels. The infux of CaZ* o
e excttion-contraction coupling and to ca
el contribu! — " J
O e durng e pas s ofthe 4l poea e
B by a low K ce that allows the inward curre, otential is also
enined Y , ! vard current to m o
argation. ThiS .ed_uoed K ?onductﬂnfe is the result of the inward mi‘.":'fl‘
s T sl v K et 0 s o v i () pots
ard K* current: In addition to aiding the depolarization during the plate; asily than out-
B o K, chaei s e
o e e onset of the

mediated by an ingrg

ors to the
ions through these ch;

i the depo-

ac-

‘ction potentia,the decreas
{ion potential is important i * loss from the cell during the action

el e
refers {othe repolarization ofthe cell at the end of th platea, which i medisted

Phase 3
by e, slovly developig K current through delayed rectifier K channels that are
B e o poieal but et low acivion Kt s e sl
il pposhes s nomal resing value, the in e i, hichisa
crucial determinant of resting potential, also begins to contribute to the rcwl:xru:l\‘m‘u‘\ulvl
the cell.

115. What causes the automaticity of the heart?
e momaticity f the hearis rormally mediated via the spontaneous clecirical actvity of
o et sinoatril ode Th airoventriculr node and Purkinie fibcrs cin 4o
ormally overridden by the faster rate-of-the c. The
hanges in membrane potential because
tential to reach threshold values and to initiate

o acion potenals throughout the heart (sce figure). fhe pacemaker potential exhibits
slow diastolic deElm'inﬁml that eventually reaches threshold, resulting in an action potential.

the,
e as pacemakers but are n
pcemker cells undergo sponiancous ¢
e conductances that allow the membrane pol

of fluctuations in

 currents. One of these (I, or “funny”

The diastlic depolarization is mediated by three differen
Cuentyian inward depolarizing current (S activated by hyperpolarization of the cell and is
caried mainly by Na* ions through channels that are different from the tetrodotoxin-sensitive,
oltsge-gated Na channels, The other depolarizing current s &4 inward Ca2* cuent, which ac
iastoli ization, leading to the upstroke of the action potential. These inward

os the cell after the upstroke of the

4 of the action potential alloving the
heart rate is determined by the

curtens are opposed by an i
action potenial, then deeases is infiuence during ph
{rard curents to rigger another diastolic depolarization. The

100 m
—

Changes i fonic curent during
S L pacemaker poten-
!"’m";gm.lm_ofmm;,mm-
Mﬁymwm
ﬁmnﬂ-mwmmﬂ
pemission) ed. St Louis, Mosby, 1997, with
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”
e absolute value of membrane poteniy),
epolarization, the absol ue of mermbran i
slope of IIw“ :.mll.“c d K‘n’.\l which determine how fast lh]; diastolic dej larizaioy, "““uw
|,\"° ".‘,“\’I‘n:“\:.:h.lg required to nitiate the next action potential M‘“n.
thresho

116, Which two pat

v.'
- l‘l“'z‘lw His-Purkinje system

sy medinte the coordinated spread of exctaton ang
lon

provides a specialized system for conduction of

T action of excy
e candiac musc ibers ha have ewer oAb than o carm:.:ln -
consist i
o de i hways between individug g,
e call. The intercalated disks conain gap JoncTons. e 3 JUction e low.psg -
e f connexos,which rc hexameri SITCtures COnSsting of i polpeo e
Dt erves a  low-rsistance pahway for cll-t-cell condiction, Ti gy b
e s Pukine systm and the inerclaed TSk s the heat o ™
syncytiu, enabling c e activity to s
X blood
" " i diffeset i ton
117, Which e i e
red to skeletal muscle’
Lo ‘« The terminal cisternae of cardiac muscle are much less extensive than those f kel
I, e xcitaon-conration coupling in Gardae el s much more g
\ -

denton e STl G- o

 The T-tubules i cardiac muscle are much'l’%l'w muscle, allowing e,
ier éxahange of ions, nutrients, and waste products between the cardiac myocyte and iy
eximeellular uid. o aid i thir function, the T-ubules also conain negatvelycyy
mucopolysaccharides that bind Caz* ions, making more Ca?* available fo exciy
contraction coupling. ST

+ Changes in the number of Ca?* ions released from the SR can have a much greater effey
on cardiac muscle contraction than on skeletal muscle contraction. For example, the .
creases in cytoplasmie Ca?* that result from sympathetic stimulation of the heart or .
duced Ca?* extrusion during treatment with cardiac glycosides result in a
tration of Ca?* by the SR. This ultimately leads to a greater Ca?* mlem
during the next activation of the cell and to an increased force of Contraction.

+ Calciumeinduced Ca?* release, by which increases in cytosolic Ca* levels lead toarpi
‘and massive release of Ca?* from the SR in cardiac muscle cells, does not occur in skek-
ul el

changes in lity (inotropic state) of the heart
state of the heart are due mainly to the changes in the coseestr
. Any stimulus that can lead to a maintied

reased influx of Ca?* ions, a increased elea

or a reduced extrusion of Ca>* from the cytoplasm) can resultin 88
0F & positive inotropic effect. For example, catecholamines exerta po-
heart by combining with a B-adrenergic receptor, which aciviss

otein mechanism. The resulting phosphorylation of the L-iype €&

! A o Ca™™ Treatment wih "
igitalif\inhibits the Na*, K* pump, resulting in a reduced k0™
ross the cell membrane. The energy for the Na*, Ca?* exchitst

inst it electrocheni i .

)
iy, or negative ionotropic state, Owing 0
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are heterometric &7 d homeometric regulation of co
ractile force i
cardiac

119.
.tril: regulation of contractile force in cardiac mi
e force occurring a5 resul of chan usele (see figure,fef
These changes can changes i the length of the mpsey. g
e e ,,,m .c slm; st canges i occur durin nceses o SO e musle er
e 0 anges in the positon of the muscle f end-diaso
w215 tion. of contmculc force in card mcm éﬁl}"‘ Tengt.foree ot o
N orce curve.
u: mmc o 8 Cfcarino musoea e saromsete sy 1L )
umhcvcume) is ocours ng e in the inotropic St o The mussle s e
i el ;mnu]luon or uealmcm ‘with cardiac glycosides has a \w For example,
o e et by e il e nd sl pic e,
e S pahetc stmultion, he oreof conrcion e i
5 ases (negative ino-
cel ey cino.
AL Sromageatvi¢
Pl Aferload = 0.5
10 Velocit
10 y at
Afecload =03 gk
Velosity at:

Normal

Low contractilty

0 1 2 g 4
Force Force
hanges in iber length (heterometric egulation of

Cungesin foree
e fore) i he eft pmzundnnm.g s inthe inotropic state ofthe heat (homcometric regule
on of contractile force) in mengmpmel (From Rhoades RA, Tanner GA Medical Physiology. Boston, Lit

e contractile properties of cardiac muscle differ from those of skeletal
e m:duwer velocq of contraction than skeletal muscle, and cardiac s
ta es in the inotropic state of the heart.
& Hormally operates at lengths that are much
M Jength (L,). This property is important in allowing the heart ©©
p in response (o mcrus:s in end- volume that are assoc
‘mechanism o

‘metabolic energy for cardiac muscle contraction?

i the primary source of metabolic enerey it the heart. The pri-
min the heart mcuher fany acids or carbohydrates. Lac-

serve as substrates during Pe-

~ontains creatine phosphate

ardiac mus
dmund-ofmcmlmmc system for ATP.
ic ATP pro-

ly compensate for a transient lac!
{0 meet the energy needs of the
18 steady supply of oxygen via coronary blood flow. Because
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bolism, there is a good

. Detwegy
depy ount of work performed by the heart, ), o
e e o

tion is pearly it cle gy
son s early PP o of contraction (teasion-time index). ™,
traction times the
122, Definesingle-unit (unitary) and muliunit smooth muscle.
c Ilil(-1|p|)li)cs 1o a smooth muscle in which the excitatip
Single-unit or

through tance pathways, allowing the muscle (o respond l’:'u. fng
cell to eell smg:‘:-:;nom Tnuscle often exhibits spontaneous activity, g inxmli"\i'ﬂ
or single unit.
kot reos o smocth xternal activation by
wscle that requires € Y nerves or
mm‘k‘?ﬁm " moltunit smooth muscle,cach individualcel i vy "0y
;ﬁﬂnm the response of the whole muscle is a result of the fesponse o m“:ﬁnuhipk : n:T
g mmdn;iﬁmimofsingh versus multiunit smooth muscle, although useful, is

i far fro
<olute because many types of smooth muscle exhibit both single-unit and multiunig

Propete
tonic and phasic contractions of smooth muscle?
m-w;‘:-nm.nmmim in which muscl contaction is maitine oy,
E jme (.2, the resting tone of arteroles in the microcirculation),
+ Phasic contractions ae relaively fapid contrations followed by complet gy
&L the spontancous contractions of smooth muscle in the small intestine).
124 How does excitation spread from cell to cell in smooth muscle?

‘Through low-resistance pathways termed gap junctions. The gap junctions euble pep,
ranc poentialchanges and contractile actiity (0 be coordinated among many cels,leudngly
‘coordinated activi i he fi .
‘cytium, Similar to cardiac muscle. 5 |

125. Why is coordinated excitation important?
Conducted excitation with coordinated activity of smooth muscle cels i especialy inpo:

g intestine, where extensis of the organ work together o i ox

‘propel the luminal contents.

6.

asmooth muscle at any given time is a functionof
the overalleffect of a variety of excitatory and inhibitory inputs, These can include excitaory and
 neural in hormones, autacoids, or local paracrine factors produced
e endothelium releases a number of contracting and relaing f-

the Many smooth muscl
5 PO, PCO,, and pH. The latter factors are importantnftg
¢h as the local control of blood flow in the micmcin%h

P

influence of these inputs.

e

sele both contain myosin that has cros-bridges, byl
“ wfau.lnmlmminwdmnnh.h:

‘medised
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Compare 304 contrast the arrangement of the
T,
e amngement o m';. filaments in smooth ey, AN oty
8. As i straied sy

the 1

MMW“'

: -—#mmnpmedgmymm “The thin filament

o WA = S "The contacile lamens s speens 1% -
 smooth o

1 OROBVEE, ey i e muscie, and e ac
that in skeletal m g

16:1)5. i
ijﬂml v, and myosincos-brdges rom e
e along a much greater length of the thin :ﬁ::fyu' s
ent, allowing smee, ;
ﬁlﬂ‘”” scle. S

- B e rete ractin of s lenth than scletal e

have sarcomeres as in skeletal

cells shorten if they do not

smooth muscle ce!
In contrast to the regu

ls shorten as a result of a1
Jar sarcomeric structure of
attached to structures in the €3

T attachment plaques on the srcokeTr
Slaments gencrally consising of the
Sinooth muscles contain VISR

ing structure atiached © the cy

g of the myosin CTO%
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e depends substantially more on the entry_of
"The contraction of smooth muscles that have a spa

most cases, smooth m

most ¢ e
bl and Ca?* fr RS Much e o1y

annel blockers and Ca?* free solutions, ™

than striated muscle.
stive to inhibition by calcium cha

o,
11, How do Cai* fons regulate contractil protein interactons in srigeq o,
muscle? :

it e Ca2* ons bind 1o troponin . causing a change in the
toponin-ropomyosin comple. it nmasks he ctive Sites on the thin filamen; aH e

that leads to muscls vy

i contrast {0 sriated muscle, smooth it does not contin troponin,

contractle force occurs a the levelof the thick flament (sec figure). Tnitation (,,c Bl
respone o ncrases i eytoplasiic Ca?” concentraon i smooth muscle cell oy 7
alt of the binding of Ca ions to calmodulin a Ca**-binding regulatory protein gy %

Highaltaiy Ce inding Ses and s important i actvating a number of diferent ‘"4\ o
alcium/calmod lex activates myosin light chain kinase, which phosy horylae. The

atory hgm “chains on the head of the myosin molecule. When the ngm m"“ ey
Jated, the myosin molecule hydrolyzes ATP, and the cross-bridges be .
activity of nm condiion is me“'rlmnal 0 e penet
continue 1o cycle. unnl'y‘:':i‘ s
dephosphorylated by myosin |.gm chain phosphatase. In smooth muscle, Ca?* may sjeg 11
contractile force atthe ILTFFT__W:IU e RN, This form of regulation involyes o %
(caldesmon and calponin) that are proposed (o bind o the thin filament and inhis
ATPase activity in the absence of elevated CaZ* levels in the cytoplasm. " myosiy

132. Do smooth muscle cells have T-tubules and a sarcoplasmic reticulum?
‘Smooth muscle cells do not have T-tubules. Because of their small size, smo

s mooth
have a large surface area to-volume ratio that allows the cell to be easily activated by s ;:::,,‘uf

Myosin kinase (inactive)

Phosphorylation on myosin ATPase activity insed
c MPhy- logy, 2nd ed. St. Louis, Mosby, 1996 with 7™
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ot 10 the conter of
i of the
muu"" with an extensive SR m:.I.M iy

b Smoolt
w..uw* alar Ca?* concentrtion o clcium iy bl

€ellby o gy

b exintant Inlnluluuml»\,i

re dmﬂ!lln"lhv Tevel of cytoplasmic Cy?+
e rough sctvaton of Ca’" channcls i the ol ol
; ot membrane
2+ from the cy1) R Vst muscle cell by several
yiop by several differens

pechanis® of Calt into thagRiby the %
2 mm%; 1 Cai from the cel by the sarcolemn a8
1t out of thecol by the Na”. Ca’” counerranspone

smooth muscle function?
channels are ﬂ|m.‘nﬂl in smooth muscle membranes
sensitive K* channels (K y,), in
MW “and voltay ncdependcnl x channels (Ky). ake
“aﬂdxo from the cell, causing the, nmnbmlr potential to become
i leads 0 L innels, reduced Ca® influx. and
e, The role of specific K channel types in regulating membrane
dﬂ"'b‘" in response (© various stimuli can vary among different Kinds of
p-hmlum lype al'C-” channel in smooth muscle membrancs i the
Ca?* channels are sensitive inhibition by di-
smry ‘of extracellular Ca?* induced by men
Js also have been reported and may con

no.mo
Ca?* channel
smooth muscle cells.

led cnmneu e u.m-ly linked to membrane

some contractile i cation channels permit
cn" ions and m-y pmmle lbe nnuul dqmlmuuhun that trg
my modulate the Jevel of excitability of some smooth
coupling. Because the C! equilibrium potentil i

efflux and

. openingof CI” channels may resultin
mooth muscle coniristion
itive channels are still be-

of these mechanoxcty
k by dihydropyridine drUE

e mooth muscle el

. excitatory
of the |,<|| men’

transp
o filaments:
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te smooth muscle function?

How do second messengers by a number of important
s ‘Smooth muscle function can be regulated by @ portant secong Messeng
tems, "?n‘}""'"‘fﬂ,w . hich hydrolyzes membrane ipids (0 produce inie

+ Phosph S

auses the telease of Ca2* ions from e ‘"m
phc ®) Cp" i ,,,.,c.?mfm C (PKC), which leads to mmm,.;am Py
g:lscmuh (e, PKC-dependent phosphorylation of the L-type Ca2+ gp

ates Ca?* influx).
lipase A

1yzes membrane lpids o iberate arachidoni
! acig
le force. Yoy
lites can regulate smooth muscle contractil
+ Calcium fons, which can also be viewed s second messcngers because “,,y
Comtractle sysem via Ca2 -calmoduli-dependent actvation of myosin ight g
nd rigger othr responsessuch s the opening of Ca?*-activated K channely . k""
‘membrane

¥
137. i i hose of skeltg)
cle and cardiac muscle? . ; -
o Skeletal muscle w?ujmx_m“mscl@ which, in turn, contracts myc, e
than smooth muscl
 When normalized to cross-sectional area, smooth muscle cells can generate g
pesed than cardiac ‘;‘E.w
ange o Tengs, and can generiie contractile force at much shorter lngths tha o
or cardiac muscle. The ability of smooth muscle to generate contracti
range of lengths is importan.in allowing smooth mn_|TMsc 160 adapt 10 Targe change
vollme of hollow organs, such as the intestine or urinary bladder e
© The ve% of smooth muscle contracion can change, depmdmg on physioogi cong.
tions. Si ‘muscle also exhibit in which it c:

for time wit ]

138, thklhehdlmd-mﬁum-dt"

without rapid cross-bridge cycling and with low rates of = cmumg ion.
139. What s the mechanism of the latch state?

i Ca?* levels, leading t§ in gkt choi
i s bridges, and cross-bridge cycling with ATP hydrolyss. Darg

but
€. Thercfore, both the number of attached cross-bridges (i
rate of the cross-brids <mﬁ?{.ﬁm

for prolonged periods of time with:
‘consumption.

stress relaxation?
fefer 1o the ability of smooth muscke 0%
length o organ volume. When smooth muscle kngh

- !
1
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iy in creased, the total force on the Smooth

is abruptly muscle or the

n’e 1 1 o - . ’
lu qubstantially. Over the next n;lmute Or 8o, the force on the 1 P??h.surc Within
SeS . SC
returns to near the control value as (he muscle € or the preg.

af IEEE dually
mev‘ﬁ,demeorgaﬂgw . == |
! reased volume within the oror: : engthens to a0
Qe st tch Ort 1ne ;—ﬁ—ﬁf&m ThlS CO : > 10 ac-
s modate the Sﬂ'lr)lf'is cal ress relaxatiomsWhe Mpensatory response of
thm

S ;
com uscle 10 S ptly N Smooth musce js ;

of orgalt "

decreased, the force on

smo? Jume is abru 2 i
::idnl'whe“ &“uzge force and organ pressure are soon restored to f]]{;;"; 1:2152?:;:”0 inside
(he organ ; ens 10 maintain force at the new length or pressure at the reduced vquw‘lluc o
e U relaxation). Stress relaxation and reverse stress relaxation result frop, rcad'::f (Ee-
verse ™ ition of sin cross-bridges on the thin filament and are importantﬁﬁ?%‘nn@;

of the positt T w'mﬂinmi“ a constant pressure in hollow organs, despite changes in the length of
: m e

\:e\oﬁ‘h h musele cells.

e »
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