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CELL MEMBRANE COMPOSITION AND TRANSPORT

ts of the cell membrane?
two-sided. They have a phospho
sphorylated glyc :
1s attached by ester bonds. The fatty acidgtgile(:(f){e:él;kzone
jecule iS repelled by water but mutually attracted to other fatty acid tails Hl;ngz.
the tails face the inside of the membrane and form th.e .membrane core. Each lipid also ;:Onlain '
- :d head, which faces outward because it is polar and attracted to the surroundin;

1. What aré the main _com;_mnen
' The lipids are amphipathic, or
obic fatty acid tai

phosphohpl
water. . g Ls
The proteins float in the lipid bilayer. Substar?ces that cannot pass directly through the lipid
hannels or use carrier proteins for facilitated transport across the

ove through protein €
proteins invo

h as receptor m

lved in cell signaling are located on the inner or outer surface of
olecules for neurotransmitters or transducing proteins, which
ins and enzymes.
tween the phospholipids of mammalian cell membranes. The
steroid structure of cholesterol does not permit it to span the membrane. Cholesterol acts to re-
duce membrane fluidity at physiologic temperatures but increases fluidity at lower temperatures
1o maintain normal membrane function. The lipid and protein composition of the membrane
varies greatly between different cell types. |
Carbohydrates bind to external sites of membrane protein and lipid molecules to form gly-
olipids. The resulting carbohydrate layer on the outer membrane surface is
ly charged, performs several important

The glycocalyx, which is negative
Ca2* to stabilize membrane structures and acts as an attachment

bilayer m
membrane. Other
the membrane, SuC
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Ipid aﬂfi protein components of the cell membrane.
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2 Whatls another name for the el membrar
Plasma membrane.
an e andprocs bt
e (o il s f s L g,
The endopl hereas proteins are synthesized on the surfuce of the ER by m, mk o
vl the ER, sl B e ol appraus prosesss he R producs 1
messenger
cation to the plasma membrane.

3. At what cellular site are me!

" is?

to
ma membrane i to mantan cell Fmeostsi by clog

ow
i
The main funcionof te plas cyoplasm. The phospholipid bilayer etk bnm:ru, i

trolling the internal milieu of the cel

lipig
sion with which meniyan prtins an o 0 enact critical ch.mgck incll r..,.“,,,,l

n-mpnn care,and signaling pmlemi

5. Where are membrane proteins located?
Protcins may be located st the internal or external surfaces of the cell membrane or gy
across the entire lipid bilayer.

6. What are the functions of membrane proteins?
« To transport hydrophilic, large polar substances and fons across the membrane

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

7. Does the plasma membrane of different kinds of cells express the same types of pr.
teins?
‘The population profile of membrane proteins varies tremendously among different kindsof
cells and is “tailor made” for each cell’s function. For example, neurons rely on membrane Na?
channels fo el excitaion nd the elesse ofneurtransiters, whereassmooth muscl el do

not require Na for . Nerve cell membr Iy populted
with Na* channels, whereas Na* channels inthe

cle cells.

8. How does f the i and d differ?

"h extracellular fuid contains high concentations of sodium (Na®) and chioride )
Hence, from an evolutionary perspective, mammalian cells continue to be surrounded by a ol
tionresembling dilue sea water. In contrast, the intracellular fluid ccnums a lngh concentration
of the cation, potassium (K ). The.
atively charged proteins and phosphates. Other important subsmnm such u glucose and Ca¥*,

Composition of I Fluid Versus E» Fluid
INTRACELLULAR [EXTRACELLULAR
'CONSTITUENT CONCENTRATION (.‘()Nl'EﬁTRA TION
TN T
N 14 mEg/L 140 mEgL.
car lwn: 4 mEgL
@ 107 M (ionized) 2.5 mEgL
o 10 mEgL. 110 mEyL
e } ’x:: n\l—7‘|u/|: 20 mEg/L
¢ my/ = 10 mEy/L
;’::-N larity 295 mOsm/L znlu oL
=71 14
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. How dotipophiic
celimembrane?
Uncharged lipop
inid core. Important
readily cross
can easily move 8Cross. th
o large polar mo!
.mbrant, must int

tems are aciiyy
(ipid-soluble) and hydrophilic (water-soluble) sy

an
‘ e crous the o

Y simply passing (i
examples of these substances are the gases oxygen oy 8 through
el membranes. Some small polar subsances, apscireC" io%ide,
¢ lipid bilayer through intermolecular pores, Hycroph,

lecules, which are not lipid-soluble and are repelled by ml’”m dt x:»lu;\wl
et with  specialized carrier protein or channel proein tq crom o
e aslale substances, whic Fguire pecil ranspor procin o permeus he
e, include glucose and omino acids (lrge polar substances) and all species of fone

(Nt K Gl HCOy™)-
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009,
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diffusion diffusion N
FACILITATED DIFFUSION  ACTIVE TRANSPORT

Mechanisms for the movement of substances across the cell membrane.

10. ¢ of a sing] ige under physiologic conditions?

“The lipd solubilty of many substances depends on their environment. For example, many
molecules can exist in ither a protonated (positively charged) form or in an unprotonated (un-
charged) form, i i A ot cross the mem:
brane as readily as a neutral, unprotonated molecule.

1. Dlcis bow lpid iy s usedin drug therapy.

e eneiple goveming lpid solubilty is used to advantage in treatments to reduce blood
Jevelsof phenoburbital dring barbiturate overdose. For example. a the normal blood pH o 24
't " d hal: Only the d form
o ey membancs rom te lond 10 th urine for emoval from the body. Adminincy
b e orte, however,incrases he pH of e lood, and sune of te potnas
e, s 15 Weifproon t the alkaline environment. The resultng inerews in
1 e o g . XMl phenobarbital molccules enhunces the pasing of thir &g

urine 0 lower sysiemic drug levels.
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e three man processes by which substances eross cell membryny,
12. List

5 i‘mplf.:g‘:fg’;.w (also called carrier-medinted diffusion)

ve transport

3 A

.
13. Define diffusion.
The random motion by whi
cal gradient.

ich a molecule crassex the cell membrun down fy Sl

14, What s a difusion cocficent?
ifusion coefficient is a measure: "
ing e o and u thickness of | cm, when the concen i

brane s | mol/L. Unch:

f the rate a1 which o solute cun crows g e,
I

My
difference nerowy g .

M e iy,
i o,

! 1 poly
fici hey € Quickl crom the el e
Many drugs, such s generl anesthetic agents, 50 are pophiic nd e high i g
ciont. These drugs can readily difuse across cell membranes (0 exert heir efect, Large
dily difflse wer e & s
g Mane,

require transport proteins to cross the cell membrane.

15. Which four factors determine the total amount of uncharged solute that can dify
‘across a cell membrane?

< is directly proportional to (1) th on g,
dient of the solut, (2)the solut’s diffusion coeflicient, and (3) the membrane urca an i
versely proportional o (4) the membrane thickness. Changes in the level f thes our actos o
ey : Forexample, pulm

nearey
ilable for oxyge into the blood,
which is required for oxygenation of body tissues. During pulmonary infections, inflammatoy

alsosi : "
to the pulmonary capillarics. In both cases, these diffusional limitations may result in sysemie
ypoxia.

16. Define simple diffusion. 5
During simple diffusion, substances cross the cell membrane by simple movement though
intermolecular spaces.

17. What are the properties of simple diffusion? .
« Diffusion occurs down an electrochemical gradient.
. on is not rate-Jimiting but represents a linear function of the concentration gradient.
« The diffusion process is not saturable.

» Noenergy is required.

18. Define facilitated diffusion.
During facilitated diffusion, substances cross the membrane by contacting a transport pro-

tein. Large polar molecules are transported by carrier proteins, whereas charged ions ar rars
ported by channel proteins,

19. What are the properties of facilitated diffusion?

* Diffusion occurs down an electrochemical gradient,

* The substance binds (o a transport carrier protein, which ndergoes a reversible, "
mational change (0 transport the substance across the membrane,* ;

© The diffusion process is rae-limiting and saturable because it depends on the avaiaily
of a finite number of cartier or channel proteins,*

* No energy is required.

* Property s different from simple diffusion, :
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wv?"‘", polar molecule, which can eanily diffuc scrop ey

A isd Fois simple diffusion of waler down it concen m..m'"'"""f hrongh i,
' o a 3 f o e Conenraton (w1 .
e o P s e
8 scement cellh can peg.
5 o "
ofwatcr acros a embrane down s
it
21, What s asmotic pressare?
The pr i e
Gffusion of waler.
22 Bow s asmotic pressure determined? )
Osmosc pressure i proportional 10 the mumber of solute particles per uit volume of luid
particles s quite similar regardless of size.
n N be of .
molecue, whi . : fuid than in
s, the diffsi is rate-limiting and :
u insulis ion of

tnsulin 2 product of the pancreas, increases the rate of facilitated transport of glucose into «
mascle cels. Some evidence suggests that this occurs when insulin binds o its receptors on the
cell membrane and speeds the translocation of glucose transport proteins from the cytoplasm to

ehose enry nto the cels.

25 Why s there glucosein the urine In diabetes mellitus? _
o Jlocos nthe loodsiream is filered by the kidney into the urine. Normal levels of glucose in

wpcicly
oo hus m lucose is normally dtected inthe urin. In diabetes melius, blood glucose
o high.and filtered i Iy high levels of gucose in

e \m’ irate 3
'ﬂm the ransport proteins in the kidney that are responsible for tubular reabrorpion.
Jevel o ghucose is detected in urine samples s a hallmark sign of diabetes mellitus

% What b actye
The mosetment of submtanc - . R




Lol Nwtven, sid Mueedes -
[y

pina W I [T
TR L vl e
: m‘xw " A i‘::\\w\\n ot
ey I g Al vl
: :: :&Tﬁ\\m ke g ¢ A s eguived 1 i e .
Wabpa vt awgund?
» :\::::: \‘:«w VAR AR R vl derfvend P the break oy,
A
+ M) IR AR e wnandly B fonie SOy
;«v«m\w\w b, Wi e wigially created by primary ective trgny ;;‘%_

8 WhRR ik R D o AR W ot
e Nt N png vy pe ol o The Na o

X ORIl 1 BRI Wi it e men R proei, any imp

b i T S o e s B e ATD o "0

T sl A st enchangss i B tnetennal K- . A ingleexchange

A hwt AL v o

R s s ettt He Na', K puugs i called an electrogenie l"l:.':'

e

eneratey

O ATh,

e Rt P he widingee of thive inrernal Na® fons B v extenial K iony
At el e L

A What wre twe R uf weivinders wctive thanport?
L BIEAHIE RTINS TS bt dne transoded inidirectionally scrose the
A R L ot
i) o ¥ @ IO protein of two substane,

" w
AR e s the vl enlwane.

AL Why b cutrwmgrt iyprtant i the abworption of migars ahd amino acids tn the
trabatentinal towet? e
™ \

s " ‘ the Na*

A Na® K" pangy which high Na* (140 mEQL) in the ex.
macolllar it i & o Na* vt (14 L) inscellolarly, Because Na® concnee.
i Rghor ks the vl the e transuort protein involved in the cotrmnsport pres
B a Righ possitulity ot Nunbivg entcelulas Na o its onter fiace. e subsequent cobinding of .

wat Tawve ol
chang, ! e ibility o the inside of the membrane, Hoe
Na® WA @ g :
OHmlary aVtive RBINAE ittt R the whw sugars and dvd ‘
AL Divens " n l

that is extablishad By the ATIiiven Na's K * pnap to transport 1 st of the cell by secondsy
axtive st I this prowess, the binding of extacellular Na aid itracellalas H* tothe o
Aite lawes of the st herchy U
skl o T Jokein s it o the mombue. The subuoquent trasguort of Na' intothe oo
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il iycosde drugs take advantage of secondary activetransport o in-

do digt
“nl?c“lv;n force of contraction of the heart? )
s ’ ’

; the fail-»

o e bind 10 he xtema fce of thea-suburit o the Na, K* pump o it
ing ing active Na* '
A i build-up of Na* a th inside sufaceof e
centat ecause it reduces the electrochemical gradient for Na* and thereby also

ots Ca?* transport
mcuun uuvusanﬁht Na*, Ca* countertransporter. The subsequent buildup of C#2* in the
et provids an incessed supply of ntacelller Ca?* to activate the contractile pro-
‘eins incardioc muscle cells. thereby enhancing the force of contraction of the heart. o

THE ELECTRICAL PROPERTIES OF CELLS

34 What s an lon channel?

Lon channels ore specialized proteins in the membrane that provide a passageway through
which chargd ons can cross the cell membrane down their electrochemical gradient. The re-
saling onic current, generated by the movement of charged ions through membrane channels, is
sometimes egarded as a form of facilitated diffusion because it involves a transport protein (see
figare n question 9).

35, What s the general structure of ion channels?
MM::’AM channels are multiunit protein structures, similar to the carrier proteins in the mem-

m“““’:h: ceatral shaft that spans the membrane. Other regulatory subunits (B, 8, ¥) influence the gat-
" behior of the pore-forming ar-subunits and may regulate their level of expression in the mem-
ectivel

The pores of moxt
filter, which
;”:‘ el e type o on. Hece, " Na* i ther ion
conduct K* ject other ion species.

% How,
Mn-.::.“.:'.'. fon channel differ from a pore?

Gusion, Jop ¢
e of on

ha pening hat permit simple
Ao :Lm wated pathways that can exist in open or closed states to egulale the
membrane. lons can traverse channcls only when in the open stte-
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tates of un lon channel?

n conformational o

37. What are the :::; :;’:m on channel rofers to u channc thal is cloneg py N

o The 7“.';?|...||¢.|gw by a chemical o w‘)lluxe stimulus, ™ .

m"::fl:.:m et of an lon chunncl efers o chunnel that s opep gng _— .

.

fonic current. N
e on chunncl refers 10 a channel that is cj )
te of an ion ¢l . e g

o The nacthvated s e mtivated e occurs immedisily gt e et
lh:‘cvﬁ;o“ﬁ:;pming) ‘of the channel by a chemical or voltage stimulgs, -t
acti

single lon channels studied?
the behl"‘“:'::d is :wlﬂ“umnly ed 1 mESE CUTent rough singe i,
e is placed on the mnﬂnbmn: u:‘r:uc[g o cel and g m :

ipette wall and the cell membran. fonic curtents reyy)

o '"'72?1:?:.'.‘ !ﬁn"n'fff (:a the membrane patch formed within the pipete “::’gl ftom g
O o by a high-rsolution amplifie (sce figurc). Using this metho,the funy “m
Scterstics of jon chunnels in different types of cels can be studied. and the action el
drugs on ion channel behavior can be explored.

38. Howls
“The patch-clamp met
The open tip of a glass pipe!

The patch-clamy
e e
single ion channels, ;
open §
unitary i
amplitude ]
closed closed !
. 5 |
3. i i
2 cell membrane? |
‘The total amount of ionic current () that crosses a membrane is described by the equation: |
I=nXxixp 1
where = the number of i L= i i
L and p = ility that a sis i in the open state.

40. Discuss some types of ion channels and how they participate in cell function.
Ligand-gated i 1so called chemical. fon channel

closely associated with a membrane receptor. Binding of a chemical messenger to the rectpo
causes a conformational change in the channel, which causes it to shift from the resting saie®
the open state. Ligand-gated channels often are ive ion channels, which conduct 70
than one type of similarly charged ion species in the open state. For example. the bindint o
acetylcholine to its postjunctional receptor on the skeletal muscle membrane activates a i
gated ion channel, which permits the passage of Na* into and K * out of the muscle cell 1P
iologic levels of membrane potential, !
* Voltage-gated ion channels are opened by changes in cell membrane po(cﬁril‘,m‘v:
the clectrical ield sumounding the channel protein trigger the movement of positvely ChIC
Amino acidsin the a-subunits, which form the ion-conducting shaft of the channel. As 272
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el is converted to it
ol change, he chan erted 0 it open stae. Mo
w‘"“‘m‘d S exciubily. such as Na*, K- und Ca2+ chnm;r;::,ﬂ" chamncs
< present
',,l.n\uv"’* Voltage.
tial?
. mmnhnnepo«‘n
el il e e )
% unstinuated) condit st cells have an excess of
s.\-::;:‘::‘“:“ e and show & negatve membrane potental, — -+ R4
-

lal show a negati
the resting membrane potential negative charge?
o “’;‘,':':ﬁ..g "l membranc is preferentially permeable t0 K ions. For example,

8 cell membrnes are ‘30— 100 times more permeable to K * than to Na*, C-"po} m’ﬂ::

i R oo e e el s uch e hn the e o
o vesutofthecell hroush K " n-
e cyoptas side of the cell membrane. g
* Lmehmmima‘.x', ting mer i y

erate negalivity at the inner membr
::;?::im e negative electrical potentials generated by both K effiux and the g

K- punp:
o fK* K+
e clls K e prmarly gcnerts the elecrcal potential generted seoss

e membeane, Resing membrane poential vaics beween —50 mV and 90 m i diferent
ypesof mammalian cells fthe Na*, K* pump o thi

opes
s sbout 5-20% of the total voltage.

44 What s an equilibrium potential?
The equilibrum potental for an fon i the membrane potentia that would exist if the ell
Iy ivel letely per o that ion species. Un-
e thse conditions. the distrbution of the ion across the membrane would be at equilibrivm
(equa s of influx and efRux).

4 How s equilibrium potential predicted?
vz K G
Nernst equation: V = 7 In

‘where V = the equilibrium potentia in volts, R = the gas constant (2 cal/mol/’K). T = the ab-

solutetemperature (K). F = Faraday's constant (9.65 X 10* coulombs/mole), Z = the valence of

eionn = loarimio the bsc . €, nd C, = the outside and ‘nside concentrations of  pos-

ool charged ion. The numerator and denominator of the C,/C; ratio are reversed to calculate
quilibeium potential for an ion that is negatively charged.

46 What are the predicted "
malian cell 1 values for the K+ and Na* equilibrium potentials for a mam-
o el i he Nermst equation? o P
eplac ? )
e &"m:"’i “: constants with their numerical values and converting from the ml:ral ’l(r:x

®
eqilibrium pot
K

By = -601og XL 2 g0 10g L0 4 0V
[—— ) ] )
ok g e 2Fproach, he following equation predicts the equilibrium potential (2 milli

= -0log 114 v

% Nay 60108 Tigg] +60 m
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47, What do the equilibeivm |m\'lll|llll Lh; K+ und Nt reveal ahout g, ol M‘"
. tentlal (n nerve vel ,
e et P ol i orve coll s 1:(7.;.:' - -
i pototal, e [ onbne e i, N

the R U s mcombvie st e Bikhly wid salevtively iy
o for teating vonditions. w

her than o Na*

i tunt-feld enuntlon?
. What b the l;‘:ld:::'l‘\xmum'ullul e on the concentition or 1, .
The it lovel 16 Wi gy

s connant-fild equation enn b used 10 prolict he contitygiy of, .1.;,1,_..
el

N

¢ Clokimat !
- e st et bt pcoal

RT Py K1 P INGCLE P 1 ] 4P, 1x)
Vo I TR IR T Py INa T P 1, T
= membrune potontil, R = guk conntnnt, T = sbaoluts enmperatre, = 1,
—r np:::‘wulvilh’;n( e s 03, 18] CORSHTAIN F o 1ol
the autside of the cell membrane. ,.

Which defnti ly wned s I membrane oy,
s e el of membane ptenil ot which o deppa
itiate an aetion potential " by
* Depoartatonshe sl menbvan il Becomes s Pl 5. move g
OmV from n more negative potential leve)
* Repolarzatios the sl b ol becomes polaried gl (5, move
from O mV toa more negative membrane potential) ]

P polarized (negutie
the original resting membrane potential level v g

50. What I the fonc bash for the actlon potentlul In nerve celiv?
An acton potentin s the eries of membrune potentinl changex that ollow & suprye,
1l excltation, The following seriex of haracted

potential in neurons,
* An exciatorysimulu nducon the nerve cell 0 reach the iring threshold for the nigion
of an uction potential,
* Thei i

nel protein, which converts it from i renting to Iix activated state, Aw the Nu* chanoch
open, N begi hi e ! icul gradicnt, Thin infl

rged Nu' on the i the cell mem
and more Na channels apen. Thi chain of eventx hus o snowhil sffect, a e aton
poventia i now allor nane and runs it Full ourwe regardlews of olhercell changen Mo
brune permeability 1o No may increuse several thousand-fold during the carly sages o

the action potential, owing 10 the alniost invultuneous nctivag;

: i, " Juiond
Na* chunnels in the Plasima membrune of the nerve cell, o oludeme popduin

o Asthe cell depolarizes further, '

the exit of the positively charged K* wrep
o Py " rged K ' joms hegin:
ililf’.‘,.'ﬁ :ll ;md retum it o its original level of resting membrane potentisl In masy
brane pocnal, e ¥ €porarily exccedn the origina lovel of g S+
bility véemmr'l i: 'W'" h ization. Increases in membrane K* w"“:
Period thereater, 0 U0 e ltter tugew of the wetion potental and for#

cel
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1 returns 10 it original level of resting memi
:mrn (o their resting state- brane

I

inactivated

J Anerthe POental, the Nas g g o

channels

i
:

=21

conformational changes in vol
Nat and K* channels, which undeiie v
action potentialin perv cells.

§1. Why do vltage-gated Na* channels activate before voltage-gated K* channels o re-
sponse t0a depolarizing stimulus?

Na* channels are more voltage-sensitive than K+ channels (i.c., they are activated at more
segative membrane potential). Just a small depolarization from a resting membrane potential

vl of ~T0 or ~90 mV is adeq Na* channels, which to permit Na*
ioflux intothe cell and induce cell depolarization. Larger changes in membrane potential consis-
i i ired to activate the less voltage itive K * channels, so

increases in membrane K+ permeability are observed later.

52 Why do action potentials of nerve, cardiac, and smooth muscle cells differ?

Different types of ion channels and their relative densities in the membrane vary greatly
amoag perv, cardiac, and smooth muscle cells. The ion channel profile of each cell membrane
‘Pprobably has evolved over millions of years to reflect the functional requirements of the cell. The
complesityofi oo " " d
m suburits can interact to form many subtypes of a channel. Furthermore, the altemative
“Plcing of RNA sometimes leads to many isoforms of the same channel. Regardless. p‘:l i

onfiguration,
Nerve el
Py o

.

-umh,f':;:“" duration (see figure, A). The rapidly activating N&
K" chape o0 o PoLential. Theiralmost immediate inactivation coupled
I a2 Tpid cours of repolization. Volage-galcd,
are activated during the sction potential, and the resu

cell lumign for different types of tissues. he
mus ire rapidly and reperitvely to transmit electrical impulses throughout (¢
ly to transrt €

- wing
+ channels provide the

‘o the activation of
‘neuronal-type (N-
ting Cad* influx
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Jdes the i osransmitter refease. The N-type Ch¥* chane
O ik, musele el f the VeOICUar MYOCARIUT b KD g T~
et ~H0 o a0 The o o M o,
Jonger than the length of the action poteatial in mul;u;:: e s, B, T i “‘“"“a‘,
o o ot st e Tl Uk ot il I, w04
i i el eyl e of s e i o g
oed N and K- chamels o e Jpolrizaon nd ol e et
e st el il i ol X of el el The e
f i el cxpresses et g o Yoluge- e Ce el gy o
o ol el Dpoltationof i el ST (0 Wttion of g ¥ o
Jong-aving (L-type) Ca? channels, which inctivate Slowly and provide

LR e

G it e muscle oclL This ™ i, ouplod 1 W e of Cy+ ?,::f::’mﬂuw
stores. provides the activator Ca** required Ot the Viganous contraction of he Canln e el
The sustained influx of Ca®* also acts to muintain depolarization and nocouyy for |
plateau phase o the acton potntial. Notably,the pacmaker cels i the i X
ovniriculrnode ave i action otntal COnBRUION. Rting iy
less negative n these ells,andthey show spontancous depolarization. Abo, iy
stroke of the action potential is medisted by Ca2* influx primarily through Loaype cyte’s*®.
rather than by Na* influ as occurs in neuronal and cardia ventricular ool (see e Y

Smooth muscle cells populate a heterogencous group of tissues, inchuding blood
bladder, e inal tact, Th wopeties vory ey e %
tissues. What generally distinguishesthe eloctrical properties of these el rom neumpy o<
diac ventrcularclls (1) thesbaence of voltage-ated N channels i their s engee®
and (2) the setting of their resting potential at less negative potentinls between - 4§ nd =)
I his range of poteals, volugs-gated Na* channels. (i present) are gy natvag
hence nol availabl (o puricipate in cellexcitution. Thus, smooth muscle eell ely primeny, «
volagegatd.Ltype Ca chunwelsforelctricalexcitaion. The il of i thagh g,
gated Cal* i ible for the ups ; o

|

ke of action potentials i
Nerve Cardiac ventricle Cardiac AV node
A B c
o o o
i ) K
100 100l 1
¢ 1 2 0 200 w o m -
msec msee e
S VSM
D Gl E VSM F
o 0 o
P hd -
P
» R S ] -
0 00 a0 O 2% S0 M0 1000 O Ll
L - o

Cells from dufferen types of tiasae show different action pesential vonfigursto:
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e muscle contraction. These action potenia
povies C:w‘: " may occur n gastroinisiingl 4(;1;:."“.":,'":'!_& st
g con 8 Tl ells o 1ot Show action potential u re

e provide stvatr Co* (e T, £ The excinbing '"
pentean P muscle cells nﬂec:h their functional role in the body. g <" 1 ey
o0 hat panticipate in thythmic contaction des S0me gastiinteqy
el e e e 1
s of Ca to manan arterial one and prevent rapid changey in iy 10" -

{ O ely consant leve of esing membrane potenil coupleg v ™
et ifl. However: ‘even under these circumstances, 8 sudden excilutory wimulye ;"':l“-mmi

e e acton ot s rc. ) v toed

isa refractory period? X
et T an acton potential during which another ction potentnfcans
"fractory period. The continucd inictivation o the voluge-gates o
! makes them unavailable for opening and mm“”

o does a refractory period protect the cell from overexcHtation?

st B aa s
An  period
e et he el o exrmely rpi.rpeiis wimlion, whl wukd
o el

o s function. Is. the refractory

e oges such s sizures. Inthe cardio venticular Gl h refactory peiod s pre-
i action potetals, which ouldrgger  rapd hear i achycardia o i
aganized cello-<ell resulting i nd death,

55, What are the two types of refractory periods?

p Na* channch " .
Il the Na* channels begin to i after remors-
on of the esting membrane potential. During this period, a second action potential canriot be
initated regardless of the strength of the stimulus.

2. The relative refractory period refers to the time period immediately after an action po-
e, when 2 second action potential can be triggered if a suprathreshold stimulus i applied.
Darg this period. some of the Na* channels have returned to their resting state and arc avail-

iod al llows the periodin

the course of an action potential.
NERVES AND NEUROTRANSMISSION

% :‘l;‘mvmm main anatomic regions of a motor neuron?
e soma i e mai el body of he neuron, which acts 18 processing center fo the

<t
el it e atenna-ike rocesses that project out from th soma and increase the
o he n:;l“in:' the reception of signals from other ncurons, which they subsequently rans-

Recpon . The plasma membrane of the dendrites is densely populatcd with ligand-
g e POV high-afinity binding sites or chemical trnsmilers feessed by sur-

3 The anon

00 oninasey u':.,:h"" projection that transmits action potentials away from
o ey e K (3 bulge i the soma) and ends in & nerve 7
Rl gy ) Shemicl ncuroiammiticrs, which can be eleascd when un -
i s ey 21" Heee the wxon ltimaely provides an electrocher™

the soma. The
nal. This ter-
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long B nerve mxon?
otentinl propagated W
87, How lT an “"‘:'I:'.'_“.mmw e it i e verve pliwas e [L—

::‘ w: .‘\‘;‘ J; v ot by el et PROCENS (€0 HRUO) i gy ny gy
outthe re oS
e e XA 0 v, g

" o tirve 11D Ut ERINCY rexln g e < gy

. 1 docy not propugae wlong : g
o i ot which propugae e Lonully away fop e !
et poteal. The efatory perid I oW 10 0T el g€y
u“l:,:‘:\lu the backwand flow of carent toward the initial oxeitation sie und ety 1. el “’:um
Suency of action potenial sy, N

Tocal
brane 0 adjucent, normally polact

b & by, 1
al low o el

mnm PRI of 1) g

58. What s saltatory conduction? |

“The axons of some nerve are populaied by cels alled ollkodendracyten (i the by g

spinal cord) or Schwann's cells in peripheral nervow). The plasima membrune of ollgodepgns

cytesand Sclwan’scll contains  igh denity ofa lpidculed myelln, nd thethick ey |
. . p )

which insulat the underlying nervo cell membrane from excilatory stimull, Hetween the myeia
blocks are the nodes of Ranvler, which ure myclin-free sitex where the ¢oll membrne nanin,
exposed to the extracellular fluid and is densely populuted with voltage-gated Nu* chunncls o
promote action potential generation. Saltatory conductlon rofors 1o the unidirectionsl junping

o
agation of nerve impulses for long distances.

59. Which ‘maln f the veloclty of actlon
?

n?
1. Myelination increases the speed of uction potential propugation along the axon, The
nodes of Ranvier provide a sequence of highly cflicient wites to tranumit the nerve impube s
be des. Myeli ity of action potential propags
‘much as fftyfold. The requirement of myelin for normal motor function is reveled by the st
deficits observed in patients with multiple scleroals, 1 demyelinating dixcane of the central it
Vous system of possible autoimmune origin,

2. The diameter of nerve fibers alko positively influences the velocity of sction poteni
propagation. Large myclinated nerve fibers, such us thoxe innorvating skeletal muscle, show
highest conduction velocity. Small, unmyelinuted nerve fibers, such ux the sympathetic poss®
glionic fibers, show a low specd of impulse propagation,

60. How are chemical messages tranunitted hetween nerve cells?
Nerve synapses represent the communicating structure between the axon mvmuL«;':
ofunec hepnl
synaptic neuron). The space hetween the two adjucent nerven that must be spanried o perit
continuation of the nerve signal is callcd the aynuptic cleR, When a nerve inulse I prorsse!
to the axon terminal of the trammitting nerve, the influx of Cal* through voltage gsied (*
chumnels n the plasma membrane of the presynaptic nerve terminal riggers the relesne o (40
ical neurotransmiitters from vesiclex stored in the wxon terminal, These ncurvransmitien




Cells, Nerves, and Muscles

e and bind 0 pecific highaffinty rece
e 5P S e chemical signal s adequte e aon 1€ plasma e
' livati
o

20 i
e v‘“”';;',‘s e cellrsgnals ha e cectical 1 o of thse g, =

cated rece]
o e sy
g1, which £00° e
el 1 of neuroransmitier released by the presynaptic nerve termi

. x:ﬁ"’:‘,", ot he ransmitcr down i concenrion jidioy ol
. i synaptic

tors determine the concentration of neurotransmi
itter in the
synaptic

o adscent s of extracellular fuid
o ~
. The active uptake 00 by N o ™
arrounding RELOMS i
The' breakdown of ‘peurotransmitter molecules by enzymeslocated n the
o e e pasma membranes Hihe presynaplic or POSSynpic neurons resynaptic cleft

emical ne
& "f‘t:f: B ability ofthe possynaptic neuron?
e neurons can ; ither pr

(see figure)- leased i

a small, local. 107} ated depolarization of the postsynaptic neuron, which is

postsynaptic potential (EPSP). Because the amplitude of this depolariza-

e membrane potntil 0 the threshold required forhe ntaion

il the addiive effect of multiple EPSPs is generally required to initate an ac-

At the postsynaptic membrane, Conversely, neurotransmitiers released from in-

nduce a small, local. nonpropagated hyperpolarization when they

e receplors brane of the postsynaptic neuron. This local hyperpo-

uzaton s called an inhibitory ‘postsynaptic potential (IPSP). The algebraic summation of

hether the membrane potentialof the postsynap-

Tiring threshold and initate an acion potental

\/\./(/y

@\ presyoaptic
inputs

ynaptic cell

Buence the excitability of the postsynaptic nev- N
I
(€]
>/-\ )

6. What s the difference between te N
mporal and spatial summation?

i - ol multple EPSPs or IPSPS

potential

Temporal summation refers o the addiive effect of sequer
z:":: from a single presynaptic neuron on the membran® of the P"S'SY"']P[‘::
— E;lsimple. the repetitive firing of a single excitatory presynaptic newron "‘;Y( "‘.:“0“
poenil Em;':‘.“"'"c" ‘may depolarize the membrane potentia o ts AT thshold o 207
"“'""stmm Because an EPSP results in only a small increment of mm‘""'; priogen
oxcur, Thi m,‘“'ﬁﬂem (o inactivate voltage-gated Na* channels. 2 refractory i L
g s mlile EFSPs 1 xer B g depolarizing effect 7 1

Spatial sy Isynaptic neuron. . Jy
iginaing m:ﬂ:lm refers to the additive effect of multiple EPSPs or IPSPS s|mulun=°"5‘ i

ilrent presynaptic newrons on the membrane POIHe! of the post
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(e themearotanite ignals bave difrent geographic riing, g
neuron (i

he mers ! PV

i concurrently to regulute the megp. ! ok
ial and temporal summation act

conditions, spatial an

of the postsynaptic neuron-
NEUROMUSCULAR TRANSMISSION

le function? )
e lio|'I frnv:.ﬁf,'::":x“.f:m initiate muscle contraction.
oln sk‘;[ wc muscle, sympthetic and parasympathetic nerves modulate the pertom,
e even though cardiac muscle contraction is spontancous and ]
nerve activity. o .
s may either nitiate contractile activity or modulye
. L“,iml’uﬂ?.?l?."f ‘r'\: muscyle. For example, norepinephrine from """‘"G:#m':::‘
mials can increase the level of acive 1one in a blood vessel sbove the reying lenieg
tone that exist s a result of intrinsic excitability of the muscle cells,

ey

t is a motor unit?
o yl,::m:m: onsss fthe spha motor neuron an all he skletal muscle er
nervates.

‘What i the innervation ratio?
. The number of muscle ibersinnervated by each alpha motor neuron. I ew fibers

! are iy,
vated by the neuron (low innervation ratio), fine motor control is possible, but the ove
ion i less. If the innervation ratio i i

nll gl

) tions are possibl, by
the movements are less precise. Contraction of motor units with low and high innervaton gy
is integrated in the central nervous system.

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

“The all or none law states that when any skeletal muscle fibe is stimulated to tresho, .
will contract to the maximum ofis ability. If a threshold stimulus is not delivered to th muscl,
the muscle will not contract, Thati, the force of contraction in an individual skeletal muscle iy
s not graded in intensity. In contrast, contractile force of cardic muscle fibers can be grdeds

“intensity, depending on the inotropic state (contractilit) of the heart,

68. What is the motor end plate?

A specialized region of the muscle fiber membrane
folds that lie opposite of the terminal re
romuscular junction (see figure,
action potentials from spinal mo
pulse across the synapse is medi

with receptors at the top of juncions
gion of the presynaptic motor neuron. The skeletal net
10p of next page) is an excitatory synapse that serves to transier
or neurons (o the skeletal muscle fibers. Transmission of the i
ated by the chemical transmitter acetylcholine.

Jso. escribe the process of synapic transmission t the skeletal muscle neuromusubt
unction.

/Action potentials in the presynaptic motor neurons release acetylcholine, which is pact-
aged in synaptic vesicles that fuse (o the presynaptic membrane. aad reloase heif CONEIS

i exocytosis. The exocytosis of the synaptic vesiles requives Cae tops it enet el
through voltage-gated Ca2+ Ynaptic vesicles requires Ca2* ons that ¢

postsynaptic membrane (o both Na* and K+ joms | o ha e
ropagated act  producing a depolarizatio
,’;mi_li el O POtential in the skeletal muscle fiber and a subscquent coniractiod
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icrographof skefetl TS ncuromuscular junction. (From Faweett DW:
%ﬂ;dnwm, o ed, New York. Chapman & Hall, 1994, with pﬂnym_‘:m e

tor on the skeletal muscle cell?
integral part of the ion channel
potential. Binding of acetyl-
hannel, resulting in

nicotinic acetylcholine recep!
in skeletal muscle is an i
o responsible for the end plate

QE“‘.“;‘.ZE"EA ‘o the receptor-channel complex leads to opening of the ¢l
o ot end plae potential

71, Whatis a motor end plate potent

The lcal depolarzation of the €0

i the nicot

the permeability

mbrane to depolarize

tial and what causes it?
4 plate region of skeletal muscle fibers that occurs in fe-

i tors located onit. The motor &

of the postsynaptic membrant Na+>*
ast he threshold value foran 36~

spouse 03
e poenal s caused by ncreases in
P ions.causiag the postsynaptic me’
don potenial in the skeletal muscle-

safety factor for transmitter

e neuromuscular’

release at the skeletal ‘muscl

1o the fact that acetylchoine i released in @

roduce an action potential at the postsynaptic

in the ‘motor nerve tri nse in the muscle BOEX

b it coutnst Tsejon at the skeletal muscle neuromusc

miters 10 many excitatory intemeurons in the central nervous system: ¥ re neurolrant-
s a subihreshold depolarization that needs 10 b€ e mated (added together) 2 pro-

e "
an acton poteniial in the postsynaptic neuron-

7. Whatis the

“The sfety factor refers
grater than those required t0
saes tateach action potenti
innervates, The lrge safety factor for transmi

jggers a respo

T Whats

T quantal release of neurotransmitter? dud

e s of csnorsrlnct olecules in discrete packages Of i
ponds to. synaptic vesicle in the presynaptic ‘neuron.

quanta. An ind

the mo-
at occurs :pﬂnunw\lhly on
iature end PIIE poientité

4, What .
Aoy miiature end plate potential?
vonpropagted change in membrane potential t

o e placs
of the
skeletal muscle neuromuscular junction- Mini
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sancous releaxe of individunl qusnta of the U P

inding of acetylcholing 0 EGeIO 01 the Portyngy ""Hr:l "
"oy,

(MEPPs) are due to the spont

choline and the subsequent bi

of acetylcholine terminated at the synupwe?

lened int the synupticclft i upidly hydrolyed 0 aetta g
This terminates the KCtion of the EmMtor o gy :u,u,,.

e howe found In clwsic nerve

i ors. Anticholinesterases, such ox il
Tﬁ:ﬁ:&n af acetylcholine und subsequently  prolonged contrction of the u
cell owing to failure 10 eliminate the tranmitiet.

75. How Is the action
The acedylcholine

o 1y y

Kelell s

el

76. What I myastheala gravis, and how I reluted (0 BEuromusulur trunumiwiyy
Myasthen gravs is a euromusculr disordr hat 6 0 IUNCIC WEAk W, I ey

an autoimmane response 10 the person's own seetylcholine receptore, leuding o s regcy, by

the number of functional receptors in the postsynapiic membrune. min

77. How does curare work?
‘The South poi ubocurarine, bt iy
nicotinic receptors at the skeletal muscle neuromuscular junction, inhibiting he binding of lo
< neurotransmittr aetylcholine to the same postsyaptic receptor. Paralyvis of the skeleil e e
results from the inhibition of neurotransmission at the junction, ke

MUSCLE STRUCTURE, CONTRACTILE PROTEINS, AND CROSS-BRIDGE CYCLING

78 Why are skeletal muscle and cardiac muscle called sriuted muscle? Why o smonty
. muscle not classfied as striated muscle?

Skeletal muscle and cardiac muscle are called sristed muscle hecause
(stripes) in the cells: these striati absent in smooth .. The s
tal and cardinc muscle are formed by the orderly arrangement of the thick and this i
filaments, which produce alternating arcas of light and dark bands, giving the mm:.m
ated appearance. In contrast, have i
i el verlpof ik and i Flament 1 case raions i the musce s .
ures).

Of the striations

Electron

ual .
of sriated muscle. (From Feweet DW- e N:ﬁzm

Chupmman & Hal 1904w gt l;lluum and Faweet's Texthook of Histology, 1280
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Hierarchical arangement of structurs] componer
e from the whole muscle o o e of seleal

Jevel. (From Rhoades RA, Tanner GA: Mcdi h

‘Boston, Little, Brown, 1995, with pennlulon.‘}c.] Prycogy.

Myoffaments
1000.000%

1 of the structural components of skeletal muscle?
o nividul skeletal muscle cell are known as muscle fibers. ‘Skeletal muscle fibers (and
o sl cel) contain bundls of myofibris that are composed of many individual sar,
tomeres amanged i series. The sarcomere is the fundamental contractile unit of striated rmuscle.
e o ovelapping thick and thin filaments that produce a characteristic paters of light
ok bans (e lectron micrograph in question 78). The individual ibers are surrounded by
o to lger known as the endomysium, which conmectsthe individual ibers to par
il cells. Groups of skeletal muscle fibers make up a fasciculus, which is surrounded by
sccaetive s lyer called the perimystum. Bundies of fasciculi make up the muscle itself.
e il with tei ssociated blood vessels and nerves, e held ‘together by another confiec-
e iueayer, the epinnysiom. The fasciculi, which ran the length of the muscle, are sureoy
by yet another connective tissue layer, called the fascia. The fascia is a strong and dense layer of
e e i coves e enire muscle, In addition to separating muscles from each other,
e fsiaperisftinless motion and alsa extends beyond the musele o become the teador

9. Whalis the hierarchical arrangement

mh;'i“;‘"'dnzl sarcomere is bordered by two structures known as
s the point of attachment for the thin filaments. The thin filament

the Z-lines or Z-disks,
s sre attached 1O

e Z-ines N

Llesb aactinin, whicis a major component o isolated Z-disks. The 1 (isotropic) band:

atcoy posedof thin laments only, whereas the A (snisotropie) band is a dark band
the thick and thin fil ts. As seen in the elece

0 gy, p
s Ao 8 2 s the bandand it he borders of the indi-
D ot e, o - 10) COTESpOns (0 i cenier egion of the thick flameh
0O i o g O the myosin ‘molecules. Thus, no cross-bridges ¢
a8 it i rkly Stzining Meline (M band) in the center of the sarcomere cov
e g% AmENIS together to maintain their posiion. “Fhe thick and thin
AT e i gane o4 collection ofindividual orotcins, Myosin is the primacy
5 il (g e 204 i, ropomyosin, and troponin ae the major components
slectron micrograph in qu:slion‘78),
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canberit of contesellon?
o1 What s the s “".“'f.f'l."!:?".'.'fmue fotve by the HOPAHION of thick g
Thusrter e wee e, e lding Rlament theory cxpige
causing them tosile BT et i arer 0 o thesucomeren 5ol
i e o okl ctses e hin BlAtoetst slide ooy e
e e diance bt s 2 v, koW 1 it P
ents: this dereases the s

N o
and the muscle 1o develup force,

thin g,
B gy

iy

ttion of the thick flment?
‘The thict ged with the ails of the molecules fucing (OWAtd the contor of he Sl
Pttt i ly csicuted 0 it the thin Acats g e
eomenof the lament,causing aeive force generation und shorlening of the e g

bl

miicul characterlstics of myosin?
B e i (470 1) comssingof i PP chan gy
"Two of thse chainsare myosin heavy chuins cansising of an achelical portion ung 4 v
‘cad poion. The gobulr head porian of the molscul hydrolycs ATP i he prsee i
and interacts with the thin filaments to gencrate contractile force. The DICTACHON by g
ik and thin laments e posile b of pojctons of he myosin sl ot
Rcrus-bridges, whichextend tovard the thin filumen. The crows ride conin of e g
head of the molecule and part of the a-helical structure. The helical part of the molecyle Comtaig
o hinges. e of these i oated et 0 e thick lament, and 1he ot i octed o
globular head of the myosin molecule, The hinge near the body of the thick filament sty
emus-bridget extend oward e active sites on the thin flament, and the hinge nea the ey
the molecule allows the head 0 otale 10 produce the power strake thal generaiescomage
foree. Pais of ross-bridges are uranged on the opposite sides of the thick flament iy 3¢
Yotation from one set of cross-bridges to another, allo Ing cross-bridges to reach thin hlameny
‘on differnt sidesof the thick filament. Myosin also has tw0 types of polypeptide light chais
socialed with the globulr bead of the molccule, These are wrapped around the neck ofhe .,
cule.below the myosin head, and appear t0 stiffen the neck region. One of these chains s xeg
the essentiul light chain and may be important for the ATPase activity of the molecule.The sy
light chain s ks y Vight chain. In smooth musch
ulaory light chains allows the myosin molecule to begin ATP hydrolysis,
bridge cycling and the generation of active contractile force,

resulting in cow-

84. What are the components of the thin flaments?

* Feactin: The thin Slaments of striated muscle consist of two strands of fibrous aci -
actin) molecules that are intertwined in a double helical atrangement like two strands of
beads, The F-actin s compy astring of individual globular i
ecalar weight of approximately 42-45 kD) that are aranged in series like a string of beads
and contain active sites where the myosin cross-bridges bind and where contractile fomt

? o cros oS i il

power stroke).

reapomyosin and troponin: Tropomyosinis  fibrous protein 38-39 nm in length 8
has a moleculir weight of & y 50 kD, ’I'ropnni:'i‘: a protei "
« of three different subunits: (1) troponin C (18 kD), which binds Cat* jons; (2) rogoss
% 10 tropunin T and actin; and (3) troponin T {22 kD), which b

troponin [ and traponin C to tropom?

Troponin molecules are attacheg to ey k i conespondnt?
€Yy seven actin monomers, A iropomgeupe 1S Bl intervals ey

lies within each of the rwo ith it e
Foactin molecates, ° 8700VeS O the double helix that is formed by the
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) myosin and troponin in muscle cont

s the role of ¢roPO" ntraction?

8. wn:;“ Jed muscle. the tropomyosin strands mask the active sites on the thin i
In o aition bY blocking the intersction between the myosin cross-bridges lament. This

e en ytolasTic "Cat* levels increase during excitation-contractien coert e U

monomers: i

e doponin C. This changes the force of attraction between the tropeniranEs
; units

o " tropom!
“he troponin-tropOMY! 5 :
e e VORI v o the hinflament. This allows the myosin coss.b
bri

gmxw e active sites, and cms:';ehndge eycling begins, causing muscle contraction, I
0 e ch lcks wroponn). th Gropomyosin may have  srutural X
sl (o the thin ilaments. function, helping

1o mainain the inegel

e major roles of ATP in muscl function?
e fot the geneation ofcontrtile force, when it

B rlys of ATP provides stored oners v
O ay the conformational change in the myosin head (power
e couly ight e myosin ead ids o e v i on e i
SR ind o the ead o the myosin molecule, reducin the affinity of the cross-bridge
D i g o ATP 0 the myosi head s essental for muscl eloxion o
o e of ATP. the myosin cross-bridges cannol release from the hin flment nd
e e fomd. These complexesars responsile for the rigor moris that occurs
when ATP stores are exhausted after death.

i sl provides cnergy for active transport of jons by Various transport proteis that

it normal it gadicntsacross the cell pump Ca?* back intothe sarcoplasmic rticufum,
orpump Ca?* out of the cell (in smooth muscle).

g6, What are the

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

rogulatory mechorisms)

bridge

Z line

S i coss ey
cycling dur- —
b ocpmotconrile

N P é
S RM.Lewy MN: Physiology, A
it . Mosy,

A-M

Cycle stops hera in absence
of ATP (rigor morts)
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o e cycling?
87, Whatsteps are involved In "mmh::mim contructile force in muscle iy 5
“The crowwbridge ¢yt PAMEEL L B release of myosin heads o the oo,
mechaniam tha depens o e EEC L e cpling i derived from the hydrgly v
on th thin tlament. o SUEHY O Chc when it can intert with ctve ics an e o
by the myosin head which o l8 FLT i malecule, the ADP und P, thatrey from -
aments. Afethe ATP X ySRIyBE 8 S8 IV Ui o, the myosin head i in oy ighey ¢
byl et bﬁ‘:'..d» l::nlll‘:rgn::w o conformational change in whm_h it Stores the energy ;:
ergy sue, bﬂd““’;‘,‘ix of the ATP molccule us potentiul energy that will be rele el i the g
rived from By AP, conformution of the molccule’s heud has  high iy
e SEoke, e 0 0 active st o the hin flument a the st opportuniy,
g e of clevtod Cal* Tevels n the cytoplasm, he Gross bridges can nterg Wit
the. n‘nnx:v: f.":n on the thin filament, Right after the u\y)mm hc]n‘d (::l |{h¢ Cl(:ﬁx-midge COmbiney
Vit st onhe i laen. the ADP nd Py 1 e (1o he i g
{he pawe stroke occurs 5 Fesult Of  ponluncous ChURgE i he COFINaion of the yove
head o he ower nergy Ste, Thenet el of thisconformutional chunge s ha th energy g
was sored in the myosin head s a result of ATP hydrolysis is converted to mechunical
{hat pull the thin fiament towand the center of the sarcomere Via the ratchet mechunism,
A the power stroke is complecd, myonin hus  high afinity for ATP, which binds o g
head portion ofthe molcule. Binding of ATP 1o the myosin heud reduces the ffintyof he .
brdge forstincauing it el i atachment 1 theacive it on he tin Flament, The Arp
is then hydrolyzed by the heud, % the globular head 1y
retum o the higher energy conformution (orthe next cycle. The ADP and P, formed from th by.
drolysis of the ATP moleculefemain bound o the head, und th cycle repeats as long s the e
sites onthe tin il posed 0 ll bridge attachment (see fig on 86,

miche

energy.

|

EXCITATION-CONTRACTION COUPLING

88, What s excitation-contraction coupling?

The process by which the excitution of & muscle cell (generally involving changes in men-
brane poiential) is coupled to increases in cyloplusmic Cud  concentration and muscle conac-
tion. The increase in cytoplasmic Ca?* Initiates muscl by intercting

in skeletal or
muscle. Under some conditions, excitutory or inhibitory agents also can cause changes i cyo-
plasmic Ca2* concentration and contractile force in smooth muscle without & change in mem-
brane potential (pharmacomechanical coupling).

89. What Is the sarcolemma and why ls It important?

The sarcolemma is the external cell membrane of the muscle fiber, It is an excitable mem-
brane that gencrates a membrane potential via mechanisms similar to those giving rise to the
membrane potential in neurons. The permenbility of the sarcolemma in skeletal muscle i it
creased by the ine cting at junction. This leads o
action potentials thut are propugated over the cell membrane and into the center of te fber it
the T-tubules. Propagatic i iuls in skeletul i isms
are identical 10 those operating in nerve cell membrunes.

90. What are T-tubules!

Tovaginations of the muscle cell plasmy membrano (sarcolemma) that occur at teguel)
spaced intervals on the sarcolemma of skeletal and curdine muscle, These form a dense intero™
Dewting network tht extends throughout the muscle cell cytoplusm (see figure), Smooth M
cells do not have Ttubules because their lrge surfice areu-to-volume ratio allows m@cnuvwn;

Cat* Jevel to be increancd euvily viu influx of extracellulur Car* and by releuse of Co'*
from inracelula ytores (sarcoplusmic reticulum).
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Satolenme ol
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Conactor e
Tawoeee et
L T Trnsvene
-
Socplasi o tubule
bute Mim-
Avondrion forin il
A
Chomirion
Mio.
Trwncvens chondrion
ke
teominal Tubule .
e ol
imaginaion)

Cuntactofreticulum with T-tbsle

Jle xystenn I i (Fr
mut g thed. New York, Chaprnan & Hall 199, with dinsont

sﬁmw ot Textowh ol
Wy are T-ubukes important? )
ok isconigus wit the exrcel Jar fluid and contans voltage-gated Na+ char-,
b s il By the ESEI of elrodotoxin binding sites. The T-tubule system allows ac-
ot ducted OVET ik ows c-
e cell. Excitation of the T-tubule sysiem

pennig rpid and cedinated excitation of the musc]

by the actiow potential oupled to Cai* release from the terminal cisterna of the sarcoplasmic

reulum o allow a pid coondinated mobil of Ca?* from internal stores. This results in

acwadinated contraction of all the myotibrils. This is important because the large volume of the

eletal muscle vell relative 1 its surface area makes the coordinated activation of the contractile
sible.

sy the ol of extacelular Ca* ons iniposs
92 Whatsthe sarcoplasmic retieulum?

s S the muscle cell, whi Ca?* ions that

iati i ipling. The pla ic reticulum (SR) is not con-

‘gwous with the extracelular fluid. The SR is extremely dense in skeletal muscle, is prominent but

e incandia muscle,and can be cither sparse o faily prominent it smooth muscle.

S How does the sarcoplusae reticulum function? :
= t:‘:mwm-m of the muscle fiber i terminated, Ca2* is actively transported back into the
i :;"é ATPase. Thisallows large ‘numbers of Ca?* fons to be stored i the SR. The ac-
primmehche i "he SR is uided by a protcin (calsequestrin) that binds Ca?* loosely:
e cletrochemical gradient opposing the action of the Sarcopla

I sriated muscle, Ca®* release from the SR is coupled (0 Jepolarization of the T

tubule mer
bt s encson ofthe T-ubule syste Icads 0 Ca* elase o 12 .
the T-tubule

skeletal musc 2
et o v fm the SR deen enirely on depolarization of
e s s, s inyalni "Ca+ ions cause the rapid efease of mOr®
: R (cukiun-induced Ca?! release).
Wha
t ,:: ?" terminal cisternue?
Specidied s Y ’ ;
T M) e end ofthe sacoplasmi recculam i skele g cardiac muscle-
excitation”

cisiemae any
are the storage sites for the Ca?* ions that ure released during
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- coupl in skeletal muscle, bug g
oo angement i comssent Wilh (1o QEAIE 0l of exre)
e taing the conrtl forc in cardise muscl.

lew,

Xeny,

lulay C.z:""" iy
iy

. What s a triad?
* The structure formed
skeletal and cardiac muscle. The triad st
process in which the action potential pass
Jease from the terminal cisternac.

by the close apposiion of o trminal citernas gy
iad ssuctue i important in the electromegup W
g through the T-tubule eventually jegg - .

gty

kL W fovey
:-&mne force in various kinds of muscle? LT

i d il !u:\v) in cle cells. Depols i '!h’e "k"“:m I
ot with increased lvelsof Ca* in the eyoplasm of keletal. cadin, and sy, 28
i skeletal muscle, action potentials spreading over the sarcolemma n a process xim:"
actionptental propagaton i neve cels svntually €ause " 0 e e o g
nal cisterna of the SR. .

f notonly causes the release of Cyis
e SR. but alo eads 0 some nfix of Ca¥* ons from the extracellulat i, nflo o gy ™
Jular Ca?* ions not only contributes o the development of contractile force, but also leygs ,o“ﬂ.
rease of Cat* from the SR (calcium-induced Ca2* release). M
Inbothskelta and cardine musclecytoplasmic Ca2 leves each  peak vlu gy .
(e release rom the SR. preceding peak force development. AS the Cat* ions are bou o
“porin C, free Ca?* in th cytoplasm falls, while contractie force increase. Peuk forcedeny.
When al the regulatory sites on troponin are saturated, and the elastc clements inseriy g .
parallel withthe contractile filaments are drawn tight by the activity of he contrcte lunen.
‘After exciation of the muscle is terminated, Ca2* diffuses off of the regulatory subunitof
in and i red from y acti ping into the SR by the Ca?* ATPase. Iy
cardinc muscle, Ca?* is also extruded from the cell via the Nat*, Ca?* exchanger, whichsag.
ondary acive transport mechanism.

P age-gated Cat* channels ko
ing to the influx of extracellular Ca®* ions. This triggers contraction by binding to calmodul,
which, int i in iy i of excitatory s, such
‘neurotransmitters or hormones, to their receptors on the celt membrane also causes Cat* el
from the SR of smooth muscle. This release of Ca2* from the SR is triggered by inositol riphes
‘phate. a second messenger compound that i is formed by the hydrolysis of membrune lipidsty
phospholipase C. Phospholipase C is an enzyme that is activated by the binding of the exc
i on the cell membrane. Increases in cytoplasmic Ca?* levels,intum.

10 activation of myosin light chain kinase, phosphorylation of the regulatory light chui
myosin molecule, and cross-bridge cycling. Hyperpolarization of the smooth muscle menbrnt
closes voltage-gated Ca?* channels, resulting in smooth muscle refaxation. Many smooth misk
i ated with action poteni

hibit spontaneous action potential, which are usually associated with spontuncous okt
of the muscle. These action potentials are due to Ca?* jons and ure elinvinated by Ca'* CWe
blockers or Ca?* free solution. Under some conditions, contractile forve in smooth m\l_\ﬁkl“
also change wi hange i potential, A i h cile o
without a change in membrane potential is known as pharmacomechanical coupling.

97. What conveys the signal between the sarcolemma, T-tubule, and sarcoplisae =%
lum to release Ca?* during excitation contraction coupling in stelated muscle? L

‘The relcase of Ca?* from the SR of striated muscle during excitation-contaxtion ~“": o
e 10 inteructions between the T-ubules und the torminal cisternae of the SR. The TP
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N it that are lined .
e seasiive volage sensors oD oPposie rom g .
s S ST e SR, These SR et are composd of fous e Peclized o
"wmsw"“‘""“’"“"‘ T dﬂ"ﬂl:‘:'l'heSRfm s bunits with o
e bind ied vanodine .
e L G channl il eleass C from e SR Iy

mnn:skaprrsmbemmhdby,“ o w;':alw

. e ey vl n e s.g,,,,,::"""'. “ping

g of Cat* chane
:‘:mm and the foot prote
st TR .

e is proposed 10 €75 i passes
mﬂ;r:muummm is transmitted 10 the foot proteins va the dify temminal cis-
e "he Ca2* channels in the SR. This allows Cai~ m'“““““*éww&nmk
o chemical gradient. In cardiac ‘muscle, the influx of extracellular Ca2* also ‘:s“
,";"g:u o from the SR (Ca2*induced Ca?™ release). ©

tracti
"‘T‘S"’“"x f skeletal muscl i ;
1 ocuon. When the nerve impulses ccases the signal to release calcium ions from membrane
sioresis removed. SIOPPINE further Ca2* release. The SR re-sequesters any free calcium remain-
g i the cytopasm via an acve mechanism that requires ATP (SR calcium pump).
s removed from lasm, Ca2* ions bound in diffuse i
m]munuequueﬂﬂed in the SR. When Ca?* ions are no longer bound to the troponin,
ek a thin laments can 1o longer iteract, and contraction istermirated.

jon of skeletal muscle?

MECHANICS OF MUSCLE CONTRACTION
99. What is the difference between an isotonic and an isometric contraction?
" ; ton in whicha .

sant force that matches the load being lifted by the muscle.
: . o in whi

ot change ecause the force being generated by the ‘muscle is insufficient to move the losd to
> A A

In the body, most f isometric and isotonic
conponents. The sometric phasé occurs until the muscle generates enough force o lf the load.
Atthis poin, the isotonic phase begins and the muscle shortens at a constant force as it lifts the.

b..f “The rate and extent of muscle shortening during an isotonic contraction is less with heavier
o  do °

is longer with heavier loads.

o What i a twit and a jon?
g.,,ﬁ m"“""“"’" s asingle brief contraction of the muscle that 0CCurs if Fesponse

e deeshold orsuprathreshold stimulus. )
the coniin tetanus. is & ined ion of a skeletal muscle Owing o
i e SXHaton of the muscle fbers. During & ‘tetanic contraction. the muscle exhibits
bt e, which srve (o release ‘Ca+ continually from the SR and to maintat

i gt U1 troponin. Cross-bridges cycle continuously. and contacile e S
i el ition stops and cytoplasmic Ca? levels fall below ¢ reshold el o
ey o icion Ttanc contactions can arise rom epid timulation of the muscle &
e o, 54" han those at which individual twitch contractions can b¢ resolved The el
"“'*l«mm-om,e o greater than that of a twil « .:-N‘W y
ey muscl are fully streiched. and the Ca3* fegulatory Sites 3%

o2

101, Wiy
e tem .
Somimarg o and mult 3
o on refery, iple motor unit summation? wotypes
i,y e o of coniracile orce i seleal musce There e 0T

mation, with rapid frequencies of stimulation.
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RERL of contractil force (middle paney
Tt ol o e it
(From Berne RM, Levy MN: Principje MP"wu
ilogy. nded. St Louis Mosy, 19 e

Tesanus
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e T e
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activated before it i fully relaxed from the previous stimulus. Multiple motor unit summatiey
occurs when stronger stimuli cause the activation of additional motor units with lower excitgs.
*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) per it
of time and can be calculated as the product of load times shortening velocity.

103. Can twitch contractions be of different magnitudes'
Yes. Singl be of depending
‘motor units that are activated and the position of the muscle on the length-force curve. A mowor
unit consists of a motor nerve fiber and all of the muscle cells innervated by that nerve fiber. At
low stimulus strengths, the more excitable, smaller motor units are activated. With increasing
stimulus strength, motor units having higher thresholds (i.¢., less excitable, larger motor neurons)
are activated, adding to the force of the contraction. A maximal stimulus of the muscle activates
all the motor uni imal stimuli (stimuli that are greater than the maximal st
do not produce any further increase in the magnitude of the twitch contraction. As a muscles
tretched, its positi length.fi and ; "
creases with the degree of overlap between thick and thin filaments. A the rest length or optinal
length (L) of the muscle, the number of myosin heads that can combine with active stes 08 1
thin filament s at its maximum, and twitch : ? e for 8 YD
set of conditions,

104. What is treppe?

) refers either to th ssive increase in the magritude

= twitch contractions of skeletal muscle to a platcau value during repetitive stimulation afer 3%
iod of rest or to the progressive increase in the magnitude of cardiac muscle contrctions ©*
plateau value that can occur immediately after an increase in heart rate. The phenomenon s
to progressive increases in cytoplasmic Ca?* levels e ectioations of
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SR and Cat* extrusion mechanisms o restors

ability of the "
mﬁn Jevels existing ‘pefore the contraction. cytoplasmic Ca2+ oy,
5 N -
e di load and aft
i the difference DEEER prel erload?
105. Wha! bt a muscle experiences befor the onset of contract
tion. An example of

isthe 3

prload unt of stretch on 2 resting muscle during the determination of |

e o the amount ® aretching of cardiac muscle cels as o esult of ;::,'f"&m,nm
ges in end-

* jolic volume- .
giasoli & aload that i encountered by the muscle only sfter it stars to cont
Aerosd o from the floor during & weightlifting exercise or the arerial ol
pres-

e losd being it
::‘;:x 1o hears muscle eneouniers at the onset of systole.
106. Whatis the length-force (length-tension) relationship?

“The length-force r!l_ltinnship s the relationship between the length of the muscle and the
amountofaeise SRS ! a
o Aciv force e 0 00 Toree generated by the contractile machinery when the
i ativaled: e wee refers {0 the lastc forceacting on the muscle because of
e of he comeciv 5sue 00 her elastic components of the muscle. Total force onthe
e e sum of e passve and (% forces.

s T

4
gl latonship from skeetl musce. (o Rhosdes § ° )
e e Medal Physilogy. Boson, Lice. Brown: “ Active
1995, with permission.) 2

'

o

[ 3 10
Length

0 Do o he length-force relationship works.

steiched As'"::r lengths, the muscle is slack and the elastic components of the muscle are not

"R areu, e 0 pusive frce on the mscle prior 10 8¢Ch and th active e

e s setehd, he amou o eanlly smaller than t s atlonger nghs. Avthemus-
seiching of the elasti it of passive force on the muscle increas ially because

e, elastic elements of the muscle. et this point als0 incTesses

hi thin fil s hed

reach active sites

02 moreoptmal
e mor pimlalgnmen, and moremyosin heads 1 ‘he thick filaments 2
e fomed simuitaneay is proporti ofcross-bridges it
= fomed simulancously. A e rest fengt (lso known as he OPTTY \engt TLoh o the s
" " i i mumhmﬁlmms.mdw
5k i s amount force, Asth s aetched frher e
Sesente ini arcdrawn out of optmal overlap, and ever myonin headscan e 304
fthe muscle i sre i ive force that can be ted by the M
e, e e hed 10 a sufficient degree, there s no overlap DEIWeET ‘hick and thin fil&”
PRl s e s . v fore 110
20aly ) e (g ,l':: ‘As the muscle is stretched further. passive ™2
or the muscle becomes dislodged from the force transducer

musck
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e difference between he veut longth (L) of & xkeletal mueyy iy,
108, What s the
Jibrium length? keletal muselo s the fength ot which the conruetle foe
" st lengof & el I o ot h of the muscle g i
the musdie is guaximu. Thi isulso optiuut ol e %}Z

e o amude o e IO, L which he el b

enoth of the mu uele recojly
The g h.,\' :n ;:tmm sl o on the MUCIS 051 CQ D, The g
g

don s cull This I ¢ ] the contructile TN eXerted by e niuye

¢ a length, and ivcle oy
th is shorter than the rest . th, owing to the chunges j
Tengt e that occurring at et lengih, Witk ex in uxlamz“;

e
uumm;
e
librium length is less
relationship.

109, What is the force-veloelty relationship?

¢ <hip between the force generted by u muscle during g
“The hyperbolic elaionship betwee, ey iy
m&‘ll‘nn dﬁpelnds Both  properties of the muscle und on the loud on th N l:\.,.L

onthe v n
though skeletal muscles of different types & viTy substunialy in their Veloity of oy

ata given load, the velocity of shortening decreuses us the loud iy increysed. regardless. or,..f

cle type.

5
So .
5 Force-velocity relationship forskeletal mu
E ‘contraction. (From Guyton AC, Hall J: Tey,
H book of Medical Physiology, i ed. P,
84 phia. W.B. Saunders, 1996, withpemision;
5
z
8
2

1) 1 2 3

Load-opposing contraction (kg)

10, locity relati g muscle types?

In skeletal and cardiac muscle, the force-velocity relationships have a similar shape, wid
an increase in the load on the muscle resulting in a reduced velocity of contraction. As the oed
on the muscle is icreased, the muscle reaches a point where it cannot generate enough fore o
ift the load, and the contraction become<(SOmeITiO At this load, shortening velocity is 0, and e
force-velocity curve intersects the x-axis. As the load on the muscle is reduced, shortening v
locity increases. The shortening velocity at 0 load (where the curve intersects the y-axis) s b
maimal velocty of Shortening (V). n sKeetl muscle, Vg is consant fora gven musce

(RE mscle. Can changg as a resultof

inolropic-siais (contractlity) of the heart,
Smooth a similar force-velocity p as striated muscle, but e ¥
locity of Y keletal . The velocity o

. (see fig
shortening in smooth muscle can exhibit substantial variation. depending on the level of %
phorylation of the regulatory light chains on the head of the myosin molecule.

111, What determines V,

s fOF 8 ype .

# Vo o specific musele types s determined by the myosin soform tht exists in € 7
cle. Different isoforms of myosin have different rates of ATP hydrolysis, and 131>
f ATP hydrolysis correspond t0 a greater V.,
"———\__\ v
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V. is  constant for a given muscle and is determined by the myosin
{soform n that muse o .
e s, YA HATEE, Wi 0TEASE in Vo, 0cCuming dring posive -

opi I d reatment with cardiac.
gigialis. Decrsases in 'V puy Occur during negative inotropic states such as vagal stimula-
inV, hanges i ilability of Ca?* ions

o Inskeletal muscle,
that

on a1 generally
i he cyoplasmforexciation-contraction coupling.
e mscle Vo can exhibit substantil variation, depending o the extentof phoe
b h " . s-brids .

I e sv-brid
are phosphorylated).

COMPARATIVE PHYSIOLOGY OF MUSCLE

112, How does cardiac muscle differ from skeletal muscle?

s major difference between cardiac muscle and skeletal muscle is the property of auto-

matiity inthe hear, which arises from spontaneous pacemaker potentials that occur as a esult
i i 1 pacemaker sion potentials i

tibita substanial regional variation, and cardiae muscle exhibits a number of diffreat onic

camentstht are not found in skeletal muscle.

T contat 0 skeletal muscle, the heart acts as a functional syneytium, with excittion
spreading from,cell (0 cell through low-resistance pathways, enabling the ‘contractile activity of
the bear (0 be coordinated to ensure the efficient pumping of blood.

i Cardiac muscle also exhibits some differences in excitation-contraction mupliv\llg (greer
ace on extaceluar Ca?* influx) and mechanical properties (ability 10 change Ve 192
sl coniagtion velocity) reltive o skeletal muscle. —

"J-.V;hn are the two general types of cardiac action potentials? N
atesponse action potentials have a rapid depolarization (phase 0) with & substantial
Overshool, a rapid reversal of the overshoot owing 0 & partial rchllnlulim\ of the cell
(phase 1),a long pl 2) id fon (phase 3) to retum to the rest-
R z‘hsw Potential (phase 4),
rsponse acion otentialsexhiit a slower niial depolarization. less o‘ft;-:::’:;
b lessstable plateau, and a repolarizaion (0 an unslable esting potental hat
#progressive, slow diastolic depolarization that is & major feaiure of pucetits

iy,
Fastrey da
Ponse and slow-r . . ive (absolute) an
Telative refy ri:d‘_"’ response action potentials both exhibit an effective
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action potenial from cardiac muscle, showing the diff riad
Peﬂuds (From Bere Ry 1o
Candiovascular Physiology. mntsumu.mm 1997, with permission. hvy

114, What i iac action potential?
in membrane pepeabilty .ieseaons, which resltin complex foic curents s
changes nmembrane potenial (s fgure). ot ]
phase of the potenti, whiy i
i due to the opening of rsensiive, vollage-gated Na- channels. Tew oo

nels are rapidly vohage iactivated, stopping the inward Na* current.
« Phase 1 refers (o the transient repolarization Phase, which is mediated by a transient o
hnd K current that drives the initial repolarization, aided by the inactivation of the i
* Current.

L Changes in ionic currents duingie

‘action potential of a ventricular mis-
o cle cell. 1, indicates invard N
corrent, I, indicates inward C+*

e

] ) rectifierchannels. and ry 535
transient outward current 6T
‘partial repolarizaton phise. (F2&
L] Sptreth Banks RO wi
Do sentals of mx <
= Boston, Litle Brows, 1%
x " pcmussm)

oo zontec  somec
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jase of the action potential, whi
3 refersto the pIACAS potential, which is med
o P 26 T e Ca channls, The infun oheh s mediaed by ani

i traction coupling and to cal 5 through thes cha.

wonributes t0 €xCi !
s o 0  aation durin th ples phaseof e s ed Ca* release
Re ince that allows the inward current o oy ey
in the depo-

aintained bY 2 2 !

i:n sation. ThiS reduced K- ‘v»ndu(:lan'ce is the result of the inward rectifi
o channels, which allow inward K * current o be passed much mo ifier (Kye) potas-
ent, In addition to aiding the depolarization during the p]:::‘snli than out-
phase of the

ard K* cu
ston potenial, the decrease 1 the conductance of the Kiy channels at the onset
tion potential is important in + 058 from the cell during ‘:l: 1:;. ac-
potential o ion
, Phase 3 refers to the larization of at the end of the plate: ich is med
developing K current Ly “f"v which is mediated

byalarge,slowly i rou
vated early in the action potential but exhibit slow activation kinetics. As the memby
potenalapproaches €S normal reting value, the inward rectifying K curent, Which s e
o eting pocnial,also begns (0 conibue o e epolciation of
the cell.
the automaticity of the heart?

“The automaticity. of the heart is ‘normally mediated via the wﬂﬂm’
e pacemeker celsin the sinoatrial node. The atrioventricular node and Purkinje fibers can also
e emakers but are nomally overridden by the.faster rate-of the sincatrial node. The
undergo spontaneous changes in membrane ‘potential because of fluctuations in
ices that allow the ‘membrane potential to reach threshold values and to initiate

he heart (see figure). The pacemaker potential exhibitsa

tually reaches threshold, resulting in an action potential.

115. What causes

conducted
ow diastolic depolarization that even!
O & mediated by three different currents, One of thesé (o of “funny”s

larization of the cell and s

The diastolc depolarizatio
current) s an inward depolarizing current ot s activated by hyperpol
s (hrough channels that are different from the tetrodotoin-sersitive,

2+ currept, which ac+

caried mainly by Na

vlagegated Na- channels. The other depolarizing currentis b inwary
It ion, leading pstroke of the action potential. These inward
he cell after the upstroke of the

2 ihe action potential, allowing the
s determined by the

currents are opposed by an outwarg
The heart rate s de

actonpotntal, then decreases ts
inward currents to trigger another diastolic def

influence during phase 4
polarization.

00m
—

Qllue: in ionic current during pacemakes
et eyl
0 G | s ey Nt or 5
— . and iy, mumm;{wﬂ_&cuh

eme RM, Levy MNT Cardiovascular }

Physiol . Loui
Pslgy. T . Lowi, Mosoy, 1997, with
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116, Which two pa

- h.“q'*‘n? i Purkinjesysem providesaspecialized sysiem for conducion of
. Tho His-

e fibe Xcityg

avists of moditiod cardiac muscle i hat have fewer myofibrils than othe on
consists of modified cardi le fibers t A5 than other

colls. i cl"du: [

resi
3 in gap Juncrions. The gap juncti Cardi,

e O i 3 TrciTons. THE £ap junctions are ow e

o cell. The nterulated disks conti o e o o o -

Bt erve s & ow-esistance pathway for cellto-cell condicig e e

ot M Prine syt and th nerclaed kS EETTS (i R o g™

and h ‘

enabling - e

ays medial ated spread of excitation ang
(hways mediate the coordinated spread

d de

yyneytium,
B blowl.

i i pli diffe

117, Which
musete?
me ':'l;x:kx::::rl\m cistemae of cardiac muscle are much Less extensive than those of g,
muséiE, and hence excitaton-contraction coupling i cardiac Mscle is much mor gy
dent on the influx f RITICETlar C o
 The T-tubules i cardiac muscle are much g%m_au@mm muscle, dlowig g,
fer GRGTGRGEf ions, nuients, and wasté products between the cardiac myocyte yny g
extracellular lid. To aid in their function, the T-tubules also contain negatively chag
mucopolysaccharides that bind Ca?*_ions, making more Ca?* available for exciigy
. contnction coupling. —
Chunges in the number of Ca2* ions released from the SR can have a much greaer e
on cardine muscle contraction than on skeletal muscle contraction. For example, te s
creases in cytoplasmic Ca?* that result from sympathetic stimulation of the heart or .
duced Ca* extrusion during treatment with cardiac glycosides result in a
iruion of Cat* by the SR. This ulimately leads to & grater Ca* relescs T
during the next activation of the cell and to an increas&d force of Contraction.
Calcium-induced Ca2* release, by which increases in cytosolic Ca?* levels lead 0 apd
and massive release of Ca?* from the SR in cardiac muscle cells, dogs not occur inskee
tal mTE D

‘n:nwli“,,,m%

118. What is the mechanism for changes in the contractility (inotropic state) of the heart?
Changes in the inotropic state of the heart are due mainly to the changes in the coneeatr
ic CaZ* i foractivation. Any stimulus that can

increasein Ca¥" in the cyloplasm (through an increased influx of Ca?* ions. an increased eest
of Ca?" from the SR, or a reduced extrusion of Ca2* from the cytoplasm) can resultn it
cre cilty, or & positive inotropic effect. For example, catecholamines exert 2 -
tive inatropic effect on the heart by combining with a B-adrenergic recepior, which i
adenylyl cyclase via a G-protein mechanism. The resulting phosphorylation of the L-ype C*
channcl by a cAMP-dependent kinase leads o an increased influx of Ca™" . Treatmen! wihct"
diac glycosides such as@igitalivYinhibits the Na*, K* pump, resulting in a reduced ele™
chemical gradient for Na ”across the cell membrane. The encrgy for the Na*, Cat* exchitt®
0 extrude Ca?* from the cell against ts electrochemical gradient is derived from the ¢ke™
chemical gradient for Na*, and this results in a reduced the N
hangerand un increased force of contraction (povitive

)
ulution can lead to a reduced contractility, or negative ionotropic state, oWing 10
influx into the cel
22 o the cell._
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g eterometric and Bomeometric regulation of cotractie

119 W i ; ¢ fores i cardne

m‘,«k;"mdm regulation of contrectile force in cardiac muscle (see f
e hetil foree occurring s a result of chunges inthe longtt of P2 ¥fers
s st These can occur during e sl er
0 o chns I e postion of the muscle fber o the lengt fores il

vioee curve.

ol e oaulation of contractile force in cardiac urve.
B eamelric e sl forccof cardiac muscleat the m Tight panel)
e e dungchnges i e g s e bt kneth orend-
oo reaument with cadia glycosides has a poive o For example,

O generaed by the muscl at  gven nd-tasiolc voume. P
tic stimulation, the force of contraction decreases ;’;ml_)up
ino-

e ngrease i the &
f:; e OF purasympalh
e

“.,ww‘*"“

Aedoad =05
P Velosity ot

Medium

2 3 4

Force Force:
candine muscle during changes in fiberlength (heterometze regulation of
S ing changes in the inowropic stte o the heart (oot reguls-
i} o des RA, Tanner GA: Medical Physiology. Boston. Lit-

Cuanges i fore elociy curve of
;

e, Brown, 1995, with permission.)

15, How do the contractte properties of cardiac muscle differ from those of skeletal
muscle?
Carfias mscle has a lower velocity of contraction than skeletal ‘muscle, and cerdiac mus-
e xB harges in the V., during changes i the inotrapic state of the heart
o 1Al s cardine: muscle mormally operates t tengths hat 4t much
shorer thar (he optimal,or rest, length (L,). This property i important in allowing the heart 1o
ol - n in response to increases in end-diastolic that are associ-
wih increases in venous return (Frank-Staling mechanisim of helerometc autoregulation)-

m'o":..‘;‘“::' e soures ot meabli enrgyfor cardiac muscle contraction? )
iy s Phosphorylation is the primry source  f metabolic cneray in the heart. The pri-
e o s meiaoli i he heart are iher faty acids o CWbORV S Lac-
s of it oy g S And "1 can also serve as suhstrates during Pe
bt e o Is'mllur 10 skeletal muscle. cardiac muscle contains creatine phosphate
arohic giycol pply the shot-term demands of the contractile syster® for ATP.

Gt g i o rcy compensat for 8 rsient ok serobic ATP -
o g IETObiC glycolyvs o meet the EnerRY cds of the hear is limited:
e on sty pply of oxygen via oronay blocd . Bec2%¢
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bolism, there i on bety,

of o the amount of work performed by the heart 0 1 theq

genconsumprionof the barne TELCI L ension that ocurs i th heart o

onispearty propotional OFE R nsion-time index).

traction imes the duration

122 Defipe single-unit (uni

e dur; By,

tary) and multiunit smooth mu;:k;' .

i le in which the excitafi
it or uni lics to a smooth musc! o g

or ".:':3-:‘?"‘“ pathways, allowing the muscle 10 respond g g nnl.'""‘
e:'usﬁlm‘;ﬁ:w:nn smooth muscle ofien exhibis spontaneous acivy, gy mm;,“
o single unit.
e, ires external activation by nerv
ltiunit refers to smooth muscle that requires act erorn

mM ,m'kn?m In ;‘\unumu smooth muscle, each individual cellis vigyeq ™

Muﬂd e esponse of the whole mscle i & resul of e respomse m:h""n.,,;t <>

vidual AT,

le, although
fsingle though useful

) jun : Lt f
<olute bocause many fypes of smoolh musce exhibit both single-unit and mulu

nit proper,
123. What are tonic and phasic contractions of smooth muscle?
i " jonsin which muscl
* Toni

is mainained o g

ime (e, the resting tone of areroles n the microcirculation),

. ions are relatively rapid contractions followed by complete rejy
e emanaons conrctonsof amooth mascl nthe small ey - "0

124, How does excitation spread from cell to cell in smooth muscle?
“Through low-esisance pathways termed gap junctions. The gap junctions enabe pep,
brane potntalchanges and contractie activity 0 be coordinated among many cels,leudingy
i i the smooth muscl

cytium,Simlar o cardiac muscle. —

125. Why is coordinated excitation important?
Conducted excitation with coordinated activity of smooth muscle cells s especially inpor.
tantin organs such as th intestine, where extensive areas of the organ work togetherfo

propel the luminal contents.
126. How t

The amount o force that is generated by a smooth muscle at any given time i a funcionof
the overalleffect of a variety of inhibitory inputs, i

inhibitory peural inpuis, circulating hormones, autacoids, or local paracrine factors produsedin
the tissue. In blood vessels, the endothelium releases a number of contracting and rluxing s
tors that affect the active tone of the smooth muscle. Many smooth muscles are also sensiive 0
saretch and 10 local conditions such as PO,, PCO,, and pH. The later factors are importantn
ulating phsiologic functions, such as the local control of blood flow i the microcirculaion I
this way, inhibitory provide an jpicgratedrs
~sponse that s determined by the combined influcnce of these inputs.
= oo by the combined influence of these in

127. Compare and contrast the

Smooth muscle and striated

contractile proteins of smooth muscle and striated muxc:
muscle both contain myosin that has cross-hridges, byl

ATP.and hactinty : cle e it
generate contractile force, In contrast 16 striated muscle.

filaments of smooth muscle cont Isu if 00

sl

Lain only actin and tropomyosing it AT TOPONEA

trast mb‘nrmed muscle. regulution of contractile activity by CF T y Ca™ i simooth muscle is

u.c nding of Ca? 1o calmagulin, whic activates myos; d and s
o teBultory ight harn of yosin, This resul i subscaueon TP ydmlyss 10

brdge cycling. -
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m the arrangement of
Compare the comt
1 ot skzk ractie m-...m.

! angement e conracile lamerts n ymooth g s e

TY‘
el contains both hick and thin latacai. As in s o
M mu,d, are ‘of myosin. The thin filaments of nmu the m Figure,
in S in, nin. The contractile fil ot e ek Mty
aments in smensh ot
de alvr are

d,ﬂw—% y
orde hat in sk

e resir than hat in o cletal m Thin hiaments i srsmy e
STXAT T e

ther th

W
e lengihof
prater fraction of it length than skleta ...u.‘.g"'“""'lmm.,.,

o ik sr o of g e ek moce

jumcion
Amagemest of contractile flaments in smooth muscle. (From Beme RM, Levy MN: Principcs of Physiol
opy. aded St Lovis. Mosby. 1996. with permission.)

». M'Mmhmuxkuﬂssmﬂmﬂmdonﬂhnmmﬁ-hm

et ofske!eul md carduc muscle, smooth muscle cells shoren
imeraction bet Jaments. In contrast (o the regular sarcomeric
Sl e musclc nmmm in smooth musc]eueuwhedmgmnmmlh:cy~

protein desr h other by intermediate filaments generally consisting of the.
Te w?"";_ although the intermediate filaments of some Shmooth muscles coniain VIERLE:
i Hlaments 'and dense bodics form an interlacing ST ‘atached o the  the Y-
g st o between the thick and thin ilaments with cycling of the myosin cross-

inshortening of the smooth muscle cell

n:mﬂllldn
structure of

1. How
0 om o e sourcesof activator Ca?* diffr betwest ecttal, cardinc, 384 o
n ot
& Wﬂwn«xk exctation conraction couplng MO '%
e iy “The inc )
o leise of Cat- from e SR um:::e‘;‘em?u siores
e oo

e influy of,
e vy Cacelar G ions are important in ,egul-m.g mmr-d
Gilher enter the cell from the cauascllulil fuid or come oM o=
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s substantially more on the ey
mos e, math e efon o smooth musces ththave  sprse S ,""""-QM iy
by calcum channel lockers and Ca?* ree solutions, ot
siive

131, How do Ca?* lons regulate contractile protein interactions in striageq -
it ated muscle fons bind to troponin C, causing a change j

the Ca?* ions bind to troponin C, causing a change in he po...
m;i:‘::upomyosm complex that unmasks the active sies on the thin filamen ""‘;:"m':"‘

that leads )

iated muscle, smooth muscle does not contain troponin, ang
:o....'lf.‘?:" 7:52:132" atthe level of the thick filament (se figure). Tnitiation of "’!“h: o
response 0 ncreass incyoplasmic Ca concentraon in smooth muscle cel oy e ™
sult of the binding of CaZ* ions to calmodulin, a Ca?*-binding regulatory proein gy, oty
high-affinity Ca?* binding sites and is important in activating rof Gilfrent e -
calcumicalmodulin complex ectivates myosin light chain kinase, which phosphory g
mﬁ%m of the myasin molecule, When the light chains arg I*::
Jated, the myosin molecule hydrolyzes ATP, and the cross-bridges bey e
acivity of the actomysin Complex under These conditions is proportional to the per

bridges. The bridges continue (o cycle gy -5 &
dephosphoryiated by myosn lght hain phosphatase. In smooth muscle, Ca%* may s it
contractile force at lh:lleﬁﬁﬁmhis form of regulation involves other
(caldesmon and calponin) that are propos

to bind to the thin filament and inhiy
ATPase activity in the absence of elevated Ca?* levels in the cytoplasm, Yo

132. Do smooth T-tubuk d " hum?

reticulum?
Smooth muscle cells do not have T-tubules. Because of their small size,

Smooth muscl cey
have a large surface area-to-volume ratio that allows the cell to be easily aci

tivated by extacel,
Myosin kinase (inactive)

o
O % horphoryiom
croubridges

Steps in cross-bri

) iy
muscle. (From Bes ATPase activity in
siony ™ RM. Levy MN: Principles of Physclagy. and e S1. Lo, Moy 1996 w1 <"
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on of excition
cop

fux without the need for con

O e et he somtrar
n th Of e col)

1 tha ean be el M

gmooth MY aye i A u
poth munclex with un extenmive S lm o
10 ottt oY

sy Smo
vely SPARC W "
::;:::; in extrucellulir Ca! concentration or calciut eniry block hibitlon by
o, o by e
ch three factor* determine the level of cylopluamic ¢
19, Whle £ Ca through st ol ol Inw
fux of C& gh netivation of €/ ¢l mooth muc
|, The iRBECT0s o from the SR vl inth cll ambrane

The releise O
L. The e W‘ from the eyloplaxm of the amooth muncle el by
e oo e j y woveral diferont
e Mmgr o3 into ! Gy the ﬁmum_w_m
» The 8etive ealrusion of Ca?? from the cell by the xi il Co A’%.

ey wtive PO out ofthe el by the N, (" Tiso
e smooth muscle functlon?
channels are expressed in smooth
[ res nuncle
o ) ATP-xenitive K chumeh ;!:':','"f,'."

w dofon channels regulite
hanneld Several types O K’
These include Jarge Ca2-2 !
wararectiier € channels (K

ot crux oK'

In (Ko
o veltuge-dependent K ' channcls (Ky). I
d ). Incromvex in K '

from the cell, causing I!w membrane p(:/laullul o h?(«'::;%:
i . 21 channcls, reduced Ca? Inflx.and
K chunneltypex in eguling nune

gimuli can vary among differont kinds of

14, Ho
jKt

"he jp
1 muscle. The role of specilic
force in response 10 various ¥
“oet c,,,..,,d of Ca?* channel in smooth muscle ‘membrune Ix the
4 d Ca?* channel. The LYPe Cud* chunnely are xensitve  inhibition by dl-

rocellular Cd " induced by men-

Letype: “‘W

T cury blockers and control the entry of €xt

polarization. Transient (T-1yPe) Ca?* channels also have been reported and may con-

e o paccmaker Vi 1 ST mooth muscle cellx.

T Nompeciecation channeld These ligand-gated chinnels 80 clasely linked to membrane

oreand open i fespons 10 S0MS cx\l!lluc+|l e agonivs. Nonspecific cuion ehunnel permit
o Gt fons and may provide the it depolarization thut 1+

theiinflux of Na
s the opEOT TGP O NS,
Chloride channelss These channels may modulate lh:,]cvcl of excitubil ty of xome Kimo
Vg clectromechanical coupling. Bec LT cquilibriun potentia it
g vane potential,opening of CL ey may ol et nd
e smooth muscle.Gur
chunnel are il be-

e smo
vial and contractile
p muscle

- The predominant 1YP¢

muscle cells by reguli
more posiive than the

povide y epalaciaing influence (0 promo” X

 { Strtch-acti ted channeld: The properties of these ‘mechunosensitive ¢

“'ifhmucnmd.my..p,mmui- itive to pharnuicologis. xkhydihynlnmyridlmdluul
B of the smouth muscle il

snd may medite Ca influx during 3
smooth muscle activity?

ini e ligundt

ik

135. How Jn membrane receptors regulate
o are protcins that serve 8 1L o binding by ¥
’:; i, hommones, and other humoral it The binding of the Tigund
&‘L‘mﬂu&"ﬁm Tesponss within th cell. In smooth e, exciatory PO T
e 1o Ca® . lead a2’ and cause contraction by increasing e permeability of the »?:I_I.lxng-
TSR T other ing (0 an influx of extracellulur Cut, or by causing the relense pf G .
Rl ccupancy of ecepon by ligands can lead © S e o
sedby acivtion n;ﬂn}mm s aften associated with Lyperpolist o of the M T
i through vm,‘w—'ﬁ'}-"éls. “This hyperpolarization of e <1 L e it CE” B
e Cat channch. In many cuscs, the bindié ol T
elo vina variety
om

s

e s AP or o

o lelion in AMP or CGMP that lews 10 Cluxat v

e e . s 1 e ansportof €
e contraci 18

Cyloplasm,
\ or alterations in the force-generuting capic!
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jate smooth muscle function?
e ot |
‘Smool

tems. inclnd;x:; ) second - .

e o the_release of Ca?* ions fr

i J( 1P gauses the release of Ca* ions from e

'““'L””y ",;‘3:,‘,",;,“.,‘,‘:,,,%‘; € (PKC), which leads to m;mimﬁkﬁ: ;’:
%i‘c'i‘.iﬂl,“(l,,. S oK gependent phosphorylation of the L-type Cad+ M:\
ates Ca* influx). . g %
A,

. which hydrolyzes membrane Iipids 10 produce inosig) |

* Pne g ooth le force. i, vhoy
« Ademyiyl A cyclase, which i CAMP and cGMP el
fons, which can also be viewed as second messengers becmvu they acty, H
' femu s';l::n via Ca?*-calmodulin-dependent activation of myosin lghy m'k"lz
and trigger other responses such as the Mﬂm_vﬂed K* channel inu::;
‘membrane
A
137. ¥ prop: skelets
cle and cardiac muscle? i " b
 Skeletal muscle mwjmmwwle‘ which, in turn, ‘Contracts much fyg,
than smooth muscle.

o When normalized to cross-sectional area, smooth muscle cells
greateramountof ; o
ange of Tengths. and can gencrai contractile force at much shorter lengihs than gy
or cardiac muscle. The ability of smooth muscle to generate ammcng force over a wige
range of lengths is impotan in allowing smooth 0 adapt 1o Targe changes iy
volume of hollow organs, such as the intestine or urinary bladder.

* The velpcity of smooth musle conracfion can change, depending on physiogccon.
tions. Smooth muscle also exnibis a latch state, in which it can generate contactl fogy
for prolonged periods of time with minimal energy conSumption. .

'S can generate an equy

H
138. What s the latch state of smooth muscle?

cle maintains high
without rapid cross-bridge cycling gnd with low rates of A
139. What is the mechanism of the latch state?
ide Ca?* levels, leading t§
kinase, cross by ind cross-Bridge cycling with ATP hydrolysis. Duriag
peak Ca?* ion falls to a m y
. This i i eduction
areductionin ATP ion.
‘means th but

T : bridges that are attached
o contractle force in the muscle. Therefore, both the number of attached cross-bridges (vhich
determines force) and the cycling rat of the eross-brid (wmﬁm ATP

Legulated.

140, Why i thetch stte imprtanc
 enables the muscle to maintain contratile force for prolonged periods o tme with M
mal energy expenditure in the form of ATP mmpno: o perdsof e

141. What is rel: and
Stress relaxation and - o
Justits leng poverse 10 the ability of lewsd

8
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: , the total f
yolume is abruptly -mﬁrca(s)iir the next 1(1)11:1?1?“ e ooty muscle or the
oot ases substantid y: © Or 50, the force on he g o Within
e argal i " orgn gradua“\’ returns to near the control valye as the Tuscle or the pres-

e i€ T  retch or the jncreased volume within the organ. This CW-
com™ hemusci'é to stretch 18 cal s‘:j‘es:s rela; at}:O >When smooth musete is(:a'nrlesmnse of
the S8 en organ volume is abruptly gecreased, the force on the myscle or the pres Py -Sh(?n'
of ¥ . Muscle force.aﬂd Organ pressure are soon restored to near the COntrSlllrc Inside

e orpan hortens 10 maintain force at the new length or pressure at the reyc d e as
Jo s Stress relaxation and reverse stress relaxation regyl fro; r:: l

must ation). ume (re.
the A Ssrglaxatio djustment

verst b‘r:ition of the myosiii cross-bridges o n t]:le thin filament and are important T alow;

. ‘/' H S g 1 i

o thchprliu\'cle ‘o maintain 8 constant pressurz 1= ollow organs, despite changes in the length I':)gf
Ot ) '

ﬁtuhomh muscle cells. |
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