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Objectives:
By The end of this lecture students should be able to:

Distinguish the cardiac muscle cell microstructure.
Describe cardiac muscle action potential.

Point out the functional importance of the action
potential.

Follow the cardiac muscle mechanism of contraction.
Delineate cardiac muscle energy sources.
Outline the intracellular calcium homeostasis.

Explain the relationship between muscle length and
tension of cardiac muscle (Frank-Starling law of the
heart).



Overview of the g

Aorta

Pulmonary
trunk

Superior
vena cava

Right atrium

Inferior vena cava

Right ventricle

reater and lesser circulations

Hepatic vein
Sinusoids of liver

Hepatic portal vein

Right common
iliac vein

Systemic

N
=

capillaries of
gastrointestinal tract

Right internal iliac
(hypogastric) vein
Right external

ilac vein

Systemic capillanies
of pelvis

Venules

1-90.

Systemic capillaries of head, neck,

and upper limbs

Left pulmonary artery

Pulmonary capillaries of
left lung

Left pulmonary veins

Left atrium
Left ventricle

Celiac trunk

Common hepatic artery

Left gastric artery
Splenic artery
Capillaries of stomach

Capillaries of spieen

Superior mesenteric artery

Inferior mesenteric artery

Left common iliac artery

Left internal iliac
(hypogastric) artery

Left external iac artery

Arterioles

Systemic capillaries of
lower limbs



Layers of the heart

Before we start, please note that term related to the
heart is described using the prefix “cardiac” (e.g.,

cardiac drugs, cardiovascular system, cardioversion).

S A Pericardial When examining a section of the heart
A T — wall, it is found to consist of three main

Parietal 3 S e -, Endocardium

layer of 4 e ‘ layerS:

serous .

pericardium | e El/ie Myocardium 1. Endocardium.

Visceral cardiaemese® 2, Myocardium.

layer of

serous Trabeculae 3. Pericardium.

pericardium

carneae
(epicardium)

For a detailed explanation, see the next slides.

(a) Portion of pericardium and heart wall



Layers of the heart

* Endocardium:
The innermost layer of the heart is called the endocardium.
Unlike typical epithelial tissue, the endocardium not only provides protection but also has secretory
functions. It releases important substances and hormones that regulate blood flow within the
heart, including endothelin (which causes vasoconstriction) and nitric oxide (which promotes
vasodilation).

* Myocardium:
The middle layer, also considered the main layer of the heart, known as the myocardium, is
composed of specialized cardiac muscle fibers. It is responsible for the contraction and relaxation
of the heart, which enables the pumping of blood throughout the body.

* Pericardium:
The outermost covering of the heart is called the pericardium, which has two layers:
* The visceral pericardium (also called the epicardium) is directly attached to the heart muscle.
* The parietal pericardium forms the outer fibrous sac.
*Between these two layers lies the pericardial cavity, which normally contains about 50-100 mL of
protein-rich fluid. This viscous fluid acts as a lubricant and shock absorber, preventing friction or

injury to the heart during movement or contraction.
6



Layers of the heart - clinical application

If the amount of pericardial fluid increases abnormally, the condition is known as pericardial
effusion. Excessive accumulation of this fluid can compress the heart, restricting its filling
during relaxation (diastole) and thereby reducing cardiac output. In severe cases, this leads to
ischemia (insufficient blood flow to body tissues), dyspnea (difficulty breathing), and a
sensation of suffocation.

You might encounter this condition in a hospital setting or after an accident where bleeding
occurs into the pericardial cavity, causing rapid fluid accumulation. As the pericardium fills with
blood, the heart becomes unable to expand properly, and the patient experiences severe
respiratory distress.

If pericardial effusion is diagnosed, the immediate treatment is pericardiocentesis — a
procedure to remove the excess fluid using a syringe and needle. If a syringe is not available in
an emergency situation, any object capable of creating a small opening to allow drainage can be
used temporarily to relieve the pressure.

This condition, pericardial effusion, also known as cardiac tamponade when severe, refers to
the accumulation of fluid within the pericardial cavity, which compresses the heart and
interferes with its normal pumping function.



Cardiac muscles VS Skeletal Muscles

Skeletal muscle
Skeletal muscle fibers are spindle-shaped and can range in .
length from a few millimeters up to about a meter, such asin the S
case of the sartorius muscle (5.2 4dlac), which may reach nearly
one meter in length.

Muscle fiber

Muscle
Endomysium

Perimysium

In contrast, cardiac muscle cells are rectangular or cylindrical in
shape and are much shorter—only a few millimeters long. They

are int.erconnected u{ith one another by specialized str.uctulzes externalimage i
called intercalated discs. Between these cells are gap junctions,
which are low-resistance pathways that allow ions to move ="
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Cardiac muscle syncytium- clinical application

When an electrical change (depolarization) occurs in one cardiac cell, it rapidly spreads to all
neighboring cells through the gap junctions. This coordinated activity allows the entire heart
chamber to contract as a single functional unit.

In the atria, these interconnected cells are called the atrial syncytium, and in the ventricles, they
form the ventricular syncytium. Thus, the heart functions as two syncytia — one atrial and one
ventricular

If, however, each cell were to contract independently, the result would be ventricular fibrillation
— a state of chaotic, uncoordinated contraction that leads to an immediate loss of cardiac
output and death unless treated urgently with direct current (DC) shock (defibrillation).

If you suspect myocardial infarction (heart attack) in any patient, send them immediately to the
hospital, because one of the serious complications of Ml is ventricular fibrillation.

There is also atrial fibrillation (AF), but unlike ventricular fibrillation, it is compatible with life,
although it causes an irregular heartbeat and reduces the efficiency of cardiac output.
Ventricular fibrillation (VF), however, is fatal if not treated immediately.



Remember from MSS physiology

Skeletal (or striated) muscle is voluntary muscle, meaning it contracts under
conscious control.

It depends completely on its nerve supply — if the nerve that innervates a skeletal
muscle is cut, the muscle will undergo atrophy. Atrophy means that the muscle loses
its actin and myosin filaments, becomes weak, and decreases in size.

When skeletal muscle is trained or used more frequently, it undergoes hypertrophy,
which means an increase in the size of each muscle fiber due to an increase in actin
and myosin content — not an increase in the number of muscle cells.

The term hyperplasia means an increase in the number of muscle fibers, but this

does not occur in skeletal or cardiac muscles under normal physiological conditions.
So, skeletal muscle adapts mainly through hypertrophy, not hyperplasia.

10



Remember from general histology

The sarcomere is the functional unit of striated muscle. It extends from one Z line to the

next Z line.

Z line (Z disc): o . . n

* Marks the boundary between two sarcomeres. oy ok

* Anchors actin (thin) filaments.

| band:

* Light band containing only thin (actin) filaments.

* Spans two adjacent sarcomeres (on either side of the Z line).

A band:

« Dark band corresponding to the entire length of thick (myosin)
filaments.

« Contains regions of overlap between actin and myosin.

H zone:

» The lighter central area of the A band.

* Contains only thick (myosin) filaments, no overlap.

M line:

* Found at the center of the H zone.

* Holds myosin filaments together and stabilizes their alignment.




T-Tubules

Remember from MSS physiology

T Tubules and Sarcoplasmic Reticulum

To trigger Ca2+ release from sarcoplasmic reticulum (ER of the
muscle cells) throughout the muscle fiber simultaneously and
produce uniform contraction of all myofibrils, the sarcolemma _ W9
has tubular infoldings called transverse or T-tubules. g | g B et \ N S
These long fingerlike invaginations of the cell membrane = =/
penetrate deeply into the sarcoplasm and encircle each
myofibril near the aligned A- and I-band boundaries of

Sarcomeres. — 1 band —x A band — | band —>
External image of a skeletal muscle sarcomere

In skeletal muscle, the T-tubules are long, narrow, and cylindrical. They are located in the |
band region, at the junction between the A and | bands, and each sarcomere contains two
T-tubules.

The sarcoplasmic reticulum (SR) in skeletal muscle is well developed and serves as the main
storage site for calcium ions (Ca2").

Because of this large internal calcium reserve, skeletal muscle contraction depends primarily

on calcium released from the SR.
12



Cardiac muscles, again

Cardiac muscle cells, like skeletal muscle cells, are striated.

However, cardiac muscle is involuntary — it contracts automatically without conscious control.
It is requlated by the autonomic nervous system, which includes both the sympathetic and
parasympathetic divisions.

Despite this regulation, the initiation of cardiac impulses does not depend on nerve supply. Even if
both the sympathetic and parasympathetic nerves are cut, the heart will continue to beat, because the
electrical impulses originate intrinsically -primarily from the sinoatrial (SA) node, the heart’s natural
pacemaker.

This concept is clearly demonstrated in heart transplantation.

When a donor heart is transplanted into a recipient, it is not reconnected to the sympathetic or
parasympathetic nerves, yet it continues to beat and pump normally, as long as it receives adequate
blood supply and calcium.

Therefore, the role of the autonomic nervous system is not to start the heartbeat, but to regulate it:
The sympathetic system increases the heart rate and the force of contraction.
The parasympathetic system decreases the heart rate and contraction strength.

So, the cardiac muscle is both excitable and intrinsically active.
13



The Structures Within Cardiac Muscle Cells

The cardiac muscle has T-tubules just like skeletal muscle, but there are important differences
between them.

In cardiac muscle, the T-tubules are shorter and wider, which allows a greater exchange of
fluid and ions with the extracellular space. This is because extracellular calcium (Ca2*) plays a
major role in cardiac muscle contraction, and therefore there is more surrounding fluid in this
area to facilitate calcium movement.

In contrast, skeletal muscle has longer and narrower T-tubules, and it does not rely on
extracellular calcium, since it stores sufficient Ca2" inside its sarcoplasmic reticulum (SR).

The position of the T-tubules also differs:
In cardiac muscle, the T-tubule is located at the Z line.
In skeletal muscle, the T-tubule is located at the junction of the A and | bands (in the | band
region).
Each sarcomere in cardiac muscle has one T-tubule, while in skeletal muscle there are two per
sarcomere.

14



The Structures Within Cardiac Muscle Cells

MAGNIFIED VIEW OF CARDIAC MUSCLE CELLS

The sarcoplasmic reticulum (SR) in cardiac muscle is
less developed and stores much less calcium than the SR
of skeletal muscle. Because of this limited storage capacity,
cardiac muscle requires an additional source of calcium
from the extracellular fluid (ECF) to initiate and maintain
contraction.

Thus, the entry of extracellular Ca2* during each action
potential is essential for cardiac muscle contraction and
helps trigger further calcium release from the SR — a
mechanism known as calcium-induced calcium release
(CICR).
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T-tubules in the cardiac vs skeletal muscle

(b) Arrangement of components in a cardiac muscle fiber

Sarcolemma Transverse  Mitochondrion 5

Thin filament
(myosin)

Thick filament

Nucleus ¥ (actin)

Sarcomere

In this image, you can see that the transverse
(T) tubules of cardiac muscle are located on
the Z line, with one T-tubule corresponding to
each sarcomere.

T Tubules and Sarcoplasmic Reticulum

Surface membrane of muscle fiber

Myofibrils \ P \ Segments of
E 4 - sarcoplasmic
reticulum

Lateral i ‘ \ {
Transverse (T)
e - tubule

k— 1 band —¥ A band S— | band —>

While in this image, you can see that there are
two T-tubules in each skeletal muscle
sarcomere, located in the | band region.
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The Structures Within Cardiac Muscle Cells

The cardiac muscles are always contracting; if they stop, it means
death, which shows that they require a continuous supply of energy.
The powerhouses that produce ATP are the mitochondria, and that’s
why cardiac muscle cells contain a large number of mitochondria.
They have much fewer nuclei compared to skeletal muscle cells.

Again, Cardiac muscle cells also contain gap junctions, which are
very important. These gap junctions are low-resistance areas, allowing
ions to move freely from one cell to another.

So, if there is a change in the membrane potential of any single cell,
this change spreads rapidly to all other cells, causing them to
depolarize and contract together.

The cells of the atria are connected together, and the cells of the
ventricles are connected together, forming what is called a syncytium
(its plural is syncytia).

Thus, we have two syncytia in the heart: an atrial syncytium and a
ventricular syncytium, separated by the atrioventricular septum,
which acts as a structural barrier. 17



Cardiac Muscle Cells-Gap junctions

The gap junction is formed by hexamers — six groups of
proteins — that can open or close in response to changes in
membrane voltage. 4]

When they open, ions can move freely fromonecellto ™
another in both directions (bidirectional movement).

This allows electrical impulses to spread quickly between
cells, so that all the cardiac muscle cells depolarize together.
As a result, the ventricles contract as one unit, and the atria
contract as one unit.
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Any defect in the electrical connection between the
cardiac cells, which causes them to contract independently, i R
is known as atrial / ventricular fibrillation, for further Closed
information, check slide 9.
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Cardiac Muscle Vs Skeletal Muscle

“* Syncytium structure.
% Gap Junction (electrical coupling) low resistance area.

% Poorly developed Sarcoplasmic reticulum (SR), that’s why the
cardiac muscle requires extracellular calcium (Ca2").

* Transverse (T)Tubule on Z-line (i.e.One T-tubule per sarcomere).
% Rich in mitochondria.

< Low in nuclel.

19



Remember from general physiology

‘How do we calculate the driving force for ions ?
It can be determined using the Nernst equation.

‘The statement of the Nernst equation is:

‘The electromotive force (E) or equilibrium potential =

+ (depending on the charge of the ion: use - for positive ions and + for negative ions) x
(RT /7 zF) x In([ion inside] / [ion outside])

‘Where:

R = gas constant

T = absolute temperature (in Kelvin)

z = valency (charge) of the ion (for example, +1 for Na* and K*, +2 for Ca2", -1 for Cl")

F = Faraday constant

‘Since R, T, and F are constants —and T in the human body is approximately 37°C (310 K) — these
values remain almost constant.
‘The variable z changes depending on the ion under consideration.
-After converting the natural logarithm (In) to logarithm base 10 (logio) and substituting
physiological constants, the equation becomes approximately:

E =-(61/ z) xlog([ion inside] / [ion outside])

20



Remember from general physiology

For K* (potassium):
Inside the cell =120 mmol/L
Outside the cell =5 mmol/L
— The equilibrium potential (Ey) is approximately -

Calculating the equilibrium potential for sodium:

The concentration of Na® inside the cell =14 mmol/L.
The concentration of sodium outside =140 mmol/L.

Using the Nernst equation:

Ena =-61xlog(14 / 140)

Ena =-61xlog(1/10)

Epa =-61x(-1) =+61 mV

If the Na* channel opens, sodium ions will move
into the cell, trying to bring the membrane
potential toward their equilibrium potential of +61
mV. However, the membrane potential will never
actually reach +61 mV because other ions also
influence it.

The Nernst equation calculates the equilibrium
potential for only one ion at a time.

90 mV.

For Cl” (chloride), the equilibrium potential (ECI) is
approximately -70 mV.

For Ca2* (calcium):
Valency(z)=2—61/2=30
Outside concentration =1073 mol/L
Inside concentration =1077 mol/L

log(1077 /1073) = log(1074) = -4
Eca =-30 x (-4) = +120 mV

Thus, the equilibrium potential for calcium is very high.
If calcium channels open, Ca2” will flow into the cell
rapidly due to the large electrochemical gradient.

21
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Remember from MSS physiology

Skeletal Muscle Action Potential

The resting membrane potential of skeletal muscle
is about -70 mV, that’s due to:

The difference in membrane permeability to
potassium (K*) and sodium (Na*) ions. The cell
membrane is almost 100 times more permeable to
K* than to Na*, allowing more positive charge to
leave the cell than to enter, which makes the inside
more negative.

When the membrane potential reaches the
threshold, voltage-gated Na* channels open,

causing rapid depolarization as sodium ions rush
into the cell.

Membrane potential (mV)

+60
+50 F
+40 |
+30 |
+20
+10

o}
_10 -
_20 -
_30 -
_40 -

-50

—60 |

=70

-80 F
S0 F

tP Na',tP K*

l

5seud Bulle
o KPS

Sl

________ Threshold potential

Resting potential

Time (msec)

Permeability Changes and Ionic Fluxes During
an Action Potential (skeletal Muscle)

Immediately after, voltage-gated K* channels open, allowing potassium ions to leave

the cell, leading to repolarization.

This whole process happens very quickly — lasting only 1-2 milliseconds.
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Remember from MSS physiology

Skeletal Muscle Action Potential

From the beginning of depolarization until
part of repolarization, the membrane is in the
absolute refractory period, during which no
new action potential can be initiated, no
matter how strong the stimulus.

However, this absolute refractory period is
very short (less than 1 ms), which allows
skeletal muscle fibers to generate frequent
action potentials in rapid succession and
ultimately reach tetanus — a sustained,
continuous contraction that occurs when the
muscle has no time to relax between
successive stimuli.

Membrane potential (mV)

+60" -
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________ Threshold potential

Resting potential

Time (msec)

Permeability Changes and Ionic Fluxes During
an Action Potential (skeletal Muscle)
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Cardiac Muscle Action Potential

‘The cardiac muscle action potential is different from

that of skeletal muscle.

‘The resting membrane potential is about -90 mV.

Phase O

‘There is a depolarization phase called Phase O,
which is the rapid depolarization phase. It occurs due
to the influx of sodium ions (Na*) through voltage-
gated sodium channels, there is also an increase in
the sodium permeability (sodium conductance) .
-Sodium enters the cell because of the driving force

acting on it. (Recall slide 21)

Phase 1

This is followed by Phase 1, a partial (initial)
repolarization due to the opening of transient K*
channels (there are several types of K* channels).

Membrane potential (mV)

Relative permeablity

100

10

0.1

Plateau (maintained depolarization) due to
T eopening of voltage-gated slow Ca2* channels
and closing of some K¥ channels

_— € Repolarization due to opening o
voltage-gated K+ channels and

- @) Rapid depolarization due to closing of Ca2* channels

opening of voltage-gated
fast Na* channels

i~ e 0.3 s@C = 300 msec

| Refractory period |

(a) Action potential, refractory period, and contraction

l / Action potential

Time (sec)

(b) Membrane permeability (P) changes
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Cardiac Muscle Action Potential

Phase 2

In Phase 2, slow voltage-gated Ca2* channels
(L-type) open, allowing calcium to enter the cell,

producing the plateau phase.

Phase 3

Then comes Phase 3, where voltage-gated K*

channels open, leading to repolarization.

Phase 4

Finally, Phase 4 represents the return to the

resting membrane potential, which is
approximately -90 mV.

Membrane potential (mV)

Relative permeablity

Plateau (maintained depolarization) due to
—— @) opening of voltage-gated slow Ca2* channels

2T and closing of some K* channels
oM
-20F _— @ Repolarization due to opening ol
. ) / voltage-gated K+ channels and
~a0} ~— @) Rapid depolarization due to c,osi,?gf, Ca2+ channels
opening of voltage-gated
- fast Na* channels
80 [
- g s 0.3 5€C = 300 MsEC — =1
| Retractory period =1
e ——— -
L __ Contraction iie]
(a) Action potential, refractory period, and contraction
100 - l / Action potential
10
1 -
0 & R

Time (sec)

(b) Membrane permeability (P) changes 25



Cardiac Muscle Action Potential

During phase O they is an increase in sodium conductance. | - Acton poenta
During Phase 1 (towards its end), there is a decrease in K*
conductance— this phenomenon is known as potassium
rectification. It is very important because, in Phase 2, Ca2*
enters the cell through slow voltage-gated calcium
channels.(This brief efflux of K* slightly repolarizes the i ,
membrane while still allowing the membrane potential to remain Time (sec)

near the plateau level, so that Ca2* can enter the cell via slow R
voltage-gated calcium channels during Phase 2 (the plateau

phase).

If potassium permeability were high during this time, the

strong efflux of K" would counteract (outbalance) the

calcium influx, and the plateau phase would not occur.

-t
o
T

Relative permeablity

ey
1

Therefore, the decrease in K* conductance during Phases O, 1, and 2 is essential to
maintain the plateau.

In Phase 3, K* permeability increases again, allowing repolarization.

Thus, K™ permeability during Phases O and 1 is lower than at rest, while Ca2* permeability

during Phase 2 is very high to sustain the plateau and support contraction. .



The Action Potential in Skeletal and Cardiac Muscle

Any electrical change should be followed by mechanical change. | .
The short absolute refractory period in skeletal muscle fibers 4
allows repeated stimulation, which can lead to tetanus. -
The latent period is the short interval between the application of |
a stimulus to a muscle and the beginning of contraction.
Tension
STEP 1: Rapid STEP 2: The Plateau STEP 3: Repolarization l
Depolarization Cause: Ca?* entry Cause: K loss
Cause: Na* entry Duration: ~175 msec Duration: 75 msec
Duration: 3—-5 msec Ends with: Closure of — Ends with: Closure of
Ends with: Closure of slow calcium channels | | slow potassium channels| 4
voltage -regulated (fast)
sodium channels / 0
+30
mV
(g )] =
mV —910
Stimulu\s r:f?;:tti;?y Tension
>" Absolute refractory - Reriod |
-90 i period “iil T
| | 1
0 100 200 300
Time (msec)

(a) Cardiac muscle

= SKELETAL
MUSCLE

Action potential

Contraction

1 |
0 100 200
Time {msec)

300

CARDIAC
MUSCLE

Action potential

Contraction

1 "
0 100 200 300
Time (msec) ———

(b)
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Cardiac Muscle Action Potential

Action potential in cardiac muscles
ranges from 200-300 msec (in
comparison to 1-5 msec in skeletal
muscle). The absolute refractory period
(the area under the curve) is long,
therefore, if another action potential
were to re-stimulate the muscle, it would
have to be in the relative refractory
period ( area under the curve)
where the muscle is already relaxed.
These long absolute refractory periods
ensure that tetany does not occur in the
cardiac muscle.

STEP 1: Rapid

Depolarization
Cause: Na* entry
Duration: 3-5 msec
Ends with: Closure of
voltage -regulated (fast)
sodium channels

-

STEP 2: The Plateau

Cause: Ca?* entry
Duration: ~175 msec
Ends with: Closure of
slow calcium channels

STEP 3: Repolarization

Cause: K* loss

Duration:; 75 msec

Ends with: Closure of
slow potassium channels

4

(a) Cardiac muscle

+30
oL
mv
Stimulus Relative "
\ refractory
>‘ Absolute refractory 0 % period
-90 i period il BN
| | i
0 100 200 300
Time (msec)

2B e S e gty ciesl dlg cillodl U ) el Y ug ¢l V) Al Y
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Cardiac Muscle Action Potential

In the sarcolemma, voltage-gated sodium Conformations of a Voltage-Gated Nat Channe
channels have two gates: the m gate, or the (inactivation gate) h Gate
extracellular/activation gate whichis a
rapidly-acting gate, and the h gate, which is
the intracellular/inactivation gate that is

also slowly-responding. (a) The m gate, is '

(actnvatlon gate) m Gate

Extracellular fluid (ECF)

closed when the cell is at rest, while the h
gate is open. The sodium is thus unable to

flow into the Cell. (b) When the membrane Closed but capable Open (activated) Closed and not
potential is depolarized (less negative) the h - °""(?,?j,‘2,‘,’§a‘i‘;§)"'”g
gate closes and the m gate opens. Howeuver,
due to its slow nature, the h gate will allow
for the passage of sodium ions as it closes.
Imagine someone slipping in the elevator as
its doors close (c) Once the h gate closes, no
more sodium ions will be allowed through,

even if the m gate is open. 29




PHASE 0 OF THE FAST FIBER ACTION POTENTIAL

Resting \/N at Stimulus Nat
-65myv

-9O0myv

Na*

Note the slowly closing

inactivation gate \/ Na*
Chemical [m | When reaching the overshoot,
Gradi E | 4% 1 qate is fully closed
radient 30mv " h] gate is fully close

Electrical
Gradient 30



Cardiac Muscle Action Potential-Summary

¥ Pa Py = Permeability to ion X

®/ } Prand 4 Pe,
@

Membrane potential (mV)

1 1 1 1
0 100 200 300
Time (msec)

Phase Membrane channels

Na* channels open

Na* channels close 1) transient opening of potassium channels.
Ca?* channels open; fast K* channels close 2) Calcium channels slowly open.

Ca?* channels close; slow K* channels open
Resting potential

CIOIOICXO)]
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[1= concentration.

Ca?* in Skeletal Muscle

Action potential occurs in the sarcolemma and then spreads to the t-tubule.
Proximal to the t-tubule is the sarcoplasm reticulum. The electric transfer, or
the electrostatic transfer, from the action potential to the sarcoplasm
reticulum will open the calcium, ryanodine receptor (RyR) channels, which
are named so because they are blocked by ryanodine. The [Ca?*] in the SR is
1074 or 10— mmol, while in intracellular plasma it’s 1077 mmol, so it effluxes out
of the SR. The released Ca> will bind troponin and cause contraction.
Consequently, relaxation of the muscle occurs when Ca»returns into the SR
via Ca--pump which requires ATP as Ca-is moving against its [gradient]
through primary transport.

32



[1= concentration.

Ca?* in Cardiac Muscle

[Calcium]in the cardiac muscles' SR are much lower than those of the

skeletal muscles'. The calcium that enters through the slow Ca?* channel — -
triggers Ca?* release from the SR in a process called calcium-induced Y T Nt & j_\
calcium release (CICR), which causes contraction. Relaxation in the _\Ca e f Sarcolemma (ap ) (nox | (ae \
cardiac muscleis achieved through three mechanisms: i \ | /“’)\

A. Through the calcium pump in the SR, just like skeletal muscle.

B. The sodium-calcium exchanger (NCX), which is a secondary active
transporter and an electrogenic pump, meaning it generates a
difference in electrical charge across the membrane. It operates by
allowing three Na* ions to enter the cell in exchange for the exit of
one Ca2" ion.

C. A calcium pump present in the sarcolemma. The calcium pump in
the sarcolemma (SL) has a high affinity (low K,,), but low capacity I |
(low Vax/Thax) for calcium, while the sodium-calcium exchanger Q_\—JJ/
has a low affinity (high K,;,) and a high capacity (high V,,,/Trax) — =
meaning that a higher intracellular [Ca2*] is required to activate the T T
exchanger. If radioactive calcium was administered, it'd be hard to

track individual calcium ions because of their rapid movement and
widespread distribution in the cell.
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Mechanism of Cardiac Muscle
Excitation, Contraction & Relaxation

~ Ryanodine
réceptor-channel

Caz+

Ca?“‘
spark

GN
Ca?* signal

L6/

e
e A

Contraction

T-tubule

K+

ATP

Sarcoplasmic
reticulum
(SR)

Ca?+
stores

CaZ+

o

J +
Ca2+ W /Na

Actin

Relaxation

Myosin

Acticn potential enters
L from adjacent cell.

\)oiiage-gated Ca?+
channels open. Ca?*
[___gg;gs cell.

e,
Ca?+ induces Ca?+ release
through ryanodine
receptor-channels (RyR).

5 Loca! release causes
Ca?* spark.
[ ach sp

&ummed Ca?* sparks
| createa Ca?* signal.

Ca?t jons bind to troponin
to initiate contraction.

elaxation occurs when
Ca?t unbinds from troponin.

o

|

Ca®* is pumped back

into the sarcoglasmic

~ reticulum for storage.

Caz* is exchanged
with Na*,

—0, —0-

3 Nat gradient is maintained
by the Na*-K*-ATPase, 34
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Intracellular Calcium Homeostasis...

Digoxin (a cardiac glycoside) is a drug administered
in very low doses (~0.125 mg or less). It inhibits the
Na*/K*-ATPase which pumps out 3 Na* in exchange
for 2 K" using ATP, thereby increasing the intracellular
[Na*]. The NCX is concentration-dependent and relies
on the Na+ gradient across the sarcolemma.
Normally, NCX extrudes Ca?* from the cell in
exchange for Na* influx. However, when intracellular
[Na*] increase, the gradient is reduced and the
activity of NCX is reversed, allowing Ca?* to enter the
cell. The resulting surge in intracellular [Ca2+]
enhances its uptake into the SR, so that with each
heartbeat, more Ca2" is released during excitation-
contraction coupling. leading to stronger cardiac
contractions -more calcium — more binding to
troponin — more cross-bridges — stronger
contractions (+inotropic effect).
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Myocardial Infarction

In pathological states, the mitochondrial Na*/Ca?* exchanger *—\W"age'gated
=

% Ca channel , ——— e
(NCX) is activated, but why? .‘ \(S ’ A

- Ml causes increased membrane permeability to calcium 0\ |
due to faulty ion pumps, ATP depletion, and membrane —
damage. The sarcolemma's sodium/calcium exchanger
cannot handle the excess cytosolic [calcium];
consequently, calcium enters the mitochondria through
the mitochondrial calcium uniporter (MCU). To prevent
mitochondrial calcium overload, the
mitochondrial sodium/calcium exchanger
(mitoNCX) pumps out calcium ions in exchange for
sodium. Mitochondrial NCX differs from the sarcolemma's \\ W __¢ / y
as it is electroneutral (not electrogenic)—1Ca?* out in NS L —==
exchange for 2 Na* in (no charge difference), concluding -
from this, the Km of this transport is very high.

*MCU (inward transporter): low Km — activated at normal Ca2".

*mitoNCX (outward transporter): high Km — activated only in overload.
This prevents mitochondria from losing Ca2* needed to activate metabolic enzymes and prevents mitochondrial calcium overload. 34

.
‘.‘Contraction
.

(Redrawn from Bers DM: Nature 415:198-205, 2002.)



Intracellular Calcium Homeostasis...2

Regarding the heart, the terms

contraction and relaxation are replaced

by systole and diastole, respectively.

Intracellular [calcium] during diastole
is 1077, rises to 1074 °" > during systole
and is 103 mMol extracellularly.

The total [calcium] in plasma is ~2.5
mMol (100 mg/L *1 mol/40g). 50% of
calcium in our body is bound, while the
other 50% is free (or ionized), this is
the fraction that we care about.

CALCIUM FLUXES IN HEART CELL [

DIASTOLE 10 M
SYSTOLE 10°°M

N.u’

ol \ Na* - linked
‘[/)\ MITO

H+ Na* {( 2+ H(J (’M|
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Calcium Channel Blockers

EFFECTS OF Ca++ CHANNEL BLOCKERS AND THE CARDIAC CELL ACTION POTENTIAL

]

=

=

z

z A

-

S CONTROL
Z uMol
o

o

3

=

> CONTROL
Z

° 30

21

The pink curve represents the 10 pMol concentration, while the gold one represents the 30
UMol/L. You can see that as the dose increases, the APs as well as the force of contraction

decrease (dose-dependent effect).
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Cardiac Muscle action potential Vs. Skeletal Muscle

» Phase 0 —Depolarization phase (Na* influx)
> Phase 1 partial repolarization (Not in skeletal)

» Phase 2 Plateau (depolarization not in skeletal)
slow calcium channels.

» Phase 3 fast repolarization phase (K* efflux)
» Phase 4 resting membrane potential
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Skeletal Muscle Action Potential

Tetanus in a skeletal muscle.

Skeletal muscle fast-twitch fiber ‘ 4
Action potentials not shown.

S | % Redk Maximum
El 0 3*? Refractory | | tension
= o i
) period
z X i _ .
o 9 A = Stimulus for action
el c =
o $ 5 5 potential
o 7] g
& S ]
S - -
5 X
= o <> ~Refractory period 0
| “A A A A A A A A A A

0 10 50 100 0 75 150 Time (msec)

A Time(msec)

Stimulus

Multiple closely spaced stimuli —
summation — incomplete tetanus —
complete tetanus (sustained
contraction).

The AP occurs during the latent period.
Note the short refractory period.
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Membrane potential (mV)

Cardiac Muscle Action Potential

Tension

Cardiac muscle fiber Long refractory period in a cardiac muscle prevents tetanus.
OQ Peak ~<— Refractory period—

'&‘. —
(¢ >
0 ¢ :
$ ®
S 32 o
g ¢ 5| |g
5 8

\» = :

-90 , 0 .

<— Refractory period— -90
I T I I .
0 100 200 250 0 250
A Time (msec) Ao a4
Stimulus Time (msec)

To give a second stimulus after the first one, you should wait until the refractory period ends, by that time, the

msucle will be relaxed due to the long refractory period of the cardiac muscles.
This is crucial to prevent tetanus is cardiac muscle.
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Multiple stimuli — summation — incomplete

Action Potential

Skeletal Muscle

tetanus — complete tetanus

Force of contraction —»

Force of contraction —»

Second contraction

First contraction I (wave summation)
ch)

T

Second \
stimulus \\

e = -

TFirst stimulus

1 1 1 1 1 1 1 o L E_L __§ 1 1 1

10 20 30 40 50 60 70
Time in milliiseconds (msec) —»

(a) Wave summation

Rl

‘I”lme in seconds (sec) —»

(b)Incomplete (c) Complete
tetanus tetanus

Force of contraction —»

Cardiac Muscle

No summation, no tetanus

Contraction
period

Relaxation
period

0 10 20 30 40 50
Time in milliseconds (msec) —»
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AP in Skeletal Muscle

@ Ne rvel h;nn'F\)I Ial !moto fNerve impulse
on and tngge s rele: Musclq action
ot cetylcholine (ACh). i _»/ potential (AP)
(O e T wbue -
k l I. l L I OA)F';S::' Siaft. binds '*‘, 5 l;o ”a;“’”o o ‘-‘Jorﬁ"x;’o:‘)
S e eta musc e req UIreS neura to its receptors in the . /\'“OM scle AP travelling along T tubule
) mgtgo e d"p;d ate i , and —1 LA S T 57\, opensCa® release channels in ._{1
l np ut t hr O u g h a n eu ro m us C u l a r action p°t ntial (AP). ACh receptor o‘/)\l ::embranglawrr?l h a::ov:srga(lslnr)n o
. R . o 0 Ace !ylﬂholli k. dt r? e in :u ( : I: st "g dﬁ‘ e t: sarcopla:m, o
synaptic stroys o o o
junction for its supply. Thus, if the e L
arise unless more ACh is 000 52 Ca2+ o ©

released from motor neuron

nerve supply was cut from the LT e,

= e e

skeletal muscles, they will atrophy. it _Q:m*:w_,

This characteristic is absent in FEEE “;,j%afmma e
cardiac muscle as the heart Omanmeae,

the binding sites for myosin
to a lln wl lad Iea

is intrinsically activated and will it \

Ca?2+ actl

contract as long as calcium is O o }g

into position where it °
block the my sin — A

present. Calcium will then induce \} ° 3
calcium-induced calcium release W 7‘{;2 o @5%
(CICR). \ ©) Muscle relaxes. N @n Nea /

10.12
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Sarcomere, closely observed

Thick  Thin Thick filament

M line filament filament Zdisc
Sarcomere Myosin tail ( Myosin heads
(a) Myofibril (crossbridges)

(a) One thick filament (above) and a myosin molecule (below)

Z disc

Actin Troponin Tropomyosin

{ Sarcomere }
[_ s :; _][7 H zone _][_ an :: Myosin-binding site (covered by tropomyosin)
<«— | band —f A band J}—1band —» (b) Portion of a thin filament

(b) Filaments

Notice the spring-like proteins, the titins, the are considered “series elastic elements”.
They are important in the skeletal muscles, unlike the cardiac ones.
It will be better discussed in the coming lectures.
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Sarcomere, closely observed

2 Saroomeres

: H zone | band A band !

ine Z disc

Z disc Thin filament Z disc
(a) Relaxed muscle

(c) Maximally contracted muscle
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Sarcomere, closely observed

Terminal ; ;
Sarcolemma/ T tubules cistem of SR Muscle action potential
i . —_ -

Ca** release
channels closed

Thin filament

Troponin
Tropomyosin

Key:
@ =ca . Ca®* binds to troponin, which changes the
Troponin holds tropomyosin in position ® = Ca?* active shape of the troponin-tropomyosin complex
to block myosin-binding sites on actin. transport pumps | and uncovers the myosin-binding sites on actin.
< =Ca?® release
(a) Relaxation channels (b) Contraction
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Cardiac Muscle contraction Vs. Skeletal
Muscle

4 Shding filament hypothesis

4 No tetany (Long refractory period because
of plateau)

4 Fatty acids main source of energy unlike
skeletal muscle (Anaerobic and Aerobic)

4 Attachment and detachment cycle and ATP
dependence 1s the same
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Will be better discussed in the next lectures

0 Myosin heads
hydrolyze ATP and
become reoriented

Notice the muscle’s and energized
requirement for ATP
to both attach and

e Myosin heads

detach myosin bind to actin
. forming
heads during crossbridges

contraction; this
importance is clearly
demonstrated in
rigor mortis, when
the absence of ATP
after death prevents

. As myosin heads
detachment, causing bind ATP, the
sustained muscle crossbridges detach

) from actin

stiffness.

Contraction cycle continues if
ATP is available and Ca** level in
the sarcoplasm is high

Myosin heads rotate
toward center of the
sarcomere (power
stroke)

10.08 48
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QUIZ
LECTURE 2



https://forms.gle/HTCHXQ7N9KqEWmuVA
https://forms.gle/jrLhVgCjXP1DbDdp6

Scan the QR code or click it for FEEDBACK

Corrections from previous versions:

Versions Slide # and Place of Error Before Correction After Correction
20, last line The nernst equation doesn’t | The “-“ has been added and the
include a “-“ sign, the gray gray note had been removed to
note indicates which sign avoid confusion.
should be used.
VO -2 V1 31 1) Transient... calcium 1) Transient... potassium
36, line 7 Cystolic [calcium] Cytosolic [calcium]
36, the last line Km is very low Km is very high
36 Extra note is added in grey
Quiz Not done yet Done.

V1 ->V2
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https://forms.gle/opoAfi9fg4nHYAhA7
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