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ü Cardiac muscle excitation; systole and diastole:
Systole: contraction of the heart muscle.
Diastole: relaxation of the heart muscle.

The excitability of the heart muscle during systole and diastole:
During systole (contraction):
when the action potential reaches the heart muscle cell it will trigger an increase
in Ca+2 influx in the same direction of its concentration gradient due to the
activation of slow voltage-gated Ca+2 channels in the sarcolemma (the plasma
membrane of the cardiac muscle cell) during phase 2 (plateau phase). The
extracellular concentration of calcium is 10-3 M while intracellular concentration
is 10-7 M. during systole the intracellular concentration of Ca+2 will increase to
reach 10-5 M. (We care here about the ionic calcium not the bound, which is
about half of the total calcium concentration).
Systolic [Ca+2] = 10-5 M.
Diastolic [Ca+2] = 10-7M.

Extracellular [Ca+2] = 10-3 (the ionic only, which is half of the total calcium
concentration. %50 of our calcium is bound to proteins especially albumin, so
remember, whenever you ask about ionic calcium concentration you should check
plasma proteins too).
Consequently, calcium ions which entered the cell activate ryanodine receptorchannels (RyR) in the membrane of the sarcoplasmic reticulum (the endoplasmic
reticulum of the cardiac muscle cell) giving permission to Ca+2 to exit the SR thus
increasing intracellular calcium concentration from intracellular sources. This
process is called “calcium-induced calcium release” which means that Ca+2 ions
which came from extracellular sources cause further release of intracellular Ca+2
in order to accomplish the needed calcium concentration for contraction.
After that, Ca+2 ions bind to troponin exposing myosin-binding sites on actin
molecules causing muscle contraction.

During diastole (relaxation):
In order to for the cardiac muscles to relax, a decrease in intracellular Ca+2
concentration must happen. There are several methods for that:
1- Ca+2 pump on the sarcoplasmic reticulum membrane (Ca+2ATPase) which
causes Ca+2 uptake in the SR reducing its intracellular concentration.
This pump is exclusively regulated by a protein called phospholamban (a
protein that is located on the sarcoplasmic reticulum membrane). Once
phosphorylated by ATP, this protein activates this pump and enhances its
efficiency in moving Ca+2 to SR. When dephosphorylated, this protein
inhibits Ca+2 ATPase on the SR membrane.
Phospholamban can get phosphorylated by:
• Protein Kinase A: cAMP dependent protein kinase.
• Protein Kinase B: Ca+2 - Calmodulin dependent protein kinase.
• Protein Kinase C: Ca+2- phospholipid dependent protein kinase.
•
2- Na+- Ca+2exchanger on the sarcolemma, which exchanges one Ca+2 ion for
three Na+ ions reducing intracellular Ca+2 concentration. It is an
electrogenic pump which means that it leads to the accumulation of
charges across the plasma membrane “sarcolemma”.
Some drugs block Na+- Ca+2 exchanger, producing an inotropic effect, they
are called inotropic drugs.
Inotropic effect: modification of the contraction force of cardiac muscles.
3- Ca+2 pumps in the sarcolemma (ATP dependent).
*Remember:
-Affinity is related to Km -> the binding strength between the substrate and
the enzyme.
-Capacity -> how much molecules can the enzyme act on in a certain
amount of time.

• Ca+2 pumps in the sarcolemma have high affinity and low capacity
(capable of working at low concentrations of calcium but does not
transport too much Ca+2).
• Na+- Ca+2 exchangers in the sarcolemma have low affinity and high
capacity.
Note: Na+- Ca+2 exchangers work in either way (sodium in-calcium out, or calcium
in-sodium out).
Note: if the three mechanisms are not enough to reduce Ca+2 concentration in the
cardiac muscle (pathological conditions), Na+- Ca+2 exchanger in the membrane of
the mitochondria will start functioning to reduce Ca+2 concentration.

Pharmacological applications:
-Cardiac glycosides: are a group of drugs that increase the output force of the
heart (positive inotropic effect) by inhibiting sodium-potassium ATPase pump,
used to treat atrial fibrillation and heart failure, one of those drugs is digoxin.
Digoxin inhibits Na+- K+ pump causing Na+ to accumulate inside the cell. In order
to get rid of excess sodium, Na+- Ca+2 exchangers will work in the opposite
direction pumping Ca+2 in and Na+ out.
Digoxin inhibits Na+- K+ pump and activates Na+- Ca+2 exchanger but in the
opposite direction.

-Effects of slow Ca+2
channel blockers:
The figure shows the
effects of two different
doses of the drug Diltiazem
(10 µMol/L & 30 µMol/L)
which works as a Ca+2
channel blocker affecting
the action potential and
the force of contraction in
cardiac muscles.
Theoretically, usage of high doses of this drug will convert the action potential of
the cardiac muscle into something like the action potential of skeletal muscle due
to the complete block of Ca+2 channels.
Pharmacodynamics: this drug will block the slow voltage-gated Ca+2 channels.
These channels are important in the maintenance of the plateau. By blocking Ca+2
channels nothing will stop the K+ influx from causing the repolarization phase
(phase 3) as there is no plateau, thus shortening the duration of action potential.
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All of the Skeletal muscle’s action potential occurs in the period before muscle
contraction takes place, which is called the “Latent Period”.
The delay happens because of the time-consuming processes of action
potential; release of Ca+2, binding to troponin C, …etc.
Whenever there is an action potential, there must be force (mechanical response).
Another action potential might be
induced after the absolute refractory
period (even before the contraction of
the muscle) and another, which will
consequently cause summation of the
contractions without giving the muscle
a chance to relax.
With a high frequency of action
potentials, continuous contraction
happens; a condition called Tetanus –
spasm.

Summation happens in the mechanical response NOT in action potentials
because they follow the [ALL OR NONE principle].
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Cardiac muscle’s refractory period is longer
than that of skeletal muscles because of
the plateau phase; thus, giving the muscle
enough time to relax before another
contraction happens. So even if there is
another stimulus while the muscle is
contracted, it will not respond because it’s
still in the absolute refractory period.
“In the absolute refractory period, muscles are
not responsive to any stimulus

By the time the absolute refractory period ends, the muscle will have already
been relaxed, and summation of contractions does not happen and so tetanus
does not occur.

Clinical application

Death in general muscle tetanization (caused by an electric shock for example) does
not happen because of cardiac muscle tetanization, but because of the tetanization of
the diaphragm; which causes respiratory arrest leading to death.
(there is no tetanization in the cardiac muscle)

The Action Potential in Skeletal
and Cardiac muscles

Skeletal muscles contraction happens due to nervous stimulation, as they
have neuromuscular junctions. While cardiac muscles contraction is
initiated intrinsically (they have no neuromuscular junctions).

ü Cardiac muscle Contraction and Relaxation:

Note the following in the pictures above:
•
•
•
•
•
•

Sarcomere: the area between the two Z discs.
Thin filaments: three contractile proteins; actin, tropomyosin, and troponin.
Thick filament: myosin heads and tail.
A-band: composed of thick filaments.
I-band: composed of thin filaments.
Titin filaments: spring-like structures (Elastic element)
o Not contractile fibers.
o They have an elastic recoil activity.
o They’re in skeletal muscles; the fibers in cardiac muscles are
interconnected and thus there isn’t much elastin.

When Ca+2 concentration increases in the sarcoplasm, two Ca+2 will bind to
troponin C on the thin filaments. This Troponin C – Ca+2 complex will cause
tropomyosin to slide over the actin filaments exposing myosin binding sites on
actin.
Myosin heads have two configurations:
• Bound to ADP + Pi: energized and can bind actin.
• Bound to ATP: de-energized and can’t bind actin.
When myosin is bound to ADP + Pi, it
will bind actin (on the myosin binding
site) forming cross bridges
Once it binds actin, forming
actomyosin, it releases the ADP + Pi, at
the same time, myosin heads rotate
causing movement towards the center
of the sarcomere; thus, shortening the
sarcomere. This is called the power
stroke.
Myosin heads will remain attached to actin until another ATP molecule binds to
myosin detaching it from actin.
Myosin can hydrolyze this ATP into ADP + Pi, making myosin in its energized state
and can bind actin to start the cycle again.

Rigor Mortis: Tetany after death.
Clinical application

This tetany happens because after death there is no ATP (no energy) to detach
myosin heads from actin, so muscles stay contracted.
5 to 6 hours later, relaxation happens because of protein lysis (actin and myosin
filaments).

Energy Sources:
• ATP from a storage of Creatine phosphate:
o First immediate energy source
o Creatine Phosphate + ADP
ATP + Creatine
o Enough for about 10 seconds
• Anaerobic glycolysis:
o Fast, but not as fast as ATP
o Doesn’t give enough energy
▪ 1 glucose
2 ATP
o For longer periods
o Accumulates lactic acid (which causes muscle cramps), so can’t be
used for too long.
• Aerobic glycolysis/ Oxidative phosphorylation:
o In mitochondria
o Much slower
o Yields a lot of ATP
▪ 1 glucose
36 ATP

So, fatty acids are the main source of energy in the heart.

Clinical application

Marathon runners start running slow, using Oxygen/ aerobic glycolysis as it gives a lot of
energy but it’s slow, that’s why they start slow. as they go faster towards the end, they
switch to anaerobic glycolysis which is a faster source, that’s why they can go faster but
they reserve it to the end because it gives limited energy and it’ll accumulate Lactic acid
which cause muscle cramps and, so they can only use it for a relatively short time.

Heart is very dependent on ATP, so it has a lot of Creatine Phosphate Kinase (CPK) enzyme.
Clinical application

In case of myocardial infarction, there is hypoxia in heart tissue causing it to die gradually,
releasing its Enzymes to the blood circulation, and since CPK is abundant in heart tissue,
there is an evident increase in this enzyme in the blood which is diagnostic for this
condition.

ü Tension in the muscles:
There are two types of contractions:
• Isometric contractions: the length stays the same but the tension
increases.
• Isotonic contractions: the tension stays the same but the length changes.
(Shortening of the muscle)

Imagine the cardiac or skeletal muscles as a rubber band, if it was left on its own it
will be in its optimal length, any increase in that length will generate tension
inside the band which is called the passive tension (Tension due to elastic
properties of the band, also known as the tension required to extend a resting
muscle)
The difference between muscles and rubber bands is that muscles can contract
because they contain thin and thick filaments, not only elastic elements (titin).
Their contraction causes what we call active tension (tension due to the
contractile fibers.
Total tension is the summation of active and passive tension.

Within physiological range, increasing the muscle length will cause an
increase in the total tension (Frank-Starling law).

This figure shows the relationship between the length of a skeletal muscle and the
tension developed in it (passive, active and total tension), you can notice that:
• The passive tension develops when the
muscle’s length is at its optimal length and
increases when the length increases.
• The active tension decreases when
increasing the length more than the
muscle’s optimal length.
• The total tension generally increases with
the length, but after the optimal length it
starts to decrease because of the decrease
in the active tension.
• When active tension reaches zero, the
total tension will be equal to passive
tension.

While in Cardiac muscles:
• The passive tension develops before the
muscle reaches its optimal length (the
muscle works at much less length than its
optimal length) and increases when the
length increases.
• The active tension decreases when
increasing the length more than its
optimal length.
• The total tension increases with
the length (the increase in the
passive tension overcomes the
decrease in the active tension).
• When active tension reaches zero,
the total tension will be equal to
passive tension.

Skeletal muscle
Works at its optimal length
Contains many elastic elements
between its fibers
We use its length to measure its
function

Cardiac muscle
Works at much less than its optimal
length
Contains less elastic elements
We use the blood volume inside the
ventricles to measure its volume

The relation between the muscle length and the active tension can be explained
as the following:
1- When the muscle is short (very contracted):
Some actin filaments will bind to myosin from the other
side creating a force in the opposite direction reducing
the active tension.
2- When the muscle is in the optimal length:
There is maximum overlapping between thin and thick
filaments, creating maximum active tension.
3- When the muscle is very long (overstretched):
This will reduce the overlapping between thin and
thick filaments thus reducing active tension.

The figure shows:
• The percent of the maximum
tension on Y axis against the percent
of the optimal length of the muscle
on X axis.
• You can clearly see that the
maximum tension happens at the
optimal length when the overlap
between actin and myosin
molecules is at its best

the active tension cannot be measured directly, but it can be measured using the
passive tension and the total tension:
Active Tension= Total Tension – Passive Tension

It is hard to measure cardiac muscles length since they are not in the same
direction, we can overcome that by studying the volume of the blood inside the
heart:
➢ The volume of blood in the ventricles is proportional to the length of the
cardiac muscle fibers.
➢ The cardiac muscles work at much less than their optimal length (in
contrast to skeletal muscles which work at their optimal length normally).
➢ Since the cardiac muscles haven’t reached their optimal length yet, they
can increase their length resulting in increased volume inside the heart.
➢ At the end of the diastole in the heart, the ventricles are filled with blood,
we call the volume of the blood in the ventricles at that moment ‘’End
Diastolic Volume-EDV’’. At that moment the length of the muscle
fibers increases within physiological conditions creating passive
tension.
➢ When the ventricles contract they pump the blood they contain, the
amount of the blood pumped is related to the tension inside the cardiac
muscles and it’s called ‘’Stroke Volume-SV’’.
➢ The amount that remains in the ventricles at the end of the systole is called
‘’End Systolic Volume-ESV’’.
➢ As the volume increases exceeding the physiological limits (more than its
optimal length) the resting (passive) tension will increase but the active
tension will decrease, resulting in a decreased stroke volume (SV) and
increased end systolic volume (ESV). Consequently, more blood will
accumulate in the ventricles resulting in congestive heart failure (the
ventricles fail to pump their blood, which accumulates and congests within
them).

Remember that:
EDV is related to the cardiac
muscle fiber’s length.

SV is related to the tension in
the cardiac muscles.

Good luck <3
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