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66.1 mechanotransduction - motivation

mechanotransduction
the process of converting physical forces into biochemical signals
and integrating these signals into the cellular response is referred
to as mechnotransduction. to fully understand the molecular basis for
mechanotransducion, we need to know how externally applied forces are
transmitted into and throughout the cell. different techniques have been
developed to probe mechanotransduction by mechanically stimulate
cells to address the following questions.

76.1 mechanotransduction - motivation

mechanotransduction

the process of mechanotransduction can be divided into three steps

mechanoreception
detection of the stimulus and transmission of the signal from outside
the cell to its inside

intracellular signal transduction
transduction of the stimulus to location in the cell where a molecular
response can be generated

target activation
activation of proteins that cause alterations in cell behavior through a
variety of different mechanisms

•

•

•

86.3 electrophysiology

the cell membrane

   mechanisms of transport through the membrane
• passive transport driven by gradients in concentration
• active transport that does require extra energy; it is regulated by
   ion channels, pumps, transporters, exchangers and receptors

all cellular components are contained within a cell membrane which is
extremely thin, approximately 4-5nm, and very flexible. inside
the cell membrane, most cells behave like a liquid as they consist of
more than 50% of water. the cell membrane is semi-permeable
allowing for a controlled exchange between intracellular and
extracellular components and information.



96.3 electrophysiology

the cell membrane

the cell membrane contains water-filled pores with diameters of about
0.8nm and protein-fined pores called channels which allow
for the controlled passage of specific molecules, in particular Na+,
K+, and Cl-. the phospholipid bilayer acts as a barrier to the free flow
of these ions maintaining a well-regulated concentration
difference across the cell membrane which is referred to as
membrane potential. this implies that the membrane can
selectively separate charge.

virtually all cells are negatively charged, i.e., their membrane
potential is negative. but how can we measure membrane charge?

106.3 electrophysiology

patch clamp

the experiment that allows the study of single or multiple ion channels is called patch
clamp. it uses a glass micropipette to measure the membrane potential. the
pipette can have a tip diameter of only 1um enclosing a membrane surface area or
patch that contains one or just a few ion channels.

116.3 electrophysiology

patch clamp

cell attached inside-out patch whole-cell clamp outside-out patch

depending on the goal of the study, several variations of patch clamp technique can
be applied. in inside-out and outside-out techniques the patch is removed from
the main cell body. inside-out, outside-out, and cell attached techniques can be
used to study the behavior of individual channels whereas whole-cell clamp is
used to study the behavior of the entire cell.

126.3 electrophysiology

chen, wong, kuhl, giovangrandi, kovacs [2011]

microelectrode arrays

conduction in cardiomyocyte co-cultures with varying cardiomyocyte:fibroblast ratios



136.3 electrophysiology

membrane potential

• why is there a potential difference across the cell membrane?
• what are the mechanisms that are responsible for generating,
   maintaining, and regulating membrane potentials?

146.3 electrophysiology

membrane potential

wong, goktepe, kuhl [2010]

156.3 electrophysiology

passive transport - ion channels
ion channels are integrated membrane proteins through
which ions can diffuse through the membrane. they can be
either fully open or fully closed. ionic current is dependent on
both concentration gradient and membrane potential.

• voltage-gated channels  • mechanically gated channels
• ligand gated channels  • light gated channels

166.3 electrophysiology

active transport - ion pumps

• example sodium potassium pump
• requires about 1/3 of all the energy of a typical animal cell

active transport requires extra energy in the form of ATP. it
is directed against concentration gradients, from low
to high.



176.3 electrophysiology

membrane potential

phase I electrically neutral state
initially, both reservoirs contain the
same ions, but at different
concentrations. both sides are
electrically neutral. each + ion is
balanced with a - ion on each side of
the membrane.

electrically neutral, but concentration gradients

186.3 electrophysiology

membrane potential

phase II selective permeability
now the membrane is made
permeable to sodium but not to
chloride. concentration difference
initiates passive transport of Na+ along
concentration gradients while Cl-
distribution remains unchanged.

equilibrated Na concentration, but electrically charged

196.3 electrophysiology

membrane potential
phase III resting state an equilibrium state is reached when
concentration-gradient driven diffusion is balanced by membrane-
potential driven forces that keep ions from diffusing

balance of concentration gradients & electric charges

206.3 electrophysiology

membrane potential



216.3 electrophysiology

41,200,000 ions…

226.3 electrophysiology

… change the concentration by < 0.5%

236.4 electrophysiology

action potentials in different cell types

246.3 electrophysiology

fitzhugh-nagumo model



256.3 electrophysiology

fitzhugh-nagumo model

• oscillator with quadratic damping coefficient

• nonlinear second order equation

• lienard’s transformation

• two first order equations

• classical fitzhugh-nagumo model for excitable cells

266.3 electrophysiology

fitzhugh-nagumo model

276.3 electrophysiology

four phases of excitation

regenerative phase 0. excitation begins with the rapid depolarization of the cell
characterized through a fast upstroke of the membrane potential. the depolarization
opens both sodium and potassium channels initiating an outward potassium current and
an inward sodium current. for sufficiently large stimuli, a positive feedback is generated.
more and more sodium channels open. the membrane potential increases rapidly.

286.3 electrophysiology

four phases of excitation

active phase 1. the active phase is characterized through a high and almost
constant membrane potential. sodium permeability is maximized but decreases as
more and more sodium channels tend to close again. also, potassium channels now
begin to open. this marks the end of the active phase.



296.3 electrophysiology

four phases of excitation

absolutely refractory phase 2. during the absolutely refractory phase the
membrane potential decreases smoothly. some cell types tend to hyperpolarize,
they initially overshoot the resting state. action potentials cannot follow one another
immediately since the ion channels need to return to their resting state. during the
absolutely refractory period the cell is unable to generate a new action potential.

306.3 electrophysiology

four phases of excitation

relatively refractory phase 3. during the relatively refractory phase the cell slowly
returns to the resting state. the ion channels also gradually go back to their initial
state. a new action potential can be generated during this phase, however, the required
stimulus might be significantly larger than if the cell was already at rest.

316.3 electrophysiology

action potentials in different cell types

32

van der pol [1926], hodgkin & huxley [1952], fitzhugh [1961], nagumo et al. [1962]

6.3 electrophysiology

bonhoeffer-van der pol oscillator

fitzhugh-nagumo equation

 potential

repolarization

motivation - nerve cells



33

hodgkin & huxley [1952], fitzhugh [1961], noble [1962], beeler & reuter [1977], luo & rudy [1991]

6.3 electrophysiology

oscillatory pacemaker cells vs stable muscle cells
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aliev & panfilov [1996], rogers & mc culloch [1994], nash & panfilov [2004]

346.3 electrophysiology

courtesy of kit parker, disease biophysics group, harvard university

healthy tissue - in vitro vs in silico

356.3 electrophysiology

fibrillating tissue - in vitro vs in silico

courtesy of kit parker, disease biophysics group, harvard university

366.3 electrophysiology

excitation of a mouse heart



376.3 electrophysiology

re-entry and ventricular fibrillation - in silico prediction

göktepe, wong, kuhl [2010]

386.3 electrophysiology

what can we do about it?

dal, göktepe, kaliske, kuhl [2010]

unsuccessful vs successful defibrillation

39there’s something wrong with scooter! 406.3 electrophysiology

excitation of a human heart - mri

magnetic resonance

segmentation

binary mask

kotikanyadanam,göktepe, kuhl [2009]
courtesy of euan ashley, cardiology



416.3 electrophysiology

1st ekg willem einthoven [1903], nobel prize in medicine [1924]

excitation of a human heart - ekg

426.3 electrophysiology

excitation of a human heart - ekg

courtesy of oscar abilez, bioengineering / vascular surgery, stanford

• P wave - depolarization of the atria
• QRS complex - depolarization of the ventricles
• T wave - repolarization of the ventricles

436.3 electrophysiology

excitation of a human heart - heart vector

kotikanyadanam,göktepe, kuhl [2009]

446.3 electrophysiology

excitation of a human heart - computational model

kotikanyadanam,göktepe, kuhl [2010]



456.3 electrophysiology

kotikanyadanam,göktepe, kuhl [2010]

excitation of a human heart

466.3 electrophysiology

ten tuscher, noble, noble, panfilov model

action potential evolution as a result of ionic currents

gating variables

ion concentrations

beeler, reuter [1977], luo, rudy [1991], ten tuscher, noble, noble, panfiilov [2004], wong, goktepe, kuhl [2010]

ionic currents

electrochemical model of a heart cell

476.3 electrophysiology

human ventricular cardiomyocyte

beeler, reuter [1977], luo, rudy [1991], ten tuscher et al. [2004], wong,göktepe, kuhl [2010]

486.3 electrophysiology

electrochemical model - 13 gating variables

Figure 3. Electrochemistry in a human ventricular cardiomyocyte. Temporal evolution of sodium activation gate gm, fast sodium inactivation
gate gh, slow sodium inactivation gate gj, L-type calcium activation gate gd, L-type calcium inactivation gate gf, intracellular calcium dependent
calcium inactivation gate gfCa, transient outward activation gate gr, transient outward inactivation gate gs, slow delayed rectifier gate gxs, rapid
delayed rectifier activation gate gxr1, rapid delayed rectifier inactivation gate gmxr2, inward recrification factor gK1∞, and calcium-dependent
inactivation gate gg.



496.3 electrophysiology

electrochemical model - 15 ionic currents

Figure 4. Electrochemistry in a human ventricular cardiomyocyte. Temporal evolution of fast sodium current INa, background sodium current
IbNa, sodium potassium pump current INaK, sodium calcium exchanger current INaCa, inward rectifier current IK1, rapid delayed rectifier current
IKr, slow  delayed rectifier current IKs, plateau potassium current IpK, transient outward current It0, L-type calcium current ICaL, background
calcium current IbCa, plateau calcium current IpCa, leakage current Ileak, sarcoplastic reticulum uptake current Iup, and sarcoplastic reticulum
release current Irel.

506.3 electrophysiology

electrochemical model - 4 ion concentrations

516.3 electrophysiology

electrochemical model of the heart

wong, goktepe, kuhl [2010]

Figure 6. Electrochemistry in the human heart. Spatio-temporal evolution of the membrane potential and the intracellular sodium, potassium,
and calcium concentrations during the depolarization phase of the cardiac cycle. Depolarization is initiated through an increase in the
intracellular sodium concentration which reflects itself in the rapid depolarization of the cell characterized through an increase in the
transmembrane potential from -86mV to +20mV.

526.3 electrophysiology

electrochemical model of the heart

Figure 7. Electrochemistry in the human heart. Spatio-temporal evolution of the membrane potential and the intracellular sodium, potassium,
and calcium concentrations during the repolarization phase of the cardiac cycle. Repolarization is characterized through a smooth decrease in
the transmembrane potential from its excited value of +20mV back to its resting value of -86mV. At the same time, the three ion concentrations
return to their resting values. wong, goktepe, kuhl [2010]



536.4 excitation contraction

electro-mechanical coupling

• electrical excitation induces mechanical contraction
• mechanical contraction affects stretch-induced ion channels

10 µm

aliev & panfilov [1996], rogers & mc culloch [1994], tentusscher & panfilov [2008]

546.4 excitation contraction

actin-myosin interaction for muscle contraction

10 µm

556.4 excitation contraction

actin-myosin interaction for muscle contraction

10 µm

566.4 excitation contraction

actin-myosin interaction for muscle contraction

10 µm



576.4 excitation contraction

• differential equations

• constitutive coupling

• primary field variables Ca2+

electro-mechanical coupling

goktepe & kuhl [2010]

fully coupled monolithic fe model

586.4 excitation contraction

mechanically induced excitation

göktepe & kuhl [2010]

596.4 excitation contraction

electrically induced contraction

göktepe & kuhl [2010]

606.4 excitation contraction

generic bi-ventricular heart model

göktepe & kuhl [2010]



616.4 excitation contraction

generic bi-ventricular heart model

göktepe & kuhl [2010]

626.4 excitation contraction

patient-specific heart

wong, göktepe & kuhl [2012]

636.4 excitation contraction

pressure volume loops
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646.4 excitation contraction

pressure volume loops
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656.4 excitation contraction

pressure volume relation / signorini contact problem

invert

smooth

regularize

666.4 excitation contraction

pressure volume loop in healthy and infarcted heart

ongoing work: serdar goktepe & saverio smaldone
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