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56. mechanotransduction

Mechanotransduction I
Mechanoreception, intracellular signaling, target activation
Probing mechanotransduction

Mechanotransduction II
Electrical signaling and electrophysiology
Huxley Hodgkin model
Nerve cells

Mechanotransduction III
Electromechanical signaling and excitation contraction
FitzHugh Nagumo model
Skeletal muscle cells and heart cells
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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

86.1 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

•

•

•



96.2 probing mechanotransduction

probing mechanotransduction

in their physiological environment, cells are subjected to various
combinations of mechanical stimuli and it is difficult to
predict which stimulus is responsible for which change within the
cell. in an attempt to better understand the response of the cell to
individual mechanical stimuli, experiments are performed under
controlled laboratory conditions in which different loading
scenarios can be applied in a selective way. some of the classical
devices that are used to probe mechanotransduction in
living cells include the following tests.

uniaxial and biaxial tension
uniaxial and hydrostatic compression
uniaxial and circumferential shear

•

•

•

106.2 probing mechanotransduction

probing mechanotransduction - tension

uniaxial tension
culture cells on a flexible thin sheet and stretch the sheet uniaxially

advantage: relatively simple
advantage: long sheets relatively homogeneous in loading dircetion
disadvantage: lateral compression due to poisson’s effect

•

•

•

116.2 probing mechanotransduction

probing mechanotransduction - tension

biaxial tension
culture cells on circular membrane and pressurize it from underneath

advantage: ideally, all cells experience the same strain in all directions
disadvantage: pure membrane state is difficult to achieve
disadvantage: cell membrane needs to slide along frictionless support

•

•

•

126.2 probing mechanotransduction

probing mechanotransduction - compression

hydrostatic compression
culture cells in media and increase gas pressure in culture system

advantage: ideally, all cells experience similar hydrostatic compression
disadvantage:changes in gas composition affect chemical environment
disadvantage: might affects cytoplasm rather than mechanoreceptors

•

•

•



136.2 probing mechanotransduction

probing mechanotransduction - compression

uniaxial compression
culture cells in 3d matrix and subject cell matrix to compressive loading

advantage: mimics response of cells in their in vivo environement
disadvantage: difficult to back out stress state of individual cells
disadvantage: influence of poisson effect, matrix viscosity, fluid flow

•

•

•

146.2 probing mechanotransduction

probing mechanotransduction - shear

circumferential flow
culture cells on flat plate and expose them to fluid flow by rotating disk

advantage: single cells can be tested in fluidic environment
disadvantage: rotational device generates inhomogeneous flow profile
advantage: different shear profiles can be tested in one experiment

•

•

•

156.2 probing mechanotransduction

probing mechanotransduction - shear

uniaxial flow
culture cells on substrate and expose them to laminar flow field

advantage: single cells can be tested in fluidic environment
advantage: flow chambers can be studied under a microscope
disadvantage: fully developed laminar flow might be non-physiological

•

•

•

166.3 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.



176.3 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?

186.3 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.

196.3 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.

206.3 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?



216.3 electrophysiology

membrane potential

• passive discontinuous transport through ion channels
• active continuous transport through ion pumps

226.3 electrophysiology

membrane potential

wong, goktepe, kuhl [2010]

236.3 electrophysiology

passive transport through ion channels
passive transport is driven by directed diffusion to
equilibrate concentrations. it is directed along concentra-
tion gradients, from high to low.

• osmosis, transport of water through the membrane
• simple diffusion through pores and through lipid bilayer
• carrier-mediated diffusion by means of carrier molecules

246.3 electrophysiology

passive transport through 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



256.3 electrophysiology

passive transport through ion channels

figure 1 recording and stimulation: past and present. a first action potential recorded intracellularly
from a neuron inset, the electrode inserted into a giant squid axon [hodgkin, huxley 1939] b multisite
optical recording of action potentials in a cerebellar purkinje neuron by using voltagesensitive dyes. c
electrical stimulation of frog nerve [galvani 1791]. d optical deep-brain stimulation of neurons expressing
microbial opsin genes [deisseroth lab, stanford, 2010]

266.3 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.

276.3 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.

286.3 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.



296.3 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

306.3 electrophysiology

electric circuit model


