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Zusammenfassung

Diese Arbeit befasst sich mit elektrischen und optischen Messungen neuronaler Akti-
vität. Der erste Teil meiner Arbeit beschreibt extrazelluläre elektrische Messungen an
kollidierenden Aktionspotentialen (APs) in Regenwurmnerven. Die elektromagnetische
Wechselwirkung (ephaptische Kopplung) zwischen APs und ihrer Umgebung ist beson-
ders stark, wenn APs entstehen oder verschwinden (ephaptische Entladung). Ich zeige,
dass APs sich auslöschen, wenn sie kollidieren. Dadurch bietet sich eine bisher unent-
deckte Möglichkeit, die ephaptische Entladung zu messen. Diese Messungen zeigen, dass
die ephaptische Entladung im allgemein akzeptierten Hodgkin-Huxley-Modell um eine
ganze Größenordnung unterschätzt wird, während das sehr einfache aber vergleichswei-
se unbekannte Tasaki-Cable-Modell den Effekt genau wiedergibt. Die Auswirkung auf
benachbarte Zellen hängt von deren Position und Orientierung sowie vom Zeitpunkt der
APs ab und kann sowohl anregend (exzitatorisch) als auch unterdrückend (inhibitorisch)
sein. Ich stelle die Hypothese auf, dass starke ephaptische Entladungen eine grundle-
gende Eigenschaft von APs und damit eine wesentliche Komponente der interzellulären
Kommunikation sind, insbesondere an Synapsen. Außerdem ist zu erwarten, dass wie-
derholte Entladungen auch morphologische Veränderungen der Zellen bewirken. Diese
Prozesse sind jedoch durch elektrische Aufzeichnungen nicht festzustellen.

Im zweiten Teil meiner Arbeit entwickle ich eine neue optische Methode, mit der sol-
che nicht elektrischen Prozesse beobachtet werden können. APs bewirken strukturelle
Änderungen und Deformationen und verursachen dadurch ein optisches Signal, das fast
Intrinsic Optical Signal (fIOS). Das fIOS wird normalerweise entweder in der Depolari-
sation von transmittiertem Licht oder in Fluktuationen des gestreuten Lichts detektiert.
Zunächst untersuche ich die Depolarisation von transmittiertem Licht an elektrisch sti-
mulierten Hummernerven mit einer außerordentlich empfindlichen Methode. Ein fIOS
konnte nur unter sehr kleinen Streuwinkeln (ϑ> 0.3°) detektiert werden, jedoch nie in
ungestreutem Licht (ϑ< 0.2°). Dieser feine Unterschied wurde mit den bisherigen Mess-
systemen nicht festgestellt und widerspricht der gängigen Interpretation, dass das fIOS
durch eine Änderung der Doppelbrechung entsteht.

Die finalen optischen Experimente nutzen diese Erkenntnis in Kombination mit ei-
nem kürzlich von F. Amblard vorgeschlagenen Konzept. Fluktuationen des gestreuten
Lichts werden nach dem Prinzip der Vielfachstreuung verstärkt, indem die Probe in
einem weißen Hohlraum eingebettet wird. Ich nenne diese Methode Cavity Amplified
Speckle Spectroscopy (CASS). Mehrere Prototypen wurden entworfen, optimiert und in
den elektrophysiologischen Aufbau integriert. Mit CASS kann sogar das fIOS eines ein-
zelnen myelinisierten Axons im trüben Bauchmark des Regenwurms detektiert werden.
Zusätzlich zeigt sich ein langsamerer Prozess neuronaler Aktivität, welchen ich slow IOS
(sIOS) nenne. Ein Zusammenhang zwischen dem sIOS und APs ist klar erkennbar, der
Ursprung des sIOS ist jedoch noch nicht geklärt.





Abstract

This work is concerned with electrical and optical measurements of neural activity. The
first part of my work describes extracellular electric measurements of colliding Action
Potentials (APs) in nerve chords from earthworms. The electromagnetic interaction
(ephaptic coupling) between APs and their surroundings is particularly strong when
APs are generated or annihilate (ephaptic discharge). I show that APs annihilate when
they collide. This offers a previously undiscovered way to measure the ephaptic discharge.
These measurements show that the well accepted Hodgkin-Huxley model underestimates
the ephaptic discharge by one order of magnitude, while the very simple but comparably
unpopular Tasaki-Cable model precisely reproduces the effect. The effect on neighboring
cells depends on their position and orientation, as well as the timing of the APs, and
can be excitatory or inhibitory. I make the hypothesis that a strong ephaptic discharge
is a universal property of APs and therefore a major component of intercellular commu-
nication, especially at synapses. It is also to be expected that repeated discharges will
cause morphological changes in the cells. However, these processes cannot be observed
by electrical recordings.

In the second part of my work, I am developing a new optical method with which such
non-electrical processes can be observed. APs cause structural changes and deformations
and thereby cause an optical signal, the fast Intrinsic Optical Signal (fIOS). The fIOS is
usually detected either in the depolarization of transmitted light or in fluctuations of the
scattered light. First, I examine the depolarization of transmitted light of electrically
stimulated nerve lobster with an extremely sensitive method. An fIOS could only be
detected under very small scattering angles (ϑ> 0.3°), but never in unscattered light
(ϑ< 0.2°). This subtle difference was not resolved by previous measurement systems
and contradicts the common interpretation that the fIOS is caused by a change in the
birefringence.

The final optical experiments use this knowledge in combination with a concept re-
cently proposed by F. Amblard. Fluctuations in the scattered light are amplified accord-
ing to the principle of multiple scattering by embedding the sample in a white cavity. I
call this method Cavity Amplified Speckle Spectroscopy (CASS). Several prototypes were
designed, optimized and integrated into the electrophysiological setup. CASS can even
detect the fIOS of a single myelinated axon in the earthworm’s turbid ventral nerve
chord. In addition, a slower process of neural activity is revealed, which I call slow IOS
(sIOS). A connection between the sIOS and APs is clearly recognizable, but the origin
of the sIOS has not yet been clarified.
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1 Introduction
Neuronal tissue controls the life functions and behavioral reactions of all higher organ-
isms, including mammals. Most of this function is attributed to a network of neurons.
Neurons can sense input, transmit signals and thereby communicate with one another
or other cells like muscles. By doing so, a network of neurons is capable of computing
information [123]. A large network, like a human brain, allows consciousness to enter
an otherwise seemingly mindless world [52]. Centuries of scientific effort provides us
with fragmented insights into these processes. Despite being inconclusive, these insights
are constantly driving scientific, medical and philosophical progress. In my thesis, I
aim to contribute to this progress with a novel approach of electric recordings, and by
employing a very recently proposed method of optical spectroscopy.

Biological cells are separated from the outside world by a thin membrane. The mem-
brane of neurons has a special function: it is excitable. Normally it is in a resting state,
but it can rapidly switch to an excited state. This transition can be triggered by ther-
mal, electrical, chemical or mechanical stimulation, and the transition also influences all
of these properties [59, 86, 161, 164, 182, 185]. Neurons transmit pulses of excitation
along their axons, these pulses are called Action Potentials (APs). Some axons end very
close to neighboring cells, these connections are called synapses. At some synapses the
arrival of a pre-synaptic AP excites the post-synaptic cell, while other synapses inhibit
the activity of the post-synaptic cell [51].

At the current state of knowledge, this interaction of APs in neuronal networks is
thought to be the core of information processing in animals. However, our understanding
of excitation, as well as cell-to-cell interaction, is rather fragmented. The transmission
of APs along an axon is usually described with an electric cable model, consequently
the AP is called an electric pulse. On the other hand, the cell-to-cell communication
across synapses is described with a chemical mechanism. So called neurotransmitters
are released from the pre-synaptic membrane and affect the post-synaptic membrane.
There are various excitatory and inhibitory species of neurotransmitters [107, 178].

Besides the textbook mechanisms of Neurotransmitters, there is another kind of cell-
to-cell interaction. Nerve fibers are often close to each other and not perfectly shielded.
Thus, a direct electric cross-talk which is called ephaptic coupling must occur [12, 103].
APs create an extracellular electric field in their surroundings, and the spatial inho-
mogeneities of this field influence neighboring cells [8]. The strength and physiological
function of ephaptic coupling may not be clear, but its existence is beyond any doubt.
In 1942, Angelique Arvanitaki observed ephaptic coupling and concluded that the gener-
ation and annihilation of APs can cause a strong ephaptic discharge and that its effect
depends on the geometry of the cells. (e.g. at the end of an axon, a synapse or an artifi-
cially blocked region of a nerve) [12]. When two APs propagate towards each other and
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collide, they also annihilate and discharge [180]. I performed AP collision experiments
to study the electric properties of annihilating APs. These experiments provide a unique
way of measuring the extracellular electric field with a high spatial resolution. Thereby
giving access to the ephaptic discharge of APs, which so far has not been observed
otherwise.

The experimental results presented in Chapter 4 challenge the well accepted Hodgkin
Huxley model, while supporting a stunningly simple model which was proposed by Tasaki
in 2002[184, 191]. I formulate a hypothesis similar to Arvanitaki, and demonstrate that
it has the potential to explain various phenomena of cell-to-cell interactions with classical
electrodynamics.

Our understanding of neuronal activity is almost entirely based on electric recordings,
but neuronal activity is more than a change in the electro-chemical properties of the
membrane. Little is known about these non-electric processes because they cannot be
detected by electrodes. However, some processes can be observed based on changes in the
optical properties. Studying these non-electric changes bears the possibility to provide
crucial information about neuronal activity, the underlying mechanisms of excitation and
the interplay between electric and non-electric processes. The minute optical changes
that accompany APs are called the fast Intrinsic Optical Signal (fIOS) [63, 118, 186,
192]. While neurons of vertebrates are wrapped in layers of fatty cells (myelin) and are
therefore hidden in turbidity, neurons of most invertebrates are unmyelinated and were
therefore used in previous studies that reported an fIOS.

The experiments in Chapter 5 narrow down the origin of the fIOS by using Lobster
neurons. Based on these findings, a novel method to observe the fIOS is developed in
Chapter 6. The measurement principle is based on multiple scattering of light which en-
ables an outstandingly sensitive dynamic optical spectroscopy [124, 127]. A progression
of this concept has very recently been proposed by Francois Amblard, which I refer to as
Cavity Amplified Speckle Spectroscopy (CASS) [75]. The optical signal exhibits novel
features of neuronal activity that are not visible in electric recordings.

I report the fIOS and other non-electric signatures of neuronal activity even from
single axons and through turbid myelinated tissue.
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2 Theory of Light

[109]

2.1 Introduction
The experiments presented in Chapter 5 and 6 describe optical changes of nervous tissue.
The Intrinsic Optical Signal (IOS) is detected in scattered coherent laser light. In this
chapter the theoretical background of the optical experiments is explained. The theory
of light scattering is presented on the basis of [205], other notable textbooks are [21, 30,
166]. The theory of multiple scattering is not in textbooks, but is described e.g. in [124,
127, 205].

2.2 Light Scattering
Light is detected as single photons (like discrete particles). However, the transport of
these photons is described by an electric field wave. The probability to detect a photon
is proportional to the intensity

I = ⟨E(t)2⟩ , (2.1)

which is the time average of the squared electric field. Let us assume that the incoming
light is a monochromatic plane wave with the frequency ω. Its electric field Ein at
position r and time t is then

Ein(r, t) = E0e
i(k0r−ωt) , (2.2)

with the wavevector k denoting the direction of propagation. The absolute value of k in
a medium with refractive index n is

k = |k| = ω

c
=

2πn

λ0
, (2.3)

where λ0 is the wavelength in vacuum. The real index n = c/v is the ratio between the
speed of light in vacuum c and the speed of light inside the medium v. The index can
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be complex n to account for absorption. Spatial fluctuations of the refractive index n(r)
are the origin of light scattering. Anisotropic materials give rise to birefringence, then
the index n is a tensor.

2.2.1 Scattering and Absorption Length
When light is transmitted thought a medium, it can be scattered or absorbed. The
interaction coefficients and corresponding lengths will be introduced assuming a sample
of uniformly distributed identical scatterers. The probability for a photon to be absorbed
is described by the absorption cross section

σa =
Pa

I0
, (2.4)

with the incident intensity I0 and absorbed power per particle Pa. The absorption
coefficient

µa = ρσa , (2.5)
with the number density ρ of absorbing particles [48], adds a complex component to the
optical index

n = n− i
2k0
µa . (2.6)

The inverse of µa is the absorption length

la =
1

µa
. (2.7)

The incoming intensity I0 is diminished to

I = I0 exp(−µas) (2.8)

along its path of length s through the sample. The scattering cross section σs, coefficient
µs and length ls

σs =
Ps

I0
, µs = ρσs and ls =

1

µs
(2.9)

are introduced similarly to the absorption formalism. The scattering length ls is the
mean free path of a photon traveling through the sample.

In total, the incident beam is diminished by scattering and absorption. The transmit-
ted intensity of the beam

I = I0 exp(−(µa + µs)s) . (2.10)
decreases exponentially with the sample size s and the sum of scattering coefficient µs
and absorption coefficient µa.

2.2.2 Static Scattering
The scattering theory is introduced with regard to individual scattering particles. Single
scattering is assumed (ls ≫ s). Interaction of the incident radiation with a scattering
particle of size a is classified based on the size parameter ka. The concepts introduced
here follow the more complete presentations found in [21, 95, 205].
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Figure 2.1: A linear polarized wave encounters a scatterer. The detector is located at R.
The field Ein defines the scattering plane perpendicular to Ein (here the y-z
plane), where ϑ denotes the in-plane scattering angle and ψ the out-of-plane
angle.

Figure 2.2: Angle resolved intensity of scat-
tered light from a very small particle. In
VV geometry the polarization of the inci-
dent and scattered light are perpendicular
to the scattering plane (ψ = 0) and the
denoted scattering angle is ϑ. In HH geom-
etry both polarizations are in plane (ϑ = 0)
and the scattering angle is ψ. Unpolarized
scattering is the average of all incoming po-
larizations.

Rayleigh Regime

Rayleigh scattering describes the interaction of light with a very small particle of radius
a and volume V = 4

3πa
3, where (ka≪ 1). The incoming electric field E0 (equation 2.2)

creates a homogeneous oscillating dipole moment in the volume V . The strength of the
dipole is given through its relative permittivity1 ϵr = n2. This oscillating dipole radiates
a field of amplitude

Es(R,ψ, t) = − k2

4π

Ein(r, t)
R

(ϵr − 1)V cosψ , (2.11)

where ψ is the angle between the plane perpendicular to the electric field vector and the
direction of observation [95] (see figure 2.1). Capital R denotes the distance between
observer and particle. For linear polarized incoming light, the emitted intensity

Is(R) = Is(R,ψ) = ⟨Es(R,ψ, t)
2⟩ ∝ cos2(ψ) k4 a6 (2.12)

strongly depends on a and k but it is also a function of ψ (see figure 2.2).

1Magnetic effects are neglected
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Rayleigh-Debye-Gans Regime

The scattering from small particles can be extended to larger particles of random shape,
if the phase shift of the field inside the particle, with respect to the external field, can
be neglected. This condition is fulfilled when

ka(n− 1) ≪ 1 , (2.13)

where a is the long half axis of an anisotropic particle or the radius of a sphere. Then
the amplitude of the scattered field at position R is the coherent sum of non-interacting
Rayleigh elements

Es(R, t) =
∫
V
dEs(R, t) . (2.14)

In a more general scattering formalism this approach is known as the first Born approx-
imation. The individual path length difference to the detector

∆r =
k0r − ksr

k
(2.15)

causes a corresponding phase shift ∆ϕ. With the definition of the scattering vector (see
figure 2.3, left)

q = k0 − ks and |q| = |k0 − ks| =
4πn

λ
sin

(
ϑ

2

)
, (2.16)

the phase shift can be expressed as

∆ϕ = −qr . (2.17)

With equation 2.17, the scattered field (eq. 2.14) is expressed as

E(R) = −Ein

R

∫
V

k2

4π
(ϵr(r)− 1)e−iqrd3r︸ ︷︷ ︸

b(q)

, (2.18)

where b is the scattering length, a value proportional to the Fourier transform of spatial
inhomogeneities of the dielectric constant. The form factor,

P (q) = ⟨|b(q)|2⟩
⟨|b(0)|2⟩

, (2.19)

is the normalized average scattering intensity. It is a measure of the particles size.

Dispersion of Particles

In a ensemble of N particles, the scattered fields add up at the detector. Similar to the
extension of point dipoles to small particles (eq. 2.18), the coherent sum

Es(R, t) = −Ein

R

N∑
j=1

e−iqrjbj(q) (2.20)
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Figure 2.3: (left) The scattering vector q is defined as the difference between the incom-
ing kin and the detected kout pointing vector. (middle) Interference pattern
created by three scattering points. The scattered photons with k ∥ kout ar-
rive at the detector (D). The random positions of scattering particles leads
to a random distribution of constructive and destructive interference, called
a speckle pattern. (right) Photograph of a speckle pattern.

of N particles at positions rj is calculated. If pre-factors are neglected, the detected
intensity is

⟨Is(q)⟩ =
N∑
j=1

N∑
k=1

⟨bj(q)b⋆k(q)e−iq(Rj−Rk)⟩ . (2.21)

An ensemble of spherical or unaligned particles is isotropic. If the particles are all
identical, and the ensemble is isotropic the scattering length is bj(q) = b(q). With the
definition 2.19 the detected intensity from equation 2.21 can be written as

⟨Is(q)⟩ = b2(0)P (q)
N∑
j=1

N∑
k=1

⟨e−iq(Rj−Rk)⟩ (2.22)

= Nb2(0)P (q)S(q) (2.23)

Here, S(q) is the structure factor, accounting for spatial correlations between the parti-
cles. If the structure is periodic in space, the structure factor will recite the periodicity
in q-space: The scattering pattern of a crystal contains sharp ordered peaks (Bragg
Peaks). In random media, the random positions generate a grainy far field pattern
called a speckle (see fig 2.3, right).

Speckle imaging is a key method in this thesis. For this purpose an estimation of the
size of one speckle spot is desired. The largest variation of the phase in equation 2.22 is
determined by the particles j, k with the greatest distance to each other. The maximal
distance is given by the size of the scattering volume LV . Therefore, the variation of the
phase is given by

∆ϕ = ∆qLV . (2.24)
The correlation is lost when ∆ϕ ≈ 2π. Using the definition of the scattering vector
(eq. 2.16), the angular spread ∆ϑ of one speckle spot can be estimated to

∆ϑ ≈ ∆q

k
=

λ

LV
. (2.25)
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Figure 2.4: Mie scattering formfactor for large (left x = 1) and very large (right x = 10)
particles. The scattering angle ϑ is indicated by the arc. Forward scattering
increases drastically with increasing size parameter x.

Mie scattering

Scattering from particles comparable or larger than the wavelength requires a more
uphill analytical treatment. For spheres of radius a, the important dimension is the size
parameter x = ka. The general problem

E(R) = 1
R

(
S2 S3

S4 S1

)
Ein (2.26)

is expressed using complex scattering amplitudes S(ϑ, ψ, x, n)[95]. At the particle surface,
the solution of the Maxwell equations for the electric field is expressed as an infinite sum
of vector spherical harmonics. For spherical objects, the non-diagonal terms vanish
S3 = S4 = 0. There are different numeric algorithms to calculate the Mie solution,
many are based on Bohren and Huffman [25]. In this thesis the calculation of scattering
functions is performed using the python package miepython[154] which is based on the
algorithm provided by Wiscombe [201]. The solutions are heavily angle dependent, with
increasing particle size, the forward scattering dominates the form factor more and more
(see figure 2.4).

2.2.3 Dynamic Scattering
The far field that arrives at the detector is given in equation 2.21. It depends on the po-
sition Rj of each particle. Any movement of particles changes the phase (equation 2.17)
and therefore the detected intensity. The resulting fluctuations of the speckle provide
valuable information about the dynamics in the sample. In order to analyze these fluc-
tuations, the autocorrelation function is calculated. The field autocorrelation function

g1(τ) =
⟨E(t)E(t+ τ)⟩

⟨E(t)2⟩
, (2.27)
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where ⟨⟩ denotes the average over time t, is applied to the analytically derived field
equation 2.20. Since the autocorrelation will be normalized, all pre-factors are neglected.
Which leads to

g1(q, τ) =

∑
j⟨bj(q, t)b⋆j (q, t+ τ)e−iq(Rj(t)−Rj(t+τ))⟩∑

j⟨bj(q, t)b⋆j (q, t)⟩
. (2.28)

For identical particles, all bj are equal, then the autocorrelation function

g1(q, τ) = ⟨e−iq∆R(τ)⟩ (2.29)
solely depends on the displacement ∆R(τ) projected on q [205]. For a diffusive random-
walk motion ∆R(τ) is isotropic and gaussian distributed, the mean squared displacement

⟨∆R(τ)2⟩ = 6Dτ (2.30)
is a function of the diffusion coefficient D of the particle [205]. Combining eq. 2.30 and
eq. 2.29 produces the simple expression

g1(q, τ) = e−q2Dτ . (2.31)
For spherical particles the Stokes-Einstein relation

D =
kBT

6πηa
(2.32)

yields the hydrodynamic radius a as a function of D, which is used for particle sizing in
single scattering experiments (Section 6.3.2).

Data analysis

In a Dynamic Light Scattering experiment, a photodetector is connected to a hardware
correlator that calculates the intensity autocorrelation function

g2(τ) =
⟨I(t)I(t+ τ)⟩

⟨I(t)⟩2
. (2.33)

The theoretical connection between the measured g2 and the previously derived g1
(eq. 2.44) is given by the Siegert Relation

g2(τ) = 1 + β|g1(τ)|2 , (2.34)
where β is the intercept [21]. The measured function converges when the measuring
time is large compared to the observed timescales. Then the intercept β is the inverse
of the number of detected speckle modes β = 1/M . By using a single mode fiber and
polarization filter, β should be close to one. However, the Siegert relation 2.34 is only
valid when the time average of the measurement is equal to the ensemble average. This
is the case for particles in Brownian motion, where every particle moves arbitrarily far.
Then all possible realizations of positions Rj occur with time and the measurement is
said to be ergodic. In a gel or bulk biological tissue, constrains on the thermal diffusion
can cause a non-ergodic measurement[205]. The phase is not randomized completely. As
a consequence, the normalization of the correlation function is ill-posed. Measuring an
average correlation function requires additional concepts (see e.g.[155]).
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Figure 2.5: Sketch of a path for multiple light scattering. Coherent laser light is pointed
onto a turbid sample. Inside the Sample, the photon transport is a random
walk (diffusion). Light leaves the Sample in all directions, some paths end
at the detector.

2.2.4 Diffusing Wave Spectroscopy
So far it is assumed that each detected photon is scattered exactly once. This situation
is easily achievable in dilute suspensions, where the number density of particles can be
adjusted accordingly. However, most natural materials are strongly scattering, and this
is also true for neuronal tissue. Diffusing Wave Spectroscopy (DWS) allows to measure
the dynamics in such systems. In a turbid sample, the mean free path ls (eq. 2.9) is
smaller than the sample size. A photon is scattered many times along its path through
the sample and there are many possible paths, see figure 2.5. The length of a path p
with N scattering events

sp =

N∑
i=1

|ri+1 − ri| (2.35)

leads to the final phase

ϕp = k0sp =
N∑
i=1

ki · (ri+1 − ri) , (2.36)

where ki is the wavevector after the i-th scattering event. The amplitude at the detector
is the coherent sum of the fields Ep from all paths [30]

E(t) =
∑
p

Epe
iϕp(t) . (2.37)

The number of paths and scattering events is very large. Therefore the total phase at the
detector is a random variable and the autocorrelation function (eq. 2.27) of the detected
field (eq. 2.37) can be expressed using the central limit theorem [30]

g1(τ) =
∑
p

P (p)e−⟨∆ϕ2
p(τ)⟩/2 . (2.38)

The displacements of scatterers along the path lead to the phase shift

∆ϕp(τ) =

N∑
i=1

q⃗i ·∆r⃗i(τ) . (2.39)
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Assuming independent scattering events, the expression⟨
∆ϕ2p(τ)

⟩
= N

⟨
(q⃗i · r⃗i(τ))2

⟩
=

1

3
N

⟨
q2i
⟩ ⟨
r2i (τ)

⟩
, (2.40)

is found. The average squared scattering vector ⟨q2⟩ is an average over q, weighted with
the formfactor of the scatterer. The important length scale in a DWS experiment is the
transport mean free path

l⋆ =
ls

⟨1− cosϑ⟩ (2.41)

where ϑ is the scattering angle and ⟨⟩ denotes the average over many scattering events [30].
It is the length scale over which the direction of propagation is randomized. When the
sample is large, the light transport is diffusive and the photons perform a random walk
with the step length l⋆. For small particles l⋆ ≈ ls whereas large particles randomize
the direction of the light only after multiple scattering events and l⋆ > ls. With the
definition of l⋆ from equation 2.41, ⟨q2⟩ simplifies to [127]⟨

q2
⟩
=

⟨
(2k0 sin(ϑ/2))2

⟩
= 2k20 ⟨1− cos(ϑ)⟩ = 2k20

l

l⋆
(2.42)

Combining eq. 2.42 and eq.2.40 yields⟨
∆ϕ2p(τ)

⟩
=

2

3
k20

⟨
∆r2i (τ)

⟩ s
l⋆
. (2.43)

Since this equation depends on the path length, the sum over individual paths can be
exchanged by an integral over path lengths. With the path length distribution P (s) the
transition to the continuum limes yields the final expression [127]

g1(τ) =

∫ ∞

0
P (s)e−

1
3
k20⟨∆r2(τ)⟩ s

l⋆ ds . (2.44)

Compared to single scattering, instead of the scattering angle ϑ, the decorrelation scale
with s/l⋆. A quantitative analysis requires knowledge of the path length distribution
P (s). Explicit equations have been derived for many geometries [124]. The solution for
transmission and backscattering geometries are presented in the following.

In transmission geometry, a sample of size L is placed between the illuminating light
source and the detector. The maximum of the path length distribution is around ŝ ≈
L2/(4l⋆). The distribution is asymmetric, there exist very long paths, but no path
shorter then L. The effective average path length can be approximated by ŝ/2 and
the path length distribution replaced by a delta function at this value. Then the field
autocorrelation function is [199]

g1(τ) = exp
(
−
(
L
l⋆

)2
k2⟨∆r2(τ)⟩

)
. (2.45)

When light source and detector are on the same side of the sample, the geometry
is referred to as backscattering. For a semi-infinite sample the field autocorrelation
function is approximated as [167]

g1(τ) = exp
(
−γ

√
k2⟨∆r2(τ)⟩

)
. (2.46)
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With γ = z0
l⋆ + 2

3 where z0 represents the depth where the photon transport starts to
be diffusive. From this point on, the information about the incoming direction of the
light is lost hence the distribution of propagation directions is isotropic. The analytic
derivation of z0 is complex, it depends on incoming and detected polarization as well
as scattering anisotropy ⟨1− cos(ϑ)⟩. The exact parameters are usually not known. To
still be able to analyze the result, one can use the simplification z0 ≈ l⋆ and γ ≈ 2 [152].

By performing transmission and backscattering experiments, precise measurements
of l⋆ and the mean squared displacement are possible. Analog to the single scattering
data analysis, one can calculate the diffusion coefficient and hydrodynamic radius (using
equation 2.30 and 2.32). DWS can detect very small displacements since the sensitivity
increases with the path length.

2.3 Birefringence
When light is transmitted through an anisotropic medium, the index of refraction de-
pends on the orientation of the polarization. As a result, the polarization state is modi-
fied which is called birefringence [27, 48]. Information about the microscopic structure
and alignment of proteins or particles are gained by measuring the birefringence. Bio-
logical structures, like alpha helices or collagen fibers build up highly anisotropic and
therefore birefringent tissue. Many proteins, viruses and polymers have been analyzed
via measurements of birefringence [64, 65, 128].

The optical index depends on the orientation of the polarization and the optical axis of
an anisotropic molecule. In uniaxial materials a single direction specifies the orientation,
and a rotation around this axis does not change the optical properties. Then the bire-
fringence is described by an index ellipsoid with the index parallel n∥ and perpendicular
to its axis n⊥.

2.3.1 Transmission experiment
Birefringence can be detected by an increased transmission when a sample is placed
between crossed polarizers. A general introduction to the measurement principle is given
in e.g. [34, 48], and the experimental geometry is depicted in figure 2.6 Without loss of
generality, the incoming wave is described by two components. These are perpendicular
and parallel to the optical axis of the sample

E∥ =
1√
2
E0 cos(ωt−∆ϕ/2) and E⊥ =

1√
2
E0 cos(ωt+∆ϕ/2) , (2.47)

where ∆ϕ is the phase shift between those two waves. The difference in indices

∆n = n∥ − n⊥ (2.48)

slows down one component of the wave with respect to the other. When the incoming
light is linear polarized ∆ϕ = 0. The resulting retardance

R = ∆n · L (2.49)
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Figure 2.6: Basic principle of a birefringence measurement. The incoming wave (left) is
expressed via its x and y components. It passes a linear polarizer, tilted by
45◦. The second polarizer (Analyzer) is crossed to the first one (at −45◦) so
the incident light is blocked. While penetrating the sample, the x component
feels the index n∥ > n⊥. As a consequence, it is retarded by ∆ϕ. The
superposition of the x and y component is no longer linear, but elliptic (see
figure 2.7, left). Therefore, a part of the wave Edet can pass the analyzer.

generates an ellipsoidal polarization (see figure 2.7, left). The resulting phase shift is

∆ϕ =
2π

λ
R . (2.50)

A linear polarized beam penetrates the sample and is detected after passing a polariza-
tion filter.

The phase of the detected light is analyzed by the use of polarization filter (analyzer)
that is crossed to the incoming polarization (see figure 2.6). The analyzer is penetrated
by

Edet =
1

2
[cos (ωt−∆ϕ/2)− cos (ωt+∆ϕ/2)] (2.51)

= E0 sin (∆ϕ/2) sin (ωt) . (2.52)

With I ∝ E2 the transmittance becomes

T =
Idet
I0

= sin2 (∆ϕ/2) . (2.53)

Dichroism

The absorption coefficient can depend on polarization, which is called dichroism. De-
pending on the measurement principle this effect can be hard to distinguish from bire-
fringence. Like birefringence, dichroism arises from anisotropic microscopic structures.

23



Ex

Ey

Edet

Ex

Ey

Ein Eout

Edet

Figure 2.7: (left) Polarization states for different phase shifts ∆ϕ, caused by retardance.
The component that is perpendicular to the incoming light Edet can pass the
analyzer and is detected. (right) The modulation of polarization resulting
from dichroism. This also results in a field Edet that passes the analyzer.

When one component of linear polarized light is diminished, the polarization direction
is tilted (see figure 2.7, right). The polarization state remains linear, but incorporates
components perpendicular to the incoming wave.

2.3.2 Measuring Birefringence using Modulated Light
When ∆ϕ is small the signal is proportional to the squared retardance ∆ϕ2. The re-
sulting difficulty in measuring weak birefringent samples can be overcome by the use of
photoelastic modulator (PEM) in combination with a Lock-In amplifier (this method
is described e.g. in [125, 126, 128]). The PEM is a piezoelectric crystal, where an AC
voltage is applied at the mechanical resonant frequency ω of the crystal. Its optical
axis is perpendicular to the beamline and aligned at 0°, while the crossed polarizers are
aligned at ±45°. The PEM generates an oscillating retardance

∆ϕPEM = a sin (ωt) , (2.54)

with frequency ω and amplitude a. Hence the transmittance becomes

T =
1

2
[1− cos (∆ϕS +∆ϕPEM )] (2.55)

=
1

2
[1− cos (∆ϕS) cos (∆ϕPEM ) + sin (∆ϕS) sin (∆ϕPEM )] . (2.56)

Since ∆ϕS ≪ 1 the transmittance is approximated as

T ≈ 1

2
[1− cos (∆ϕPEM ) + ∆ϕS sin (∆ϕPEM )] . (2.57)

∆ϕPEM oscillates at frequency ω. The fundamental frequency of the cosine term is at
2ω whereas the sine contributes at ω. As ∆ϕS is of interest, only the frequency ω is
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measured. This is achieved with the use of the Lock-In amplifier. Hence the rear sine
term in 2.57 is expanded to

sin(∆ϕPEM ) = sin (a sin(ωt)) (2.58)

≈ a sin(ωt)− a3

6
sin3(ωt) +

a5

120
sin5(ωt) (2.59)

Powers of sine also contain the fundamental frequency. These components need to be
derived with the use of the trigonometric relations

sin3 θ =
3 sin θ − sin(3θ)

4
and sin5 θ =

10 sin θ − 5 sin(3θ) + sin(5θ)
16

. (2.60)

The resulting amplitude at the frequency of interest

sin (a sin(ωt))
∣∣
ω
≈

(
a− a3

8
+

a5

192

)
sin(ωt) (2.61)

finally leads to the transmittance at the fundamental frequency

T
∣∣
ω
≈ ∆ϕS

2

(
a− a3

8
+

a5

192

)
sin(ωt) . (2.62)

The key advantage is that the signal T
∣∣
ω

is linear proportional to ∆ϕS . This increases
the sensitivity by orders of magnitude and also enables the determination of the sign.
The linear relation in equation 2.62 is used to calibrate the measurement via

∆ϕS = Iω · ξ , (2.63)

where ξ is the calibration factor and Iω the detected signal. The value of ξ depends on
optical parameters like laser power, modulation amplitude and detection efficiency. The
samples absorption and scattering (see equation 2.10) diminishes the signal, therefore ξ.
With a well calibrated birefringent optical element (e.g. Babinet Soleil compensator) ξ
can be measured with high precision.
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3 Theory of electrophysiology
With four parameters I can fit an
elephant, and with five I can make him
wiggle his trunk.

(John von Neumann)

3.1 Introduction
This chapter summarizes different theoretical concepts to describe neuronal signaling.
Neurons communicate with each other by transmitting, distinct pulses known as Action
Potentials (AP). They can be detected by a spike in the electric potential using e.g.
intracellular or extracellular electrodes. Besides the electric manifestation of the Action
Potential, there are optical [14, 39, 62, 115, 118, 186, 203], thermal [161, 188] and
mechanical [59, 63, 85, 101, 188] changes of the cell membrane. Many models have been
derived to describe Action Potentials [78, 83, 90, 98, 139, 163–165, 172, 173, 179, 182,
183].

The most notable signal of the AP is unquestionable the electric one, thus a purely
electric framework is presented first, alternative models are presented in Section 3.3.
The passive electric properties of a nerve fiber are well described by the electric cable
theory [90, 144, 191]. Reproducing Action Potentials requires an additional non-linear
response of the membrane properties. This non-linearity may be given by the famous
Hodgkin-Huxley (HH) model [91, 97], or by the Tasaki Cable (TC) model [184, 191].

The HH model is based on ion-specific voltage gated channels that control the electric
conductivity of the membrane. It adds many time dependent differential equations with
more than 20 parameters to the cable equation. Most of the HH parameters can not be

Figure 3.1: First recording of an intracellular Action Potential. The spike is around
100 mV in amplitude and followed by a brief undershoot. (modified
from [89]).
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measured directly, but are used to fit the model to experimental data. It is presented in
Section 3.2.3. In contrast to this, the Tasaki Cable (TC) model adds just two parameters
to the passive cable equation. The TC model may be seen as a radical simplification of
the HH model, jet it reproduces the generation, propagation and annihilation of APs.
The important aspects of AP propagation are consequences of the cable model and do
not depend on the details of the non-linearity (e.g. channels).

3.2 Electric cable theory
3.2.1 Tasaki cable model
The following description of the cable-model is mainly a summary of the model as pro-
posed by Tasaki, which is referred to as TC model [184, 191]. The TC model explains
the generation, propagation and annihilation of APs, and the argumentation is also valid
for the HH model. In a cable model, the membrane is represented by a linear chain of
compartments (see figure 3.2), each having a resting potential Er, resistance ρm and
capacity cm, as well as an inner resistivity ri[90, 144, 162, 191]. These values are ex-
pressed per length, thus ρm is in Ω m, ri in Ω m−1 and cm in F m−1. Which leads to the
second-order partial differential equation

cm
∂V (x, t)

∂t
+

1

ρm
(V (x, t)− Er) =

1

ri

∂2V (x, t)

∂x2
, (3.1)

with the internal resistance ri and the membrane potential V (x, t). The characteristic
properties of a passive membrane are a time constant τ and a passive length constant λ

τ = ρmcm and λ =
√
ρm/ri (3.2)

are derived. The process of transmission is a consequence of the boundary between the
resting and the active section of the nerve [191]. In the active region, the membrane
strives towards the action potential Ea (or E⋆

r ) and the corresponding values of resistance
and capacity are asterisked (ρ⋆m, c⋆m). The AP is a localized, traveling pulse, that retains
its shape. If the observer follows the AP with the propagation velocity v, the membrane
potential V (x, t) is stationary V (X). Thus the transformation X = x − vt reduces the
cable equation 3.1 to the ordinary differential equation

1

ri

d2V (X)

dX2
+ cmv

dV (X)

dX
− 1

ρm
(V (X)− Er) = 0 (3.3)

for the resting section, and

1

ri

d2V (X)

dX2
+ c⋆mv

dV (X)

dX
− 1

ρ⋆m
(V (X)− Ea) = 0 (3.4)

for the active section. Those equations have analytical solutions. The center of the AP
(X=0) is defined as the position where V (X) = E1/2 = (Ea + Er)/2, then the solutions
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Figure 3.2: Electrical network representing an active nerve fiber. The equilibrium poten-
tial in the resting region is Er, in the active region it is Ea. The membrane
resistance ρm and capacity cm change when the nerve is activated, as indi-
cated by the asterisk symbols (from [191]).

Figure 3.3: Profile of the membrane potential V (X) of the AP in the TC model. The
membrane potential rapidly jumps up from the resting potential Er to the
potential of the active section Ea, the width of the rising phase is given by
the length parameters ξ−1 and η−1. (from [191])

for the active and resting section are

V (X > 0) = Er + (E1/2 − Er) e
−Xξ and (3.5)

V (X < 0) = Ea − (Ea − E1/2) e
Xη , (3.6)

with the space parameters ξ and η [191], as is shown in Figure 3.3. These parameters
define the width of the boundary. It is then found that the solution is symmetric with
respect to the boundary at X = 0 with

ξ−1 = η−1 =
√

2ρ⋆m/ri . (3.7)

The total width of the rising phase of the AP is then λ⋆ = 2ξ−1, which is the width of
the AP in the TC model. For the classical squid axon, λ⋆ is around 2 mm. This active
length can be compared to the passive length constant λ =

√
ρm/ri ≈ 7 mm. The exact

solution for the velocity is given in [191]. Under the assumption ρ⋆m ≪ ρm and c⋆m ≈ cm,
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the simple approximation
v ≈ 1

cm
√
2riρ⋆m

(3.8)

is found. Typical physiological parameters of a squid axon are cm = 8 µF cm−1, ri =
29 kΩ cm−1 and ρ⋆m = 175 Ω cm [191]1. The subsequent conduction velocity v ≈ 24 m s−1

is in good agreement the experimentally observed value. This simple concept explains
the generation, propagation and termination of APs with very few parameters, that are
directly determined in experiments. Assumptions about the microscopic details of the
electrochemical processes are not required [191].

3.2.2 The semipermeable membrane
This section describes the physics of semipermeable membranes on the basis of [141].
The resulting equations are the inspiration for the HH model, which is presented in
Section 3.2.3.

Equilibrium

In a closed cell or vesicle, the existence of permeant and impermeant species of ions cre-
ates a finite voltage Vm across the membrane. In thermal equilibrium the concentration
distribution c(r) of any permeable ions will obey the Boltzmann principle

c(r) ∝ exp
(
−E(r)

kBT

)
, (3.9)

with the potential energy E(r) at position r. If we assume ions of single charge E(r) =
eV (r), and only distinguish between the outside and inside of the axon, the ratio of
concentration

cin
cout

= exp
(
− e

kBT
(Vout − Vin)

)
(3.10)

can be solved for the membrane voltage Vm = Vin − Vout. This produces

Vm =
kBT

e
ln

(
cin
cout

)
, (3.11)

called the Nernst equation [141]. In a living cell there may be many important ions. For
simplicity only Na+, K+ and Cl− are considered here. All ionic species are subject to
the same electrostatic potential Vm. If all ions are permeant, their Nernst Potential is
equal (see eq. 3.11) and therefore their concentration ratio

cout,Na+

cin,Na+
=
cout,K+

cin,K+

=
cin,Cl−

cout,Cl−
(3.12)

is also equal. In the extracellular medium the ion concentration is around cout,Na+ =
140mM, cout,K+ = 10mM and cout,Cl− = 150mM. However any not permeant charge will

1Calculated for an axon of diameter 0.4 mm
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not obey the Nernst relation. In a cell there are additional proteins and nucleic acids
that carry a net negative charge. The trapped charge density is around ρ = 125mMe. If
we demand charge neutrality inside the cell, we get

cin,Na+ + cin,K+ + cin,Cl− +
ρ

e
= 0 . (3.13)

Combining equation 3.12 with 3.13 and the given values for cout and ρ results in

Vm ≈ −10 mV , (3.14)

which is the membrane potential in thermal equilibrium, also called Donnan poten-
tial [141].

Non-Equilibrium

Life requires free energy, which is stored in an non-equilibrium resting state. The mem-
brane voltage of a living cell is not near the Donnan equilibrium potential, the cell would
be dead if it was. In this non-equilibrium state, every species of ions i has its own Nernst
Potential, and contributes to the total membrane current by

Ii = gi
(
V − V Nernst

i

)
, (3.15)

with their individual conductances gi and Nernst Potentials V Nernst
i . A molecular motor

(ATPase) hydrolyzes ATP and uses the spare free energy to perform ion pumping to
maintain the resting state. The pumped current has to compensate the ohmic leakage
of each ion i, so that the net current

Itotal = Ipump
i

∑
i

Ii (3.16)

is zero. The actual membrane voltage is Vm ≈ −60 mV and measurements of the intra-
cellular ion concentration deliver a estimation of the Nernst Potentials [141]

VNa+ ≈ 54 mV , VK+ ≈ −75 mV and VCl− ≈ −59 mV . (3.17)

The cell maintains this state of high free energy while avoiding large mechanical pressure.
This is achieved by performing a coupled transport of sodium out and potassium into
the cell. The enzyme ATPase hydrolyzes ATP and swaps 3 Na+ ions for 2 K+ ions each
cycle, thus jK+ = −2

3 jNa+ . The resulting resting membrane potential in the resting state
is consequently

Vm =
2gNa+V

Nernst
Na+ + 3gK+V Nernst

K+

2gK+ + 3gNa+
. (3.18)

Each ion species of ions can be seen as a battery with a specific potential, and the total
potential is a function of the specific permeabilities [141]. While these equations look
simple, the electrochemical effects are not always trivial, even if they are given by the
Nernst equation [196]
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Figure 3.4: Equivalent circuit for the original Hodgkin Huxley model. The membrane is
represented by a capacitor Cm that experiences the membrane voltage Vm.
The ion current is modeled via charged capacitors, representing the Nernst
Potential and variable resistors (from [164]).

3.2.3 Hodgkin Huxley Model
The electrochemical potential that arises from the difference between specific Nernst
Potentials and the resting potential (eq. 3.18) across the membrane can be described
by charged capacitors. Hodgkin and Huxley (HH) postulated that voltage gated ion
channels are selective to different ion species. The resulting membrane permeability for
specific ions i (where i is either Na, K or l) is coupled to the local electric field [90].
The current Il represents unspecific ohmic leakage of other ions (mainly Cl−), it drives
the cell towards the Donnan equilibrium (eq. 3.14). The membrane is represented by
an equivalent circuit shown in figure 3.4. All ion channels are wired in parallel and the
total current through the membrane

I = Cm
dV

dt︸ ︷︷ ︸
IC

+INa+ + IK+ + Il (3.19)

is the sum of capacitive current IC and ionic currents Ii.
The response of the ionic conductances gi(Vm, t) are time dependent functions of the

membrane voltage Vm. They build the core of the HH model and are obtained by fitting
the model to experimental data. The physical basis for these expressions lies in the as-
sumption of two states of conduction, regulated through Boltzmann factors [141]. Later,
microscopic Patch-clamp recordings indicated two discrete values of conductivity, which
were interpreted as single channels being either open or closed [11]. The macroscopic
conductivity is dictated by the fraction of channels that are opened. In a two state
system, the channels obey a Boltzmann distribution

Popen =
1

1 + exp∆F/kbT
, (3.20)

where ∆F is the free energy difference between open and closed state [141]. Figure 3.5
suggests an electrostatic energy in the form ∆F1 = qV l/d with the membrane thickness

32



Figure 3.5: Hypothetical function of voltage gated channels. A charged alpha helix
is embedded in the protein and senses the local field. Variations in the
membrane potential can facilitate a conformational change and consequently
allow or block the permeation of specific ions (from [141]).

d, the effective sum of charges on the alpha helix q and its transversal displacement l.
When the free energy is expressed as a sum of a constant ∆F0 and a voltage dependent
∆F1(V ) the probabilities can be expressed as

Popen(V ) ∝ 1

1 + exp (a+ bV )
(3.21)

with two unknown parameters a and b [141]. Expression 3.21 can be seen as the basis
for transfer rates (eq.3.24) that control the current. Ionic conductances gi are expressed
in terms of their maximal conductance ḡi

gNa+ = ḡNa+m
3h , gK+ = ḡK+n4 and gl = ḡl . (3.22)

The time dependent expressions n,m, h are dimensionless abstractions of ion ratio and
range from 0 to 1. Its exponents can be interpreted as the amount of particles in-
volved in an ion permeation event. Only the conductance of the leakage channel is
time independent. The conductance of sodium is a two-stage process, involving the fast
close-open transition as well as an additional inactivation. The second process involves
a channel-inactivating segment (see figure 3.5). Its slower dynamics is reflected through
the additional parameter h. The values n,m, h correspond to the individual transfer
rates α and β through

dn

dt
= αn(Vm)(1− n)− βn(Vm)n ,

dm

dt
= αm(Vm)(1−m)− βm(Vm)m and

dh

dt
= αh(Vm)(1− h)− βh(Vm)h .

(3.23)
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The original set of transfer functions provided by Hodgkin and Huxley are

α′
n =

0.01(10− V ′
m)

exp
(10−V ′

m
10

)
− 1

β′n = 0.125 exp
(
−V ′

m

80

)
α′
m =

0.1(25− V ′
m)

exp
(25−V ′

m
10

)
− 1

β′m = 4 exp
(
−V ′

m

18

)
α′
h = 0.07 exp

(
−V ′

m

20

)
β′h =

1

exp
(30−V ′

m
10

)
+ 1

(3.24)

with the abbreviations V ′
m = Vm/1 mV and α′ = α/1 kHz [90]. These parameters de-

scribe an excitable point-cell. Stimulation above threshold will generate a spike in the
membrane potential that matches the Action Potential as shown in figure 3.1. In rapid
succession to the stimulus the sodium channels open and a fast inward current depo-
larizes the cell. Then the sodium channels are inactivated and potassium conductivity
increases. The outward potassium current repolarizes the cells interior, bringing it back
to its resting value. A delayed closing of the potassium channels produces a brief un-
dershoot, referred to as hyperpolarization. The whole process is based on dissipative
ohmic currents, driven by individual electrochemical potentials. The HH model does
not address the question where the energy is coming from.

Most nerves, especially mammalian neurons are much more complicated. Dozens of
different ion species have to be considered. Appropriate modifications can be made, but
may require numerous additional parameters to measure or fit.

The HH Action Potential

The HH equations can only be solved numerically. There are two canonical cases: a single
compartment, and propagation on long cable. A single compartment may represent a
small cell, or an axon where a long electrode shortens the cable properties. Historically,
this has been referred to as the “membrane” AP [90]. When the membrane is triggered to
change from the resting to the active state, this causes fluxes of ions across the membrane.
These ions remain localized close to the membrane and contribute to the capacitive
charging of the membrane (see circuit diagram 3.4). The total current IC = Im is the
derivation of the voltage. Accordingly IC spikes at the steep rising phase of the voltage
Vm, where the fast sodium current is not yet compensated by outflowing potassium (see
figure3.6).

To calculate a propagating AP the HH expressions for the ionic conductances are
inserted in the cable equation 3.1. Numerical treatment of the proposed equations is
not straight forward. There exist a number of approximations that reduce the numerical
effort. Especially for large populations, rather crude simplifications like the integrate
and fire model dominate the scientific literature.
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Figure 3.6: Simulated current components and membrane potential in a single Hodgkin-
Huxley compartment. The stimulating current injection is visible at 0 ms to
0.3 ms. The membrane current is the sum of the ionic currents INa + IK =
Im.

A personal review of historical criticism of the HH model

The HH model is inspired by the Nernst equation (or Goldman equation), it is not
derived from these equations. The Authors had to introduce quite a few terms that have
no physical basis. The model was found after a good deal of trial and error2 [97], and
the authors said that it is not an explanation, but an empirical description of the Action
Potential. In their original publication they write:

An equally satisfactory description of the voltage clamp data could no doubt
have been achieved with equations of very different form, which would prob-
ably have been equally successful in predicting the electrical behaviour of
the membrane. […] the success of the equations is no evidence in favour of
the mechanism of permeability change that we tentatively had in mind when
formulating them.

(HH [90], italics added)

While Hodgkin said that they just followed the lead of Kenneth Cole [42], he seemed not
to have enjoyed Cole’s critique:

I infuriated Hodgkin by counting the number of ad hoc analytical forms and
numerical values in their equations. (Kenneth Cole [42])

Cole published one of the first reports about limitations of the HH model and referred
to it as the abominable notch, other named it the Cole-Moore delay [45]. They observed
that the potassium current is delayed after a stimulus when the membrane potential is
artificially kept below the resting potential prior to the stimulus. A better fit of the HH

2The calculations were done by hand and a single propagating Action Potential took weeks to calculate.
With the trial and error approach, the scientists were kept busy for more than a year.
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equations is possible by increasing the exponent of the gating variable n in eq.3.22 from
4 to 25 (even 700 in some cases).

This difference can certainly be resolved by modification of already rather
arbitrary assumptions. (Kenneth Cole [45])

Almost 20 Years later Cole reviewed the discussion with:

The ‘abominable notch’ was still with us. Moore, Taylor, and I spent a
couple of years on it-spurred on by Frankenhauser and Hodgkin, who ignored
it, and by Tasaki and collaborators, who insisted that all good axons showed
it. (Who wants to work on less than the best?) (Kenneth Cole [42])

The Cole-Moore delay remains unexplained [93, 96], just like the many other limitations
of the Hodgkin Huxley model [17, 24, 43, 50, 58, 83, 97, 138, 185, 189]. Certainly the
HH model has been very successful and contributed to decades of research.

It should be emphasized in this connection that the success of this theory does
not depend on the legitimacy of the assumptions made to derive the formal
mathematical Eqs. (…). The success derives essentially from the applicability
of Kirchhoffs law to the proposed equivalent circuit. (Tasaki [185])

Still the HH model and its mechanistic interpretation is often seen as a bare fact in the
vast majority of the literature.

I’m …worried you may be pushing some of your channel arguments pretty
far.

(Cole in a letter to Hille [47])
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3.3 Non-electric properties of Action Potentials
Physicists always have a habit of taking
the simplest example of any
phenomenon and calling it physics
leaving the more complicated examples
to become the concern of other fields …

(Richard Feynman [56])

3.3.1 The soliton
Action Potentials are quasi-stationary localized phenomena, they travel without changing
their shape. Similar wave phenomena are found in many systems ranging from waves
in shallow water to light pulses in fiber communication systems and are referred to as
soliton (see e.g. [23]). The definition of a soliton is:

• Solitons are stationary. They move at constant speed without changing their shape.

• Solitons are localized. The analytical solution must vanish at x→ ±∞.

By this definition, the AP is a soliton. In some cases solitons are considered to penetrate
each other when they meet head-on. However, APs do not penetrate but collide and
annihilate [180]. Solitary mechanical pulses appear in non-linear and dispersive media.
Such pulses can also collide and annihilate, it depends on the particular system [173].

Some non-electric theories of Action Potentials and membranes in general are pre-
sented in the following section.

3.3.2 Heat exchange and mechanical displacements
The AP is accompanied by a reversible heat exchange [161, 172, 188] as well as shortening
and thickening of the nerve [59, 182, 190]. When current is injected into a nerve, the
resting potential is restored by an outward current through the membrane. This creates
heat because of the ohmic resistance of the membrane. A sub threshold pulse creates heat
that dissipates as expected. In contrast, the observed cooling rate that accommodates
an Action Potential is much faster than expected from dissipation [1, 28, 161, 187,
188]. This thermal response is in phase with the electric signal (see fig. 3.7, left). A
rapid cooling can be explained by a fast decrease of pressure. The Action Potential is
also accompanied by a small transversal displacement and longitudinal shortening. The
transversal movement coincides with the electric Action Potential [188]. In figure 3.7
(right) the traces of this displacement are shown.

3.3.3 Theory of a cation-exchange coupled transition
Neuronal membranes can be excited by rising the extracellular sodium/calcium ratio
⟨Na+⟩/⟨Ca2+⟩ [98, 182]. While approaching the critical value, increasing fluctuations of
the membrane potential arise (see figure 3.8). Very close to the transition to excitation,
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Figure 3.7: (left) The thermal response (upper trace) of an Action Potential. The
electric signal is shown below. An AP is accompanied by a release and
re-absorption of heat. (from [188]) (right) Transient transversal surface
displacement of a nerve. Recorded for single sided (E1 and E2) and dual
sided (E1 + E2) stimulation. The electric response is shown at the bottom.
(from [190]).

Figure 3.8: Time course of the membrane potential of a giant squid axon for varying
ion ratio ⟨Na+⟩/⟨Ca2+⟩. The sodium concentration is increased from left
to right (A to C). An AP is triggered at the end of recording (C). Large
fluctuations of the membrane potential are observed before the transition
occurs (C, upper trace). (from [98]).
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Figure 3.9: The membrane potential of a giant squid axon, internally perfused with a
Na-salt solution. Cyclic temperature variation reveals a hysteresis for the
transition between resting and active state (from [182]).

Figure 3.10: Effect of divalent ions on polyelectrolytes on a surface. (left) In a cal-
cium rich environment, the attractive force dominates and the gel is in a
dense cross-linked state. (right) Swollen state in the absence of calcium
(from [140]).

giant fluctuations can be interpreted as an evidence for critical phenomena [98]. Analog
to the ion ratio the variation of temperature can induce an abrupt voltage change. The
membrane potential instantaneously jumps up around 70 mV when giant squid axons
are cooled below a critical value. Rewarming the sample reverses the process and re-
stores the resting potential. The transition switches between two stable states and a
hysteresis is observed. Tasaki’s Theory accounts for these observations based on fibrous
proteins anchored at the cell membrane [182]. The idea is that these polyelectrolytes
form a thin gel layer as depicted in figure 3.10. The steric repulsion and the electrostatic
force between the negatively charged sites of the strands tend to expand the gel. The
presence of a divalent ion, however, introduces an attractive force. It binds to multiple
sites of the strands. When this force dominates, the structure collapses. This dense elec-
trostatic cross linked gel is present in the resting state and the conformational change is
coupled to a divalent-monovalent cation exchange. The temperature dependence of this
transition can be described with the LeChatelier-Braun Principle [55, 104, 147]. When
a transition is triggered, the release of calcium in the first phase of the AP is exother-
mic (see figure 3.9). Therefore, a decrease in temperature will favor the exited state, as
observed in figure3.9. The discontinuous transition is coupled to a divalent-monovalent
cation exchange. Similar mechanisms have been found in biological systems [79, 82, 132]
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Figure 3.11: (left) Heat capacitance of surfactant membranes. (right) Corresponding
false color image generated from two photon fluorescence of LAURDAN
labeled giant unilamellar vesicles. The darker color indicates the gel phase,
it coexists with a fluid phase [16].

and more recently in artificial systems [137, 140, 156]. The propagation of the AP is
explained with the Tasaki Cable theory, Section 3.2.1.

3.3.4 Acoustic Solitary Pulse

The physics of acoustic solitons is introduced with observations in artificial systems.
Then a wave equation is derived on the basis of the Heimburg-Jackson Theory [83, 114].

The main component of a cell membrane is the lipid bilayer. Such membranes have
non-linear acoustic properties and in principle solitary pulses can occur [139]. Solitons
have been shown in artificial membrane systems, and the underlying physics can be ex-
plored [173–175]. The lipid membranes of these systems can appear in different phases,
a gel and a fluid phase. The non-linear response that is required by solitons is found in
the vicinity of such a transition. Lipid phase transitions can be observed particularly
impressive in Giant Unilamellar Vesicles (GUV) by the use of optical labels. The fluores-
cent LAURDAN probes align with the lipids, and their emission depends on the phase
of the lipid membrane. The coexistence of gel-fluid phases and transitions is presented
in figure 3.11. The gelation temperature is just below body temperature, and is also
identified in the heat capacitance profile in figure 3.11 (left).

Shrivastava et al. used the opto-mechanical coupling of FRET molecules to observe
solitons in a lipid interface[172–174]. The FRET signal strongly depends on the distance
and mutual alignment of acceptor and donor molecules embedded in the membrane. A
large DPPC3 monolayer was prepared on a Langmuir-Blodgett trough. They inserted
a razor blade attached to a piezoelectric element to induce mechanical perturbations (a
mechanical stimulation) and measured the FRET intensity 1 cm away from the razor
blade [175]. In vicinity of a phase transition, a solitary wave propagates along the
membrane. Its shape almost perfectly matches the membrane potential during an Action
Potential.

3Dipalmitoylphosphatidylcholine (DPPC) is a phospholipid and an important pulmonary surfactant.
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Heimburg-Jackson model

In the Heimburg Jackson model, the AP is considered as an acoustic pulse that travels
along the membrane. A wave equation is derived from first principles and solitary
solutions are found. There is no direct coupling of this mechanism to the membrane
potential, but a piezo effect or alike can explain the electric spike, which is described
thereafter.

The sound propagation in elastic media depends on density ρ and compressibility κ.
The compressibility of a membrane close to phase transition decreases with increasing
density. The wave equation is expressed using the area density difference ∆ρA = ρA −
ρA,fluid as

∂2∆ρA
∂t2

=
∂

∂x

(
v2
∂∆ρA
∂x

)
− h

∂4∆ρA
∂x4

, (3.25)

where h is a free parameter regulating the dispersion. The squared velocity

v2 =
1

ρAκAS
≈ v20 + p∆ρA + q(∆ρA)

2 (3.26)

is a function of isentropic area compressibility κAS and area density ρA, it can be approx-
imated by a taylor series. The isentropic compressibility, as required in equation 3.26,
will be derived from the heat capacitance profile in the following. The heat capacitance
cp of artificial and biological membranes has been measured experimentally via constant
pressure calorimetry [83].

The heat capacitance profile from DPPC vesicles is shown in figure 3.12 (upper left).
The membrane possesses isothermal compressibilities of area κAT and volume κVT . Those
values and the heat capacitance cp are linked to fluctuations in area A, volume V and
enthalpy H via

cp =
⟨H2⟩ − ⟨H⟩2

RT 2
, κVT =

⟨V 2⟩ − ⟨V ⟩2

⟨V ⟩RT
, κAT =

⟨A2⟩ − ⟨A⟩2

⟨A⟩RT
. (3.27)

It was found experimentally, that for a wide variety of lipids and biological membranes
the melting transition obeys

∆V (T ) = γV ∆H(T ) , γV = 7.8 × 10−4 cm3/J and (3.28)
∆A(T ) = γA∆H(T ) , γA = 8.9 × 103 cm2/J . (3.29)

This enables a calculation of the elastic constants

κVT = κVT,0 +
γ2V T

⟨V ⟩
∆cpκ

A
T and κAT = κAT,0 +

γ2AT

⟨A⟩
∆cp (3.30)

from the heat capacitance. Finally Maxwell’s relation can be used to calculate the
isentropic compressibilities

κAS = κAT − T

⟨A⟩cp

(
dA

dT

)2

P

. (3.31)
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Figure 3.12: (left) Experimental data for the heat capacitance profile cp of DPPC vesi-
cles. The derived mechanic quantities are plotted below. (middle and
right) Squared sound velocity as a function of lateral density for the low
frequency case (bold line) and measured in a 5 MHz ultrasonic experiment.
For higher frequencies the compressibility decreases, therefore the sound ve-
locity is increased. The parameter h in the wave equation 3.25 introduces
these dispersive effects to the theory (from [83]).

From cp (fig. 3.12 upper left) and equation 3.31 the changes in lateral compressibilities
are estimated. These expressions allow the calculation of the squared speed of sound
(eq. 3.26) in the low-frequency limit. The data shown in figure 3.12 is approximated
using equation 3.26 with

v20 = 176.6 m s−1 , p = −16.6
c20
ρA0

and q = 79.5
c20

(ρA0 )
2 . (3.32)

The desired solutions are pulses traveling with constant speed and shape z = x − vt.
Furthermore, the pulses are localized ∆ρA(|z| → ∞) = 0. With these restrictions, the
wave equation 3.25 can be solved numerically and analytically [114, 164]. The remaining
free parameter h solely scales the width of the pulse. A value of h = 2 m4/s2 produces a
decent pulse width of a few centimeters. Depending on their amplitude, the pulse travel
between the maximal speed v0 and a minimal speed

vmin =

√
v20 −

p2

6q
. (3.33)

This minimum speed corresponds to the maximal change in density

∆ρAmax =
|p|
q
. (3.34)

Possible soliton profiles are shown in figure 3.13. For DPPC vesicles, the soliton of
maximal amplitude propagates with vmin = 115 m s−1. The soliton model can directly
explain changes in membrane thickness and length. Heat release and re-absorption is
also an intrinsic property.
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Figure 3.13: Acoustic soliton profiles calculated from the parameters for DPPC mem-
branes. The y-axis denotes relative changes in the area density, and the
x-axis denotes the position in a coordinate system that moves with the
pulse at the respective velocity v. The soliton with the maximal ampli-
tude propagates with the minimal velocity. With decreasing amplitude,
the velocity increases. (from [164]).

Electro-mechanic coupling

The voltage spike of a mechanic Action Potential can be described by piezoelectric effects
in the cell membrane [10]. A change in membrane area dA gives rise to a piezoelectric
potential

Vpiezo = fpiezodA , (3.35)
where fpiezo is the piezoelectric constant. For an acoustic soliton, the effect is estimated
in the range of 10 mV[164] or 50 mV[10].

Changes in the curvature of a liquid crystalline structure can induce a flexoelectric
potential [150]. Furthermore, bending can also change the capacity which also induces
potential changes, this is covered in the sonophore model. The direct flexoelectricity is
outlined first, then the sonophore model is briefly introduced. Flexoelectricity is related
to the piezoelectric effect, but instead of the area (in eq. 3.35) a change in curvature dζ
induces the potential [150]

Vflexo =
fDflexo
ϵ0

dζ . (3.36)

The direct flexoelectric coefficient fDflexo has been measured for locust muscle membranes
and rat astrocytes [164]

fDflexo,muscle = 2.5 × 10−18 C and fDflexo,astrocyte ≈ 1 × 10−20 C . (3.37)

The geometric changes from bending also change the capacity of the membrane. The
total flexoelectric current is the sum of the direct current from equation 3.36 and a
capacitive term

Iflexo = cm
fDflexo
ϵ0

dζ

dt
+ (V + Vflexo)

∂cm
∂ζ

dζ

dt
. (3.38)
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Figure 3.14: Excitation in the NICE model. (a) A lipid bilayer containing membrane
proteins. (b) A cavitation is pinned between the membrane proteins which
results in local bending (modified from [164]).

The direct effect could enable cells or artificial membranes to sense bending. On the
other hand, mechanical changes could arise from the inverse flexoelectric effect, where
the curvature

ζ =
fRflexo
DKB

V (3.39)

depends on the membrane potential V . Here D is the thickness of the membrane, KB

is its bending modulus and fRflexo is the inverse flexoelectric coefficient. In this case the
membrane behaves like an actuator. These effects could play a role in the displacements
that accompany an Action Potential [164]. It can also be applied to the HH theory ([151])
to account for mechanical changes.

Sonophore model Ultrasound can excite neurons [70, 164]. This observation motivated
the formulation of the bilayer sonophore model, describing the acoustic modulation of
a cell membrane [113]. It predicts the formation of nanobubbles in the intramembrane
space at high frequencies (≈ 1 MHz). The oscillations effectuate mechanic changes like
curvature, density and subsequently the capacity of the membrane (see figure 3.14).
The capacity change induces a corresponding piezoelectric effect. The bilayer sonophore
model yields an expression for the capacitance cm as a function of curvature. In the HH
model, the otherwise constant capacitance can be extended with

IC = V
dcm
dt

. (3.40)

This current is also present in the total flexoelectric current mentioned above (equa-
tion 3.38). Equation 3.40 admits functional interaction between the membrane poten-
tial and ultrasound. The NICE model combines the HH model with the sonophore
model[153]. It can be used to explain acoustic neuromodulation [164].

3.3.5 Action Waves and more
El Hady et al. proposed surface waves that accompany the electric AP[78]. These Action
Waves explain the displacement as driven by electrostatic forces. Potential energy is
stored in the elastic deformation of the membrane, and kinetic energy is transmitted in
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the intracellular fluid. The Action Wave can also feed back and influence the electrical
properties of the AP [78]. More related theories have been proposed recently [138, 165].
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4 Collisions and electric interactions of
Action Potentials

4.1 Introduction
Action Potentials are signals that run along nerve fibers. When Action Potentials (APs)
collide, they annihilate [180, 181]. Such a collision creates a specific extracellular electric
potential distribution. The following section provides a detailed description of colliding
APs, and demonstrates how such measurements give access to otherwise hidden features
of APs.

Direct electric interactions between adjacent neurons are called ephaptic coupling.
Such interactions do not require direct connections between the cells, e.g. gap junctions
or synapses. However, the effect is especially increased at these tight connections. It is
a well known phenomena that must exist independent of other possible mechanisms (e.g.
neurotransmitter) [12, 44, 71, 92, 106, 110]. I define the ephaptic discharge Ψ (Psi) to
describe the resulting electric effect of colliding APs upon neighboring cells.

The following experiments show that the ephaptic discharge Ψ of colliding Action
Potentials is one order of magnitude larger than predicted by the well accepted Hodgkin-
Huxley (HH [90, 134, 136]) Model. Another model, the Tasaki Cable (TC [184, 191])
predicts the ephaptic discharge very well. The TC model uses just one free parameter,
that adjusts the propagation velocity and is therefore well determined (cf. HH with more
than 20 free parameters). To capture the experimental results in more detail, I derived
a simple neuron model which I call the Relaxing Cable (RC) model. The RC model is
based on the TC model and is fitted to the experimental data by using two parameters.
The first parameter adjusts the propagation velocity (as in the TC model), and the
second parameter is the relaxation time τ which is directly accessed from the collision
experiment. The RC model reproduces all features of the generation, propagation and
collision of APs. Most importantly, the predicted ephaptic discharge of both models
(TC and RC) matches the collision experiments.

The ephaptic discharge is tightly related to the activating function used to describe
e.g. the influence of extracellular electrodes [71, 135, 158, 159]. My hypothesis is that
the ephaptic discharge Ψ is controlling the activity, and possibly even plasticity, as a
general mechanism in neuronal tissue. The model predicts drastic ephaptic effects not
only at collisions, but also at fiber endings e.g. synapses. The proposed framework can
explain why the interaction can cause an excitatory or inhibitory effect, depending on
the geometry of the connection, and on the timing of Action Potentials.

In addition to ephaptic discharge Ψ and relaxation time τ , the collision experiment
yields the characteristic length λ⋆. In contrast to the commonly used λ0, which is solely
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a property of the resting nerve, λ⋆ is a property of the Action Potential [184, 191].

4.2 The origin and effect of extracellular fields
In the following section, analytical expressions are derived to calculate ephaptic coupling.
The resulting relations are derived from classical electrostatics (Cable Model, embedded
in an Ohmic volume conductor) and are therefore well known. In many textbooks, the
cable theory is presented hand in hand with the slightly obfuscating equations of the
HH model. A fair description of APs, their extracellular fields and ephaptic interactions
does not require such a detailed model of the excitable membrane. The here presented
derivation takes particular care to avoid unnecessary assumptions. It is valid for all
models that are based on the cable model (e.g. HH model), but it is derived based on
the Tasaki Cable (TC) model.

The excitable membrane in the Tasaki Cable model
The Tasaki Cable model is an astonishingly simple approach to describe propagating
Action Potentials (APs) [184, 191]. The properties of the membrane may by summarized
by the following:

The biological membrane in the resting state has an equilibrium potential of −100 mV
and a very low conductivity of around 0 S m−2 to 10 S m−2. If the potential is increased to
−50 mV, the membrane undergoes an immediate transition to the excited state. Then
the equilibrium potential is 0 mV and the resistivity decreases to a value g⋆, which
determines the propagation velocity and λ⋆.

Shielding of the electric potential
Before diving into the physics of extracellular fields, a couple of naming conventions
are addressed. The quantity that is measured and retrieved from the simulations is
the extracellular potential Ve(r) at point r, with respect to a reference voltage. The
electric potential is given in the unit volts. The electric field is the derivative of the
potential with respect to space, therefore it is given in volts per meter. The term Action
Potential addresses a phenomenon, not a potential in the physical meaning. Often the
extracellular potential Ve(r) is referred to as the Local Field Potential (LFP), which is a
particularly misleading term. A field is not a potential, but the gradient (its derivative
with respect to space) of a potential.

The extracellular potential Ve does not originate from the trans-membrane potential
Vm itself, because Vm is shielded [18] due to the rather high electrolyte concentration in
the extra- and intracellular space. The medium that surrounds neurons contains diverse
ions, electrolytes and polyelectrolytes. All charged objects, like cells, accumulate oppo-
site charges around them. As a result, electric fields are shielded on a very short length
scale, referred to as the Debye Length λD. In physiological conditions, λD is around
1 nm [87]. The membrane potential Vm of a cell in the resting state is around −70 mV,
while the membrane thickness is in the order of 5 nm. The corresponding electric field
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Figure 4.1: (a) Symbolic representation of a small cell. The interior is negatively
charged in the resting state (left), as indicated by the minus signs. Pos-
itive charges accumulate on the outside of the membrane and shield the
extracellular field within λD ≈ 1 nm. In the active state, the electric po-
tential changes its sign but it is still confined. (b). Representation of a
nerve fiber, where an Action Potential is traveling from left to right. The
boundary between the active and resting state induces an internal current.
Since the current flows in a closed loop, there is an external return current
that corresponds to a resistive voltage drop along its lines. (The current
density across the membrane is jm in figure 4.2)

across the membrane (including the Debye layer) is therefore around 107 V/m ! However,
this field can not reach into the extracellular medium. It is relentlessly confined within
a few nanometer (see figure 4.1 a).

Propagating Action Potentials
The extracellular field arises from a macroscopic extracellular current and corresponds
to the resistive voltage drop along the current flow lines [19, 31, 38, 84, 120, 160] The
extracellular electric field is a feature of the way Action Potentials propagate. The Ac-
tion Potential retains its shape and velocity while it propagates, if the axon is assumed
to be long and homogeneous. In an inertial frame that moves with the AP, the process
is stationary. In front of the AP, the membrane is in the resting state where the trans
membrane potential is Vm = −70 mV. The beginning phase of an AP involves a rapid
transition of the membrane potential, up to 30 mV. Since the process is traveling, the
rapid temporal change of the membrane potential Vm(t) represents a steep spatial gra-
dient of the potential Vm(x) inside the fiber. Therefore, there is a strong intracellular
axial electric field Eaxial(x) = dVm/dx. This internal field induces an axial current

Iaxial(x) =
πb2

ρi
Eaxial(x) =

πb2

ρi

d
dxVm(x) (4.1)

where ρi is the specific resistance of the intracellular fluid and b is the radius of the
axon [191]. Consider a section dx, than Iaxial charges up the next section of the axon
and drives the propagation of the Action Potential. In this moving frame, the current
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Figure 4.2: Membrane current density j and potential Vm during AP propagation. The
resistive jR, capacitive jC and total jm = jR+jC current densities are shown
in the upper panels. The lower panels show the corresponding membrane
potential Vm, according to the Tasaki Cable (TC) model and the Hodgkin
Huxley (HH) model, respectively.

flows in a closed loop (see Figure 4.1 b). At each section, a fraction im(x) (in A m−1)
of the internal current leaves the axon and returns outside the fiber. Conservation of
charges requires that the total membrane current im is the change of the inner current
Iaxial [184, 191], accordingly

2πb jm(x) =
d

dxIaxial(x) =
πb2

ρi

d2

dx2Vm(x) . (4.2)

The second derivative of Vm, which is the concavity of Vm, is proportional to the total
membrane current im. In the Cable model (see Section 3.1), this total current consists
of a capacitive and a resistive current component. For the HH and TC model, the
respective current components are shown in Figure 4.2. The current profile jm(x) along
the Action Potential is a dipole and the relevant length scale for the Action Potential
is the width of this dipole. It is the width of the steep rising phase of the membrane
potential (bottom traces in figure 4.2). The TC theory yields an analytical expression
for this width and it is referred to as the active length constant λ⋆. A fair approximation
is given by (eq. 3.7)

λ⋆ = 2

√
b

ρi g⋆m
, (4.3)

where b is the axon radius and g⋆m is the conductivity (per area) of the membrane in
the active state. For the classical giant squid axon, the parameters are ρi = 36 Ω cm,
b = 200 µm and g⋆m = 450 Ω−1 m−2 [191], in that case λ⋆ = 2.2 mm. The active length
λ⋆ is formally similar to the well known passive length constant λ0. However, λ⋆ is a
function of the membrane conductivity in the active state g⋆m while λ0 corresponds to
the value in the resting state1 gm [184, 191].

1In a HH model [90], the resistivity in the resting state is mainly caused by the unspecific leakage of
the membrane gl. Other channels are closed and therefore do not contribute much. On the other
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The important point is that the current source density jm (given by eq.4.2) is roughly a
dipole with a length λ⋆ (given by eq. 4.3). This current jm distributes in the extracellular
space which has a specific conductivity σ ≈ 0.3 S m−1 (or resistivity ρ = σ−1). The
extracellular potential is a result of the resistive voltage drop along the field lines of jm.
It is given by Ohms Law, here the Debye shielding is irrelevant. The exact calculation of
the extracellular potential Ve(r) requires knowledge of the spatial distribution of active
current sources jm(r) and the specific conductivity σ(r) of the surrounding medium. A
simplified standard model of the extracellular medium is the homogeneous, isotropic and
purely ohmic volume conductor. Magnetic effects are also neglected and consequently
Maxwell’s equations reduce to the Laplace equation

∇2Ve = 0 , (4.4)

which may be visualized by a continuous flow of an incompressible fluid. Note that
equation 4.4 is somewhat related to equation 4.2. The current source density in the
extracellular medium is zero (eq. 4.4), while the current source density of an axon is the
membrane current density. The Laplace equation (eq. 4.4) is a linear partial differential
equation. Therefore the principle of superposition applies, and the solution to any given
distribution of current sources can be expressed as a sum of point sources. The funda-
mental solution is the potential that arises from a single point source of current I0. In an
isotropic medium the current spreads evenly in all directions. Thus the solution is one
dimensional and only depends on the distance r, not on the position r. At a distance r,
the current density is diluted to

j0(r) =
I0

4πr2
, (4.5)

it is weighted inverse to the area of a corresponding sphere [92, 120, 135]. Ohms law in
continuum form reads

j = σE, (4.6)
where in the one dimensional case j0(r) = j0(r) and E0(r) = E0(r) = dV0(r)/dr. The
extracellular potential V0(r) of a point source is found by integrating the electric field
E0(r)

V0(r) =

∫ ∞

r
E0(r

′)dr′ = I0
4πσ

1

r
. (4.7)

A general solution to equation 4.4 is then expressed as a sum of fundamental solutions
(eq. 4.7). If the membrane current density jm(r) of an arbitrary membrane Ω is known,
the resulting extracellular potential is given by [121]

Ve(r) =
1

4πσ

∫
r′∈Ω

jm(r′)
|r − r′| dr′ . (4.8)

hand, when the membrane is above threshold, other channels open (gK , gNa) and gl is negligible.
The properties (velocity and collision width etc.) of the AP barely change when the leaking channel
is removed from the HH model, but λ0 more than triples. Both quantities, λ0 and λ⋆ are similar
functions of the radius b and the inner resistivity ρi of an axon. If those values are changed, the effect
on λ0 and λ⋆ is proportional.
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Figure 4.3: Extracellular potential of a
propagating AP, using the Hodgkin
Huxley model (HH) and the Tasaki
model (TC). All traces are calculated
using equation 4.9 at different dis-
tances d. The scalebar for the middle
and bottom traces is 0.5 mV, and the
upper scalebar is 0.05 mV. Increasing
the distance d causes a decrease and
smoothing of the waveform. The bar
on the right represents the axon and
the dot above it denotes the position
of the measuring electrode.
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A straight axon has a cylindrical symmetry, thus the extracellular potential depends on
the position along the axon x and the lateral distance d. Without loss of generality, the
current is described by a line source that spans from x0 to x1 at the center of the axon
(d = 0). The current density im(x) is given by equation 4.2, which leads to

Ve(x, d) =
1

4πσ

∫ x1

x0

2πb jm(x′)√
(x− x′)2 + d2

dx′ . (4.9)

The integral in equation 4.9 performs a spatial averaging. With increasing distance d
the signal is diminished and smoothed, as shown in Figure 4.3. Inversion of equation 4.9
leads to an ill-posed problem. Therefore a direct calculation of im from a measurement
of Ve is usually not possible. However, when APs collide, a large piece of the axon is
activated synchronously. If the measuring electrode is close to the collision site, Ve is
virtually proportional to im. The observation of collisions thereby enables a unique way
to compare measurements of the extracellular potential with neuron models.

Ephaptic coupling
There is a cross-talk between adjacent neurons, that is caused by extracellular electric
potential Ve. Electric coupling between cables in a resistive medium is a well understood
phenomena. In the context of nerves, it is often referred to as ephaptic coupling [9, 12,
103, 168, 170].

A subthreshold effect of an action potential on an adjacent fibre must be
expected […] (Katz, 1940 [106])

Calculating the magnitude of the effect does require system-specific parameters that
need to be estimated (e.g. the extracellular resistivity distribution). The existence of
this coupling, however, is indispensable. The experimental evidence of this kind of
interaction and the formalism are well established [44, 69, 92, 106]. I refer exclusively
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to the effect that is given by equation 4.10 as ephaptic coupling, which is a straight-
forward and unambiguous definition [71, 92, 135, 159]. 2

Consider a resting axon (receiver) that is located at the x-axis, and a nearby active
axon (sender) that carries an AP. The sender creates an extracellular potential Ve(r),
according to equation 4.9. This potential superimposes to the membrane potential Vm(x)
of the receiver. An axial current is induced (analog to 4.1), and the corresponding
ephaptic membrane current follows [71, 92, 106] (analog to 4.2) with

2πb je(x) =
d

dxIaxial,e(x) =
πb2

ρi

d2

dx2Ve(x) . (4.10)

The influence of the AP upon its neighbors is determined by the spatial profile of the
extracellular potential Ve(x) along the receiving fiber. Namely, it is the concavity of
the potential along the receiving fiber. A positive concavity acts excitatory, if strong
enough it generates an AP in a resting fiber. A negative concavity on the other hand
acts inhibitory, it suppresses the generation of APs [71, 92, 106]. In the case of parallel
fibers, an Action Potential causes in initial negative concavity, that is followed by an
identical negative concavity. When two APs travel next to each other, the lagging AP is
accelerated, while the leading AP is decelerated. As a result, the APs synchronize [106,
170].

The focus of this work is the ephaptic effect of colliding APs. They may collide with
another AP, or at the end of a fiber. Therefore, i define the ephaptic discharge

Ψ(x) =

∫ d2Ve(x, t)

dx2 dt , (4.11)

which is the integral (in time) over the local concavity (at a fixed position and orienta-
tion). The units of Ψ are V s/m2 (wich is equivalent to tesla T). The influence of the
ephaptic discharge Ψ upon the membrane potential of adjacent fibers can be estimated
by

δVΨ =
b

2ρicm
Ψ , (4.12)

similar to the powerful activating function in [159]. The “perfect” AP (on an infinite
straight fiber) has a symmetric rising phase and therefore cause exactly zero ephaptic
discharge [44]. This symmetry is broken when the AP reaches the end of an axon (the
axon terminal), or when Action Potentials collide. The following study demonstrates
that, while the APs on these fibers disappear they cause a significant ephaptic discharge
Ψ in the surrounding tissue [12].

4.3 Methods
Dissection
The experiments in this chapter were performed with the ventral nerve chord (VNC)
of earthworms (Lumbricus terrestris). Its length of around 10 cm allows recording and

2The term ephaptic coupling may in some cases not be well defined [103].
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Figure 4.4: (left) Anatomy of an earthworm with zoom on the ventral nerve chord,
from [169]. (upper right) Image captured while dissecting the ventral nerve
chord, and (lower right) zoom on the nerve chord.

stimulation from multiple well separated sites. Prior to the dissection, the specimen is
placed in anesthesia (0.2% butanol in tap water) for 20 min. Then it is pinned in a basin,
ventral side facing upwards, and covered with preparation solution (0.04% butanol in
saline) (26 mM NaSO4, 25 mM NaCl, 6 mM CaCl2, 4 mM KCl, 1 mM MgCl2, 55 mM
sucrose, 2 mM TRIS, pH 7.4 [49]). The dissection starts with a small lateral incision
caudally of the clitellum. It is followed by two longitudinal cuts alongside the VNC down
to the posterior end. It is important to prevent any intestinal injuries since leakage of
digestion enzymes would harm the tissue. Afterwards the middle lappet is removed to
lay open about 10 cm of the VNC. Gently pulling up the nerve chord reveals lateral
connections which are then cut to disconnect the VNC from the rest of the nervous
system. Once completely disconnected, the VNC is placed freely floating in chilled
saline and kept at 4 ◦C for at least 1 h.

Recording chamber

The body of the chamber is made from Polyoxymethylene and contains a row of equidis-
tant silverchloride electrodes (see Figure 4.5, b and c). We used 0.8 mm silver wire, it
was abraded, treated with sodium hypochlorite and washed with purified water. The
electrodes are placed 8 mm above the bottom of the chamber and separated 5 mm from
each other. Before the experiment, all electrodes are stored in saline. The VNC is placed
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in a recording chamber pre-filled with chilled saline. Then the saline is drained, leaving
the VNC resting directly on the electrodes (without touching the side walls or bottom
of the chamber). To prevent drying, the chamber is sealed with thin transparent plas-
tic sheets. A small amount of saline is left in the bottom of the chamber in order to
maintain a stable humidity. The chamber is encapsulated in a temperature controlled
aluminum case, which is connected to a refrigerated circulator set to 12 ◦C. After the
procedure, a VNC can respond for several hours.

Characterization of the sample
The collision experiments (sec. 4.4.2) requires an exact timing of the APs. The VNC
incorporates two large nerve fibers, the fast medial giant fiber (MGF) and the coupled
lateral giant fibers (LGF). An exact response of both systems is asserted by a strength-
latency recording.
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Figure 4.5: Description of the recording scheme. (a) Cross section of an earth-
worm ventral nerve chord (VNC). The medial and lateral giant fibers (MGF
and LGF) are located dorsally and extend from the anterior to the posterior
end of the VNC. (b) Top view of a VNC inside the recording chamber. The
VNC is supported on parallel electrodes in the chamber. Two stimulators
are connected at anterior and posterior ends of the chamber, and four am-
plifiers (A to D) are connected to electrodes in between. (c) Side view of
the chamber. The specimen is resting on the electrodes without touching
the bottom. A small amount of saline keeps the moisture within the cham-
ber. (d) Recordings from a single electrode. The stimulation amplitude
was gradually increased from 0 V to 1 V with a fixed pulse width of 0.2 ms.
The recorded voltages are color coded and stacked on top of each other,
with the corresponding stimulus voltage denoted on the Y-axis. As a visual
guide, three individual traces are additionally shown at stimulus amplitudes
of 0.0 V, 0.3 V and 0.7 V.

A series of stimulations with increasing amplitude identifies the fibers by their re-
sponses shape, threshold, velocity and strength-latency relation (Figure 4.5d). The
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Figure 4.6: Recorded extracellular potential for varying stimulus voltage. In the color
coded electric response (left) the two fiber systems can be identified. A short
and fast spike from the MGF around 4 ms after stimulation is followed by
the slower LGF. The right panel is the latency of the AP as a function of
stimulus amplitude. The time of detection is therefore compared to the last
therefore fastest response. A fit of equation 4.13 is indicated by the dashed
lines.

sharp spike that is detected around 4 ms after the stimuli is the AP on the MGF and
the second spike (around 13 ms after stimulation) is the AP on the LGF.

The extracellular stimulus charges up the axon until a certain threshold is reached,
then an AP is generated. Once the threshold is reached, the stimulus parameters do not
influence the APs shape or propagation, it is said to be all or nothing. As a test, single
stimuli with a duration of 2 ms are applied with amplitudes ranging from 0 V to 3 V.
With a frequency of 0.5 Hz, a total of 31 stimuli are carried out for both sides. Above
an amplitude of around 0.3 V both fibers are activated. A recording from electrode
C (see Figure 4.5) while stimulating the anterior end is shown in Figure 4.6 left. To
compare the signals, their traces are shifted by their latency to coincide. At first 50 Hz
noise and its harmonics are removed from raw data by fitting the baseline before and
20 ms after stimulation. Then a first order Savitzki-Golay filter with a window length of
0.2 ms is used for smoothing. Finally the data is interpolated on a GHz grid. The AP
from the median fiber has its steepest slope centered between its maximal peak and dip
(see Fig. 4.7 top left), this point is chosen as the defined time of arrival. The residual
deviation is in the range of a few percent (see Fig. 4.7 bottom). A stimulus amplitude
dependent latency is observed. In a simple model, this phenomenon is represented by a
charging capacitor [26]. The membrane potential has to reach a certain threshold Urh

called rheobase. The time it takes from the onset of the stimulus to the generation of
an AP is then

t = −τ ln (1− Urh/U0) , (4.13)

with the time time constant τ and the stimulating voltage U0. A fit of equation 4.13
to the data from stimulations below 1 V (see Fig. 4.6) results in the time constants
τMGF = 0.8(1)ms and τLGF = 2.0(3)ms as well as threshold values UMGF = 198(19)mV
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Figure 4.7: The upper panel shows traces of APs after varying the stimulus amplitude
from 0.4 V to 3 V. The amplitudes are mapped to trace colors as indicated
by the colorbar (right). When corrected for their individual latency, the
signals coincide well. Deviations compared to the mean trace are plotted
below.

and ULGF = 240(19)mV. When stimulating these fibers the crucial difference is the
charging time constant, rather than the stimulation threshold. With short stimulation
pulses (e.g. 0.2 ms as in Figure 4.5d) the fast charging of the MGF can be utilized to
activate the MFG exclusively.

Simulation
The collision experiment is compared to different models of the excitable membrane. The
program is written in python, using the versatile and well documented library BRIAN[73,
74]. All models are based on the same multi-compartment cable model with the param-
eters:

diameter = 238.0*2*um
Cm = 1.0*uF/cm**2
Ri = 35.4*ohm*cm

The collisions are simulated for a nerve of length 20 cm with 1001 compartments. The
axon terminals are 10 cm in length with 1001 compartments. The Hodgkin Huxley model
(HH [90]) is used with the classical equations:3

El = 10.613* mV
ENa = 115*mV
EK = -12*mV
gl = 0.3*msiemens/cm**2
gNa0 = 120*msiemens/cm**2
gK = 36*msiemens/cm**2

eqs = '''
3The HH equations are given in an example at briansimulator.org
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iL = gl * (El-v) : amp/meter**2
iNa= gNa * m**3 * h * (ENa-v) : amp/meter**2
iK = gK * n**4 * (EK-v) : amp/meter**2
Im = iL + iNa + iK : amp/meter**2
I : amp (point current) # applied current
dm/dt = alpham * (1-m) - betam * m : 1
dn/dt = alphan * (1-n) - betan * n : 1
dh/dt = alphah * (1-h) - betah * h : 1
alpham = (0.1/mV) * (-v+25*mV) / (exp((-v+25*mV) / (10*mV)) - 1)/ms : Hz
betam = 4 * exp(-v/(18*mV))/ms : Hz
alphah = 0.07 * exp(-v/(20*mV))/ms : Hz
betah = 1/(exp((-v+30*mV) / (10*mV)) + 1)/ms : Hz
alphan = (0.01/mV) * (-v+10*mV) / (exp((-v+10*mV) / (10*mV)) - 1)/ms : Hz
betan = 0.125*exp(-v/(80*mV))/ms : Hz
gNa : siemens/meter**2
previous_v : volt
'''

The variable I is used to apply the stimulus current. Note that here Im is not the total
membrane current, but the sum of the resistive currents.

The Tasaki Cable (TC) model is implemented based on [191]:

v0 = -100.0*mV
g = 6.8*siemens/m**2

eqs = '''
I : amp (point current)
v0 : volt
g : siemens/meter**2
Im = g * (v0-v) : amp/meter**2

'''

reset = '''
v0 = 0.0*mV
g = 130*siemens/m**2

'''

threshold = 'v > -50.0*mV'

If the threshold condition is fulfilled, the reset function is called. Then the axon remains
in its excited state. The velocity is matched to the HH model (13 m s−1) by adjusting
the conductivity in the active state to 130 S m−2. The conductivity in the resting state is
set to 6.8 S m−2, which is roughly the value that the HH model approaches in the resting
state. However, the effect compared to setting it simply to zero is negligible.

I extended the TC model with a relaxation phase that brings the membrane back to
the resting potential after excitation. It is referred to as Relaxing Cable (RC) model
and implemented via:

trelax = 1.4*ms
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v0 = -100.0*mV
gL = 6.8*siemens/m**2

eqs = '''
I : amp (point current)
gX = (v0/(100*mV) + 1)**2*(gL1) : siemens/meter**2
Im = (gL+gX) * (v0-v) : amp/meter**2
dv0/dt = (-v0-100*mV)/(trelax) : volt

'''
reset = '''

v0 = 0.0*mV
'''

threshold = 'v > (v0+50.0*mV)'

Here the membrane equilibrium potential v0 is described by an exponential function.
This makes the neuron return to its resting potential after excitation. The increase
of the membrane conductivity during the AP is accounted for by adding gX (which is
controlled by v0) to the membrane conductivity. The extracellular potential is calculated
using equation 4.9.

4.4 Results
4.4.1 Annihilation of APs upon collision
Action Potentials can be elicited at different locations along a fiber and propagate in
both directions, eventually causing colliding APs. The cable theory (basis of TC, RC,
HH, FitzHugh-Nagumo, etc.) requires APs to annihilate when they collide, while other
mechanisms (e.g. an acoustic pulse) can allow the penetration of APs [175]. In the first
experiments described here, this annihilation is asserted.

In the cable theory (Section 4.2 in particular eq. 4.1), the sharp boundary at the front
of the AP drives the propagation. At the boundary, there is an internal electric field
Eaxial that charges up the next section of the axon. Consider a small section dx of the
fiber, that is in the resting state, but next to the active state. The internal current
charges up the section until a threshold is reached, than the section dx is in the active
state and the AP has propagated by dx. Once two boundaries of two opposing Action
Potentials merge, there is no boundary along the axon left and therefore there is no
internal stimulating current [180] (see figure 4.8). After the collision, the membrane
potential at the central point is still close to the peak of the Action Potential, but the
spatial distribution of the membrane potential Vm(x) is a smooth function. Therefore,
after a collision there is no internal current and no propagation, just relaxation. (It can
also be argued that for reasons of symmetry, the internal current must always be zero
at the point of collision.)

Thus the cable model can never allow APs to penetrate each other. This annihila-
tion is not at all related to the “refractory period”, however this is still a wide spread
misconception [180].
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Figure 4.8: Spatial profile of the mem-
brane potential, when APs collide. At
t = 6 ms the APs are approaching each
other. A millisecond later, the steep
slopes at the beginning of the APs
merged. From this time on, there is
no internal stimulating current, there-
fore no propagation. The APs start to
disappear around t = 8 ms (calculated
with the HH model).
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Surprisingly, recent studies claimed that no annihilation takes place [72], reviving
discussions about mechanisms of AP propagation [20, 57, 61, 197]. These experiments
are linked to fundamentally different theories of nervous signaling, where the AP is
described as an acoustic pulse in a thermodynamic framework [10, 83, 175]. Many
types of acoustic pulses can of course cross each other, e.g. sound in air. However, it
is important to emphasize that acoustic pulses in non-linear media do not necessarily
penetrate on collision [175]. The annihilation is not a falsification of the acoustic theory
of AP propagation. Some authors explicitly point out the difficulties when working with
nerves where more than one axon can be stimulated [57].

In my experiment, the annihilation is verified with an unambiguous experimental
procedure. It is ensured that both pulses counter-propagate in the very same nerve fiber.
The nerve is connected to two stimulators at its ends and four recording electrodes in
between. Action Potentials can travel in both directions along a fiber in the nerve chord
and the shape of the spike Ve (as well as the propagation velocity) are almost identical
for anterior or posterior stimulation. With an adjusted stimulus intensity and duration,
the MGF can be activated while keeping the LGF in resting state (e.g. 0.3 V to 0.6 V,
for 0.2 ms as is shown in figure 4.5d). When a fiber is stimulated one-sidedly, the AP
propagates along all four recording electrodes and is detected successively (fig. 4.9 left
and middle). If both ends are stimulated simultaneously, on each recording site, only
the AP arriving first is detected (fig. 4.9 right). The collision itself appears as a sharp
spike (on electrode C). There never appears an AP after the collision. This experiment
asserts that APs collide and annihilate.

4.4.2 Sweeping the collision
The point of collision can be positioned along the nerve by delaying one of the stimulating
pulses with respect to the other. A time delay ∆t will displace the point of collision by

∆x =
v

2
∆t , (4.14)

where v is the propagation velocity. A single recording electrode is sufficient to measure
the AP at any given distance to the collision. Repeated measurements with varying
delay ∆t can be visualized as an image where the Y-axis denotes the time delay ∆t, see
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Figure 4.9: Action potentials do not propagate after a collision. Propagation
and collision of APs on the medial axon (MGF). The top and bottom line
indicate the application of stimuli (0.5 V, scaled by 10−3). (left and middle)
Single sided stimulation generates a AP propagating along the medial fiber,
which is recorded by the electrodes sequentially depending on the side of
stimulation. (right) Stimulating both ends leads to a collision and annihila-
tion of the APs at electrode C. The dashed lines are the sums of the traces
in the left and middle panel, that represent the expected signal in case of
AP penetration.

figure 4.10. Identification of the fibers based on the delay-sweep images is unambiguous.
APs measured in this way also explain how single recordings can be misinterpreted.

In contrast to propagating APs, the collision produces an enhanced peak where the
negative phase is considerably diminished. At ∆t = 0 the point of collision is centered
on the recording electrode, but when ∆t is large, only the AP arriving first is detected on
each fiber. When both fibers are activated on both ends, two collisions are detected, at
first on the MGF, then on the LGF (figure 4.10 left). Gonzales-Perez et al. claimed APs
would penetrate each other[72]. We present the situation, where the LGF was stimulated
on both ends, but the MGF stimulation failed on one side. At first glance this may seem
like penetrating APs and can easily lead to misinterpretation of the data. Before the
APs collide on the LGF, the MGF-AP passes by the oncoming LGF-AP and the external
field add up without interacting (figure 4.10 right). This shows that the delay sweep
overcomes ambiguities in interpreting the data and provides detailed information about
the electric fields along the fibers.

4.4.3 Spatio-temporal shape of the collision
The active phase of the propagating AP is preceded by an internal stimulating current.
When those ions can not penetrate a certain position, this current piles up charges inside
the fiber. When this happens, the process is no longer stationary and the traveling pair
of current source and sink changes. Around the center of the collision, a larger section of
the fiber is activated synchronously [180, 188]. As a result the extracellular spike roughly
doubles its positive deflection, whereas the negative deflection is smaller but sustained.
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Figure 4.10: A collision experiment in a VNC where both fibers are involved. (Left)
Collision in both, MGF and LGF fibers The collision at the MGF
happens at 3 ms and at the LGF at 6 ms. When the delay ∆t is well
above 3 ms (or below −3 ms) the collisions are far from the recording elec-
trode and MGF-AP and LGF-AP are detected before they collide. (Right)
Collision in LGF but not in MGF The image on the right covers the
situation where the LGF is stimulated on both ends, but the MGF stim-
ulation failed on one side. The MGF-AP passes by the LGF-AP before
it collides. The fact that in the right graph the double sided stimulation
failed causes the graph to show a crossing of APs. This is solely due to the
fact that that the measurement yields the sum of both systems (MFG and
LGF). There was no actual crossing within a single nerve fiber.
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Figure 4.11: Experiment and different simulation models of the extracellular potential
Ve for propagating (left) and colliding (right) Action Potentials. The traces
are shifted in time to reach the maximal value at t = 0 and the amplitude
is normalized to the maximal value of the respective propagating AP.

Because of the fact that a larger section of the fiber is in phase, the smoothing effect of
the integral in equation 4.9 is decreased heavily. Therefore, the extracellular potential
around the collision is a more direct measure of the membrane current. In figure 4.11,
the experimental data is compared to simulations. The original form of the TC model
does not incorporate the negative deflection of the collision spike [191].

To account for the negative phase, an extension is added to the TC model. The Re-
laxed Cable (RC) model adds a simple exponential relaxation that brings the membrane
properties back to the resting state. A relaxation exponent of 1.4 ms fits well to the
experimental trace, as is presented in figure 4.11. Note that the HH model does not fit
well at the end of the signal, it shows a superfluous kink.

4.4.4 Quantification of the collision

There is a smooth transformation between the free propagating AP (figure 4.11 left) and
the sharp spike of the colliding AP (figure 4.11 right). The shape of the extracellular
spike is a function of the distance ∆x between the measuring electrode and the point of
collision. Both models (HH and TC) show the main features that are observed in the
experiment (see figure 4.12). The shape of the AP is quantified by means of the maximal
positive V +

e and negative V −
e potential deflection and may be compared to the values

of the free propagating AP. In order to quantify the axial spread of the collision, these
values (V +

e and V −
e ) are plotted against the distance to the collision ∆x (see figure 4.13).

When the collision is closer than 6 mm to the recording site, a change in the shape is
detected. The negative phase is decreased to around 30% for ∆x < 3 mm. Closer to
the collision, ∆x < 2 mm the positive phase is strongly increased and is maximal at the
point of collision. The amplification of the positive deflection V +

e as a function of ∆x is
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Figure 4.12: Measurement and simulations (HH and TC) of an AP collision. The y-axis
denotes the distance between the measuring site and the collision. The
X-axis (time) is shifted to the time of collision (t = 0 s).

roughly gaussian shaped and can be fitted with

V +
e (∆x) = V 0

e + a exp
[
−4 ln(2)

(
∆x

λC

)2
]
, (4.15)

where a is the maximal amplification factor, V 0
e is the maximal value of the propagating

AP and λc is the full width a half maximum. Equation 4.15 was fitted to the 12 delay
sweep experiments shown in figure 4.13. The width of the collision λC in an earthworm
MGF is thereby found to be

λC = 3.6(3)mm . (4.16)

The propagation velocity of the MGF was experimentally determined to be in the range
of 13 m s−1 to 18 m s−1. The TC model was fitted to the data by adjusting just a single
parameter. The conductivity of the active membrane g⋆ was set to 130 S/m2 in order to
match the propagation velocity of the HH model v = 13 m s−1.4 The consequent active
length constant λ⋆ = 4.5 mm (from eq. 4.3) is well comparable to the here found collision
length λc.

4.4.5 Ephaptic discharge of colliding APs
Collisions of APs provoke a specific fluctuation in the extracellular potential Ve and may
thereby influence neighboring cells. The effect upon the surrounding cells is not a direct
consequence of Ve. Based on equations 4.4 and 4.2 the current source density (of the
sender) that creates Ve is given by the second spatial derivative, which is the concavity
of the membrane potential. In the same way, the concavity of the extracellular potential

4The HH model has more than 20 parameters, and therefore there are countless possibilities to adjust
the propagation velocity. The parameters of the HH model were left unchanged, to enable a direct
comparison with other examples in the literature.
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Figure 4.13: The maximal positive (V +
e , top left) and negative (V −

e middle left) magni-
tude of the extracellular potential Ve as a function of the distance to the
collision. A “normal” propagating AP (see fig. 4.11, right) is observed for
absolute distances ∥∆x∥ > 10 mm, and at ∆x = 0 mm the APs collide
at the point that is the closest to the electrode. The gray crosses are the
experimental values, and the simulations are drawn as colored lines, for
the Hodgkin Huxley model (HH), the Tasaki Cable (TC) model and the
Relaxing Cable (RC) model. At the site of collision, the amplification of
the positive peak reaches a factor of around 2 while the negative phase
almost vanishes.
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Figure 4.14: Measurement and simulation of the ephaptic discharge Ψ caused by an AP
collision and received at a parallel fiber. The x-axis denotes the distance
to the collision ∆x (which is related to a time delay ∆t by eq. 4.14). The
discharge Ψ of a propagating AP (e.g. ∥∆x∥ > 10 mm) is close to zero. A
significant ephaptic discharge is observed when the propagation is blocked
by a collision. At the point of collision, there is a strong negative discharge
(that acts inhibitory) which is surrounded by positive (excitatory) regions.
The figure holds experimental data (gray +) as well as simulations using
the Hodgkin Huxley (HH) model, the Tasaki Cable (TC) model, and the
Relaxing Cable model (the RC model was developed in this thesis).

acts as an ephaptic current source upon the receiver. A positive concavity increases the
membrane potential (depolarization), which is excitatory. A negative concavity decreases
the membrane potential (hyper-polarization), which is inhibitory [71, 92, 159].

The spatial distribution of Ve is measured by the delay sweep experiment, thus the
concavity can be calculated. The transformation from a delay ∆t to a spatial coordi-
nate ∆x via equation 4.14 requires precise timing of the APs. To calculate the second
derivative, the jitter of the AP arrival times must be well below 0.1 ms for dozens of
consecutive trigger events and for both APs (anterior and posterior). A precise response
is asserted via an strength-latency measurement, as described in the methods Section 4.3.
It is important to keep in mind that the concavity of Ve is direction dependent, here the
parallel component is accessed (because ∆x is the coordinate along the axon). Therefore
the result describes the interaction between parallel fibers. The ephaptic discharge of
the collision in the MGF is shown in figure 4.14. The ephaptic discharge of the propa-
gating AP (at ∆x > 10 mm) is close to zero. For 5 mm < ∆x < 10 mm there is a small
positive ephaptic discharge (which acts excitatory), and for ∆x < 2.5 mm there is a
strong negative ephaptic discharge (which acts inhibitory). The ephaptic discharge is in
good agreement with the TC and RC models. However, the HH model underestimates
the peak of the ephaptic discharge by around one order of magnitude.
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4.5 Discussion
Ephaptic effects are often thought to be too weak to have a significant influence in most
neuronal systems. However, more and more publications report the opposite [7, 9, 35,
46, 80, 160, 168, 171]. Direct observations of ephaptic coupling go back to at least 1895,
and are known to be given by the second derivative of the potential [92, 106].

If the ephaptic discharge of the earthworm MGF is not a rare case, the consequences in
other systems would be drastic. Possible implications and consequences are described in
the next section. Different geometries are simulated and compared with known biological
systems. Finally, a hypothetical relation to higher brain functions is discussed.

4.5.1 Ephaptic discharge at axon terminals
The fibers that grow out of neurons are finite and have a closed terminal. Every AP
traveling along such a fiber eventually reaches a terminal. The closed end is a constraint,
which forbids intracellular current to leave the segment without crossing the membrane.
This situation is similar to a collision.5 In simulations, the trace of the current density
jm at the point of the collision is identical to the current density at fiber endings. The
TC and RC models provide a good match of the ephaptic discharge at the collision, it
can be assumed that the predictions at fiber endings are realistic as well.

The ephaptic discharge in the axial projection is intense (fig 4.15 right, and fig. 4.16).
Axons often have a thickening at their ends, called the bouton. The effect increases even
more when a bouton is included in the simulation (fig. 4.15 and 4.16). The sign and
strength of the ephaptic discharge (caused by the axon ending) depends on the position
and orientation of a neighboring fiber. If the fibers are parallel and next to each other, the
sign of the discharge depends on the position (see fig. 4.15, left). If the fibers are aligned
end-to-end, the discharge is excitatory and very strong (see fig. 4.16, right). Excitatory
end-to-end connections are common in biological systems. An inhibitory effect is found
when the sending axon terminal is at the side of the receiving fiber (see fig. 4.16).

4.5.2 Lateral inhibition
The interaction between neurons is usually described with neurotransmitters.6 Neuro-
transmitters are synthesized, stored and released by one cell, another cell that is close
by is then somehow affected by these molecules. Some substances act excitatory (e.g.
Glutamate), while others act inhibitory (e.g. GABA), the effect is said to depend on the
type of receptor [107]. In contrast to these mechanism, ephaptic coupling is derived from
first principles [76, 92]. Some phenomena can not be explained by a chemical mechanism.
A famous example is the Mauthner cell, an important neuron that coordinates an escape
response in fish. It has a contralateral input that causes a fast and strong inhibitory
effect and supports the unilateral activation of muscles for the so called “C-start”. This

5Because of symmetry, there can never be an axial current at the point of collision.
6Electrical gap junctions are also known [103]. The here proposed hypothesis describes these tight

connections in a unified framework of ephaptic coupling.
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discharge.
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Figure 4.17: Lateral inhibition in biological systems. (left) Inhibitory ephaptic connec-
tion at the Mauthner cell (orange). The input fiber (red) ends close to the
axon shaft. The connection is encapsulated by a highly resistive structure,
called the axon cap. The ephaptic discharge of this end-to-side connection
is inhibitory, as is shown in figure 4.16. (from [195]). (right) Horizontal
cells (red) and photoreceptors (purple) in the retina from [33].

effect is known to be of electrical nature [67, 111, 195, 198]. The geometry of this connec-
tion is shown in fig. 4.17, left. It is an axon-to-side connection, it’s inhibitory discharge
is in line with the proposed model (TC and RC in fig.4.16). The connection is embedded
in a highly resistive material, called the axon cap. According to equations 4.10 and 4.9,
the ephaptic discharge is proportional to the extracellular resistivity. The fact that
ephaptic coupling can be drastically increased by increasing the extracellular resistivity
is well known [106].

The purkinje cell of the cerebellum (an important brain region for motor control) has
a structure called pinceau formation that is similar to the axon cap [100, 194]. Evidence
is increasing, that the interaction at this junction can not be of chemical nature [100]. It
is also a connection to the shaft of the receiving cell, therefore this fast inhibitory effect
can be explained with the proposed framework of ephaptic coupling.

Lateral inhibition is also a so far unexplained mechanism in the very first synapse in the
retina of the eye. The output of the retina is inhibited by a layer of so-called horizontal
cells which are almost perfectly perpendicular to the photoreceptors (fig. 4.17, right).
Despite great efforts, no neurotransmitters have been identified, that could explain this
fast inhibitory effect [33, 112]. Again, the geometry explains the observed function in
the proposed framework of ephaptic coupling.

4.5.3 The appearance of spines

The observation that end-to-side (axon-shaft) connections are inhibitory and end-to-
end (axon-spine) connections are excitatory is very common [22, 29, 108, 110, 117].
Most excitatory synapses in nature are not between an axon end and a straight shaft.
Instead, little fibers called spines grow towards the presynaptic neuron resulting in an
end-to-end-connection. The ephaptic coupling can explain this geometrical observation.
It is independent of the existence of neurotransmitters, it must also act at “chemical”
synapses.
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Figure 4.18: Proposed structures to detect time differences between APs. The
delay ∆t between the input from ears (L, R) is extracted to get the direc-
tion to the source. The detector cells (a, b, c) tell if the sound is coming
from the left, middle or right direction. (left) The Jeffress Model incor-
porates special coincidence cells (yellow) that only spike when they are
stimulated at two separate sites simultaneously. (middle) By letting the
APs collide, the ephaptic discharge on the detector cells depends on ∆t.
(right) Delay detection using collisions can in principle be achieved within
a single branch.

4.5.4 Cross correlation and sound localization

Sound localization in most animals is achieved by measuring differences in arrival times.
The two ears detect a sound at different times, t1 and t2. The direction to source can be
computed from the interaural time difference (ITD) ∆t = t2− t1. E.g. when the sound is
coming from straight ahead, the time difference is zero. In mammals, this computation
is performed in the superior olivary complex (SOC, a part of the brainstem) which
involves the medial superior olive (MSO) and the lateral superior olive (LSO) [60, 77,
193]. This area generates a particularly strong electric field and is often thought to be
controlled by ephaptic coupling [13, 71]. The basic concept to “read” ∆t is to represent
it in a spacial pattern of activation. The location of a collision is nothing else than a
direct representation of the time delay, and it provides excitatory as well as inhibitory
ephaptic discharge (depending on position, orientation and ∆t). Based on the ephaptic
discharge around colliding or terminating APs, an interaural time difference (ITD) can
be resolved with high precision. The concept of the collision allows the hypothesis of
a simplified network structure (see fig 4.18, right), but it is in harmony with all of the
proposed structures shown in figure 4.18. Note that collisions are just the most simple
possibility to detect the ITD within the proposed framework. The ephaptic discharge
at fiber endings is also precisely timed and therefore suitable to detect the ITD between
neighboring APs. The difference is that collisions are continuous, while fiber endings
represent a discrete ITD.

The most accepted model for sound localization is the Jeffress model, where specialized
coincidence cells are only activated when they activated from both ends simultaneously
(see fig. 4.18, left). It incorporates only excitatory interaction, which is not the case
in real systems [60]. The activity response of cortical neurons in the SOC has been
measured as a function of the time delay ∆t between APs from different sides. The
results often look remarkably similar to figure 4.14 Three characteristic response types
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Figure 4.19: (left) Recording from neurons of the auditory cortex of a rabbit (from [60]).
A trough-type (A) response is mostly found in the LSO, while a peak-type
(B) is common in the MSO. (right) Ephaptic discharge of colliding APs.
The receiving fiber is parallel to the sender in (C) and perpendicular in
(D).

are observed, peak- trough- and intermediate-type [60, 105, 176]. Peak- and trough-type
are symmetric and fit to the discharge of colliding APs. The trough type is similar
to figure 4.14, so it fits to a receiver that is parallel to the sender. The peak type is
excitatory, and does not show a change of the sign as a function of ∆t. Such a response
function is found when the receiving fiber is perpendicular to the sender (A shaft-to-
end connection7). The third type is an asymmetric response, which may be related to
a parallel neighboring fiber end (as in figure 4.15 left, in particular the straight end
version).

4.5.5 Computation with AP collisions and terminations

An interaction between APs that run along neighboring fibers enables the possibility of
computation. These axonal computations have been described by others, but ephaptic
discharge or collisions have not been mentioned in these studies [6]. Resolving time
differences is the key to perform a cross-correlation of signals. Sound localization is just
an arbitrary example for countless very similar computations [105]. One may speculate
that AP collision is not an exotic phenomenon. The complex patterns of almost all
neurons and the presence of multiple spike initiation zones within one neuron suggest
that AP collision is a frequent phenomenon. There are theoretical concept to design a
computer based on colliding pulses [2, 102, 157]. The fact that colliding pulses influence
neighboring activity makes it possible to postulate a mechanism that performs a discrete
computation. Such a mechanism has been proposed for computation in networks of actin
filaments [3].

7The geometry is similar to the one shown in 4.16, but sender and receiver are swapped.
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Figure 4.20: The two most prominent types of spike dependent plasticity. A positive
y-value means that the synapse increases its strength (potentiation), and a
negative value means that the synapse decreases its strength (depression).
The x-Axis denotes the time delay between stimulations from opposing
sites. EPSP means Excitatory Post-Synaptic Potential, in the left figure it
is caused by the first AP. EPSC means Excitatory Post-Synaptic Current,
in the right figure it denotes the strength of the synaptic connection. (left
from [202], right from [206])

4.5.6 Memory

There are multiple long term effects of extracellular fields that can be interpreted as
a structural memory-like mechanism. Extracellular electric fields guide the growth of
axons [54, 133], and inhomogeneities of the electric field exert a force upon dipolar
or polarizable particles like proteins, enzymes, the centrosome or nucleus [36, 149]. A
non zero discharge means that the integral of this force (in time) is not zero. Repeated
discharge is therefore expected to act as a sorting mechanism that can influence the
morphology of the cell [36].

Structural changes of the connections in a neuronal network are supposed to be the
origin of learning and memory. These long term changes are called plasticity, and it is
well known that the coincidence of activity has a strong influence on plasticity. More
precisely, the plasticity is often found to be a function of the time delay between stimuli
from different sides. This is known as spike timing dependent plasticity (STDP) [142,
143, 202, 206]. Again, different response functions (plasticity as a function of the time
difference ∆t) are observed for different cells. There are two characteristic response
functions that are widely observed: An inverted trough-type response (see figure 4.20,
left) and an asymmetric response function (see figure 4.20, right) [81].

By comparing fig. 4.20 (left) to fig.4.14 and fig. 4.20 (right) to fig 4.15 (left), one may
postulate the following hypothesis: Plasticity is driven by ephaptic discharge. If APs are
supposed to collide, this may be seen as a continuous version of hebbian learning. Instead
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of thinking about discrete coincidence, the collision is a continuous representation of a
time delay. At the point of collision, the sending fiber (and surrounding parallel fibers)
expire a negative discharge Ψ. This may induce e.g. the formation or potentiation of
a perpendicular connection (which is excitatory, see fig. 4.19 right). The symmetry of
the response with respect to ∆t is a direct representation of the geometrical symmetry
of the connection. Analog to Section 4.5.4, the proposed framework does not require
collisions. Ephaptic discharge at fiber ending is also a precise representation of a timing.
The parallel end-shaft geometry (as in fig. 4.15, left) has an asymmetric discharge Ψ(∆t).
Such asymmetric spike timing dependent plasticity, are found in biological systems and
sometimes is mirrored along the x-axis ∆t (e.g. [66]). This can be explained by assuming
the alignment of the connection to be mirrored.

4.6 Summary
• Action Potentials annihilate when they collide. This is an intrinsic property of

the process of transmission in the non-linear cable equation. The argument that a
refractory period is causing the annihilation has been a popular fallacy since the
40s of the last century [180], and it still is until today. Nevertheless, it has been
proven wrong [180]. The refractory period refers to a situation where there is a
sufficient stimulus, but against the expectation no AP is generated. However, it is
the stimulating current itself that vanishes at the collision. There is no reason to
expect subsequent generation of an AP anywhere on the fiber. The cable theory is
just one way to describe Action Potentials, there are other wave equations that have
similar solitary solutions. Those solitons can also annihilate when they collide, even
acoustic pulses [173]. Therefore, the observed annihilation does not distinguish
between the underlying mechanisms in general.

• The passive length constant λ0 is often said to be a relevant length scale when APs
are investigated. It is a property of a passive liner cable model. However, the AP
is a highly non-linear process that is connected to the active length constant λ⋆ as
introduced by Tasaki (TC model) [184, 191]. The propagation velocity of the AP
and its length λ⋆ depend mainly on the resistivity of the membrane in the excited
state g⋆m. The passive length λ0 and the resistivity in the resting state gm are not
essential. This argument is also valid in the HH model, but the HH model does not
provide an analytical expression for λ⋆. The collision sweep experiment provides a
way to access the collision length λ⋆c which is a property of the excitation, similar
to λ⋆.
The measured collision length λ⋆C of the Action Potential in the medial giant axon
of the earthworm is 3.6(3)mm. The parameter g⋆ in the TC model determines λ⋆c
and the propagation velocity.

• Around the site of collision, a comparable large section of the fiber (around λ⋆/2)
is activated simultaneously [180, 188, 190]. In this region, the extracellular mea-
surement is less affected by spatial averaging which enables to observe a roughly
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mono-exponential relaxation that follows the sharp peak of excitation. The HH
model does not resemble a relaxation, but shows a prolonged plateau that ends
abruptly (Cole called this aspect of the HH model the gratuitous bump [41]).
I extended the TC model with a mono-exponential relaxation function (RC model).
The additional parameter τ determines the relaxation time (see fig. 4.11, right) and
the depth of the negative extracellular potential at the site of collision (V −

e (∆x = 0)
in fig. 4.13). The observed relaxation time and amplitude is reproduced in the RC
model with τ = 1.4 ms.
The RC model resembles the traces of the potential with more detail. Its purpose is
extract a parameter from the experiment, and to demonstrate that this is possible
with a simple exponential function. However, it introduces an arbitrary equation
into the model and should therefore be avoided if it is not necessary.

• The delay sweep experiments results in a in a high resolution pseudo-spatial po-
tential distribution, recorded with a single electrode. The temporal sum of the
second spatial derivative of the potential can be calculated. I call this quantity
the ephaptic discharge Ψ and measured a value of around 0.1 V s m−2. The experi-
mental value is well captured by the TC model (and RC model), while being more
than one order of magnitude larger than predicted by the Hodgkin-Huxley model.
The consequences of this finding are summarized below.

4.6.1 The impact of the ephaptic discharge
The ephaptic discharge Ψ measures the non-uniformity of the electric field. It is an
important quantity because it drives the electric influence upon neighboring cells [44,
92, 106, 159], and it describes a force upon dipolar or polarizable particles (e.g. proteins
or enzymes) [36, 148]. Propagating Action Potentials generate negligible or no ephaptic
discharge, but the generation or termination (e.g. collision) of APs generates an ephaptic
discharge [12]. The magnitude and sign of Ψ depends on position, orientation and timing.
It can act positive (excitatory) or negative (inhibitory), a qualitative overview of different
geometries is presented in Figure 4.21. I propose the following hypothesis:

1. The strength of Ψ is not limited to the earthworm MGF, but a general property
of neuronal activity, as predicted by the TC model. It is relevant especially when
fibers are close to each other which is the case at synapses. The geometry of
the inhibitory ephaptic discharge matches the synaptic lateral inhibition at the
Mauthner cell, Purkinje cell and horizontal cells (fig 4.21, 2a). Also the excitatory
effect of axon-spine synapses (fig 4.21, 2c) and the inhibitory effect of axon-shaft
(fig 4.21, 2a) fits to this framework (sec. 4.5.2, 4.5.3).
Besides tight connections, this interaction can be relevant at all length scales up
to many millimeters [35, 171].

2. Neuronal tissue uses collisions of APs as a fast and continuous way to transform
time difference between APs into a spatial pattern of ephaptic discharge. A fun-
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Figure 4.21: Sketch of the ephaptic discharge Ψ around colliding (1, left) and terminat-
ing APs (2, right), for parallel and perpendicular geometries. Inhibitory
regions are colored blue and excitatory regions are red.

damental way to perform cross-correlation (coincidence detection) and even com-
puting is possible with such a mechanism [2, 3, 102, 157].
Three types of AP timing dependent responses of neuronal activity have been
measured in the auditory system (MSO & LSO) [60, 105, 176]. These can be
reproduced with different canonical geometries.

3. Repeated discharge induces a sorting of proteins or enzymes that controls the
morphology of the membrane. The spike timing dependent plasticity which has
been observed [142, 143, 202, 206] can be explained as being controlled by Ψ in
the proposed geometries.

4. Ψ can be seen as a magnetic component of neuronal activity, since it is given in
T, and value of 0.1 T is extremely high. An interaction between magnetic and
ephaptic effects has been proposed by others [130, 131].
Especially the neuronal activity in the retina has been shown to be very sensitive
to magnetic fields. A functional response has been observed at amplitudes around
10 mT and at 1 T m−1 [122, 129]. The retina is also a possible locus of magnetore-
ception in certain animals e.g. homing birds [200]. It may be worth to investigate
a possible relevance of the strong ephaptic discharge in these systems.
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5 Optical signals from lobster nerves

5.1 Introduction

Action Potentials are driven by an excitation of the biological membranes. This process
is accompanied by a drastic change in the electrical properties of the membrane [44,
106], as well as thermal [28, 161, 182, 188], mechanical [59, 138, 172, 190] and optical
changes [39, 94, 115, 116, 118, 186, 203]. The fast optical changes that accompany the
electric AP are referred to as the fast intrinsic optical signal (fIOS) [177]. A better
understanding of the optical manifestation of APs is highly desired for diagnostic as well
as fundamental scientific purpose. While AP related changes in the optical properties (or
fIOS) have been detected with a variety of methods, the origin of these signals remains
unclear.

It seems that the strongest signal is measured in the polarization state of transmit-
ted light [14, 15, 32, 39, 62, 63, 186]. The straight-forward approach is a transmission
birefringence experiment, where the nerve (aligned at 0°) is placed between two crossed
polarizers (aligned at ±45°). The transmitted intensity changes when an Action Po-
tential propagates along the nerve [40, 192]. A nerve chord contains highly anisotropic
microscopic structures (e.g. the aligned cell membranes) that cause a considerable static
depolarization. The reported relative change of the transmitted intensity is then referred
to as the crossed polarized signal (XPS) and is in the order of 10−4. It seems obvious
to interpret the XPS as a change in the birefringence [14, 15, 32, 39, 62, 186]. How-
ever, more precisely it is a depolarization that can also arise from dichroism, depolarized
scattering or geometrical refraction [204].

This section describes a series of laser transmission experiments from electrically stim-
ulated lobster nerve chords, that distinguish possible origins of the fIOS. The theory
that underlies classical birefringence experiments is described in Section 2.3. The static
optical properties of the lobster nerve chords are characterized with a polarization mi-
croscope. The subsequent fast measurements described in this section use a laser as
a light source and are based on the detection of modulated light by use of a Lock-In
amplifier. When birefringence is measured, the sensitivity of this setup can exceed the
straight-forward approach by orders of magnitude (see theory Section 2.3.2). Surpris-
ingly, a fluctuation of the birefringence was never observed. A possible explanation is
that the main component of the XPS is not birefringence (which is found in straight
transmitted light). Instead the signal may be found in stray light. The central spot
of transmitted light is always overlapped and surrounded by a fringe of light that is
refracted or scattered at very small angles. In a “normal” birefringence setup, this light
is preferably not detected.
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Figure 5.1: Anatomy of a com-
mon lobster (Homarus ameri-
canus). Average specimen are
about 30 cm long. Lobsters
have five pairs of legs that are
around 8 cm long. The first leg
holds the large claws. (Figure
from [119])

Indeed, an optical signal similar to the XPS was detected in a modified setup, where
the unscattered light was blocked. (The modified geometry detects scattering angles
from 8° to 0.3°, while the birefringence geometry accepts scattering angles up to only
±0.2°) This rules out birefringence as the cause for the XPS. However, some preparations
responded electrically, but no optical signal was observed (even with the modified setup).

5.2 Methods

5.2.1 Electrophysiology

Sample preparation

The anatomy of a lobster (Homarus americanus) is depicted in Figure 5.1. The lobster
has 4 pairs of walking legs, the leading two end with a movable finger. The first pair of
legs holds the large claws. The nerve chords from the second and third leg were used
in the experiment described here. Those are roughly 1 mm in diameter. The first leg
nerve is around 2 mm in diameter turbid, since the transmitted intensity of the beam
decreases exponentially with the thickness of the sample (eq. 2.10). The third leg nerve
is thinner that the second nerve and very fragile.

All animals were supplied by the Animal Research Facility (TFA) of the University
of Konstanz. The experiments were registered and carried out according to the German
animal protection law (TierSchVersV, in particular §39)

Before the dissection, the animals are anesthetized by submerging them in crushed
sea ice. After 45 min the lobsters stopped moving and were beheaded with large scissors.
The nerves were extracted with the Furusawa pulling method[68]. Therefore a leg is
removed from its host, close to the body. Then the outermost joint (between carpus
and propodus, see Figure 5.2) is broken and the connective tissue (skin and muscle)
is cut carefully, while leaving the nerve untouched. The nerve is extracted by gently
pulling the propodus apart from the distal part of the leg. The nerve remains connected
to the propodus and is thereby pulled out of its shell. After this step, two threads
are tied around the endings of the exposed nerve. Finally the sample is removed from
the propodus and put in bowl of chilled saline. (The saline is adopted from [63], it
contains 525 mM NaCl, 13.3 mM KCl, 12.4 mM CaCl, 24.8 mM MgCl and 5 mM dextrose,
after mixing it is adjusted to pH = 7.0 by adding sodium bicarbonate.) After the
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Figure 5.2: The 2nd leg of a lobster, freshly severed from the body. The upper arrow
indicates the positions where the joint is broken before pulling the pieces
apart.

Figure 5.3: The chamber consists of three pieces. Two electrode arrays surround the
inner piece, where the nerve chords is in between two cover slips. The
pieces are made from Polyoxymethylene (POM) and the chamber can be
closed with a lid. It sits on a temperature controlled aluminum base and an
aluminum top piece can be used to enclose the whole system, while allowing
optical and electrical access.

procedure, the nerve is put in the fridge for one hour.

The nerve chamber
The nerve chamber consists of three pieces, shown in Figure 5.3. The optical properties
are observed in the middle, while the outer pieces contain the electrodes for stimulation
and recording of the Action Potential. The body of chamber is made from polyoxymethy-
lene (POM) and the two electrode chambers hold 6 electrodes each, spaced by 5 mm.
The electrodes are made from silver wire (0.8 mm in diameter around 2 cm long), with
a Ag/AgCl surface. In the middle part, the nerve lays in between two microscope cover
slips, used as windows. The windows are sealed with petroleum jelly and gently hold in
place, to avoid stress birefringence.

Before the nerve is inserted, the Chamber is filled to the top with saline and chilled
to 12 ◦C. Then the nerve is carefully transferred into the Chamber. When the nerve is
in position, the section between the glass slides is filled with agarose, to fixate the nerve.
To minimize warming and consequent irritation of the specimen, ultra low temperature
agarose is used and prepared with saline instead of water. Then a syringe is used to
draw the saline from the electrode chambers. When the saline level is well below the
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Figure 5.4: Compound Action Potential from lobster nerves with varying stimulus volt-
age. The first AP is recorded after a stimulus of 0.8 V. More features appear
with increasing stimulation amplitude.

electrodes, they are dried with forceps and small pieces of microfiber wipers. Plastic lids
and petroleum jelly are used to seal the chamber.

The electric response

The leg nerve of lobsters contains many small, medium and large axons. In general, the
stimulation above threshold activates multiple fibers, which is called a compound Action
Potential (CAP). With increasing amplitude more fibers join the CAP, as is shown
in Figure 5.4. The high salt concentration in the saline can create large stimulation
artifacts. Additionally, any residual saline at the recording site diminishes the CAP
significantly, by shortening the measuring electrodes. Isolated lobster nerves are very
fragile and can only be kept alive for a short time of around 30 min to 90 min. A series
of stimulations with increasing amplitude is automated to be run and analyzed in few
seconds. This way the characteristic non-linear response caused by the Action Potential
can be identified quickly. A successful preparation yields a compound Action Potential
with many features. Only few preparations could be electrophysiologically stimulated
and recorded long enough to perform meaningful optical measurements. At first, a
compound with many features can be seen. Over time the response fades away and after
one hour it can hardly be identified at all (see fig. 5.5), which is typical for crustacean
nerves [68].

5.2.2 Measuring birefringence with modulated light
The method reported here measures the phase shift ∆φ between the horizontal and verti-
cal components of light. This depolarization is caused by the light transport through the
horizontally aligned nerve. The depolarization of unscattered (perfectly straight trans-
mitted) light originates from birefringence, as treated in Section 2.3. The measurement
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Figure 5.5: Stability of electrophysiological recordings from lobster nerves. The time
since the beginning of the experiment is denoted at the beginning of each
trace. The top trace was recorded just after transferring the nerve into the
recording chamber. The diverse features arise from different axons in the
nerve chord. The response weakens with each recording, and after one hour
(bottom trace) it is hardly visible.

is based on optical modulation of the phase and consequent demodulation of the signal
with a lock-in amplifier (see 5.6). The theory of this method is explained in Section 2.3.2.
Light is generated by a Helium-Neon gas laser at 632 nm (from Melles Griot, 10 mW).
The beam size and intensity is adjusted with an iris and a neutral density filter. The
nerve is resting horizontally and thereby defines the optical axis. Two linear polarization
filters (polarizer and analyzer) are crossed at ±45°. In between, there is a photoelastic
modulator (PEM II/FS84 from Hinds Instruments [88]), a Babinet-Soleil compensator
and the sample. If the setup is adjusted to sense the straight transmitted light, the
detection diode is placed 30 cm away from the sample. The diameter of the diode is
around 2 mm and consequently the detected scattering angles are around 0° to 0.2°.

The aim of the experiment is to distinguish birefringence from the depolarization
of stray light (scattered or refracted). Therefore, a blocking element is introduced to
prevent the straight beam from reaching the detector. The light that is scattered at
small angles is focused on the detector instead (see Figure 5.7). This is achieved by
placing a lens with a focal length of 75 mm in the middle between the sample and the
detector. The unscattered beam is focused into a beam dump with an outer diameter of
0.8 mm. The beam dump is a cannula, coated with carbon black. The so detected light
is collected from all angles between 0.3° to 8°.

After placing the nerve in the chamber, the static birefringence of nerve and windows is
canceled with the Babinet-Soleil compensator. The lock-In amplifier detects subsequent
fluctuations of the birefringence and returns an output voltage

ULI = f ·∆φ , (5.1)
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Figure 5.6: The setup for measuring birefringence and depolarized small angle scatter-
ing from nerves. A photograph of the setup mounted on the optical table is
shown at the top and a sketch of the involved components is drawn below.
The parts mounted on the rail are (from left to right): A 10 mW Helium-
Neon gas laser followed by a pinhole (PH) and a neutral density filter (ND)
to adjust the beam size and intensity. The light is linear polarized with a
Glan-Thompson-Polarizer at 45° with respect to the optical axis of the sam-
ple, then it passes the Photoelastic Modulator (PEM) and Babinet-Soleil
Compensator (BS). The nerve is enclosed in a temperature controlled nerve
chamber which allows electrical and optical access. The nerve chamber can
be displaced in x and y, perpendicular to the beam. The Analyzer is the
second linear polarizer, which is crossed to the first one. When detecting re-
tardance, the light goes directly to the detector, a conventional photodiode.
When depolarized scattering is measured, an additional blocking element is
inserted. It consists of a lens and a small beam blocker that is positioned
in the focal plane of the lens. Then the transmitted light is blocked and
only small angle scattered light is focused on the detected. A Lock-In am-
plifier is used to demodulate the optical signal, and a oscilloscope records
the electrophysiological and optical data. The experiment is controlled with
a python program that runs on the main Computer, it interactively con-
trols the stimulation and data acquisition. The triggering is realized with
an Arduino microcontroller.
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Figure 5.7: The detection optic for measuring depolarized scattering. The Lens focuses
the transmitted light into the beam blocker and the scattered light to the
diode.

where f is a calibration factor, that depends mainly on the incident intensity, the modu-
lation amplitude and the detection optic. The calibration of f is done with the Babinet-
Soleil compensator, and it needs to be repeated when any optical parameters change.

Optimal modulation amplitude

The next section provides an estimation of the optimal modulation amplitude a. It is
important to adjust a in order to maximize the signal to noise ratio. The intensity is
demodulated by the Lock-In amplifier using a reference signal at a frequency ω. We
assume the reference signal to be adjusted in phase with the measured signal. Then the
component Iω can be expressed as

Iω =
1

2

∫ 2π/ω

0
sin (ωt) sin2 (∆ϕS + a sin (ωt)) dt . (5.2)

The measurement sensitivity can be addressed through

I∆ϕ =
1

2

∂Iω
∂∆ϕS

∣∣∣∣
∆ϕS=0

=

∫ 2π/ω

0
sin (ωt) sin (a sin (ωt)) dt . (5.3)

Analog to Iω, the dominating component I2ω can be measured e.g. to precisely detect or
account for fluctuations in the absorption or laser power

I2ω =
1

2

∫ 2π/ω

0
sin2 (∆ϕS + a sin (ωt)) cos (2ωt) dt . (5.4)

As long as higher harmonics can be neglected, I2ω is a good measure of the overall
intensity. When prefactors are neglected, the functions I∆ϕS

and I2ω are well known
as the Bessel functions of the first kind J1 and J2. They are visualized in figure 5.8
(left). In the experiment, the peak of the detected signal IPeak is limited by the range
of the detector. The optimal settings result from a trade off between laser power and
modulation amplitude. Therefore, the relative signal strength is expressed via

Î =
I∆ϕS

IPeak + IBg
=

∫ 2π/ω
0 sin (ωt) sin (a sin (ωt)) dt

2IBg + 2 sin2
(
a
2

) , (5.5)
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Figure 5.8: (left) The retardance signal strength I∆ϕS
, the main intensity component

I2ω and the peak amplitude IPeak. (right) The relative signal strength for
various offset values.

where IBg is an offset that accounts for any kind of noise or laser power driven artifacts.
Its exact value may not be well determined, however it enables to visualize how the
noise IBg influences the optimal value of a, see 5.8 (right). If the limit of the detector
is neglected, the optimal modulation amplitude is at 1.85 rad or 106°, which is the
maximum of IδϕS

. In the following experiments, an amplitude of a = 60° is chosen.

5.3 Results

Static depolarization

The lobster nerve chord contains many fibers of diverse sizes. These are long structures
that are all aligned parallel to each other. This anisotropy of microscopic structures gives
rise to a static birefringence. A quantitative measurement of the birefringence is possible
by compensation. Therefore the nerve is positioned just below the laser beam, and the
signal from the lock-in amplifier is set to zero with the Babinet Soleil compensator. Then
the nerve is placed in the beam and the birefringence is compensated again, which yields
the birefringence of the sample. For the second leg nerve of the lobster (about 1 mm
in diameter) the birefringence is thereby determined to be in the range of 0.1 rad. This
strong static birefringence can also be imaged with a polarization sensitive microscope.
The commercially available LC-PolScope is a system that measures the alignment of the
optical axis and the magnitude of birefringence [145, 146]. The LC-PolScope uses two liq-
uid crystal compensator, tilted by 45° with respect to each other. The software generates
birefringence images from a series of light intensity images with varying compensator
settings. Figure 5.9 shows the generated birefringence images of lobster nerves (walking
leg nerve and small side nerve). As explained in Section 2.3 (eq. 2.49), the retardance is
the product of length and birefringence (∆n). The orientation of the optical slow axis is
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Figure 5.9: Polarization microscopy of a lobster nerve chord. (right) The magnitude of
the retardance, where 10 nm corresponds to a phase shift of 0.1 rad. (left)
The orientation of the slow axis, where the color is weighted with the magni-
tude of the retardance. Weakly birefringent pixels appear bright. It can be
seen that the slow axis of the optical index is aligned parallel to the nerve
chord.

parallel to the nerve chord, and the retardance is in agreement with the value obtained
via Babinet-Soleil compensation.

Transient depolarization

The depolarization of the straight transmitted light is caused by birefringence. In this
straight geometry, the detector area corresponds to a scattering angle of ±0.2°. A
transient depolarization of this light was not detected (see figure 5.11).

The blocking element focuses only the scattered light from the angles 8° to 0.3° to
the detector. This geometry detects depolarized small angle light scattering (XSALS).
Upon electrical stimulation of the nerve, a phase shift of around 20 µrad is observed (see
Figure 5.10). A direct comparison of birefringence and depolarized small angle scatter-
ing is shown in Figure 5.11. Therefore, the blocking element was by turns positioned
and removed from the beam line. Clearly, the signal is only observed in the scattered
light. Each trace in Figure 5.10 and 5.11 is an average of 200 measurements, that were
taken with a repetition rate of 1 Hz. Within the total time of around 3 min, the electric
signal vanished considerably more quickly than the optical signature of the Action Po-
tential. Therefore only the first electrical recording is shown in Figures 5.10 and 5.11.
In consequent experiments, the electric AP was barely recognizable.

85



0

10

∆
φ

[µ
ra

d
]

Stimulus amplitude

1) 6 V

2) 0 V

3) 6 V

4) 11 V

5) 0 V

0 50 100 150 200

Time [ ms ]

−0.2

0.0

0.2

δV
e

[m
V

]

Figure 5.10: (upper panel) A transient fast intrinsic optical signal (fIOS), measured
with depolarized small angle scattering (XSALS). The gray bar indicates
the time of the electric stimulation. The legend denotes the order in which
the measurements were taken, as well as the applied stimulus voltage. The
control experiments (line 2 and 5) were performed without electrical stimuli.
Each trace is an average of 200 single measurements. (lower panel) The
electric recording of the first run (corresponding to line 1).
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Figure 5.11: (upper panel) Consecutive measurements of depolarized small angle scat-
tering (XSALS) and birefringence. The detection scheme was swapped
while keeping other parameter untouched. A fIOS is not detected in bire-
fringence. The legend denotes the order in which the measurements were
taken, as well as the detection geometry. Each trace is an average of 200
single measurements. (lower panel) The electric recording of the first run
(corresponding to line 1).
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5.4 Discussion
Static depolarization

The spatially resolved static birefringence of a nerve chord is presented in Figure 5.9.
The retardance is great at the edges of the nerve, but rather weak in the middle of the
sample. One might assume that the birefringence is homogeneous and the thickness of
the nerve is maximal in the middle. Then the retardance that is caused by the nerve
fibers should also be maximal in the middle of the nerve chord. The observation of
maximal retardance near the edges of the nerve chord suggests that the nerves fibers
themselves are not the main cause for the static retardation. Instead, the outer sheath
(epineurium) that surrounds the nerve chord may cause the predominant part of the
retardation.

Transient depolarization, the fIOS

The XPS is reported by many as a relative change of transmission in the order of 10−4 [14,
15, 32, 39, 62, 63, 186]. If the XPS was caused by birefringence, which is often assumed,
it would have been detected in our experiment. The sensitivity (to birefringence) of
the method described in this section is by far sufficient. However, a change of the
birefringence as part of the XPS has not been detected. 1 In contrast, our data shows
that the XPS arises due to AP related changes in the depolarized small angle scattering.

A closer look at the measuring systems can explain the differences of the measured
quantities. The transmitted intensity through crossed polarizers can also arise from
dichroism, depolarized scattering or refraction. In any transmission experiment, the
detector always accepts photons from finite scattering angles. The extend of this effect
depends on the ratio of scattered and unscattered photons that are detected. The nervous
tissue of lobsters is particularly transparent, because the fibers do not contain myelin.
The axons of crustacean nerve fibers are many microns in diameter. This is in the Mie
scattering regime and will consequently give rise to very strong forward scattering (see
theory Section 2.2.2). The intensity of the resulting speckle pattern is maximal at 0°
scattering angle. A small but bright fringe of scattered light surrounds the central spot,
it is visible to the eye up to scattering angles around 2°.

The fact that no birefringence was observed is consistent with the observation by
Akkin et al. [5], they also reported scattering changes, but no change in the retardance.
The observed depolarization may therefore occur as a consequence of a change in the
formfactor, which is complicated to calculate for a nerve fiber bundle. However, it

1If we neglect the fact that birefringence is not the source of the signal, we may compare the measured
depolarization with the values reported by others. A crude estimation of the XPS may be given by

T (0.1 rad + 20 µrad)
T (0.1 rad) − 1 ≈ 4 · 10−4, (5.6)

which yields the correct order of magnitude, and is well above the noise of the method described in
this section. Note that this approach is invalid in the sense of our interpretation. It would only be
correct if the signal was caused by birefringence.
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has been suggested to describe the light emitted from the nerve by means of simple
geometrical refraction [204]. In the geometrical model, the components of the detected
light are calculated via the Fresnel equations. In this model, the swelling of lobster nerves,
as for example reported by [5, 101, 188], directly provokes a depolarization. When the
straight transmitted light is detected, the scattering signal is consequently compromised
by unscattered background light [204].

5.5 Summary
Our experiments suggest that the swelling of a nerve is the most likely cause for an
intrinsic optical signal that accompanies the Action Potential. The upper limit for
changes in birefringence, is estimated to around 5 µrad. In addition, it may be worth
mentioning that we observed a biphasic change in the fluctuation of the depolarization,
while most groups reported a monophasic deflection of the XPS [14, 15, 32, 62, 63, 118,
186] (A biphasic shape of the XPS is also seen in [39]). The origin of the XPS or fIOS
remains unclear. However, actual changes in the birefringence must be extremely small
(or considerably slower than the XSALS), if they exist. These results motivate further
studies that are focused on detecting minute changes in light scattering.

88



6 Cavity amplified speckle spectroscopy
from nerve chords

6.1 Introduction
In turbid materials like white paint, milk or nervous tissue, a photon is scattered many
times before it leaves the sample and is eventually detected. Such materials appear
white, if the absorption is low. Inside the sample, the photons perform a random walk
with a step length of l⋆. The many paths through the sample add up at the detector,
or eye. When coherent light is used, the phase of all paths can add up constructive
or destructive. A grainy pattern of random dark and bright spots is observed at the
outside, called a speckle pattern. When the scattering particles move, the phase changes
and the detected intensity fluctuates. In the same way a change of the index n affects
the optical path length. By analyzing the intensity autocorrelation function, microscopic
displacements are detected. This method is referred to as Diffusing Wave Spectroscopy
(DWS, see Section2.2.4) [124]. The phase of a path is determined by all scattering events
along a path. With increasing path length and number of scattering events ⟨N⟩, the
phase fluctuates faster and faster. The inherent sensitivity of DWS originates from the
fact that the sample size L is large compared to the transport mean free path l⋆.

The same principle can also be applied to small or transparent samples, where L/l⋆ is
small. Surrounding the sample with a white material will reflect the light back into the
sample and thereby increase the path length. By doing so, the photons accumulate many
scattering events before they are detected. This principle of cavity amplified speckle
spectroscopy (CASS) has recently been introduced by F. Amblard [75]. The interference
of the many reflections increase the sensitivity similar to a Fabry-Perot interferometer.
However, in contrast to the classical interferometer, CASS is a random interferometer
that is based on the maximal disorder of the light. In this context it is unessential, to
have a specific design of the cavity or position of the injection and detection fibers. In a
perfect diffuse cavity, the light field is homogeneous and all positions are equivalent, so
also the position of the sample is irrelevant. When working with biological samples this
is particularly convenient.

The following chapter describes the observation of neuronal activity in a CASS ex-
periment. Therefore, the ventral nerve chord of an earth worm is placed in a optical
cavity and the speckle fluctuations are analyzed. The nerve is stimulated electrically, to
observe the intrinsic optical signal (IOS) which accommodates neuronal activity. First,
the design and fabrication of the cavity is described, and the cavity is characterized with
colloidal dispersions (see Figure6.1). Then the ventral nerve chord (VNC) of an earth
worm is observed in the cavity while it is stimulated electrically. The VNC is easy to
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Figure 6.1: A sketch of the cavity filled with a colloidal polystyrene dispersion. The
sample is surrounded by the TiO matrix and the ends of the tube are closed
with TiO paste. The mono mode fibers F1-F3 are embedded in the matrix
and used for the injection and detection of light.

handle, can be kept alive for a long time (typically from many hours to days) and allows
the generation and detection of single APs. With a multimode detection scheme, a final
fast recording of the IOS is achieved.

6.2 Design of the cavity experiment
A tubular cavity was fabricated inside the nerve chamber to combine electrophysiology
with the CASS setup (see fig.6.2). The cavity has a cylindrical hole of diameter 1.5 mm
or 0.5 mm, respectively. A nerve can be pulled through the hole and rests on electrodes
to record or stimulate on both ends. The cavity is made out of epoxy resin mixed with
titania particles at a mass ratio of 2:1. We call this highly scattering material the TiO
matrix, it has a mean free path of only a few micron1. The body of the nerve cavity
is around 14 mm long, 10 mm in width and 8 mm in height. Three optical mono-mode
fibers (F1-F3) are integrated in the cavity body and end close to the hole. After insertion
of the sample, the cavity is closed with TiO paste (petroleum jelly mixed with titania
particles 2:1). The scattering power of the TiO paste is comparable to the TiO matrix
material. Light from a green laser (λ = 532 nm model: torus from Laser Quantum) is
injected through fiber F1. The typical laser power is in the range of 250 mW and we
estimate the coupling efficacy to around 10%. The intensity is observed through fiber
F2 or F3 using a single photon detector (Perkin Elmer SPCM AQR-15-FC) and the
autocorrelation function is computed with a hardware correlator (Flex02-12D/C from
correlator.com)

6.2.1 Data analysis
There is no model yet to describe the path length distribution of the light inside the
cavity. To analyze the experimental data, a stretched exponential function is used in the
form

G2(τ) = exp (−(Γstrτ)
α) . (6.1)

1The transport mean free path of the material was determined by measuring the coherent backscattering
cone. From the width of the cone, l⋆ is calculated. The details of this procedure are given in [4].
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Figure 6.2: Fabrication of the cavity. The 3 optical fibers are guided in pipette tips. The
fibers and a plastic tube are embedded in epoxy resin mixed with titanium
dioxide particles. After hardening, the tube is removed and the sample is
placed in the cavity. The cavity is fabricated inside the nerve chamber that
includes electrodes for the stimulation and detection of Action Potentials.

The decorrelation rate Γ is the inverse of the decorrelation time, Γ = τ−1
0 . The effect of

the exponent α is a stretching (α < 1) or a compression (α > 1) of the distribution of
decorrelation times. For a mathematical description of this function see e.g. [53]. The
average decorrelation rate is given by

⟨Γ⟩ = Γstr
α

Γf (α−1)
, (6.2)

where Γf is the gamma function. The error propagation for ⟨Γ⟩ results in

δ⟨Γ⟩ = α

Γf (α−1)
δΓstr + Γstr

Ψ(α−1) + α

Γf (α−1)α
δα , (6.3)

where Ψ is the digamma function, or polygamma function of zeroth order. The experi-
mental Data is normalized to and fitted with

Ĝ2 = (g2 − 1)/β = g21 . (6.4)

6.3 Optical properties of the cavity
In the following section the cavity is characterized with polystyrene dispersions as refer-
ence samples. First, G2 of the empty cavity is measured and G2 of the reference samples
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Figure 6.3: Characterization of the empty cavity with diameter 1.5 mm. The correla-
tion functions before (O) and after (C) closing the ends of the cavity with
TiO paste are shown on the left. The right panel displays the parameters
obtained from fitting the data with stretched exponential functions (where
⟨τ⟩ = ⟨Γ⟩−1).

is measured in a classical dynamic light scattering experiment. This provides τ0 of the
reference samples. Then the samples are measured in the cavity and the enhancement
is defined and calculated for different geometries and concentrations of the reference
sample.

6.3.1 Empty cavity

The correlation function is recorded before and after closing the holes with TiO paste.
The normalized correlation functions Ĝ2 are shown in Figure 6.3. Residual motions of
the titania particles in the matrix lead to a decorrelation time in the range of 10 s to 100 s.
This inherent decorrelation was found to depend strongly on the age of the cavity. Just
after the preparation, the decorrelation time ⟨τ0⟩ is less that a second. Within a couple of
days ⟨τ0⟩ increases to a few minutes. For measurement times longer than ⟨τ0⟩, the phase
is randomized, even if the dynamic of the sample itself is not sufficient to completely
decorrelate the phase. This is very convenient, because it ensures the ergodicity of
the measurement with non-ergodic samples, like a nerve chord. The decorrelation was
measured at two positions (F2 and F3). With a longer distance between injection and
detection (F1-F3), ⟨τ0⟩ decreases, as is expected from a longer path length. Closing the
cavity with the TiO paste is expected to increase the occurrence of longer paths and
therefore accelerate the decorrelation (as is observed in fig. 6.3). So far, there is no
explanation for the compression (α > 1) of the decorrelation time distribution measured
in the empty cavity.
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Figure 6.4: Correlation functions Ĝ2 obtained from the reference samples by dynamic
light scattering at a scattering angle of ϑ = 90◦. The lower concentrated
samples (volume fraction 50ppm and 100ppm) are in the single scattering
regime and yield almost identical results. The higher concentrated sample,
with a volume fraction of 500ppm, is slightly turbid and therefore multiply
scattering but only with few scattering events. Therefore the correlation
function of the 500ppm sample is faster and slightly stretched.

6.3.2 Single scattering from reference samples
The reference samples were characterized in a classical dynamic light scattering experi-
ment. Aqueous dispersions of polystyrene colloids with a diameter of 127 nm were used
at volume concentrations of 50 ppm, 100 ppm and 500 ppm. The sample was filled in a
standard 4× 1× 1 cm cuvette and the scattered light was detected at the angle ϑ = 90◦.
The classical equations 2.31 and 2.32 were used to analyze the correlation functions. For
the single scattering samples, the fitted values2 of the particle radius r50ppm = 63.8(6)nm
and r100ppm = 62.9(7)nm are very close to the nominal radius of 63.5 nm. These values
correspond to a decorrelation rate of ΓDLS = 1.7 kHz (and α = 1) when fitted with a
stretched exponential (eq. 6.2). The higher concentrated sample (500 ppm) is slightly
turbid. As a consequence, we measured a faster ⟨Γ⟩ = 2 kHz and slightly stretched
α = 0.9 decorrelation. From these measurements it is deduced, that l⋆ ≫ 1 cm for the
concentrations 50ppm and 100ppm, and l⋆ ≈ 1 cm for the concentration of 500ppm.

6.3.3 Cavity with reference sample
The samples were first observed in classical dynamic light scattering at 90◦ as discussed
in Section 6.3.2. The optically thin samples ensure single scattering in the DLS experi-

2The uncertainties are calculated with δr = ∂
∂Γ

δΓ+ ∂
∂ϑ

δϑ. The estimated standard deviation of the fit
parameter δΓ corresponds to around ±0.1 nm, and the uncertainty of the scattering angle is estimated
with δϑ = ±0.5°.
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reference particles with r = 62.5 nm (the wavelength is λ = 532 nm). The
Mie weighted correlation function ⟨Ĝ2⟩q is the average over all scattering
angles, weighted with the form factor P (ϑ). For comparison, the single
scattering correlation functions for ϑ = 30°,90° and 180° are also shown.

ment and remain in the single scattering regime, even if they are in the cavity. However,
all scattering angles can occur in the cavity. Because of the q2 dependence of the decor-
relation time for single scattering, the distribution of decorrelation times is stretched. If
it is assumed that the only effect of the cavity is to completely randomize the angle of
illumination, than the resulting correlation function

⟨g1(τ)⟩q =
1

π

∫ π

0
dϑP (ϑ)e−q(ϑ)2Dτ (6.5)

is the superposition of all scattering angles ϑ, weighted with the formfactor P (ϑ) of
the particles. The formfactor is calculated using Mie scattering as described in Sec-
tion 2.2.2 (see Figure 6.5, right). Note that P (ϑ) is the unpolarized formfactor, because
the orientation of the polarization is also randomized by the cavity. The resulting in-
tensity correlation function ⟨Ĝ2⟩q = ⟨g1⟩q2 is a non-exponential decay with amplified
slow contributions because of the increased forward scattering at low q (see Figure 6.5,
right). In the following analysis the calculated function ⟨Ĝ2⟩q is fitted with a stretched
exponential3 (eq. 6.2) to extract the reference decorrelation rate ⟨Γ ⟩q. We compare the
decorrelation rates from the cavity with the angle averaged ⟨Γ ⟩q and call the ratio

⟨ΓCavity ⟩
⟨Γ ⟩q

(6.6)

the enhancement (in decorrelation rate). A selection of the data recorded in the 1.5 mm
cavity is presented in Figure 6.6. Even for the strongly diluted sample (50 ppm) the

3Note that the shape of this function can also be fitted rather well with G2(τ) ∝ 1/(1 + Γτ).
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decorrelation is dominated by the fast dynamic of the diffusing polystyrene particles,
but a slow contribution of the cavity is also present, seen as a shoulder at times greater
than 10−2 s. Since the timescales are well separated, a combined fit of the data can be
performed with

Ĝ2 =

(
G1,a + bG1,b

1 + b

)2

. (6.7)

This means that a part of the light diffuses through the cavity without encountering a
scattering event with a particle, while most of the light is scattered at least once. The
fit results displayed in the right panel of Figure 6.6 correspond to the fast decorrelation
of the PS colloids. For the strongly diluted sample (50 ppm) the enhancement is close
to unity and slightly bigger for the longer distance from the same injection fiber F1 to
the detection fiber F3. Closing the ends of the cavity with TiO paste does not improve
the enhancement significantly. This indicates that the main light losses are not from
the open endings of the cavity. The majority of the photons are probably leaving the
cavity through the plastic pipette tips that hold the fibers in place4, and the absorp-
tion of the matrix material might also contribute. The sample with a concentration of
500 ppm increases the enhancement drastically and the decorrelation becomes almost
mono exponential (α ≈ 1). This is due to the DWS acceleration, which originates from
consecutive scattering events (PS-PS or PS-cavity-PS etc.). With more scattering events,
the effective scattering angle is averaged within each path. In the DWS limit a single
average scattering angle dictates the decorrelation and G2 decays close to exponential
as observed (see DWS theory Section 2.2.4).

The same samples were used to characterize the 0.5 mm diameter cavity. The data is
shown in Figure 6.7. The intrinsic cavity decorrelation is in the same range than the
cavity with the bigger bore, again this is optimal for the ergodisation of the measurement.
The contribution of the cavity in the correlation function is stronger that in the larger
cavity, which is expected because the probability for a photon to be scattered from wall
to wall without encountering a particle is larger. Closing the 0.5 mm cavity has slightly
larger effect on the enhancement, shown in Figure 6.8. In this cavity the fibers were
guided in thin steel capillaries, that ended a few millimeters above the hole. The fibers
protruded the capillary ends and ended very close to the hole. Thereby the light losses
near the fiber tips should be reduced, which may explain the increased effect of closing
the holes.

In conclusion, the enhancement of the cavity for optically thin samples is measurable
but not drastic. Light losses may arise from the finite albedo of the matrix material,
which needs to be quantified in further experiments. The calculation of the shape of G2

is difficult, but can probably be done in simulations.

4Plastic pipette tips were used to fixate the fibers in the 1.5 mm cavity. Optimized fiber guides were
used in the 0.5 mm cavity, as discussed below.
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Figure 6.9: Sketch of a nerve chord in the cavity. The nerve chord is resting on electrodes
outside the cavity, which are used for the stimulation and detection of Action
Potentials. After insertion of the specimen, the holes are closed with TiO
paste. Then the complete nerve chamber is closed, in order to prevent the
nerve from drying. The optically observed length inside the cavity is about
1 cm.

6.4 Cavity spectroscopy from nerve chords

The ventral nerve chord of an earthworm was placed in the cavity with diameter 1.5 mm,
see Figure 6.9. Correlation functions were integrated with a hardware correlator for
60 sec each. The nerve was either resting or stimulated with pulses of 1 V and 1 ms at
a repetition rate of 10 Hz. Since the tissue is alive, it is of course not static. In the
resting state, the decorrelation is in the order of 3 s−1. Upon electric stimulation, the
average dynamic is accelerated by more that a factor of 2 (see Figure 6.10). However,
the actual duration of the optical activity of the Action Potential is unknown. If the
optical activity is estimated to last for 1 ms to 10 ms, the effective duty cycle would be
1 % to 10 %. Hence, the acceleration is surprisingly strong. The convincing signal to
noise ratio demonstrates that this method is well suited to study the dynamics of nerves
and to quantify the intrinsic optical changes upon electric stimulation.

6.5 Multi mode cavity spectroscopy

The study of fast temporal changes in the dynamic is limited in a mono-mode setup. The
hardware correlator integrates the intensity autocorrelation function for a finite time T
which needs to be large compared to the total decorrelation time τ0 of the phase (e.g.
T = 60 s in Figure 6.10) Changes that are faster then the integration time contribute
to the decorrelation but are not resolved in real time. By detecting many uncorrelated
speckles the averaging is not only performed in time, but also in space [37, 99]. To
explore a faster optical activity we integrated a multi-mode detection scheme. We placed
a multi mode fiber alongside the nerve into the hole of the 0.5 mm cavity. The many
hundred independent speckle spots are detected with a camera (Basler acA1300-200um).
Afterwards, the correlation functions are generated from the movie.
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Ĝ
2

Resting

Active

1 5 10
run number

0

2

4

6

8

〈Γ
〉[
s−

1
]

Figure 6.10: Autocorrelation functions Ĝ2 of an earthworm nerve cord in the 1.5 mm
diameter cavity without and with electric stimulation. Each measurement
was integrated for 60 s, and the stimulation (pulses of 1 V, 1 ms with 10 Hz)
was applied every second run. The solid lines are the average over the single
measurements. The panel on the right shows the average decorrelation
rates ⟨Γ ⟩ obtained from fitting a stretched exponential function to each
single measurement.

6.5.1 The fIOS

The VNC has only two giant axons, it allows to have a precise control and detection of
single APs. This is required, when the fast IOS and its correlation with the phase of the
electric AP is of interest. Crustacean nerves like the ones used in Section 5 contain many
fibers that have different propagation velocities and thereby prohibit a direct correlation
with the phase of the electric signal.

To detect the fast signal, a camera with the framerate set to 1 kHz was used. The AP
was generated with a repetition rate of 10 Hz and 1000 records were averaged. The exper-
iment was repeated with the stimulus trigger shifted by 5 ms. Correlation of the images
was calculated for the lagtimes 1 ms to 6 ms. The results are shown in Figure 6.11. In
this preliminary design, the high framerate lead to a considerable reduction of the signal
to noise ratio. To minimize the noise, all lagtimes are averaged to a single correlation
curve in an additional panel in Figure6.11 on the right.

So far we can not detect the direct manifestation of the electric AP (≈ 1 ms) in the
fIOS. A slower process on the timescale of ≈ 10 ms is observed. To our knowledge this
is the first detection of a fIOS in myelinated nerves.

6.5.2 The sIOS

When looking at the speckle, we noticed bursts of movement that lasted for a few seconds.
To observe this phenomena, we set the camera to a framerate of 100 Hz and recorded
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Figure 6.11: Fast time resolved speckle decorrelation of a nerve chord after electric stim-
ulation. The left panel shows the relative change of correlation for each
lagtime (1 ms to 5 ms) from measurement A. The correlation curves for all
lagtimes are averaged, and shown in the right panel. In measurement B,
the timing of the stimulus pulse was delayed by another 5 ms. All curves
are averages over 1000 records each, and are aligned at the time of the
stimulus pulse at t = 0 ms

continuously for minutes. To stimulate we applied pulses of 1 V and 1 ms at at rate of
10 Hz. The complete measurement (a to f) is presented in figure 6.12. The stimulation
was applied for a duration of 5 s followed by a resting time of 25 s in measurement a and b.
A stimulation period of 10 s with a resting time of 30 s was chosen in measurement c to f.
The shorter stimulation period (5 s in a and b) sometimes lead to a faster dynamic, but
this was not always the case. A stronger response and also overall activity was observed
when the stimulus period was set to 10 s. The nerve was kept dry by completely enclosing
it in the cavity and the electrode chamber. On the following day, no APs were detected
upon electric stimulation. The measurements e and f were performed analogously with
the dead specimen, and showed a very slow decorrelation (τ ≫ 1 s) and no correlation
with the electrical stimulus. These insights are discussed in the next section.

6.6 Summary
From the characterization of the cavity it is shown that the enhancement effect depends
on the turbidity of the sample. In optically thin samples the cavity produces angular
averaging of the single scattering decorrelation and ensures ergodization. The latter is
the key feature for measurements from biological samples.

The VNC is quite turbid, we estimate the mean free path to be in the order of 100 µm.
However, it does not fill the cavity, but leaves a considerable empty volume. In a perfect
cavity, the light field is homogeneous and therefore the filling fraction is irrelevant. Since
the enhancement of optically thin samples is close to unity, it is assumed that this limit
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Figure 6.12: The slow intrinsic optical activity of a nerve chord. The red bars and
dashed vertical lines indicate the stimulus period. Measurements a-d were
recorded while the nerve was electrically responding, e and f were recorded
from a dead specimen (Details in Section6.5.2).
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is far away. More testing and numerical simulations will presumably provide important
insights to this regime of the cavity and enable significant optimization.

In the preliminary multi-mode experiments that are presented in Section 6.5, the lim-
iting factor was merely the detected intensity. A dedicated design of a multi-mode cavity
can probably increase the intensity by an order of magnitude or more, then a framer-
ate of around 3 kHz and a huge improvement in signal to noise ratio is feasible without
further modification of the setup. Even without an optimized detection the almost real
time acquisition of the correlation function reveals surprising features and timescales of
the optical activity. The slow bursts of activity occur upon electrical stimulation, but
are also observed without stimulation. In some measurements, it seems that stopping
the stimulus may also activate this process. Clearly, the sIOS reveals a different process
and yields information that are complementary to the electric observation.

As a final note, it should be mentioned, that future attempts to measure the fIOS
can crucially benefit from observing the sIOS. The minute fIOS is easily buried in the
drastic bursts of the sIOS. However, if the sIOS is observed simultaneously, the fIOS
can be accessed in pauses of the sIOS.
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7 Conclusion
I investigated optical and electrical manifestations of neuronal activity in nerve fibers.
Action Potentials Annihilate when they collide in a nerve fiber. The electrical recordings
from the collision experiment enable access to otherwise hidden properties of APs: the
collision length λ⋆c , the relaxation time τ and the ephaptic discharge Ψ. The ephaptic
discharge is a particularly important property because it describes the electric influence
of APs upon neighboring cells, and electric forces upon dipolar or dielectric particles,
proteins or enzymes.

The HH model spectacularly underestimates the ephaptic discharge by more than one
order of magnitude. To capture the results, the Relaxing Cable (RC) model is developed
in this thesis. It is based on a simplistic model proposed by Tasaki [191], which i refer
to as TC model. The RC model fits well to the observed relaxation period, which is
neglected in the TC model, and not well captured in the HH model despite it’s more
than 20 parameters. The TC is adjusted to the experimental velocity with a single free
parameter, and the RC model adds a relaxation time, which is directly extracted from
the collision experiment. The TC and RC models provide an excellent fit to the experi-
mentally determined ephaptic discharge, which describes a versatile interaction between
Action Potentials and their surroundings based on classical electrodynamics. The effect
can be excitatory or inhibitory, depending on position, orientation and timing. Ephaptic
discharge can explain various forms of interactions. It further allows to formulate a hy-
pothesis about collisions as a mechanism of information processing. Collisions transform
a correlation of signals (in time) into a spatial pattern of ephaptic discharge. This is
similar to a coincidence detection which is required in sound localization. It is further hy-
pothesized that even learning and memory can result from this mechanism, because the
ephaptic discharge is a field inhomogeneity that is expected to cause structural changes
in the cell [36]. However, structural changes like changes in synaptic connectivity are
non-electrical processes and require a non-electrical method of observation.

Such processes of Neuronal activity cause a minute intrinsic optical signal. It can
be detected by various methods, where either the scattered or the transmitted light
is detected. Those yield fundamentally different information. The transmitted light
is subject to birefringence and there have been some publications that report changes
in birefringence accompanied by the Action Potential. This is referred to as the fast
intrinsic optical signal (fIOS). These experiments use crustacean nerves, because they
rely on the detection of transmitted light, and crustacean nerve fibers are particularly
transparent. Most nerves in nature, especially mammalian nerves are too turbid to be
observed with this approach.

We initially employed a very sensitive method to detect birefringence from lobster
nerves. The method’s sensitivity to birefringence exceeds the instruments that have
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been reported to detect a signal so far. Surprisingly, no optical signature of the Action
Potential was found. However, with a specific modification of the setup, we tested
the hypothesis that the optical signal is actually found in light that is scattered at
very small angles. When no particular care is taken, this fraction of scattered light
can therefore reach the detector in a transmission experiment. Indeed, a fast optical
fluctuation has been detected as a change in the light that is scattered at very small
angles. This contradicts the sometimes presented interpretation of the fIOS as being
caused by changes in birefringence.

The aim of this thesis is to explore this optical signature. The time dependence and
strength of the signal we observed are in agreement with the suspected birefringence
changes that have been reported by others. This leads us to believe that the signals
previously interpreted as birefringence were, in fact, signatures of scattering.

To amplify the minute fluctuation of the scattered light, the nerve is surrounded by
a white, diffuse, and highly-reflecting material. The effect of this optical cavity is a
randomization of scattering angles and an increase of scattering events. This method
is referred to as Cavity Amplified Speckle Spectroscopy, or CASS [75]. In addition to
changing the detection scheme, we replaced the lobster nerve with the ventral nerve
chord of an earthworm. The advantages of the latter are that one has a well-controlled,
single axon which can easily be kept alive for many hours. On continuous stimulation of
the specimen, we saw an acceleration of the measured optical decorrelation time. This
is the first observation of intrinsic optical activity caused by a single axon, which is even
myelinated and embedded in a nerve fiber.

We extended the CASS experiment with a multi-speckle detection scheme (MS-CASS).
This improves the time resolution from minutes to milliseconds. Additionally to the
fast, pulse-by-pulse signature (fIOS) of propagating Action Potentials, we discovered a
signature of neuronal activity that corresponds to a considerably slower process. This
slow intrinsic optical signal (sIOS) is somehow influenced by Action Potentials. It is not
clear what the origin of the sIOS is. It might be metabolic activity to keep the active
cells in their non-equilibrium resting state. Intriguingly, we may also speculate that
axons adapt to activity patterns with structural changes, early stages of what is known
as plasticity.
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