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fiber excitability and conduction parameters nsing intact nonanes-
thetized earthworms. Adv Physiol Educ 38: 253-264, 2014;
doi:10.1152/advan.00137.2013,—The generation and conduction of
neuronal action potentials {APs) were the subjects of a cell physiology
exercise for first-year medical students. In this activity, students
demonstrated the all-or-none nature of AP generation, measured
conduction velocity, and examined the dependence of the threshold
stimulus amplitude on stimulus duration. For this purpose, they used
the median giant nerve fiber (MGF)} in the ventral nerve cord of the
commeon earthworm (Lumbricus terrestris). Here, we introduce a
specialized stimuiation and recording chamber that the nonanesthe-
tized earthworm enters completely unforced. The worr resides in a
narrow round duct with silver electrodes on the bottom such that
individual APs of the MGF can be elicited and recorded superficially.
Our experimental setup combines several advantages: it allows non-
invasive single fiber AP measurements taken from a nonanesthetized
animal that is yet restrained. Students performed the experiments with
a high success rate, According to the data acquired by the students, the
mean conduction velocity of the MGF was 30.2 m/s. From the
amplitude-duration relationship for threshold stimulation, rhecbase
and chronaxie were graphically determined by the students according
to Lapicque’s method. The mean rheobase was 1.01 V, and the mean
chronaxie was 0.06 ms. The acquired data and analysis results are of
high quality, as deduced from critical examination based on the law of
Weiss. Tn addition, we provide video material, which was also used in
the practical course.

action potential; extracellular recording; conduction velocity; rtheo-
base; chronaxie; Lapicque; Weiss

SIGNALING IN EXCITABLE TIsSUE relies on the generation of action
potentials (APs). The AP is a biophysical all-or-none response
of the nerve or muscle cell to a suprathreshold stimulation.
Typically, in a nerve cell, the AP is | ms long. However, this
short signal can be actively propagated, sometimes over large
distances, along nerve fibers in a regenerative manner, since
the AP itself automatically excites neighboring membrane
areas. In this activity, students elicited and recorded single fiber
APs from an intact, nonanesthetized, but yet restrained earth-
worm using a specially designed stimulation and recording
chamber. Students become familiar with extracellularly re-
corded AP signals, demonstrate the all-or-none nature of AP
generation, measure conduction velocity, and examine the
amplitude-duration relationship of electrical threshold stimula-
tion.

Address for teprint requests and other correspondence: R. Béhring, Institut
fiir Zellulire und Integrative Physiologie, Zentrum fiir Experimentelle Me-
dizin, Universititsklinikum Hamburg-Eppendorf, Martinistrasse 32, Hamburg
20246, Germany (e-mail: r.baehring@uke.ani-hamburg.de).

Background

Comprehensive knowledge of the basic principles of cellular
excitability (1, 20, 27) is fundamental to the education of
medical students, because the measurement of peuronal exeit-
ability and signal conduction represents an essential part of
electrodiagnostic testing in clinical practice (6). In addition, it
is important to understand the principles of electrical excitabil-
ity in nerve and muscle cells for the appropriate use of
stimulation devices like deep brain electrodes, cardiac pace-
makers, and defibrillators (16, 22, 23),

Excitability of nerve and muscle cells is defined by a
threshold membrane potential that needs to be reached to fire
an AP, The menibrane potential can be experimentally brought
to threshold by electrical stimulation. Once the threshold po-
tential is reached, the AP is generated in an all-or-none fashion
(1, 20, 27). Two aspects of neuronal excitation are of physio-
logical and pathophysiological relevance: I) how strong the
clectrical stimulation must be in order for the nerve cell
membrane to reach AP firing threshold and 2} how fast the
conduction of the AP occurs once the signal has been gener-
ated. As an inirinsic feature of nerve cell excitation, the
stimulus amplitude necessary to reach the AP firing threshold
depends on the duration of the stimulus. With very long
stimulus durations (one to several milliseconds), a specific
minimal stimulus amplitade is needed. When decreasing stim-
ulus duration (10- to 100-fold), higher stimulus amplitudes are
necessary to elicit an AP, which results in a tissue- or cell
type-specific amplitude-duration curve for the AP firing thresh-
old. Figure 1A shows how the threshold stimulus amplitude
depends on stimulus duration. As defined by Lapicque at the
turn of the 20th century (30), the minimal stimulus amplitude
to reach threshold with very long stimulus durations is called
“theobase,” and the stimulus duration obtained from the am-
plitude-duration curve at two times rheobase is called “chro-
naxie” (Fig. 14) (25). Rheobase and chronaxie are important
measures of excitability, and, remarkably, the chronaxie de-
fines conditions where the electrical energy of stimulation is
minimal (Fig. 1C) (14} (see also the resuLTs). From a historical
viewpoint, the definitions given by Lapicque are based on the
law of Weiss, who discovered earlier that stimulus quantity
(stirmulus amplitude X stimulus duration) shows a lincar de-
pendence on stimulus duration (Fig. 1B) (24, 43). Since it was
difficult to apply rectangular pulses with the stimulation . de-
vices available at that time (slow rise time, slow decay time,
and unstable plateau), it was useful to define the dependence of
guantity rather than amplitude on stimulus duration. Although
no reference was made to the terms “rheobase” and “chro-
naxie,” these parameters were already part of the law of Weiss
(Fig. 1) (see the appENDIX). For educational purposes, Lapi-
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Fig. 1. Parameters of electrical threshold stimulation. A: hyperbolic depen-
dence of stimulus amplitude (@) on stimulus duration (). According to
Lapicque, @ at a very long stimnlus duration is called “rheobage’ () and ¢ at
two times r (2r) is called “chronaxie” (¢) (25, 30). The parameters » (and 27)
and ¢ are indicated by dotted lines and arows, B: linear dependence of
stimulus quantity [g; integral of @ over ¢ {see inser)] on 7 according to the law
of Weiss (24, 43). The linear graph intersects the y-axis at » X ¢ and the x-axis
at (—)c; thus, its slope is . The formnlas in A and B are explained in the
APPENDIX, (7 the energy (¢) of an electrical stimulus has a minimum under
chronaxie conditions {14). The graph combines the hyperbolic curve for a with
the linear dependence of g to illustrate the derivation of e, which is the product
of @ and g (14).

cque’s approach is preferable, first, because it illustrates the
inverse dependence of the threshold stimulus amplitude on
stimulus duration and the existence of a minimal amplitude at
long durations and, second, because rheobase and chronaxie
can be determined graphically without the need of any calcu-
lations (Fig. 1A) (see also MATERIALS AND METHODS).

Different experimental setups are used for the conception of
the amplitude-duration relationship and AP conduction veloc-
ity in practical courses. Human subjects (e.g., course partici-
pants) are often used in neurophysiology courses for the
induction of reflexes by electrical surface stimulation and to
noninvasively determine nerve conduction velocity (27). How-
ever, although practicable and chinically useful, such experi-
ments do not allow recording from a single nerve fiber to
demonstrate the all-or-none nature of AP generation as such.
For this purpose, classical preparations like the neuronal gar-
glia of the leech (18) are often used. A disadvantage of such
tissue preparations is that they are time consuming, and the
outcome critically depends on the preparational skills of the
students. Moreover, special recording solutions need to be
prepared to work with the isolated material. For these reasons,
such experiments may not be fitted into the curricular timeta-
ble, their success rate may be low, or they may not be
practicable at all due to staff shortage.

The common earthworm (Lumbricus terrestris) represents a
model organism perfectly suited for students to noninvasively
elicit and record APs in a single axon. Noninvasive recordings
from the giant nerve fibers of the earthworm were first con-
ducted >60 yr ago with different restraining methods (5, 39).
Later, Drewes and coworkers (8) described a method to record
from the giant nerve fibers of freely moving earthworms. A
simple method suitable for classroom experiments based on the
electrical stimulation of and recording from the giant nerve
fibers of restrained anesthetized earthworms has been sug-
gested by Heinzel and coworkers (19, 29). Here, we present a
further development of the earthworm experiment: we used a
specially designed stimulation and recording chamber, which
the nonanesthetized earthworm enters freely. This earthworm
chamber allows superficial electrical stimulation and recording
with a high success rate. In this article, we first document the
execution and analysis of the experiments and present the
results based on a total of 77 trials conducted by a cohort of
first-year medical students. We also outline the issues that are
important for teaching the basic principles of neuronal excita-
tion and for the discussion of the clinical relevance of the
experiments at different student levels. Finally, we point out
the merits of our experimental setup and evaluate the quality of
the data acquired by the students by putting their results in
relation to the law of Weiss.

Learning Objectives

After completing this activity, students should be able to:
1. Explain the all-or-none principle of AP generation

2. Describe the main parameters that determine AP conduc-
tion velocity

Describe the experimental setup for measuring AP con-
duction velocity

Interpret AP signals obtained with extraceltular differen-
tial recordings

3

4.
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5. Explain the parameters rtheobase and chronaxie as well as
the experimental procedure to obtain these values

6. Describe the scientific and practical significance of a
threshotd stimulus amplitude-duration curve

Activity Level

This activity was performed by first-year medical students,
but it is also suitable for higher levels of medical education. It
can also be used in university animal physiology, biophysics,
and biotechnology courses or in the education of physiothera-
pists. Furthermore, it may serve as a demonstration experiment
in biology courses at school.

Prerequisite Student Knowledge and Skills

Tdeally, students participating in this activity should have a
basic understanding of the following:
1, Changes in ion conductances underlying a neuronal AP
2. Continuous and saltatory AP propagation and the neuro-
anatomic correlates
3 The difference between stimulation electrodes (terms and
definition of “anode” and “cathode”) and recording elec-
trodes
4. The difference between intracellular and extracellular
recordings and electrical stimulation
The terms “electrotonus” and “threshold stimulus”
The anatomy of an earthworm with its ventral cord
harboring giant nerve fibers

o

Time Required and Course Organization

The activity described here is designed as a single session.
The session was repeated multiple times with different groups
of students, and the whole practical course ran for 2 wk.
Including the graphical analysis of the experimental data by the
students and a concluding discussion, one session requires
~150 min, The experiments can also be performed as a
demonstration in ~30 min. The activity can be modified by
skipping or adding expesiments. Additional experiments are
outlined below in Possible Extensions and Modifications.

Inguiry Application

The activity, as described here, is on the “Methods” level.
The guestions to be answered and tasks to be performed were
defined by the teacher. However, depending on the time avail-
able, the activity may be modified to fit higher levels of
inquiry. One may, for instance, only provide the individual
components of the experimental setup and let students connect
them wiih cables. One may also provide appropriate literature,
from which students have to extract experimental approaches
and the relevant parameters to be measured.

MATERIALS AND METHODS
Animals

For an expected number of ~100 experiments to be performed
during the whole practical course, we purchased a stock of 40
ecarthworms (L. terrestris) from a local sports fishing dealer. Animals
were held in plastic boxes filled with moistened soil (4 boxes each
containing 10 earthworms) in the laboratory refrigerator at 8°C (see
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also the Supplemental Material)." As an annelid, Lumbricus has a
veniral nerve cord, which harbors twe lateral giant nerve fibers
(LGFs) and one median giant nerve fiber (MGIF; Fig. 2). The diameter
of these giant nerve fibers is much larger (LGF: ~0.05 mm and MGF:
~{).08 mm) {3, 42) compared with all other nerve cells in Lumbricus,
and, moreover, the giant nerve fibers possess a myelin-like glial cell
wrapping (38) with node-like fenestrations, particularly found in the
MGF (17). Accordingly, the conduction velocities found in the giant
netve fibers of Lumbricus ate very high and comparable to those in
fast vertebrate myelinated axons measured at room temperature (35,
11}, When the earthworm is touched at its anterior or posterior end,
the giant nerve fibers and downstream motor neurons trigger & muscle
twitch as part of an escape reflex. The MGH conducts from the front
to the rear (when the worm is touched a¢ its front end), and the two
LGFs, which are combined to one functional unit by numerous
anastomoses (3), conduct from the rear to the front (when the worm
is touched at its rear end). Experimentally, the giant nerve fibers are
easily accessible by ventral superficial electrical stimulation and
recording (39). In this activity, we were interested in threshold
stimulation of a single nerve fiber. This was easily accomplished,
since, compared with LGFs, the AP firing threshold of the MGF is
considerably lower af ail stimulus durations {5, 29). Right before the
experiment, the earthworm was briefly rinsed with tap water and dried
on a piece of paper towel. The animal was not anesthetized but
immediately used for the experiment. No injury occurred during the
experiment, and animals were reused in <litferent sessions and finally
set free in an appropriate environment after the practical course was
finished.

Experimental Setup

Each experimentz] setup was used by a group of three to four
students. The experimental setup consisted of & stimulator, a computer-
controlled data-acquisition unit, and a specialized earthworm chamber
(Fig. 3 and Supplemental Material). The stimulator created rectangu-
lar voltage pulses that could be modified in duration and amplitude
(Fig. 34), Ti sent a frigger si gnal to the data-acquisition unit to start the
recording and storage of data (stimulus delay: 0.5 ms; see Fig. 4, A

1 gupplemental Material for this aticle is available at the Advances in
Physiology Education wehsite. *
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Fig. 2. The common earthworm (Lumbricus terrestris). A schematic drawing
of a cross section of Lanthricus is shown. The worm is stzrounded by the bedy
wall, which mainly consists of muscle tissue penetrated by two pairs of lateral
bristles and two pairs of ventral bristles (setae). Almost all segments contain a
pair of nephridia; the gut and three main blood vessels as well as the ventral
nerve cord traverse the coelom at almost full length. The median giant netve
fber and two lateral giant nerve fibers run within the ventral nerve cord.
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Fig. 3. Bxperimental setup. 4; the experi-
mental setup consisted of & stimulator, a
data-acquisition umit (connected to a per-

sonal compater), and the earthworm cham-
ber. The schematic drawing shows the worm

Differential
2 Recording 2

Differential
Recording *

in the chamber with its anterior end on the
left where stimulation takes place (stimulus
electrodes and ground). Two pairs of record-
ing electrodes in the center of the chamber

; §liml_;{gf electredes! + « 'LGmund 2 pairs of recording efectrodes

are comnected to the data-acquisition unit,
and the alternative places for stimulus or
recording electrodes are not in use, B—k&- photo-
graphs of the carthworm chamber, B- open
chamber {lid removed) with a metric plastic
ruler to measure distances between elec-
trodes. The rubber strip on the ruler fits
between the rubber strips delineating the
central *halfpipe” with the electrodes. C: the
worm has entered the chamber and is re-
straited by plugs inserted in the rubber tub-
ings on beth sides, D: closed chamber with
plugs (syringe needle covers). The chamber
is covered with a black lid gently tightened
with wing nuts (to avoid escape of the worm
and to darken the chamber). E: view from
the bottom, The closed chamber has been
turned upside down to check whether the
wortn has contact with all connected stimn-
latien and recording electrodes (see also
Supplemental Material for the details of the
earthworm chamber),

and B, and Supplemental Material). The data-acquisition unit was a
BIOPAC system {BIOPAC Systems, Goleta, CA), which offers four
input channels: channels [ and 2 received the signals from
the ditferential recording sifes 7 and 2, respectively, channel 3 was the
stimulus signal, and channel 4 was the trigger signal from the
stimulator (Fig. 34), Other commercially available digitizing systems
for AP recording from earthworm giant fibers are, for instance,
offered by AD Instruments (Colorado Springs, CO) or iWorx Systems
{Dover, NH). The experiment can also be executed without a digiti-
zalion system, just by using an appropriate stimulator {either constant
current or constant voltage generator, see below), amplifier, filter
(0.1-3 kHz), and oscilloscope (time base: 1 ms/division, gain: 20
wV/division without preamplification, negative siope external alter-
nating current trigger).

The earthworm chamber desigred for this activity has four differ-
ent pairs of silver electrodes (and two clectrodes for grounding; Fig.
3A); two central pairs of recording electrodes are routinely used in the

Earthwarm chamber

Cc

experiments. In Fig. 34, the anterior end of the worm is on the left,
and the electrode pair on the left is connected to the stimulator
together with a grounding electrade. An AP elicited in the MGE at this
site will travel from the front to the rear, as it happens normally in the
worm (from left to right in Fig. 34), With a long encugh worm, an
additional pair of electrodes may be used for recording (not connected
inFig. 34). Alternatively, stimulation may cccur at this additional site
such that the elicited AP would travel from right to left (Fig. 34).
Figure 3, B-E, shows our earthworm chamber (see also Supplemental
Material): the chamber is a transparent box, with an elongated
rounded depression (roughly § cm Iong and 0.5 cm wide) on its upper
surface (Fig. 3B, lid removed). This “halfpipe” is bounded by two
elongated rubber strips and harbors on its bottom the silver wire
electrodes (diameter: 0.5 mm) connected to easily accessible pin facks
on the outside of the chamber (Fig. 3B). With a metric plastic ruler,
the distance between electrodes in the chamber can be measured (Fig,
3B} to calculate the conduction velocity. The ruler is equipped with an

Advances in Physiology Education » doi:10.1 152/advan.00137.2013 » httpi//advan, physiology.org
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Fig. 4. Bxperimental action potential (AP) genera-
tion and signal conduction. A and B: the preset user
surface of the data acquisition and analysis software
with three horizontal acquisition segments, Channels
7 and 2 show differential recordings from two re-
cording sites, and channel 3 shows the stimulus
signal. The time peint of stimlation is indicated by
the vertical dotted lines (5). A: subthreshold stimula-
tion with a 0.1-ms pulse; stimulus amplitude = 0.9
V. Stimulus artifacts but nc AP can be seen in
channels I and 2. B: suprathreshold stimuiation with
a 0.1-ros pulse and stimulus amplitude = 1.2 V. The
first biphasic AP signals in channels 1 and 2 are
caused by the passing through of the median giant
nerve fiber AP, € frequency distribution of stimulus
amplitudes determined at stimulus daration = 0.1 ms
(bin width: 0.3 V). D: frequency distribution of the
conduction velocities (bin width: 3.75 m/s). Conduc-
tion velocity was caleulated based on the latency
difference between the first negative peaks in chan-
nels 1 and 2, respectively (time between doffed lines
7 and 2) and the measured distance between the
recording electrodes (see Fig, 38).
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eiongated rubber strip that fits between the rubber strips delineating
the central haifpipe. A construction plan of the earthworm chantber
can be found in the Supplemental Material,

The earthworm enters the chamber through one of two lateral
rubber tubings (inner diameter: 5—6 mm) and then reaches the central
halfpipe, which shouid be covered by the plastic ruler to guide the
worm. Finally, the worm enters the tubing on the other side of the
chamber (Fig, 3C). Now, plugs (c.g., syringe needle covers) are
introduced into the rubber tubings on both sides of the chamber ta
restrain the worm, and the bluck 1id is gently screwed upon the
chamber (Fig. 3D). This blocks the worm’s escape and aiso darkens
the chamber to mimic the worm’s natural environment. Once the
worm has fully entered the chamber and the phugs and lid have been
added, the chamber can easily be turned upside down to check for the
correct position of the worm. This is important because the worm
has to be in contact with the stimulation and recording electrodes
(Fig. 3E).

All smdents initially performed a “dummy experiment” with a
piece of moistened gauze bandage rolled up to adopt an elongated
worm-like shape. This familiarized students with the experimental
setup. Furthermore, students got an impression of what a null response
(stimuius artifacts not followed by an AP) would look like with
subthreshold stimulation of the worm (see rResuLTs). The hardling of
the earthworm charmber, including the transferral of the worm into the
chamber, is shown in several videos available in the Supplemental
Material.

Experiments

Euch student had a printed tutorial containing a detailed description
of the experiments, analysis instructions, and a coordinate system to
plot the resvits (see below). Initially, students had to find the threshold
stimulus amplitude at & preset stimules duration of 0.1 ms. This first
experiment demonstrated the ali-or-none nature of AP generation.
Care had to be taken that proper AP signals appeared in both
recording channels, because the latency difference between the si gnats
was later used to determine conduction velocity (see below). I the worm
wag long enough, two different recording site distances were used (see
Fig. 3A). Next, students were asked to switch the cable connections at
one of the recording electrode pairs and repeat the stimulation. The

" EARTHWORM CHAMBER

effect of this maneuver demonstrates a basic principle of extracellular
AP recording, to be addressed in a concluding discussion (see below).
Finally, students determined the threshold stimulus amplitude for
different stimulus durations. This experiment started with the longest
stimulus duration of 1 ms, where the threshold stimulus amplitude is
expected to be low. Stimulus duration was then decreased stepwise
down to 0.01 ms, where the threshold stimulus amplitude is much
higher. The stimulus durations between these two extremes were 0.5,
0.2, 0.1, 0.08, 0.06, 0.04, and 0.02 ms. Starting with the longest one
and decreasing instead of increasing stimuius duration allows swift
execution of the experiment, since it is safe to assume that stimulus
amplitude either remains unchanged from the previous ruz or has to
be increased. All experiments were conducted at room temperature.

Data Analysis

The threshold amplitude at a stimulus duration of 0.1 ms was
determined twice, and the results were averaged. Next, the difference
between the latency periods of two corresponding signals recorded via
chanmel I and 2, respectively, was measured (see Fig, 48). Conduc-
tion velocity (in m/s) was calculated from the recording site distance
(As; in mm) and the latency difference (A, in ms). Two values were
determined corresponding to two different recording site distances, if
available (depending on the worm’s length), and averaged. To create
the amplitude-duration curve, the different threshold stimulus ampli-
tudes were plotted against the corresponding stimulus duration. Stu-
dents were asked to draw a smooth line through the data points. The
semilogarithmic coordinate system in the handout tutorial (Fig. 54)
flattened the hyperbolic shape of the amplitude-duration curve (see
Fig. 14), which facilitated visual inspection and graphic analysis of
the data. The asymptote of the hand-drawn curve was determined by
eye with the help of a ruler. The obtained vlue is the rheobase (in V).
According to Lapicque’s method, the chronaxie value (in ms) was
then obtained by defermining, again with the help of a ruler, the
stimulus duration at two times rheobase (see Fig, 54).

The present report includes the results of 77 trials performed by
different groups of students in different sessions. Results obtained by
students during the whole practical course were further processed with
Kaleidagraph (Synergy Software, Reading, PA), and pooled data are
given as means * SE unless stated otherwise. The number of
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Fig. 3. Rheobase and chronaxie values determined by the students. A: amplitude-duration diagram for threshold stimulation from a typical experiment. The
stimulus amplitudes necessary to induce AP firing ave plotted against the corresponding stimuins duration on x semilog scale. Due to the legerithmic scaling of
the x-axis, the hyperbolic shape of the curve (see Fig, 14) appears flattened, which facilitates graphic analysis. The dashed line through the data points is a smooth
fit that represents the drawing by eve, performed by the students. The dashed leftward pointing arrow represents the asymptote of the curve, which yields the
theobase value (1.2 V in the experiment shown); the dashed downward pointing arrow originates from the point on the curve corresponding to two times rheobase
and intersecls the x-axis at the chronaxie valne (0.054 ms in the experiment shown). B: frequency distribution of rheobase values obtained by the students (bin
width: 0.3 V). € frequency distribution of the corresponding chronaxie values (bin width: 0.015 ms).
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observations (#) refers to the number of trials and not to the number
of worms. Statistical analyses were based on Student’s paired #-test.

Possible Extensions and Modifications

The described experimental setup offers further options, which
were not made use of in the activily described here: the period with no
voltage deflection in which the AP runs between the first and second
of a pair of recording electrodes may be visualized. For this purpose,
all recording cables have to be first unplugged and then any two
electrodes with a larger distance may be chosen as a new pair of
recording electrodes and connected accordingly. Also, basic princi-
ples of electrical stimulation may be demonstrated: since with a
charged technical device depolarization occurs at the cathode and,
accordingly, hyperpolarization at the anode, the latter must not be
located between cathode and recording site. If one does separate the
cathode from the recording site by the anode, conduction and AP
recording may no longer be possible {ancdal block), especially when
Tonger stimulus durations are used. With the built-in and easily
accessible pin jacks of our recording chamber, maneuvers like these
are expeditious.

The experimental setup described above was tailored for the teach-
ing of basic principles of electrical excitability and signal conduction.
However, the earthworm chamber may also be used to examine other
physiologically relevant parameters, including the refractory period of
AP generation, the temperature dependence of AP conduction veloc-
ity, or synaptic depression, facilitation, and habituation (29). It ghould
be noted, however, that the experimental setup we present here is not
designed for tactile siimulation to study AP generation and conduction
relevant to the muscle twitch reflex of Lumbricus. This may be
accomplished with the Heinzel method (19, 29) or with an experi-
mental setup designed for freely moving worms, as previously de-
scribed by Drewes and coworkers (8).

Finally, if this activity is used at higher levels of education in
univessity biophysics or biotechnology eourses, more focus may be
put on the mathematical connections between the parameters of
electrostimulation, briefly addressed in the APPENDIX.

Troubleshooting

The worm does not want to enter the tiube. Darken the chamber,
e.g., with a paper towel (as shown in the video sequence provided in
the Supplemental Material). First use the roler with the rubber strip
upward. Turn the ruler with the rubber strip downward, when the
worm has ertered the second part of the tube and the exits have been
locked, For very thick worms, leave the ruler with the rubber strip
upward, Extremely small worms should not be used; restraining them
is difficult, and they might turn around within the tube.

No AP signal is detectable. Good contact between the worm and
electrodes is essential: the position of the worm should be checked by
inspection from beneath. This is easy since the “main body” of our
earthworm chamber is transparent. Before using stimulus amplitudes
well above 3 V, the setup should be examined by an experiencec
supervisor,

There is an insufficient signal-to-noise ratio. For the laptop, try to
chouse the battery operation fo reduce electromagnetic noise. The use
of a Faraday cage might also be helpful. However, in our teaching
iaboratories and other rooms tested, no Faraday cage was necessary
with our experimental setup. Check any filter seitings.

Stimulus artifact overspreads the AP signal. Check whether the
ground electrode positioned between stimulation and recording elec-
trode is properly connected. Check whether recording and stimulation
cables are separated, Check the silver electrodes for unwanted elec-
trical connections caused by excess fluid in the chamber. Dry ihe
worm and chamber with a paper towel.
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The Virtual Experiment

On each computer in the teaching laboratory, a PDF file named
“Tgrthworm experiment” was available, which contained embedded
video sequences demonstrating the handling of the earthworin cham-
ber and the execcution of the experiments. [t could be used as a
descriptive online tutorial in addition to the printed handout. More-
over, the file also contained analysis instructions and links to data files
that were acquired by us before the course under the same conditions
as described for this activity, Thus, the Earthworm experiment {ile
may also be used by students who refuse to perform animal experi-
ments for ethical or esthetical reasons. Performing the “virtual cxper-
iment” based on the provided matetial (videos and previously ac-
quired data) guaranteed a learning profit for these students (sec
below). Both the Earthworm experiment file and the example data
files are provided with the Supplementa! Materizl. The data files can
be processed with free BIOPAC software (http://www biopac.com/
BSL-Analysis.asp).

RESULTS
Data Acquisition and Analysis

The user interface of the acquisition and analysis software
preset for the practical course (see also Supplemental Material)
showed three horizontal acquisition segments in which the
signals coming from the recordings via channel I and 2 {(in
mV) and the stimulus signal {in V) in channel 3 were displayed
(Fig. 4, A and B). The acquisition time for each run was 20 ms.
In channels T and 2, the y-scaling was chosen according to the
expected signal amplitude of 20-100 pV (5, 39) and in
channel 3 according to the stimulus amplitude applied.

At the beginning of the first experiment, the stimulator was
set to 0.1 ms, which is roughly double the chronaxie value (see
below). The threshold is then reached with an already close to
minimal stimulation amplitude (rheobase, see below) of ~1 V.
Students were instructed to increase the stimulus amplitude
from a starting value of 0.3 V, a usually subthreshold stimulus
amplitude (Fig. 4, A and C). By increasing the stimulus
amplitude in a stepwise fashion in intervals of ~0.1 V, the
threshold was reached, and an AP was generated in the MGF
(Fig. 4B). AP generation could be inferred from similar but
time-displaced biphasic waveforms in channels 1 and 2, which
were highly reproducible (Fig. 48 and Supplemental Material).
The threshold stimulus amplitudes at a duration of 0.1 ms
determined in the practical course ranged between 0.6 and 4 V
(Fig. 4C) with a mean value of 1.49 = 0.08 V (n = 74; Table 1).
Usually, in both recording channels, the first biphasic AP was
followed by a second AP, presumably fired by a motor neuron
and, frequently, a third veltage deflection-tdicated summed
muscle potentials (29).

The latency difference between the first AP recordings in
channels 1 and 2 (generated by the MGF) was determined (Fig.
4B and Supplemental Material). If a worm was long enough to
cover an alternative recording site {as can be checked by
inspection from the bottom of the chamber; Fig. 3E and
Supplemental Material), this procedure was repeated with the
modified setting. In the practical course, the calculated values for
the conduction velocity (see MATERIALS AND METHODS) ranged
between as low as 10.3 m/s and as high as 54.8 m/s (Fig. 4D) with
a mean value of 302 = 0.7 m/s (n = 74; Table 1).

To determine the amplitude-duration relationship of thresh-
old stimulation, the initial stimulator settings were | ms and 0.5
V. The threshold stimulus amplitude was now determined for
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Table 1. Comparision of rheobase and chronaxie values obtained by students in the practical course compared with the

corresponding values analyzed bused on Weiss formalism

Practical Coursc Weiss P Value (by Student’s paired #-test)

Threshold stimulus a¢ 0.1-ms stimulus doration, V 1.49 + 0.08

n 74
Conduction velocity, m/s (room temperature) 30207

" 74
Rheobase, V 1.012 & 0.052 0.976 = 0.046 0.0161

n 64 64
Chronaxie, ms 0.060 = 0.005 0.066 = 0.007 0.1821

n 64 64

Shown is & summary table of mean values for the threshold stimulus amplitude at 0.1-ms stimufus duraticn and conduction velocity as well as rheobase and
chronaxie values graphically analyzed according to Lapicque’s method (student-derived data). The rheobase and chronaxie values obtained by students in the
practical conrse were compared with the coresponding values obtained by reanalyzing the data based on the Weiss formalism.

this extended stimulus duration. Once the threshold had been
found, the stimulus duration was decreased in predefined steps.
The threshold was determined for each tested stimulus duration
down to 0.01 ms, and the results were plotted in a diagram for
further analysis (Fig. 5A; see MATERIALS aND MeTHODS). The
theobase values determined by students from the amplitude-
duration curves in the practical course ranged between 0.4 and
25V (Fig. 5B) with a mean value of 1.012 + 0.052 V (n = 64:
Table 1). According to Lapicque’s method, the chronaxie was
determined by students from the curves as the threshold stim-
ulus duration at two times rheobase. The chronaxie values,
graphically obtained in this way in the practical course, ranged
between (.02 and (.3 ms (Fig. 5C) with a mean value of 0.060 +
0.005 ms {(n = 64, Table 1).

Contents of Class Discussion

In this activity, students experimentally demonstrated the
all-or-none nature of AP generation, In a concluding discussion
we addressed the underlying mechanism: electrical stimulation
leads to electrotonmic membrane depolarization, which, at a
certain stimulus strength, is large enough to activate some
voltage-gated Na™ channels. Na™ channel activation leads to
Na't influx, which leads to further depolarization and to the
activation of even meore, and eventually all, available Na™
channels. This positive feedback mechanism (1, 20, 27) is
often called the “Hodgkin cycle.”

Extracellular differential recording, as performed in this
activity, yields biphasic AP waveforms that do not reflect the
time course of membrane potential change. Rather, the foss of
positive charge on the extracellular side at the site of AP
generation leads to a signal in one direction when the AP passes
the first and in the opposite direction when the AP passes the second
of a pair of recording electrodes (1). To demonstrate this basic
principle of extracellular differential recording, the students
have switched the cable connections at one of the recording
sites, which resulted in an inversion of the recorded biphasic
signal (see Supplemental Material). Students can recognize
that the polarity of an extracellularly recorded AP waveform is
just a result of the difference between the signals obtained at
the two electrodes. As a consequence, the shape of the recorded
signal depends on both the distance between the electrodes and
the conduction velocity.

Conduction velocity was measured by the students in this
activity, The parameters that determine conduction velocity
were discussed: first of all, conduction velocity is higher in

myelinated fibers than in nonmyelinated fibers, due to saltatory
instead of continuous AP propagation, respectively. Further-
more, conduction velocity is positively correlated to fiber
diameter, and it depends on temperature, In this context, we
pointed out that the values obtained by the students would be
much higher if the experiments had been done at 37°C,

Apart from teaching the basic principles of neuronal excita-
tion and signal conduction, one of our greatest concerns was to
draw the students’ attention to the clinical relevance of the
experiments they have performed in this activity. This included
therapeutic as well as diagnostic aspects of electrostimulation,
and the contents were adapted to the level of education.

Contents for first-year medical students. The concept of
theobase and chronaxie is important for various technical
aspects of electrostimulation in clinical practice, because stim-
ulation is intended to occur reliably but with a minimal energy
and/or high selectivity. Especially for cardiac defibrillation and
pacing, the two clinically most relevant forms of nonneuronal
electrostimulation, a precise knowledge of chronaxie values is
desirable, since the energy necessary for and provided by an
electrical stimulus is minimal under chronaxie conditions (Fig,
1C) (14). This energy minimum under chronaxie conditions is
of major importance for the appropriate use of cardiac pace-
makers, both to protect heart cells from damage and to save
battery power. A pulse duration longer than the chronaxie is
not preferable because current consumption is increased with-
out decreasing the threshold significantly (22). Modern pace-
maker devices are sometimes able to perform a ventricular
pacing threshold search with chronaxie determination occur-
ring in predefined time intervals (“threshold tracking™) (9).
Chronaxie values may differ among cell types or depending on
the cellular compartment stimulated. Thus, amplitade-duration
analysis based on intraoperative microstimulation of the human
thalamus may also help to identify the neuronal elements,
either local cells or axons of passage, involved in deep brain
stimulation (16, 28), used for tremor stoppage in Parkinson’s
disease and related disorders (34).

Additional contents and scientific background for higher-
level medical students. Electrodiagnostic testing represents the
basis for the detection and appropriate treatment of diseases of
the peripheral nervous system and muscles (6). The standard
testing procedure uses a needle electrode electromyograph
examination to detect nerve fiber loss or degeneration and a
nerve conduction measurement to detect segmental demyeli-
nation (6). In addition to these conventional tests, which
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explore fiber integrity and conduction velocity, threshold test-
ings are increasingly used to examine excitability, i.e., axonal
(nodal) membrane properties (2). Application of the amplitude-
duration relationship to the generation of a defined fractional
amplitude of the maximal compound AP in whole nerves
represents one method of threshold testing, and chronaxie is
usually referred to as the “strength-duration time constant”
(SDTC) in these tests (2). Ectopic axonal hyperexcitability in
motor neurons, which is responsible for the frequent fascicu-
lations in amyotrophic lateral sclerosis, is reflected by a lower
theobase and an increased SDTC in the patients (33), and
SDTC values are inversely correlated with amyotrophic lateral
sclerosis survival rates (26), In carpal tunpel syndrome pa-
tients, focal demyelination and slowing of conduction is ac-
companied by increased rheobase values, whereas SDTC val-
ues are not significantly different from SDTC values measured
from healthy subjects (32). In accordance with central nervous
system demyelination and only mild involvement of the pe-
ripheral nervous system, no abnormalities have been ob-
served with peripheral nerve threshold testing in patients
with multiple sclerosis (15). However, diphtheria toxin-
induced demyelination in single nerve fiber preparations of
the rat resulted in an increase of SDTC values (3, 4).

Merits of the Described Activity

It has been recognized early on that using the common
earthworm allows one to record noninvasively from a single
nerve fiber in a living organism (5, 39). There bas been a strong
arge to adapt the earthworm experiment for classroom teach-
ing, and different methods for both noninvasive and mvasive
giant fiber recording have been described in this context (7, 19,
29, 40, 41). However, these methods suffer from several
drawbacks, if the acquisition of genuine data with high repro-
ducibility has priority: they are designed for freely moving or
anesthetized animals. We used the Heinzel recording method
(19, 29) for several years, but with nonanesthetized earth-
worms. Our experiments were frequently unsuccessful (~30%
failure rate) due to one main problem: when forced into a
narrow enclosure on the recording platform, the worm may
vigorously twist and turn, and usually it is hard to get the worm
in position and restrain it underneath an acrylic glass cover.
Also, due to the applied force, the worm may not adopt an
optimal position for stimulation and recording once restrained
(ie., often the ventral side of the worm may not face the
electrodes). Thus, our experiences confirmed the recommen-
dation to use anesthetized worms when performing electrical
stimulations with this recording platform (19, 29). However,
due to a number of reasons {as discussed below), we insisted
upon petforming our experiments with nonanesthetized worins.
Therefore, we improved the experimental setup and used a
specially designed and easy to handle stimulation and record-
ing chamber. It allows effective restraint of the worm, which
enters the chamber freely.

Although not evaluated during the practical course, we had
the impression that using nonanesthetized worms, which enter
the chamber freely, made the animal experiment ethically and
esthetically tolerable among the majority of our medical stu-
dents. Still, the willingness among medical students to perform
animal experiments cannot be taken for granted. Therefore, we
offered demonstration material on the computers in our teach-
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ing laboratories (see Supplemental Material) including video
sequences as a quick online reference as well as previously
acquired raw data to be analyzed by students who refused to
perform the earthworm experiment. This virtual experiment
option was favored by some students. However, from a total of
88 groups, only 7 groups made exclusively use of the previ-
ously acquired data, and 12 groups performed both the real
animal experiment and the virtual experiment for comparison.

Tf our method, which works completely without anesthesia
and without the use of damaging force to the worm, indeed
resulted in a higher acceptance of the animal experiment
among students, this represents a great advancement for teach-
ing. Reportedly, students benefit from real hands-on laboratory
experience as opposed to purely visual learning based on
demonstration material (36). More recently, cost-effective
computer-based interactive learning has often been used in-
stead of animal experiments, However, surveys and detailed
evaluation have provided evidence that many students acquire
a more thorough understanding through the advanced and more
challenging first-hand experience of an animal experiment
(35). Still, computer-based material should be offered, because,
as seen with 12 of &8 groups in our practical course, it may
serve as a bridge (35).

Using nonanesthetized worms that enter the chamber on
their own also represents a technical advantage: the spontane-
ously moving worm is in its “upright” position and will direct
the ventral nerve cord to the bottom of the chamber where the
electrodes are positioned. Thus, it will be in an optimal position
for stimulation and recording, which, in our practical course,
resulted in a high success rate within <{10 min from the time
point that the worm started to enter the chamber. From the
seven groups (of 88 groups) that chose to exclusively perform
the virtual experiment, we do not know whether their choice
was made due to technical problems with the experimental
setup. Thus, the success rate of the experiments in the de-
scribed activity was between 92% and 100%.

It should be noted that performing the earthworm experi-
ment without the use of anesthesia also avoids unwanted side
effects. Since it is difficult to find the right dosage of anesthe-
sia, it may happen that the worm is so strongly anesthetized
that no responses are observed (29, 40, 41). Substances used
for anesthesia often act as local anesthetics (29), which can
target also MCOF Na™ channels. It is known that local anes-
thetics reduce conduction velocity in a concentration-depen-
dent manner before inducing a complete conduction block (10,
12, 13, 37). In addition, anesthesia may indirectly influence
also the functional anatomy of the giant nerve fibers: anesthe-
tized earthworms adopt a thin and extended shape due to the
relaxation of the body wall musculature (unpublished observa-
tions). As a consequence, the MGF may be stretched and its
diameter decreased (3), leading to increased fiber series resis-
tance and reduced conduction velocity. Heinzel and coworkers
(29) reported a mean conduction velocity of 16 m/s for the
MGF at room temperature, much lower than the one deter-
mined in our practical course (Fig. 4D and Table 1), On the
other hand, the conduction velocities obtained with nonanes-
thetized worms in our practical course coincide well with
conduction velocities found previously by Drewes and cowork-
ers [mean value: 32,2 m/s (8)] and by Bullock [15-45 m/s or
higher (5)], who also reported that conduction velocity criti-
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cally depends on the state of contraction or extension of the
WOIm.

Chronaxie measurements are influenced by technical factors,
so that, even for a given type of tissue or cell type, the
variability among reported values may be quite large. The
factors that can criticaily influence chronaxic measurements
are stimulus waveform, electrode properties, stimulator output
impedance, tissue inhomogeneity, and temperature (14). A
relevant reference for a comparison of data within the context
of the present report is the work by Kladt and cowokers (29).
The chronaxie value reported by these authors (129 ws) is
about twice as large as ours, although both sets of experiments
were done at room temperature, and in both sets of experiments
rectangular stimulus pulses were used, However, Kladt and
coworkers (29) used a constant-current generator as the stim-
ulation device and, accordingly, did their chronaxie calculations
based on current-duration data rather than voltage-duration data as
in our case. This difference offers a plausible explanation for the
discrepancy of the obtained chronaxie values. In fact, Holsheimer
and coworkers (21) reported that their chronaxie values calculated
from voltage-duration data lay 30-40% below those oblained
based on corrent-duration data,

Taken together, the use of our experimental setup has
several advantages: first, we have the impression that with our
earthworm chamber, the animal experiment has a higher ac-
ceptance among students than with our previously used exper-
imental setup; second, the success rate is higher; and third, the

>

Fig. 6. Critical data examination with the law
of Weiss. A: stimulus quantity (integral ob-
tained by multiplying stimulus amplitade by
stimulus duration) plotted against stimultus du-
ration (y-axis linear scale). Data are from the
same experiment as shown in Fig. 54. Ac-
cording to the law of Weiss, the integral data
were fitted by a linear function of the form
g=rX{t+c), derived fromg =r Xt + r
X c (see Fig, 1B8), where the slope of the fit is
the rheobase (). Rheobase and chronaxie ob-

Stimulus quantity (V * ms)

parameters of interest, particularly conduction velocity, can be
determined with a high reliability, due to the absence of
anesthesia. We believe that using an experimental setup, which
yields genuine scientifically useful data, motivates students, In
addition, our earthworm chamber saves time, since the students
do not have to bother at all with technical problems trying to
get the worm in position and the experiment to work. This
allows a thorough discussion of both the basic principles
behind the experimental results and relevant clinical aspects.

APPENDIX: CRITICAL EXAMINATION OF STUDENT-DERIVED
DATA

With the experimental setup used in this activity (Fig. 34), both
stimulus amplitude and stimulus duration were read by students from
the crude scale given on the stimulator, a method that certainiy
involves some inaccuracy. Also, theobase and chronaxie were deter-
mined graphically based on the method proclaimed by Lapicque (see
MATERIALS AND METHODS), which avoided the use of sophisticated
analysis software but represented another source of inaccuracy. To
objectively judge the quality of the student-derived data and their
graphic analysis, we chose to draw comparisons to analysis results
obtained with a mathematical formalism.

Lapicque’s definition that chronaxie (¢) is the threshold stimulus
duration at a stimulus amplitude of two times rheobase (r) (30) can be
directly derived, if one uses a formula in which the threshold stimulus
expressed as the stimulus amplitude (a) is a hyperbolic function of the
stimubus duration (2}, as follows:
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a=r+

In this formula, r ¥ cff describes the hyperbola, and r is the positive
offset relative to the x-axis (see also Fig. 1A). If one sets ¢ = 2r, it is
obvious that r X ¢/t has to equal r, which can oniy be obtained if ¢+ =
¢, i.e., stimulus duration equals chropaxie. Lapicque’s approach was
based on the law of Weiss {43), which says that the threshold
stimulus, expressed as the quantity (g) of electricity applied (the
infegral of a stimulus pulse over time), is a linear function of ¢, as
follows:

g=rxXttrXc

In this formula, 7 is the slope of the linear felationship and r X ¢
defines the intersection point with the y-axis.

Despite the different approaches taken by Lapicque and Weiss, r
and ¢ have identical meanings in the two formulas, which can be
derived from one another by multiplying or deviding, respectively, by
f (since ¢ = « X 1; see also Fig. 1, A and B). The law of Weiss offers
a reliable mathematical formalism to judge the quality of the students’
data and their analysis (see below).

In Fig. 64, the data of one experiment (the same as shown in Fig.
54) have been transformed according to Weiss formalism and plotted
an « linear scale. The linear dependence of g on ¢ makes the Weiss
analysis extremely informative, and, theoretically, only two good
measutements would be necessary to determine r and ¢ (31). If more
data points have been acquired (as in this activity) and they all come
to lie reasonably well on the linear fit (Fig. 64), then it is safe to
assume that the acquired data are of good quality. The transformation
of @ into ¢ and the linear fitting according to the Weiss formalism was
performed for all experimental data acquired in our practical course.
Tn the vast majority of data, application of Weiss formalism gave
exceilent fits (B> = 0.9872, SD = 00161, »n = 64). Mean r and ¢
values derived from the Weiss analysis were 0.976 + 0.046 V and
0.066 = 0.007 ms, respectively (n = 64). Figure 6, B and , shows
that these values ate in a very good agreement with the results
obtained by students. However, although very small, the difference
between # values obtained with the iwo different analysis methods
turned out to be statistically significant (P = 0.0161; Fig. 68 and
Table 1). The data suggest that students slightly overestimated » with
the graphic analysis. No significant difference was detected between
mean ¢ values obtained with the two analysis methods (£ = (.1821;
Fig. 6C and Table 1).

Thata were subjected to a closer inspection by performing a 1:1
correlation analysis: for each experiment, and for hoth # and ¢, the
analysis result obtained by students was plotted against the corre-
sponding result from the Weiss analysis, and a linear regression was
performed (Fig. 6, D and F). In accordance with the small but
significant difference visible in Fig. 6B, the regression line for r
analysis slightly deviated from the line representing 4 perfect (100%)
equivalence of the two analysis results (Fig. 60). On the other hand,
and in accordance with the slightly lower mesn ¢ value obtained by
students (Fig. 6C), the corresponding regression line was shallower
than the 100% equivalence correlation (Fig. 6E). This may be a direct
consequence of the aforementioned » overestimation, which autornat-
ically leads to ¢ underestimation (see Figs. 14 and 3A4).

Tt should be noted that direct application of a hyperbolic func-
tion (see above) to the students’ data yielded slightly worse fits (R* =
0.9434 -+ 0.0077: not shown) than the Weiss analysis (R* = 0.9872 =
0.0020, n = 64, P <2 0.0001). References in support of the notion that
expetimental amplitude-duration data may deviate from a purely
hyperbolic function, while being well fitted by the Weiss equation,
can be found in the literature (3, 23, 31). These findings speak for the
use of the Weiss analysis for a critical data examination.
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Additional Resources

For additional resources, use internet links to technical equipment
companies and scientific instiitions, which often provide ugeful
background information, either online or in downloadable form, for
example;

hitps://www.adinsiruments.com

http:/fwww.iworx.com

https://backyardbrains.comf‘experiments/comparingNerveSpeed

http:lfwww.medicine.mcgill.ca/physio/vlab."CAP/S-D.htm
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