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A COMPUTATIONAL INVESTIGATION OF THE BIOPHYSICAL MECHANISMS
UNDERLYING THERMOTAXIS IN THE AFD NEURONS OF
CAENORHABDITIS ELEGANS

ZACHARY MOBILLE
49 Pages
Thermotaxis in the nematode Caenorhabditis elegans (C. elegans) is studied at the cellular
scale of the amphid finger-like ciliated (AFD) neurons, which have previously been shown to be
essential for thermoreception. The electrochemical responses of AFD during temperature stimuli
are described with ordinary differential equations. The chemical quantity of interest is the concentration of free calcium ions, while the electrical one is the membrane current. The primary
calcium model is a modified version of that published by Kuramochi and Doi in 2017 to explain the
calcium responses of the chemosensitive amphid single-ciliated right (ASER) neuron to fluctuations
in extracellular salt concentration. To account for the effects of temperature, changes to the stimuli
conditions under which inactivation takes place are made and two temperature-sensitive Arrhenius
parameters are added. This model is validated using experimental data from Clark et al. (2006)
and Yoshida et al. (2016). The AFD membrane currents during a voltage-clamp are also modeled
mathematically, and are found to be described by three simple linear equations that are analytically
tractable. The membrane current model is analyzed and validated using experimental data from
Ramot et al. (2008). Three parameters in this original model modulate the temperature sensitivity, time scale, and monotonicity of the current response during a voltage clamp. This work may
serve as a precursor to more advanced modeling studies incorporating voltage and calcium of the
AFD neuron as coupled temperature response variables. It may also play a role in guiding future
fluorescence and/or patch-clamp experiments of the AFD neuron with the goal of quantifying its
thermal sensitivity.
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CHAPTER I: INTRODUCTION
Historical context
Caenorhabditis elegans is a transparent nematode approximately 1 mm in length often found
inhabiting rotting fruits and vegetables in humid temperate climates across the Earth. Its genus is
derived from Greek and Latin: “Caeno” means “recent” and “rhabditis” means “rod” (referring to
the approximately-cylindrical shape of the creature). The species name “elegans” is related to the
English word “elegant”, used here as a descriptor of the graceful manner in which this nematode
swims. There exists a male and also a hermaphrodite; this work is focused on the hermaphrodite.
The terms “C. elegans” and “the worm” will be used interchangeably throughout when referring
to this organism. The free-living nematode genus Rhabditis, to which C. elegans belongs, was
proposed as a specimen worth studying in a publication by Ellsworth C. Dougherty and Hermione
Grant Calhoun of the University of California, Berkeley, in 1948. They identified Rhabditis as an
ideal target for studying genetics and development due to its short life span, small number of cells
(which is fairly consistent from individual to individual), and the relative ease with which it can
be cultivated in the lab [10].
Dougherty was a practicing physician and nematologist who was motivated by the prospect
of applying the recently-developed biochemical methods of his time to understanding the genetics and subsequent physiology of multicellular organisms. He was particularly interested in the
hermaphroditic C. elegans because of the minimal genetic variability inherent to such a selfreproducing species. Dougherty introduced Sydney Brenner, a molecular biologist working in
Cambridge at the time, to C. Elegans in a letter signed October 22, 1963 [12]. Brenner extended
Dougherty’s work on the nutrition and development of C. elegans by establishing methods for genetic manipulations of the worm [4]. Such manipulations produce “mutants” that are amenable to
behavioral and neuronal studies. Brenner went on to establish C. elegans as a model for understanding the biology of multi-cellular organisms. This was rationalized based on the intermediate
position of C. elegans between bacteria and humans in regards to size and complexity. Subsequent
work mapped the entire developmental cell lineage of C. elegans [39] as well as the organizational
structure of its nervous system (the “connectome”), at cellular resolution [43]. It is now clear that
1

the hermaphrodite worm possesses exactly 302 neurons in addition to approximately 6400 chemical
synapses, 900 electrical synapses, and 1500 neuromuscular junctions [1].
Furthermore, C. elegans is the first multicellular organism for which humans have acquired the
fully sequenced genome [40]. The worm is also the first organism whose nervous system humans
have acquired a complete wiring diagram for. In addition to these monumental achievements, C.
elegans has enjoyed many more “firsts” as a research organism, including: the identification of the
first genes encoding axon guidance [17], the first multicellular organism to demonstrate the utility
of Green Fluorescent Protein (GFP) as a biological marker of gene expression [5], the first organism
for which humans have discovered the specific gene encoding the membrane receptor responsible
for transducing olfactory signals in a chemosensitive neuron [36], the first use of optogenetics to
evoke behavior via the light-sensitive Channelrhodopsin-2 ion channel in an intact animal [27], and
the first discovery of a nematode virus [11]. At the time of writing, there are approximately 1000
laboratories in the world that are dedicated to C. elegans research. This number is monitored in
an online database hosted by WormBase.org.

Figure 1. A microscope image of C. elegans with its nervous system labelled by a green fluorescent
protein (GFP) reporter. Image from WormBook.org [7]. Copyright 2015 Oxford University Press.
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Many of the progressions made first with C. elegans have had wide applicability to other biological systems. For example, the use of both GFP and optogenetics is now commonplace in
experimental biology [9] [37]. Rightly so, both of these methods comprise non-invasive techniques
for making precise observations and manipulations of delicate biological cultures [33] or, in some
cases, entire organisms (see figure 1) [14].

Motivations
The effect of temperature on physiology has long been a topic of scientific research [3] [16].
Temperature is not only a critical factor implicated in the dynamics of life at the organismal level
[19], but also at the scales of ecosystems [46] and biospheres [35]. Given the fact that the large
majority of modern-day humans rely on food that is cultivated or manufactured from a farm or
factory, and that these agricultural industries succeed only under optimal physical and chemical
conditions [31] [8] that are regulated by complex processes involving numerous biological players,
a “global” parameter like temperature which affects all of these factors in distinct ways may be
important to monitor and study. This is an especially urgent suggestion in the wider context of
human-induced climate change, which has already been shown to disrupt entire economies [2].

Subject of Study
Many biological systems display a behavior known as “thermotaxis,” which refers to changes in
the motion of an organism based on the temperature of its surroundings. It is well-established that
C. elegans exhibits thermotaxis to various extents across a range of temperatures surrounding its
cultivation temperature (symbolized as “TC ”, throughout). The cultivation temperature of a lab
animal is the temperature at which that animal is allowed to feed and reproduce. Loosely-speaking,
starved worms tend to navigate away from TC while satiated worms tend to navigate toward TC .
Thermotaxis appears to be connected to chemotaxis in C. elegans, since some genetically-modified
(mutant) worms with a reduced thermotaxis ability also have a reduced ability to detect chemicals
[18]. Importantly, there is a subtle asymmetry in the thermotaxis of C. elegans. When a satiated
worm experiences temperatures 3 degrees above or below TC , it will successfully migrate toward
TC if placed in a sufficiently steep and uniform thermal gradient. However, if the experienced
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temperature of a satiated worm is 6 degrees above or below TC , there is a difference between the
cold worms and the hot worms. The worms held at 6 degrees below TC almost completely fail
to migrate to warmer temperatures. On the other hand, worms held at 6 degrees above TC still
migrate to cooler temperatures, albeit with less success than those held at only 3 degrees above TC
[20].
The anatomical sites where temperature signals are first processed by the worm have been
identified as the amphid finger-like ciliated (AFD) neurons, which form a bilaterally-symmetric
pair [26] In vivo studies show that the AFD neurons encode temperature changes with parallel
changes in intracellular concentration of free calcium ions. This quantity will be succinctly referred
to using the notation [Ca2+ ], where “Ca” refers to the element “calcium”, “2+” to the charge of
the ion, and square brackets “[ ]” denoting “intracellular concentration of”. Ambient temperatures
that are above a threshold determined by TC result in a higher baseline [Ca2+ ] level in the AFD
neurons. Sinusoidal oscillations in ambient temperature with amplitudes as small as 0.05◦ C result
in phase-locked [Ca2+ ] oscillations in the AFD neurons [6] It has also been shown through in vivo
electrophysiology studies that the expression of certain types of transmembrane proteins in AFD are
necessary for the ability of these cells to process temperature signals via thermoreceptor currents
thru ion channels embedded in the neuronal membrane [32] The mechanisms by which temperature
fluctuations result in ionic currents and [Ca2+ ] oscillations in the AFD neurons are not yet fully
resolved. Here, computer simulations and mathematical analysis are used to study thermoreception
in the AFD neurons of C. elegans, as encoded by the [Ca2+ ] and membrane electrodynamics of this
cell during various temperature stimuli.
A schematic diagram of the right AFD neuron (AFDR) is depicted in figure 2 and a schematic
diagram of the left AFD neuron (AFDL) is depicted in figure 3. Both images have been taken from
WormAtlas.org [47]; the image in figure 3. has been modified by the author. Connected by gap
junction, there is no difference between the left and right AFD neurons in a healthy worm, other
than their respective positions. Thus, they will be collectively referred to as “AFD,” throughout.
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Figure 2. Schematic representation of the AFDR neuron within the head of C. elegans. Copyright
2002-2021 WormAtlas

Figure 3. Schematic representation of the AFDL neuron within the head of C. elegans, with
anatomical compartments labeled. Copyright 2002-2021 WormAtlas

The dendrites, soma, and axon are labeled in the AFDL neuron schematic of figure 3.. Of particular
interest here are the dendrites, which terminate at the nose of the worm (on the right of figure
2 and on the left of figure 3) and are covered with finger-like sensory endings (see figure 4) that
possess proteins necessary for thermosensation [28]. The green structure surrounding the magentacolored AFD neurons in figures 2 and 3 is a glial cell known as the amphid sheath. It completely
envelops the AFD neuron’s sensory endings and modifies their function and morhpology via the
potassium-chloride (K+ /Cl- ) transporter, which pumps these ions across the AFD membrane [38].
The microvilli seen in figure 4 do not form if the amphid sheath is absent. Without the microvilli
and surrounding amphid sheath, the [Ca2+ ] responses of AFD to a temperature ramp are malformed
and defective [41].

Figure 4. Illustration of the sensory endings of AFD. Copyright 2002-2021 WormAtlas
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CHAPTER II: INTRACELLULAR CALCIUM DYNAMICS
Model Equations
A mathematical model for the salt-sensitive [Ca2+ ] response of the right amphid neuron with
single ciliated endings (ASER) in C. elegans [25] has been modified with the intent to model the
thermo-sensitive [Ca2+ ] response of the AFD neurons. The dimensionless “Q10” factors ρ = ρ(T )
and φ = φ(T ) have been introduced, as is often done in neuron models [13], to account for the
temperature T . These quantities are based on the Arrhenius law from chemistry, and give a measure
of how the speed of a biochemical reaction changes when the ambient temperature T changes by
10◦ C. The two parameters ρ and φ affect the speed of calcium changes in the model neuron here,
without explicitly accounting for any specific chemical reaction(s). The model equations are as
follows:
dcd
dt
dcs
dt
dca
dt
dyi
dt

ρ
[−cd + Yd yd + D(Wd cs − cd )] + I(t)
τd
ρ
=
[−cs + Ys ys + D(cd + ca − cs )]
τs
ρ
=
[−ca + Ya ya + D(Wa cs − ca )]
τa
=

= −φAci ,

yi = 0

,

(1)
(2)
(3)

if I(t) 6= 0

i = d, s, a

(4)

if I(t) = 0

i = d, s, a

(5)

(T −TC )/10

ρ = ρ(T ) = ρ0

(T −TC )/10

φ = φ(T ) = φ0

(6)
(7)

where t is time in seconds. cd , cs , and ca are dimensionless quantities corresponding to the [Ca2+ ] in
the dendrites, soma, and axon of AFD, respectively. These concentrations are strongly correlated
to the neuronal activity in each compartment, with time constants τd , τs , and τa (in seconds). D is
a dimensionless constant describing the rate of calcium diffusion between adjacent compartments.
I(t) is a time-dependent input to the cell. Yi (i = d, s, a) is the magnitude of the corresponding
inactivation variable yi . Wd and Wa are weights for calcium diffusion from the soma to the dendrite
and from the soma to the axon, respectively. The values of these weights vary between 0 and 1
depending on the relative activity between dendrite and axon. For more details, see appendix A
6

in chapter . The parameter A represents the time scale of the inactivation yi . Large values of A
produce faster inactivation, and vice-versa. ρ represents the dependence of neuronal activation, in
the form of [Ca2+ ] increases, on temperature. φ represents the [Ca2+ ] inactivation’s temperature
dependence. The temperature coefficients ρ0 and φ0 control the magnitude of the temperature
dependence of ci and yi , respectively. T is the ambient temperature and TC is the cultivation
temperature of the worm (as first denoted in section ), both in ◦ C. All of the parameters and
calcium concentrations are positive quantities. The inactivation variables yi take negative values
and are non-zero only when a stimulus is present (i.e. when I(t) 6= 0).
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Single Response at Constant Temperature
It has been shown that the AFD neurons respond to temperature within a critical 20-second
time window [41]. The response of the model AFD neurons’ [Ca2+ ] to a single 20-second pulse of
I(t) = 1 for three different constant values of ambient temperature T is shown in figures 5, 6, and
7 for the dendrites, soma, and axon, respectively.
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Figure 5. Dendritic calcium response of simulated AFD neuron to a 20-second stimulus for three
different constant temperatures. The gray region represents the duration when I(t) = 1. Outside
of the gray region, I(t) = 0. TC = 20◦ C, ρ0 = 1.3, φ0 = 3.0.
There is little difference in the qualitative shape of the [Ca2+ ] time series across compartments. In
all anatomical compartments, a [Ca2+ ] response at higher temperatures peaks quicker and has a
larger decay rate than a [Ca2+ ] response at lower temperatures. The [Ca2+ ] responses in the soma
have the largest magnitude, followed by the dendrites, and then the axon.
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Figure 6. Somatic calcium response of simulated AFD neuron to a 20-second stimulus for three
different constant temperatures. The gray region represents the duration when I(t) = 1. Outside
of the gray region, I(t) = 0. TC = 20◦ C, ρ0 = 1.3, φ0 = 3.0.
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Figure 7. Axonal calcium response of simulated AFD neuron to a 20-second stimulus for three
different constant temperatures. The gray region represents the duration when I(t) = 1. Outside
of the gray region, I(t) = 0. TC = 20◦ C, ρ0 = 1.3, φ0 = 3.0.
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The stimulus duration is manually lengthened from 20 seconds to 60 seconds for the remainder
of the plots in this subsection, purely to see what parameter values result in responses that do
not fall within the critical 20-second time window. Figure 8 shows the normalized response of the
model AFD neuron to a 60-second I(t) = 1 pulse for three different φ0 values when held 10◦ C
above TC . This result shows that larger φ0 results in a higher sensitivity to warm temperatures in
the form of a larger decay rate of cd /cdMAX during the I(t) pulse. Across all φ0 values, the peak
times (values of t for which cd /cdMAX = 1) differ little in figure 8.
Figure 9 shows the response of the model AFD neuron to a 60-second I(t) = 1 pulse for three
different ρ0 values when held 10◦ C above TC . This result shows that larger ρ0 results in a higher
sensitivity to warm temperatures in the form of a quicker peak time during the I(t) pulse. The
decay rates of cd /cdMAX during the I(t) = 1 pulse differ little across various values of ρ0 in figure
9.
The trend observed in figures 8 and 9 is reversed in figures 10 and 11, where T < TC instead of
T > TC . From figure 10, it can be seen that larger φ0 results in a slower decay rate during the pulse
when T < TC . The difference in peak times across φ0 values in figure 10 is, again, small. Figure 11
shows that that peak times differ substantially across ρ0 values for dendrites held at temperatures
T < TC . The trace for ρ0 = 3 in figure 11 just begins to start its decay around the 30-second
mark, which is the 20-second mark with respect to the start of the I(t) = 1 stimulus at t = 10 s.
This shows that large values of ρ0 (>3 or so, when φ0 = 3.0) result in neurons that do not respond
within the critical 20-second time window at cold temperatures.
The trend of [Ca2+ ] peak times in the dendrites as a function of φ0 and ρ0 is seen for a wider
range of Arhennius parameters in figures 12 and 13. In these figures, a 60-second pulse of I(t) = 1
is exerted on the model AFD neuron for some values of T , φ0 , and ρ0 , while the peak time with
respect to the start of the 60-second pulse is recorded. It can be seen in figure 12 that dendrite peak
time is approximately linear with respect to temperature, across all φ0 values considered. On the
other hand, figure 13 shows that the dendrite peak time becomes more nonlinear in temperature
as ρ0 is increased. Furthermore, figure 13 shows that the AFD model neurons with ρ0 = 3, 4, 5 fall
outside of the critical 20-second time window when held at low temperatures.
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Figure 8. Normalized dendritic calcium response of simulated AFD neuron to a 60-second stimulus
for three different φ0 values, in warm conditions. The gray region represents the duration when
I(t) = 1. Outside of the gray region, I(t) = 0. T = 30◦ C, TC = 20◦ C, ρ0 = 1.3.
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Figure 9. Normalized dendritic calcium response of simulated AFD neuron to a 60-second stimulus
for three different ρ0 values, in warm conditions. The gray region represents the duration when
I(t) = 1. Outside of the gray region, I(t) = 0. T = 30◦ C, TC = 20◦ C, φ0 = 3.0.
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Figure 10. Dendritic calcium response of simulated AFD neuron to a 60-second stimulus for three
different φ0 values, in cold conditions. The gray region represents the duration when I(t) = 1.
Outside of the gray region, I(t) = 0. T = 10◦ C, TC = 20◦ C, ρ0 = 1.3.
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Figure 11. Dendritic calcium response of simulated AFD neuron to a 60-second stimulus for three
different ρ0 values, in cold conditions. The gray region represents the duration when I(t) = 1.
Outside of the gray region, I(t) = 0. T = 10◦ C, TC = 20◦ C, φ0 = 3.0.
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Figure 12. Peak time of cd during a 60-second pulse of I(t) = 1 for various φ0 and T , as measured
from the start of the stimulus. TC = 20◦ C, ρ0 = 1.3.
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Figure 13. Peak time of cd during a 60-second pulse of I(t) = 1 for various ρ0 and T , as measured
from the start of the stimulus. TC = 20◦ C, φ0 = 3.0.
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Figure 14. Peak time of cd during a 60-second pulse of I(t) = 1 versus T and φ0 . TC = 20◦ C,
ρ0 = 1.3.
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Figure 15. Peak time of cd during a 60-second pulse of I(t) = 1 versus T and ρ0 . Any peak time
≥ 20 s appears as yellow. TC = 20◦ C, φ0 = 3.0.

14

Figure 12 shows that the dendrite peak time is a decreasing function of temperature whose slope
increases as φ0 increases. The reason that all curves intersect at T = 20◦ C is because all models
(20−20)/10

become equivalent when ρ = ρ0

(20−20)/10

= φ = φ0

= 1 at T = 20◦ C. Figure 13 shows that

the dendrite peak time is a decreasing function of temperature when φ0 = 3.0 whose steepness and
nonlinearity increase as ρ0 increases. The curves with ρ = 3 (red), ρ0 = 4 (violet), and ρ0 = 5
(magenta) in figure 13 all give a dendrite peak time greater than 20 seconds at a temperature of
10◦ C. This pattern of ρ and φ modulating the temperature sensitivity of the calcium response is
seen for a continuum of φ0 and ρ0 values in the color maps of figures 14 and 15, respectively. The
range of the color (representing the dendrite peak time) has been manually set at [0:20] for both
plots, so that it may be easy to see how these model neurons relate to the critical 20-second time
window of thermoreception by the AFD neurons. There is less variation in color for various φ0 in
figure 14 when compared to the color variation for various ρ0 shown in figure 15, indicating that ρ0
has a larger effect on the peak time of the calcium response. The top left yellow corner of figure 15
gives parameter values of ρ0 and T for which the calcium response takes longer than 20 seconds.

15

Matching the Experimental Data
There have been multiple experimental works published where calcium imaging was performed in
AFD while temperature was manipulated. The results in this section are of model simulations
performed with the intent to match these experimental data. Figure 16 shows a simulation result
that is qualitatively similar to the experimental data acquired by Clark et al. (2006) [6], which is
reprinted for comparison here in figure 17. Figure 18 shows a simulation result that is qualitatively
similar to figure 19, which also shows experimental data from Clark et al. (2006) [6]. Lastly, figure
20 shows a simulation result that is qualitatively similar to figure 21, which shows experimental
data reprinted from Yoshida et al. (2016) [45].
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Figure 16. Dendritic calcium response of simulated AFD neuron to a linear ramping temperature
with a sinusoidal component. The gray regions represent the durations when I(t) 6= 0. Outside of
the gray regions, I(t) = 0. TC = 20◦ C, φ0 = 3.0, ρ0 = 1.3. Qualitative match to experimental data
in figure 17.
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Figure 17. Experimental data from figure 1B of Clark et al. (2006) [6]: oscillating temperature ramp
below TC = 20◦ C. The green trace depicts time-dependent emission of light by the cameleon calcium
sensor yellow fluorescent protein (YFP) expressed in the AFD soma for this experiment. The blue
trace shows emission by the cyan fluorescent protein (CFP) expressed in the AFD soma. The ratio
of these two quantities is given by the black trace, which is a measure of the Ca2+ concentration
in the AFD soma. These changes in Ca2+ are a result of the ambient temperature (shown in gray)
exposed to the worm during this experiment. Copyright 2006 Society for Neuroscience.
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Figure 18. Dendritic calcium response of simulated AFD neuron to a linear ramping temperature
below TC . The gray region represents the duration when dI
dt 6= 0. Outside of the gray regions,
dI
◦
dt = 0. TC = 20 C, φ0 = 3.0, ρ0 = 1.3. Qualitative match to experimental data in figure 19.
The equations underlying figure 18 above are a slight alteration from equations 1-7. Instead of
setting yi = 0 when I(t) = 0, the implementation in figure 18. has
Otherwise,

dyi
dt

= −φAci when

dI
dt

dyi
dt

= 0 whenever

dI
dt

= 0.

6= 0. Additionally, the I(t) time-dependence in figure 18 is

coupled to temperature and time in the following way:

I(t) =





0,





t
15 −






1,

T < TC − 4
110
15 ,

T ≥ TC − 4 AND t < 125 s
otherwise

18

(8)

Figure 19. Experimental data from figure 1B of Clark et al. (2006) [6]: linear temperature ramp
below TC = 20◦ C. The colors of the traces denote the same quantities as those colors do in figure
17 above. Copyright 2006 Society for Neuroscience.
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Figure 20. Axonal calcium response of simulated AFD neuron to a linear ramping temperature
above TC . The gray region represents the duration when I(t) = 0.8. Outside of the gray region,
I(t) = 0. TC = 20◦ C, φ0 = 3.0, ρ0 = 1.3. Qualitative match to experimental data in figure 21.
The equations underlying figure 20 above are a slight alteration from equations 1-7. Instead of
forcing yi = 0 when I(t) = 0, the implementation in figure 20 has
Otherwise,

dyi
dt

= −φAci when

dT
dt

dyi
dt

= 0 whenever

dT
dt

= 0.

6= 0. Additionally, the I(t) time-dependence in figure 20 is

coupled to temperature in the following way:

I(t) =




0 ,

T ≤ TC − 4



0.8,

T > TC − 4
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(9)

Figure 21. Experimental data from figure 1B of Yoshida et al. (2016) [45], reprinted with permission:
linear temperature ramp above TC . The top orange trace shows the ambient temperature exposed
to the AFD neuron during this experiment. The bottom gray blue trace shows the ratio change of
GCaMP3/RFP, which is a metric that scales positively with [Ca2+ ]. The worm from which these
data are taken was cultivated at 17◦ C. Copyright 2016 John Wiley & Sons Inc.

Summary of the Ca2+ Model Results
The calcium model predicts that temperature affects a [Ca2+ ] response in AFD by modulating
its rate of decay and the timing of its peak. At temperatures T > TC , increasing φ0 results in a
steeper decay of the [Ca2+ ] wave but changes the peak time negligibly. Similarly, increasing ρ0 at
temperatures T > TC shortens the peak time of the [Ca2+ ] wave but does little to its rate of decay.
Both of these trends are reversed when T < TC . This can be seen for a wide range of parameter
values in the color maps of figures 14 and 15. Besides the addition of ρ and φ, further modifications
of the inactivations’ dependence on the nature of the stimulus (in the form of I(t) or temperature
T ) were made for the model to fit the data.
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CHAPTER III: MEMBRANE ELECTRODYNAMICS
This chapter explores a biophysical model of the ionic currents passing through the neuronal membrane of AFD during various temperature and voltage-clamp conditions. Such currents play an
active role in altering the membrane voltage of the neuron, which is a primary quantity of interest.
These currents are also involved in modulating the internal state of the AFD neurons, and affect
intracellular [Ca2+ ] signaling.

Model Equations with Constant Voltage Solution

Figure 22. Circuit model of the AFD neuronal membrane. Schematic of phospholipid bilayer
membrane of the AFD neuron with ion channels (top) and its electronic circuit description (bottom)
[34].

Consider a neuron described by the electronic circuit diagram of figure 22 and corresponding
equations:
Cm

dV
= Iapp − gK m(V − VK ) − gL (V − VL )
dt
dm
= −ρm + c
dt
dc
= −ρc
dt
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(10)
(11)
(12)

where t is time in milliseconds (ms), Cm is the membrane capacitance in picoFarads (pF), V is
the membrane voltage in milliVolts (mV), Iapp is the applied current in picoAmperes (pA), gK is
a constant scaling up the potassium ion (K+ ) conductance in nanoSiemens (nS), VK is the Nernst
potential for K+ in mV, gL is the maximum leak conductance in nS, VL is the Nernst potential for
the leak channels in mV, m is the dimensionless K+ current activation, ρ > 0 is a temperaturedependent parameter with units of ms−1 , and c > 0 is a variable with units ms−1 that correlates
with the concentration of some intracellular chemical whose presence increases the activation of the
+
K+ channels. In figure 22, IC = Cm dV
dt is the capacitive current, IK = gK m(V − VK ) is the K

current, and IL = gL (V − VL ) is the leak current. The green circles represent the chemical c.
During a voltage clamp, we have

dV
dt

= 0 and subsequently,

Iapp = gK m(V − VK ) + gL (V − VL )

(13)

from equation 10 above. The remaining two differential equations 11 and 12 can be solved analytically. Starting with equation 12: it is separable and can be solved by direct integration:
dc
= −ρc
dt
dc
= −ρdt
c
Integrating both sides and isolating c = c(t) yields
c(t) = c0 e−ρt
This is an exponential decay of c from its initial value c(0) = c0 > 0, where larger ρ results in a
quicker decay. This is consistent with ρ = ρ(T ) being an increasing function of temperature, since
chemicals tend to diffuse away quicker at higher temperatures. Inserting the solution for c into
equation 11 yields
dm
= −ρm + c0 e−ρt
dt

(14)

which may be solved by seeking a function m = m(t) of the form:
m(t) = mH (t)u(t)
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(15)

for some function u(t) (to be determined), and where mH is given by the solution to the homogeneous equation:
ṁH = −ρmH

(16)

By the same argument that was used for finding c(t), we have that
mH (t) = e−ρt
where the integration constant mH (0) has been set equal to 1. This may be done, without loss of
generality, since any integration constant associated with mH may be embedded in the integration
constant associated with u(t). Taking the time derivative of equation 15 yields
dmH
du
dm
=
u + mH
dt
dt
dt
Substituting in

dmH
dt

= −ρmH , mH = e−ρt and u =

m
mH

to the above equation results in

du
dm
= −ρm + e−ρt
dt
dt

(17)

Adding ρm to both sides results in
dm
du
+ ρm = e−ρt
dt
dt
From equation 14, we also have that

dm
dt

+ ρm = c0 e−ρt . Inserting this into the left side of the

equation directly above results in
c0 e−ρt = e−ρt

du
dt

du
= c0
dt
The solution for u(t) is thus given by
u(t) = c0 t + m0
where u(0) = m(0) = m0 . Therefore, the solution to the following dynamical system:
dm
= −ρm + c
dt
dc
= −ρc
dt
24

is given by:
m(t) = e−ρt (c0 t + m0 )
c(t) = c0 e−ρt

(18)
(19)


Equation 19 represents a simple exponential decay of c from its intial value c0 whose decay rate
increases with increasing ρ. The function in equation 18, however, can display more interesting
behavior. It is the different curves obtainable by this function that can account for the membrane
current response of the AFD neuron during a voltage clamp. Various parameter values are explored
in the following section to demonstrate the distinct regimes this function can display.
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Properties of the Potassium Activation during a Voltage Clamp
Letting m0 = 0 and c0 = 4 results in the function m(t) = 4te−ρt , which is plotted for various values
of ρ in figure 23 below.

m(t)=4te−ρt
1.6

ρ=1
ρ=2

1.4

ρ=4

1.2

m(t)

1.0
0.8
0.6
0.4
0.2
0.0

0

1

2

3

4

5

t
Figure 23. Equation 18 plotted for various values of ρ, keeping the other two parameters fixed at
m0 = 0 and c0 = 4.
It can be seen graphically from figure 23 that larger ρ results in a quicker peak time for m(t).
Subsequently, this means a faster peak time for the K+ current during a voltage clamp. In fact,
the peak time tmax for m(t) can be found analytically using single-variable calculus:
m0 (tmax ) =


d  −ρt
e (c0 t + m0 )
dt

=0
t=tmax

= −ρe−ρtmax (c0 tmax + m0 ) + c0 e−ρtmax = 0
= e−ρtmax [−ρ(c0 tmax + m0 ) + c0 ] = 0
= −ρc0 tmax − ρm0 + c0 = 0
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Solving algebraically for tmax yields
c0 − ρm0
ρc0
1 m0
= −
ρ
c0

tmax =

(20)
(21)

Equation 20 above gives the most general expression for the peak time tmax of m(t), such that
m(t) ≤ m(tmax ) for all t > 0. This expression simplifies when we let m0 = 0, which results in the
special case t∗max = ρ1 . The case of m0 = 0 results in non-monotone curves for m(t), as can be seen
in figure 25..
Inserting the general expression for tmax given by equation 20 into the solution for m(t) given
by equation 18 results in the value of the maximum K+ activation mmax :
mmax := m(tmax )
= e−ρtmax (c0 tmax + m0 )


 

c −ρm
c0 − ρm0
−ρ 0 ρc 0
0
c0
+ m0
=e
ρc0


ρm0 −c0
c0 − ρm0
c
=e 0
+ m0
ρ
This expression for mmax simplifies greatly when we let m0 = 0, yielding the special case m∗max =

1 c0
e ρ

Letting m0 = 0 and ρ = 1 in equation 18 results in the function m(t) = c0 te−t , which is
plotted for various values of c0 in figure 24. On the other hand, letting c0 = 1 and ρ = 1 yields
m(t) = e−t (t + m0 ) which is plotted for various m0 in figure 25.
Figure 25 shows that m0 is a parameter that modulates the monotonicity of the m(t) curve.
For large positive values of m0 , m(t) is strictly decreasing. For large negative values of m0 , the
curve is strictly increasing. The m(t) curve is non-monotonic when −2 < m0 < 1, meaning that
it both increases and decreases when m0 is held in this range. The green trace for m(t) in figure
25. (for m0 = 0) is of great importance here, since scaling it up by the positive factor gK (V − VK )
for V > VK during a voltage clamp results in a K+ current IK whose general shape matches that
of the active peaked responses sitting on top of a constant leakage current IL in the experimental
data of figure 26.
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Figure 24. Equation 18 plotted for various values of c0 , keeping the other two parameters fixed at
m0 = 0 and ρ = 1. Larger c0 results in a more peaked response of m(t).
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Figure 25. Equation 18 plotted for various values of m0 , keeping the other two parameters fixed at
c0 = 1 and ρ = 1.
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Using the Steady-State Current to Match the Data
Now that an explicit form has been obtained for both m(t) and c(t), the applied current during a
voltage clamp may be written as a function of time. Inserting the solutions given by equations 18
and 19 into the expression Iapp given by equation 13 yields


Iapp (t) = gK e−ρt (c0 t + u0 ) (V − VK ) + gL (V − VL )

(22)

The steady-state of the applied current during a voltage clamp is thus given by


I∞ := lim Iapp (t) = lim gK e−ρt (c0 t + u0 ) (V − VK ) + gL (V − VL )
t→∞

t→∞

I∞ = gL (V − VL )

(23)
(24)

Letting VL = −90 mV [29] and C = 2 pF (as measured in [33]), gL will now be deduced from the
experimental data in figure 26. In these data, the AFD neuron is submitted to the same stimulation
protocol at two different temperatures. The top plot is at a temperature T = 23.6◦ C and the bottom
plot is at a temperature T = 17.7◦ C. The cultivation temperature in this experiment is TC = 20◦ C.
The responses of AFD are measured as the membrane current per unit membrane capacitance in
pA/pF. The stimulation protocol is as follows:
1. The neuron is held at a constant voltage V = −60 mV during the parts of these traces where
the current per unit capacitance (Iapp /Cm in the model) is zero.
2. The neuron is stepped up or down to some other constant voltage during the parts of these
traces when Iapp /Cm 6= 0, in 20 mV increments between −110 mV and 110 mV.
There are 7 experimental traces in the top of figure 26. where it is clear that Iapp /Cm > 0. From
item 2 above, the top trace corresponds to V = 110 mV, the next-from-the-top to V = 90 mV, and
so on, all the way down to the smallest positive trace with the least amount of noise corresponding
to V = −10 mV. The trace directly above this corresponds to a voltage clamp of V = 10 mV and
has a steady state I∞ /Cm ≈ 50 pA/pF. Multiplying this by the membrane capacitance Cm = 2 pF
yields a steady-state current I∞ = 100 pA. Inserting this into equation 24 above with V = 10 mV
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and VL = −90 mV yields
100 pA = gL (10 mV + 90 mV)
gL = 1 nS

Figure 26. Experimental data from figure 3A of Ramot et al. (2008) [32]. The responses of
thermosensory AFD neuron in the form of membrane current per unit capacitance to voltage steps
at 17.7◦ C (bottom) and 23.6◦ C (top). See enumerated list on page 29 for details on the stimulation
protocol used in this experiment. Reprinted with permission from Springer: Nature Neuroscience
[33] Copyright 2008.

Now letting gK = 3 nS and VK = −80 mV, a model result is shown in figure 27. below that
compares well to the experimental traces in the top of figure 26. A model result is shown in figure
28 below that compares well to the experimental traces in the bottom of figure 26. These results
indicate that c0 is an increasing function of voltage whose slope is decreased at cooler temperatures.
Figures 27 and 28 also show that there exists some threshold voltage, above which, m0 = 0. Below
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this threshold, m0 is negative and an increasing function of voltage. This function m0 = m0 (V )

Applied current per unit capacitance Iapp/Cm
(pA/pF)

with associated threshold is downshifted at higher temperatures.
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Figure 27. Theoretical current responses (given by equation 22 divided by Cm = 2 pF) during
various voltage clamps, to serve as a comparison with the time series traces in the top of figure 26.
ρ = 0.33 ms−1 for all traces here, yielding a peak time of t∗max ≈ 3 ms for all traces with V > 10
mV. Nernst potentials are set at VK = −80 mV and VL = −90 mV.
The curves in figure 27 above match qualitatively, and somewhat quantitatively, the experimental curves in the top of figure 26 taken at T = 23.6◦ C. Similarly, the curves in figure 27 match the
bottom of figure 26, taken at T = 17.7◦ C. In each case, this was achieved by manually adjusting the
parameters c0 , m0 , and ρ to acquire curves similar to that shown in the experiment. The voltage
parameter V was defined explicitly from the experiment. The model predicts that ρ is constant
when T is constant, reinforcing the notion that ρ is solely a function of temperature.
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Figure 28. Theoretical current responses (given by equation 22 divided by Cm = 2 pF) during
various voltage clamps, to serve as a comparison with the time series traces in the bottom of figure
26.. ρ = 0.2 ms−1 for all traces here, yielding a peak time of t∗max = 5 ms for all traces with V > 30
mV. Nernst potentials are set at VK = −70 mV and VL = −80 mV.
The Nernst potential of an ion S is given by the equation
kT
VS =
ln
zq



[S]e
[S]i


(25)

where k is Boltzmann’s constant, T is the absolute temperature, z is the ionic charge, q is the
charge of a proton, [S]e is the extracellular concentration of ion S, and [S]i is the intracellular
concentration [23]. Assuming that the ratio of concentrations [S]e /[S]i < 1 changes negligibly for
the potassium and leak ions, temperature is the only parameter affecting the Nernst potentials. At
lower temperatures, the magnitude of VS is lower. This is the justification for why the magnitude
of their respective Nernst potentials are set 10◦ C lower in figure 28 than they are in figure 27..
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CHAPTER IV: CONCLUSIONS
Calcium
The parameters of the original calcium model, as devised by Kuramochi & Doi in 2017, were fit
using data from the chemo-sensitive ASER neuron. Given that these parameters were changed
minimally in the AFD model results here, it is reasonable to claim that the mechanism by which
ASER [Ca2+ ] activates in response to fluctuations in NaCl has similarities to that of the mechanism by which AFD activates to temperature changes. Indeed, experimental research supports this
claim since both ASER and AFD are known to rely on a common family of transmembrane proteins, the receptor guanylate cyclases (rGC’s), to mediate their responses to NaCl and temperature,
respectively [30],[21]. The rGC’s in AFD and ASER implicated in thermosensation and chemosensation, respectively, are genetically distinct. However, they are both known to activate a second
messenger signaling cascade mediated by cyclic guanosine monophosphate (cGMP). A sufficient
change in intracellular cGMP concentration subsequently triggers a change in permeability of the
cGMP-gated nonselective cation channel encoded by the tax-2 and tax-4 genes [24]. The results
of the phenomenological modeling done here suggest that the sensory transduction mechanism by
which temperature oscillations cause phase-locked oscillations in AFD [Ca2+ ] may be analogous to
the mechanism by which periodic fluctuations in extracellular NaCl cause phase-locked oscillations
in ASER [Ca2+ ]. Given the commonalities between the molecules underlying these two different
processes, such a speculation is not unreasonable.
In figures 16, 18, and 20, the activation of I(t) is conditional on temperature being above a
certain value, TC − 4. Deregulation of the threshold temperature associated with thermoreceptor
currents is seen upon genetic deletion of the phosphodiesterase-2 (PDE-2) in AFD [42], which
the phenomological model does not capture directly. Fortunately, I(t) is a dimensionless quantity
and can be interpreted loosely as any stimulus that causes an increase in dendritic calcium levels.
While the present implementation of the parameters ρ and φ cannot replace I(t) as a stimulus that
creates transient Ca2+ responses, they do provide a simple framework for tuning the temperature
sensitivity of the model neuron.
Of particular significance, the peak time results of the calcium model form a nice parallel
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with the assymmetry in the behavior of C. elegans, with respect to temperature. As mentioned
previously, the worm can only respond to temperature changes within a critical time window of 20
seconds [41]. If it is assumed that the peak time of a calcium response by AFD is roughly coincident
with the timing of the subsequent behavior it demands, then figure 13 shows that model neurons
with high ρ0 (4 or 5, for example) values have dendrite peak times that are greater than 20 seconds
for low temperatures (less than 14◦ C, for example). This is consistent with the behavioral studies
that have shown the worm to be much less successful at thermotaxis when ambient temperature
is much lower than the cultivation temperature (T << TC ), compared to when it is much higher
(T >> TC ) [18] [20].

Membrane Electrodynamics
Of immediate concern is the interpretation of the variable “c” in the membrane current model. If
one of the primary mediators of ionic currents in the AFD neuronal membrane during a voltage
clamp is a group of calcium-regulated potassium channels, then c may be appropriately interpreted
as the calcium concentration in the immediate vicinity of these potassium channels. The prediction
of exponential decay from some initial value implicitly assumes that there is no active calcium
production surrounding these potassium channels at the nano-meter spatial scale and milli-second
time scale, during a voltage clamp. Given that there are no experimental studies (to the best of
the author’s knowledge, at the time of writing) simultaneously monitoring [Ca2+ ] and membrane
voltage/current of AFD during a temperature stimulus, this prediction cannot be rejected nor
confirmed.
An alternative candidate for the chemical origin of c in the membrane electrodynamics model is
that of cGMP (cyclic guanosine monophosphate) which is a cyclic nucleotide that gates the cationselective TAX-4/2 channels of the worm’s neuronal membranes. The TAX-4 channels are found in
both chemosensory and thermosensory neurons in C. elegans, and are subsqeuently necessary for
both chemotaxis and thermotaxis [24]. Unique to the AFD thermosensory neurons are a set of genes
that encode for three distinct guanylate cyclase proteins termed GCY-8, GCY-18, and GCY-23.
It is hypothesized that these membrane proteins respond to temperature stimuli by increasing the
intracellular cGMP concentration, which in turn increases the conductance of the TAX-4 channel,
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hence allowing cations to flow and subsequently altering the membrane voltage of AFD [21]. If
we suppose that warmer temperatures result in larger cGMP concentrations, then the relationship
between c0 and V at the two different temperatures of figures 27 and 28 may be conceptualized
as in figure 29 below. It is the increase in slope of the c0 -V relationship at higher temperatures
which results in the more “peaked” reponses of figure 27, relative to figure 28. This is consistent
with results from a recent fluorescence study showing that cGMP levels in AFD during a positive
temperature ramp are higher when the ramp is higher [44]. Amplification of the membrane current
at higher temperatures like this is potentially a dynamical distinction of AFD from other C. elegans
neurons.
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Figure 29. Relationship between initial intracellular cGMP concentration c0 and constant membrane voltage V at two different constant temperatures.
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Broad Conclusions, Caveats, and Future Outlook
A conscious decision by the modeler was made in figure 16. to synchronize the oscillations of input
I(t) with the temperature oscillations, in order to acquire the synchronous calcium response. The
AFD neuron may be making a similar “decision” when phase-locking its response with small temperature oscillations. Such temperature oscillations would inflict naturally upon AFD if the hosting
worm were crawling in a sufficiently steep thermal gradient, because of the back-and-forth motion it
makes with its head. How the resulting [Ca2+ ] oscillations arise mechanistically is an open question.
The results of the calcium model simulated in chapter II here suggest that whatever mechanism
ASER uses for chemoreception of repetitive salt pulses with synchronous [Ca2+ ] oscillations has
similarities to AFD’s mechanism for doing the same with temperature oscillations. An alternative
is that suggested by the supplementary model simulated in figure 31 of Appendix B. This result
shows that a constant input (β) can cause oscillations in [Ca2+ ] with the same approximate period
as that shown experimentally in figure 17.
In the oscillatory case, the AFD thermotransduction machinery computes the first derivative
of the temperature signal above some threshold temperature, and outputs this (with some phase
lag) as the [Ca2+ ]. In fact, this theory is consistent with the non-oscillatory case when T stays
below TC , as well. When T goes above TC , the results of Ramot et al. (2008), shown here on
the right of figure 33, become illuminating when interpreted in conjunction with the calcium data.
They show that there is a large and fast spike in membrane current when temperature passes the
cultivation temperature of TC = 20◦ C. This current is likely carried by inward flowing Ca2+ , since
the fluorescence data by Yoshida et al. (2016) displayed here in figure 21 demonstrate that there
is a large increase in AFD’s [Ca2+ ] during this same event. This suggests that a correct model
of the AFD’s membrane currents during a temperature stimulus would include a calcium current
that activates when ambient temperature surpasses some threshold. An alternative hypothesis is
that this depolarizing current causes a large release of calcium from internal stores within the AFD
neuron. Perhaps both are true, to some extent.
The membrane electrodynamics model was constructed with the intent to match data taken
at constant temperature and constant membrane voltage. It is true, however, that both of these
variables are changing during thermotaxis (see figure 33 in Appendix C). How the membrane
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electrodynamics model can be extended to describe situations where the temperature is changing is
a question worth investigating. It may require adding currents that are sensitive to the derivative
of temperature, or ones that simply encode whether or not the threshold temperature has been
reached. The supplementary modeling done in Appendix C is a first attempt at tackling this
mystery.
The AFD neuron was studied in isolation here, to gain a better understanding of its individual
role in thermoreception. It should be realized, however, that this cell is but one node in a larger
network. This is illustrated in figure 30 where the synaptic partners of AFD are sketched with
their weighted connections. Recalling that the neuron model of Kuramochi & Doi (2017) sought to
describe ASE, it is no surprise that an adapted version of this model performed reasonably well at
describing AFD, given the fact that these two neurons share a bidirectional synapse. Of particular
relevance to the behavior of thermotaxis, the interneuron AIY shares a synapse with a downstream
neuron AIZ, both of which are implicated in thermotaxis. Killing AIY with a laser results in
cryophilic (abnormally cold-seeking) worms that cannot track isotherms; killing AIZ with a laser
results in thermophilic (abnormally heat-seeking) worms [26]. AFD communicates unidirectionally
with AIY through a chemical synapse, whose activity is likely coupled to the intracellular calcium
dynamics of AFD. Future modeling studies aimed at incorporating the results shown here with the
network picture of figure 30 will need to decide on a set of laws governing the synapses between AFD,
AIY, and AIZ that is consistent with their roles observed in laser ablation or genetic manipulation
studies. It is not clear how [Ca2+ ] oscillations in AFD propagate through this thermosensory circuit,
eventually to inform downstream motor neurons of the correct movement pattern.

Figure 30. Local network of AFD with its synaptic partners. Circles represent sensory neurons.
Squares represent interneurons. Arrows represent chemical synapses. Lines with cross bars on
either end represent electrical synapses. Thicker lines mean stronger synapses. Based on data from
[43].
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Fábio M DaMatta and José D Cochicho Ramalho. Impacts of drought and temperature stress
on coffee physiology and production: a review. Brazilian journal of plant physiology, 18(1):55–
81, 2006.

[9]

Shaina Dhamija and Arijit K De. Elucidating Contributions from Multiple Species during Photoconversion of Enhanced Green Fluorescent Protein (EGFP) under Ultraviolet Illumination.
Photochemistry and Photobiology, 2021.

[10] Ellsworth C Dougherty and Hermione Grant Calhoun. Possible significance of free-living
nematodes in genetic research. Nature, 161(4079):29–29, 1948.
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APPENDIX A: VARIABLES Wd AND Wa (ADAPTED FROM [25])

xa > 0
xd > 0

Wd =
Wa =

xa < 0

|xa |
|xd +xa |
|xd |
|xd +xa |

xd < 0

Wd = 1
Wa = 0

xd = 0

Wd = 0
Wa = 1

Wd = 0
Wa = 1
Wd =
Wa =

|xd |
|xd +xa |
|xa |
|xd +xa |

Wd = 0
Wa = 1

xa = 0
Wd =
Wa =

|xa |
|xd +xa |
|xd |
|xd +xa |

Wd = 1
Wa = 0
Wd = 0
Wa = 0

Table 1. Description of weighting variables Wd and Wa in the intracellular calcium model stated
by equations 1-7.
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APPENDIX B: GOLDBETER-DUPONT-BERRIDGE CA2+ MODEL
The minimal model published by Goldbeter and colleagues [15] is used here here to account for
the temperature-induced Ca2+ oscillations seen in the AFD neurons. It is stated as follows:
dc
= v0 + v1 β − v2 + v3 + kf cER − kc
dt
dcER
= v2 − v3 − kf c
dt
cn
v2 = VM 2 n
K2 + cn



cm
cp
ER
v3 = VM 3
p
m + cm
KR
KA
+ cp
ER

(26)
(27)
(28)
(29)

where t is time in seconds. c and cER are the calcium ion concentrations in the cytosol and
endoplasmic reticulum (ER), respectively. v0 is the constant rate of Ca2+ influx to the cytosol from
the outside of the cell. kc is the rate of Ca2+ efflux from the cytosol to the extracellular space. v1
is the rate at which Ca2+ is released from an intracellular compartment that is sensitive to Inositol
1,4,5-triphosphate (IP3 ). v2 is the rate with which Ca2+ is pumped from the cytosol into the ER,
which is an IP3 -insensitive compartment. v3 is the rate with which Ca2+ is pumped from the ER
back into the cytosol. kf cER is a constant leakage of Ca2+ from the ER into the cytosol. VM 2 and
VM 3 are the maximum rates of Ca2+ pumping to and fro the ER, respectively. n and m are the
corresponding Hill coefficients and p describes how cooperative the activation is. The pumping,
release, and activation threshold constants are captured by K2 , KR , and KA , respectively.
The result shown below in figure 2931 is a simulation of equations 26-29, where a constant upstep
in the saturation factor β causes periodic [Ca2+ ] oscillations in a model cell. While temperature
is not accounted for explicitly in this supplementary model, the period of the [Ca2+ ] spikes (≈
20 seconds) matches that of the [Ca2+ ] spikes in the experimental data shown in figure 31..The
parameter values used in figure 31 are given in table 2.
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Parameter
v0
v1
VM 2
VM 3
k
kf
K2
KR
KA
m
n
p

Value
0.04
0.292
2.6
20
0.2
0.04
1
2
0.9
2
2
4

Free cytosolic [Ca2+], c

Saturation factor, β

Table 2. Parameter values used in figure 31.
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Figure 31. Simulation of the minimal model for Ca2+ oscillations as a match to Clark result in
figure 17. Parameter values used for this simulation are shown in table 2.

The result shown in figure 31 above shows that the oscillation frequency of ambient temperature may
be encoded by AFD calcium oscillations that are controlled by an absolute level of the saturation
factor β, in this model.
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APPENDIX C: FAST INACTIVATION POTASSIUM CURRENT MODEL
The equations stated below comprise a model of a patch of neuronal membrane, and are taken from
the book by Izhikevich [22].
C

dV
= I − gL (V − VL ) − gK mh∞ (V )(V − VK )
dt

(30)

dm
m∞ (V ) − m
=
dt
τm

(31)

m∞ (V ) =

h∞ (V ) =

1
h

i

(32)

i

(33)

m )/k
1 + exp (V − V1/2
m

1
h

h − V )/k
1 + exp (V1/2
h

where t is time in milliseconds. exp(x) denotes the exponential function ex , such that

d
x
dx (e )

= ex .

C is the membrane capacitance per unit area (µF/cm2 ). V is the membrane voltage (mV). I is
the applied current per unit area (µA/cm2 ). gL and gK are the maximum conductances per unit
area (mS/cm2 ) for the leak channels (L) and the potassium channels (K), respectively. VL and
VK are the Nernst potentials for the leak and potassium currents, and are taken to be -60mV
and -80mV, respectively. m is the time-dependent potassium activation, m∞ (V ) is the voltagedependent steady-state potassium activation, and h∞ (V ) is the voltage-dependent steady-state
m is the half-activation voltage with
potassium inactivation which is reached instantaneously. V1/2
h is the half-inactivation voltage with slope k . The symbols “m” and “h” are
slope km and V1/2
h

superscripts in the half-activation voltages, NOT exponents. For parameter values, see table 3.
Parameter
gL
gK
m
V1/2
km
h
V1/2
kh
τm
VK
VL

Value
0.2 mS/cm2
5.0 mS/cm2
-30 mV
10 mV
-70 mV
-11 mV
20 ms
-80 mV
-60 mV

Table 3. Parameter values used in figure 32.
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Current, I (µA/cm2)

15
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Figure 32. Simulation of equations 30-33 for a particular current stimulus, I, to serve as a comparison to experimental results from [32] shown in figure 33. Horizontal dotted line at V = −40 mV
added for reference.
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Figure 33. Experimental data from figure 1 of Ramot et al. (2008). Reprinted with permission
from Springer: Nature Neuroscience [33] Copyright 2008.

Disregarding the clear difference in noise levels between low and high temperatures, there is a
slight mismatch between the current in the experimental plot in figure 33 (right) and the theoretical
current in 32 (top) which was manually chosen to acquire the theoretical voltage response in figure
32 (bottom). In the experiment, the membrane current Im returns to its original average level after
the downward spike at t ≈ 170 s. The theoretical neuron, on the other hand, requires that the
current return to a higher baseline after the large spike at t ≈ 200 s in order to display the correct
voltage response. This shows that a model with purely voltage-dependent currents cannot account
for the response of AFD, which justifies the use of a c-gated K+ current in the model of chapter
III.
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APPENDIX D: NUMERICAL DETAILS AND STATEMENT OF ACCESS
All computational models mentioned here have been implemented in the programming language
C++ on an HP laptop computer with Intel core i7 processor using the fourth-order Runge-Kutta
algorithm. The codes that produced the figures involving simulations in this report are available
upon request. If interested, please contact ZDM428@gmail.com.
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