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Abstract

The Hodgkin Huxley equations were the first torelaterize the action potential.
It was done by describing a sodium, a potassiumadedk current; they do not explicitly
describe the discrete ion channels causing thesents. The number of ion channels
can be directly regulated by the neuron, but stheeHodgkin Huxley model does not
explicitly deal with the ion channels, it is unabdepredict how this would affect the
characteristics of the action potential. We créae agent based model of the action
potential which simulated each ion channel indigitiuto try and understand how
changing the number of ion channels could affeetctaracteristics of the action
potential. Here we show that the amplitude ofat#on potential increases, and the time
until the maximum and minimum voltages decreaseee@aumber of sodium and
potassium ion channels increase. Since generdwngction potential is the rate limiting
step of current conduction in the axon, our datalies that increasing the number of ion
channels should increase the speed at which tiengmitential is propagated down the
nerve fibre, and that regulating the number ofdbannels is critical in neurons involved

in reflex arcs that must be optimized for speed.
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1 Introduction

One of the most seminal works in neuroscience tloate was the work by
Hodgkin and Huxley in 1952 to understand how neelés fire (they do so by producing
an action potential). The power in their model wes they were able to boil down the
complex voltage signalling patterns of the actioteptial to the opening and closing of a
few types of ion channels. These ion channels bagceme the forefront of the work on
the physiology of the nervous system with a hugestsaof channels and their effects on
action potentials characterized since the desonigif the classic sodium and potassium
channels by Hodgkin and Huxley.

Since the Hodgkin and Huxley model was done, thexe been a host of similar
models for how the variety of discovered ion chasmean generate different types of
action potentials in different kinds of neuronr Example, thalamocortical relay
neurons that are involved in sleep-wake cycleshaixhibursting pattern of action
potentials have been modelled with theld and k. currents (McCormick and
Huguenard 1992). While these models are very @ffeat what they seek to describe,
not one of them explicitly deal with individual immannels, instead they are found
implicitly in the equations that describe the catse Recent discoveries show that the
number of operable ion channels in the neuron mangbis not a fixed number but can
be regulated by the cell. One of these metholdyg ghosphorylation, whereby the
channel is still physically present but is inactecaand functionally absent (Park et al.
2008). Since the Hodgkin Huxley equations do reall @xplicitly with the ion channels

they are unable to predict the effect of changimggrtumber of ion channels. This leaves
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an unanswered guestion; how does changing the nuhbe channels affect the
characteristics of the action potential

The details of how single channels behave are uvglerstood from what can be
inferred from the Hodgkin Huxley equations to amegthat a model that deals with
them explicitly can be constructed. There aretéggan each of the sodium and
potassium channels; 3 m and 1 h gates for sodiamneis, and 4 n gates for sodium
channels. The channels require that all 4 gates@en to begin conducting current. The
rate constants for the different gates have besrd@ted experimentally and are

functions of voltage given by (Hodgkin and Hux|e35B).

V- V=65
Opening of n gatez, =O'O%V(_#) Closing of n gateg, =0.12% ®
e -1
\/ — -V-65
Opening of m gates,, :w Closing of m gateg,, = 4e 18
e -1

-V-65

Opening of h gates, =0.07%e 2 Closing of h gateg, =

-V-35
e +1

Patch-clamp studies have been used to measurenkictv current each channel
conducts. When open, each sodium channel hasductamce value of 14 pS (Bezanilla
1987) while each potassium channel has a conduetaalae of 17 pS (Llano et al.
1988). The density of sodium channels in the mamdhas been estimated to be
between 166-533 channejsh”2 (Hille 2001).

Here we create an agent based model of the goti@mtial using Netlogo to
answer the question about how changing the nunflsrdium and potassium channels
affects the properties of the action potential.déhstanding the effects of changing the

number of ion channels on the global dynamics efattion potential helps us
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understand the control the cell has over the shépe action potential its

communication with other neurons.

2 Methods

In order to understand how changing the numbsodium and potassium ion
channels affects the behaviour of the action p@katmodel is required because an
experiment would be unfeasible. While the abildychange the number of ion channels
in the membrane is possible with the tools curyeatfailable to molecular biologists, the
changes possible are too crude to answer the qoestih any sort of reasonable
accuracy. Building a model allows for manipulaion the number of ion channels in
the membrane down to a single ion channel that @vbalimpossible with the
experimental tools currently available.

We are using an agent based model over a matheainatia numerical model

because it allows explicit manipulations in the i@mof ion channels.

2.1 Model Description

The model (described in Figure 1) was construatedetlogo with the 2-D plane
corresponding to the surface of the cell, and ¢atle corresponds to either a sodium or
a potassium channel. Each channel can exist iobtveo states, open or closed. When
in the open conformation each channel conductsramiwhich changes the membrane
voltage as discussed below, but while in the cladatk a channel does not affect the
membrane voltage. As discussed above, each chaasdl gates (4 m gates for the
potassium channels and 3 n gates, 1 h gate faottiem channel) which open

independently with first order reactions which fanections of voltage as given above.
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The reason this model displays dynamic behav®thiat when a channel is open,
it conducts current to change the overall voltagach in turn affects the probabilities
for opening and closing of all the other channé&Mhen a given channel is open is
conducts current which changes the membrane vodtegarding to

Q=CVv

_dQ_ v

dt dt

av = dt
C

Sodium and potassium channels conduct currentfereht directions; sodium
conducts current into the cell to increase theag@twhile potassium channels conduct
current out of the cell to decrease the voltagee durrent is given by Ohm’s law

g(vV-Ex) =1

And the overall change in voltage is given by

C

In this equation, g is the single channel concwm#aEx is the Nernst potential,
and C is the membrane capacitance, all of whichbeaiound in the Hodgkin Huxley
model or more modern literature. The membraneatgeae C is given by i{F/cm”2,
the Nernst potential for sodium is+50mV, the Nepwtential for potassium is -
77mV(Hodgkin and Huxley 1952), the single chanmelductance is given by 14 pS for
sodium channels (Bezanilla 1987) and 17 pS forgsatan channels (Llano et al. 1988).
Finally, there is a leak current with a conductaot®.3uS/cm”2 which decreases the

voltage according to the equation above.
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We assume a spherical cell of radigysnifor the domain on which to run the
model. With the densities of sodium channels aptheerange of channels works out to
2100-6700 sodium channels for our cell. Since weawnable to find experimental data
for the number of potassium channels, we assun#dttivas equal to the number of
sodium channels.

The assumptions in this model are that the chayettels open and close
independently of each other with first order rajeaions. We also assume that each
channels is identical and cannot be modulated ynwaay by control from the cell. Since
this is a discrete model, we have to assume tledirtie step we have chosen (dt =
0.0023) is sufficiently small to overcome any eféethat arise from the discrete time

nature of the model.
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Figure 1 Na channelsand K channelsboth have 4 gates. The opening and closing of these gatesare
first order reactionswith ratesthat are functions of voltage with the equations provided (Hille 1991).
Channels diffuserandomly in the 2-D plane (the membrane) until all 4 gates are open, then the
channel conducts current , which changesthe membrane voltage and in turn, the probabilities for
opening and closing of the gates on the other channels.

2.2 Model Verification

The major test of the model is if we can recrelagedction potential measured in
squid giant axons and modelled by the Hodgkin-Hyfquations, which we can. In
Figure 2 we see that our model accurately recreageaction potential. We have an

initial spike in voltage which maxes out closehe equilibrium potential for sodium (&
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= +50 mV) and then a falling phase past the regiotgntial to the equilibrium potential
for potassium (&= -77 mV).

Furthermore, when we look behind the voltage ckarag the profiles for opening
of the ion channels we see what we expect. InrEi§uve see how sodium channels
open faster than the potassium channels, but thenta close reflecting a rise in the
number of inactivated channels. Afterwards the peinof potassium channels beings to
open and then eventually close in a slow time auihese dynamics are equivalent to

the changes in sodium and potassium conductandectae by the Hodgkin Huxley

equations.

voltage
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Figure2. On theleft we have our simulation, while on the top right we have the Hodgkin
Huxley simulation and on the bottom right we have the experimental result (adapted from Hodgkin
and Huxley 1952). The model wasrun with 6700 sodium and potassium channels starting from rest
at -65mV and then given a depolarizing pulseto -45mV. Timeisgiven in milliseconds
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Figure 3. A graph showing the number of open sodium channelsin green, number of inactive
sodium channelsin red and the number of open potassium channelsin blue. The model wasrun with
6700 sodium and potassium channels starting from rest at -65mV and then given a depolarizing pulse
to-45mV. Timeisgiven in milliseconds.

There are some limitations with the accuracy ofraodel. The biggest is that the
time it takes the voltage to recover from the dftgverpolarization phase (when the
voltage is below the initial voltage) is much sleoin our model than in Hodgkin Huxley
or in the measured data. As such, we will notgrenfany experiments on the after

hyperpolarization phase.

2.3 Experiment Description

Our central research question is how changing is@ate number of ion channels
in the membrane will affect the characteristicshaf action potential. In order to do this
we let the model run while incrementally changing humber of ion channels. We
started with 2100 of each type of channel (the lopgysiological estimate) and then
incrementally increased the number until we rea@¥iD (the upper physiological
estimate). From the voltage vs. time data we geadrwe extracted the maximum
voltage as well as time until maximum voltage ameltime until minimum voltage, since

these parameters are important for propagation dbe/nerve fibre.
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In order to let the model run we started at apestntial of -65mV with the
number of channels in each state (open or clogesfjualibrium. We then introduced a
sustained current to bring the membrane voltagé3mV, which is robust enough to
trigger an action potential, and then waited f@r ¥oltage changes to unfold, and finally

we collected the data.

3 Results

We present here various characteristics of therapbtential with an increasing
number of ion channels in the membrane. Theifirdie maximum voltage of the action
potential which is important for how fast an actfmrtential can be propagated down the
nerve fibre (Purves et al. 2004). In Figure 4 we a saturating effect on the maximum
voltage as the number of channels increases. déless that there is a theoretical
maximum on the maximum voltage of +50mV where theig force on the sodium

channels in zero so the current must be zero.
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Figure4. A graph showing the maximum voltage attained during our simulation of the action
potential plotted against the number of sodium and potassium channelsin the membrane. The

model was run starting from rest at -65mV and then given a depolarizing pulseto -45mV. Time
isgiven in milliseconds.

In Figure 5 and 6 we more parameters which witcfhow fast the action
potential is propagated down the nerve fibre, ime wuntil the maximum voltage, and
minimum voltage is attained (Purves et al. 200Mere is a saturating decrease in the

time, and there must be a theoretical limit becdnse cannot be less than 0.
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Figure5. A graph showing thetime until maximum voltage attained during our simulation of
the action potential plotted against the number of sodium and potassium channelsin the
membrane. The model wasrun starting from rest at -65mV and then given a depolarizing pulse

to-45mV.
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Figure6. A graph showing thetime until minimum voltage attained during our simulation of
the action potential plotted against the number of sodium and potassium channelsin the
membrane. The model wasrun starting from rest at -65mV and then given a depolarizing pulse
to-45mV.

In Figures 4, 5 and 6 we see some stochasticifydrmlata; they do not cleanly

follow the fit curve. This reflects the probabiicsnature of the gating equations.
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However, since we can fit a curve to these dataggests that the probabilistic nature

does not overshadow the properties of the actioanpial.
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Figure7. A graph showing thetime until minimum voltage attained during our simulation of
the action potential plotted against the number of sodium and potassium channelsin the
membrane. The model wasrun starting from rest at -65mV and then given a depolarizing pulse
to-45mV.

In Figure 7 we see the effect on the maximum veltaigthe action potential if we
extend the number of ion channels into non-physichlly relevant numbers of ion
channels. It is important to note that the slopthe change is much larger in these
regions and so there is a much greater effect angihg the number of ion channels into

the range that physiologically occurs.

4 Discussion

Here we have seen that increasing the number afhiannels in the membrane (and
holding the number of sodium and potassium charewlsal) has increased with
saturation the maximum voltage attained duringattteon potential and decreased with

saturation the time until the maximum voltage andimum voltage is attained. These
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properties have strong implications on how fasaetion potential is conducted down the
nerve fibre. A higher maximum voltage means thatwoltage is conducted further
down the nerve by passive mechanisms before it beus¢plenished by another action
potential (Purves et al. 2004). The decrease th@imaximum voltage and until the
minimum voltage reflects a shortening of the titnakes to fire an action potential.
Since generating the action potential is the mp® tntensive process in neuronal
signalling a decrease in the time required to gerat should speed up action potential
propagation down the nerve fibre (Purves et al4200

Together these results suggest that cellular atigul of the number of ion
channels in the membrane (Park et al. 2008) cae aghysiological effect on the speed
of action potential propagation down the nervedibThe more ion channels that are
available, the faster the action potential is pggad because the maximum voltage is
higher, and thus it propagates further, and the tirtakes to fire the action potential is
decreased. Speeding up the propagation of thengatitential is critical in neurons
involved in reflex arcs and can be mediated byropihecesses such as increasing the
diameter of the axon and myelination.

While the changes we saw were significant, we rmadte note that the changes
we saw for non-physiological values of the ion alela were much greater. This would
imply that the level of control that the cell hastbe number of ion channels in the
membrane has been selected to have only a smedt.effhe highest fithess must occur
within a narrow range, but big enough that dynachi@nges in response to
environmental stimuli could have a large enougkafto significantly change the speed

at which the neuron in question responds at.
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We encountered a few difficulties in the makingl atudy of this model. The
most obvious is the noise in our data likely orading from the probabilistic nature of
our equations. The easiest way to deal with tlmald/be to run multiple trials on the
program with the different number of channels. ldeer, due to computational and time
limits we leave this for future directions; it mag worthwhile optimizing the program
code before doing this.

Further difficulties arose regarding the levelractivation of the sodium
channels. In figure 3 you can see that the nuraberactivated sodium channels rises
much faster than the number of open sodium chanprelbably because only 1 gate
needs to close to inactivate while 3 gates neegém to become open. Some
experiments suggest that inactivation is coupleactvation, whereby the inactivation
gate cannot close until the channel opens (KuhnGreeff 1999). Future directions of
the model may rework the code to consider this.

Finally, we should note here that we have alwdnged the number of sodium
and potassium channels together keeping them eagonamber. It may be interesting to
change them independently of each other and gemgrabre data to produce a full 3-D
surface for the maximum voltage, time until maximuoftage, and time until minimum
voltage with sodium and potassium channels as d@lxy axes. This is beyond our

computational power and we doubt it will have meéiect on our conclusion

4.1 Summary

Here we have shown that increasing the numbeodiftin and potassium
channels concurrently increases the maximum voklistgéned during the action potential

and the time until the maximum voltage and minimeotiage decreases. A higher
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maximum voltage leads to further passive conduetafi¢he voltage signal before
needing to be regenerated by an action potentidlJ@ver time until the maximum and
minimum voltage mean that the action potential o€coore rapidly. The changes in
amplitude were greatest in the intervals of numbéren channels that were not
physiologically relevant, implying that evolutioafiselected for a strong limit on the
amount of cellular control of the shape of the@tpotential. Since generating the
action potential is the rate limiting step, our rabsuggests that increasing the number of
sodium and potassium channels concurrently will lmea faster rate of conduction of the
depolarizing signal down the nerve fibre. This hdsm is important because it joins
well studied mechanisms like myelination and insie@ the diameter of the axon as a
method for increasing the speed of voltage condaadti neurons which are required for
quick motor reflexes. Since the number of ion cteds in the membrane can be changed
reversibly by a cell, it suggests that the mechmam® present here is a novel reversible
regulation on the speed of action potential conda¢since changes in the size of the

axon and myelination are not reversible.

Page limit (12-16 pages, excluding references aperdices) enforced to this point.
Do not delete.

References

Bezanilla, F. 1987. “Single sodium channels from $kquid giant axon..”
Biophysical Journal 52(6).

Kuhn, Frank J.P., and Nikolaus G. Greeff. 1999. {/&lment of Voltage Sensor
S4 in Domain 4 Is Tightly Coupled to Sodium Charfrgst Inactivation and Gating
Charge Immobilization.J. Gen. Physiol. 114(2):167-184.

Llano, I, CK Webb, and F Bezanilla. 1988. “Potassiconductance of the squid
giant axon. Single-channel studied.’Gen. Physiol. 92(2):179-196.

Last printed Sun Nov 2 2008 3:06 PM Page 15 of 24



UBC ISCI 422: Project 2.7 - Report Adrian Verster
An Agent Based Model of the Action Potential

Hille, B. (2001). lon Channels of Excitable Memiea (pp.241). Sinauer Press.

Hodgkin A. L. and Huxley A. F. 1952. “A quantitagindescription of the
membrane current and its application to condudiat excitation in nervel. Physiol.
117:500-544.

McCormick, D. A., and J. R. Huguenard. 1992. “A rabdf the
electrophysiological properties of thalamocortiedly neurons.J Neurophysiol
68(4):1384-1400.

Park, Kang-Sik et al. 2008. “Potassium channel phosylation in excitable
cells: providing dynamic functional variability todiverse family of ion channels.”
Physiology (Bethesda, Md.) 23(1):49-57.

Purves, D., Augustine G. J. et al. (2004). Neusrs®e. Sinauer Press.

Last printed Sun Nov 2 2008 3:06 PM Page 16 of 24



UBC ISCI 422: Project 2.7 - Report

An Agent Based Model of the Action Potential

Adrian Verster

Appendix A: Netlogo Source Code

breed [ sodium ]
breed [ potassium ]

sodium-own |
hl
m1l
m2
m3
open

]

potassium-own [
nl
n2
n3
n4
open

]

globals [
voltage
Eleak

]

to setup
; this is a comment
clear-all
set voltage initialvoltage
set Eleak -50
create-sodium initialsodiumchannels
ask sodium [
set color green
set xcor random 100
set shape "circle"
set hl true ; h gate open
set m1 false ; m gates closed
set m2 false
set m3 false
set open false

]

create-potassium initialpotassiumchannels

ask potassium [
set color blue
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set ycor random 100
set shape "circle”
set nl false

set n2 false

set n3 false

set n4 false

set open false

]

end

to move

; one turtle moves forward and "wiggles" randomly
forward 1
right random 90
left random 90

end

to go
tick-advance time-step
ask sodium [
move
;open/close hl
if not hl [
openhl
]
ifhl [
closehl

]

;open/close m1l
if not m1 [
openml

]

ifml[
closeml

]

;open/close m2
if not m2 [
openm2

|

if m2 [
closem2

]

;open/close m3
if not m3 [
openm3
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]
if m3 [
closem3

]

;for counting purposes
ifelse m1 and m2 and m3 and hl
[ set open true
; gamma in mS since voltage is in mV
set voltage (voltage + -1.11e-1 * (voltadgs) * time-step)

set shape "circle 2"

]

[ set open false
set shape "circle" ]

;lleak
set voltage (voltage + -0.015 * (voltage - Eleakime-step)

set voltage (voltage - -0.015 * (initialvoltag&leak) * time-step) ; this is to hold it at

the initial voltage

]

ask potassium |
move

;open/close nl
if notnl [
opennl

]

ifnl|

closenl

]

;open/close n2
if not n2 [
openn2

]

ifn2 [

closen2

]

;open/close n3
if not n3 [
openn3

]

ifn3 |

closen3

]
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;open/close n4
if not n4 [
openn4

]

ifnd [

closen4

]

;for counting purposes
ifelse n1 and n2 and n3 and n4
[ set open true
set shape "circle 2"
set voltage (voltage + -0.25e-1 * (voltagé® * time-step)
]
[ set open false
set shape "circle”

]

]
do-plot
end

; sodium gating equations
to openml
if ((random-float 1) < ((2.5 - 0.1 * (voltage 69 / (e * (2.5 - 0.1 * (voltage + 65)) - 1)
* time-step)) |
set m1 true ]
end

to closeml
if ((random-float 1) < (4 * e ™ ((- voltage - 83)8) * time-step)) [
set ml false |
end

to openm2
if (random-float 1) < ((2.5 - 0.1 * (voltage 9 / (e * (2.5 - 0.1 * (voltage + 65)) - 1)
* time-step)) [
set m2 true |
end

to closem?2
if (random-float 1) < (4 * e ™ ((- voltage - 853)8) * time-step)) [
set m2 false |
end

to openm3
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if ((random-float 1) < ((2.5 - 0.1 * (voltage 9 / (e (2.5 - 0.1 * (voltage + 65)) - 1)
* time-step)) [
set m3 true |
end

to closem3
if (random-float 1) < (4 * e ™ ((- voltage - 853)8) * time-step)) |
set m3 false ]
end

to openhl
if ((random-float 1) < (0.07 * e ~ ( (- voltagesh)/ 20) * time-step)) [
set hl true
;set shape "cow"
set color green

]

end

to closehl
if (random-float 1) < (1 /(e ~ (3 - 0.1 * (valge + 65)) + 1)) * time-step) [
set hl false
;set shape "bug"
set color red
]
end
;end sodium gating equations

;Start potassium gating equations

to opennl
if ((random-float 1) < ((0.1 - 0.01 * (voltage66)) / (e * (1 - 0.1 * (voltage + 65)) - 1) *
time-step)) [
set nl true |
end

to closenl
if ((random-float 1) < (0.125 * e ~ ((- voltage®5)/ 80) * time-step)) [
set nl false ]
end

to openn2
if ((random-float 1) < ((0.1 - 0.01 * (voltage66)) / (e * (1 - 0.1 * (voltage + 65)) - 1) *
time-step)) [
set n2 true |
end
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to closen2
if ((random-float 1) < (0.125 * e ™ ((- voltageé5)/ 80) * time-step)) [
set n2 false |
end

to openn3
if ((random-float 1) < ((0.1 - 0.01 * (voltage66)) / (e * (1 - 0.1 * (voltage + 65)) - 1) *
time-step)) [
set n3 true |
end

to closen3
if ((random-float 1) < (0.125 * e ~ ((- voltage®5)/ 80) * time-step)) [
set n3 false |
end

to openn4
if ((random-float 1) < ((0.1 - 0.01 * (voltage66)) / (e * (1 - 0.1 * (voltage + 65)) - 1) *
time-step)) [
set n4 true |
end

to closen4
if ((random-float 1) < (0.125 * e ~ ((- voltagé5)/ 80) * time-step)) [
set n4 false |
end
;end potassium channel gating

;opencount stuff

to-report sodium-open
report count sodium with [open]
end

to-report sodium-inactive
report count sodium with [not h1]
end

to-report potassium-open
report count potassium with [open]
end

;to-report prey-density
; report count prey / world-width / world-height
;end
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;to-report predator-density
; report count predator / world-width / world-hktg
;end

to do-plot
set-current-plot "sodium channels" ;which grapiplot in
set-current-plot-pen "sodium-open" ;which coltmuse
plotxy ticks sodium-open
set-current-plot-pen "sodium-inactive" ;which@ai to use
plotxy ticks sodium-inactive
set-current-plot-pen "potassium-open”
plotxy ticks potassium-open

set-current-plot "voltage”
set-current-plot-pen "voltage"
plotxy ticks voltage

end
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Grading Rubric

Both instructors will grade your work independeratcording to the criteria below (may
not have equal weight). The final grade will beigrssd by normalizing each instructor’s
evaluations (over all submissions) to have the sa@&n and variance (decided based on
overall class performance), and averaging botmungirs’ normalized grades.

Raw Score
Instructor:| Instructor;

Criterion Comments

Student worked independently
without requiring too much
instructor assistance.

Motivation and research
guestion clear and interesting
from a scientific perspective.

Model clearly explained.

Model original and ambitious.

Assumptions are thoroughly
considered and well justified.

Experiments are appropriate 1o
answer research question.

Experimental results clearly
explained.

Thoroughly explores
implications of results and
insights gained in regard to
research question.

The page limits were satisfied.

Total = Final Grade:
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