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Abstract: Understanding the dfed of neuromodulators requires modeli ng the dynamics of
secndmesenger pathways andtheir effeds on channel properties. Chemesisis
softwarefor modeli ng enzyme readions, stoichiometric readions, diffusion, and
ligand gating of channelsandisusedin conjunctionwith GENESIS, the software
program for neuronal modeling. This chapter explainsthe differential equations
and correspondng Chemesis objeds that implement these readions. Glutamate
stimulated 1P; production and cdcium waves are examples of the second
mesenger pathways that can be implemented in Chemesis.
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1. INTRODUCTION

The importance of neuromodulators in neurologica disorders such as
Parkinson'sDiseaseisgenerally accepted, (e.g. Albinet a. 1989 Blandini et al.
2000. Neuromoduators ad through seand messenger pathways, (e.g. Nishi
eta. 1997 Chai et a. 1999 which influence neurona behavior by their effea
on membrane and channel properties, (e.g. West and Grace2002 Levine d a.
1996 Kitai and Surmeier 1993 Surmeier and Kitai 1993. Most studies only
evaluate steady state changes in channel properties, and, similarly, most
compartmental models only include steady state dfeds of neuromoduation,
(e.0. Seananset a. 198); but it isimprobable that steady state mncentrations
occur invivo. Therelease of neurotransmittersis atransient event, with rapid
fluctuation in concentration mediated by release, re-uptake and degradation.
Thus, to understand reural function in resporse to neuromoduators, it is
necessary to study the dynamicsof sscondmessenger pathwaysandtheir effeds
on channel properties.

A tedhnique to kridge this knowledge gap is computer modeling of the
dynamics of second messenger pathways and their effeds on membrane
properties (e.g. Kotter et al. 1998 Kotter and Schirok 1999. Chemesis is
softwarefor modeli ng biochemicd readion pathwaysandisusedin conjunction
with GENESIS (Bower and Beeman 1999, a software program for neuronal
modeling. Chemesis contains objeds for describing enzyme readion,
stoichiometric readions, diffusion, and ligand gating of channels. Creaing
models requires stting up the readion pathways and assgning values for the
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parameters using standard GENESIS commands. Chemesis overlaps with
Kinetikit, another set of GENESISobjeasfor simulating biochemicd readions,
but Chemesis also contains objeds for diff usion and cdcium release.

The detail s of biochemicd readion pathways and kinetic parameters are
maintained in several enzyme databases accesgble via the internet such as
ExPASy (http://www.expasy.ch/enzyme) andBRENDA (http://www.brenda.un-
koeln.de/.) For additional information it is necessary to refer to the original
literature, much of which is puldished in the Journal of Biological Chemistry,
http://www.jbc.org/. An explanation d how to extract reection rate mnstants
from the pulished experiments is provided in Chapter 10 d The Book of
Genesis (Bower and Beanan 199§. Some of the neuron spedfic readion
pathways, with rate constants extraded from the literature, is provided in
http://doges.ncbs.res.in/.

These databases, along with todls for modeling of biochemicd readions
within compartmental models of neurons, all ows the study of the dynamics of
secondmessenger effeds on neuronal function. The purpose of this chapter is
to explain how to use Chemesis to model second messenger pathways, and to
integrate these models with traditional compartmental models.

2. FROM CHEMISTRY TO MATHEMATICS

2.1 Equations Gover ning Biochemical Reactions

Biochemicd readionsareinteradions between substrate moleaulesto form
product moleaules, e.g.:

Subsl + Subs2 Prod (1)

K
Ky

The rate of the readion is given by the forward rate constant, k;, that
describes the frequency with which product is formed, and the backward rate
constant, k,, which describes the frequency with which the substrates are
regenerated. The quantity of ead spedes in the readion is determined from
differential equations, which describe the dhangein quantity (or concentration)
with time.

dProd
dt

= ki*Subsl-Subs2 - k -Prod 2)
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A similar equation describes the dchange in substrate with time. These
equationsare mmmonly cdl ed“massadionkinetics’, becaisethey describethe
behavior of large groups of moleaules, andignore the probabili stic interadions
between individual moleaules. Conservation d massimplies that, onthetime
scde of the readions, there is no change in the total quantity of a particular
moleaule. Inthe example eove, thisimpli esthat substratel and product aretwo
forms of the same moleaule; thus, they sum to a constant.

Most second messenger pathways are described as a cacade of such
biochemicd readions. For example, the prodict in readion 1 may be the
substrate for the next readion. Enzyme readions are aspedal type of two step
readion,inwhichthe enzymeisregenerated (and product formed) inthesecond
step with rate V... Furthermore, the badkward readion rate for the secmndstep
is zero:

kf Vmax
Enz + Subs = ES - Enz + Prod (3)
K

b

Equeations describing this cascade of two readionsare written asfor thefirst
readion:

dES
T = kf. EnZ' SJbS - (Vmax+ kb) ¢ ES
(4)
dProd
-V ES

If thereaction hascertain properties, i.e. the enzyme substrate mmplex (ES)
rapidly readesequili brium, thenit i s said to exhibit Michadis-Mentonkinetics
(Schulz 1994). Given that the anourt of free enzymeisthe diff erence between
the total amount of enzyme (E,,) and the ES complex, then the eguations
simplify to:

V__-E _-Subs \/ Kk
dProd _ max Etot ’ where K v = max * b (5)
dt Subs + K K,

M
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2.2 Equationsfor Other ProcessesAffecting Concentration

Not al changes to moleaules can be described using these biochemicd
readions. In particular, movement of ions between compartments cannd be
described using bimoleaular readions. Onetype of ion movement isflow from
the extracdl ular spaceinto the cél interior through channels auch asthe voltage
gated cdciumchannel. Thisionmovement isdescribed intermsof current flow,
I (M), with unitsof amperes. To determinethe changein cacium per unit time
(flux) produced by a given current flow, the following equationis used:

eV
O = (6)

whereF isFaraday’ s Constant, which spedfiesthe moles of anion per coulomb
(charge), and @, isthe flux due to current flow.

A secondtype of movement isflow from the endodasmic reticulum (ER) to
the cdl interior through cdcium release channels. Similar to the flow of ions
aaossionic channels, the flow of ions acossthe membrane is governed by the
permesbility of the dhannel, and the driving force or difference between the
inside and ouside mncentration. In contrast to the flow of ions acossionic
channels, it is assumed that there is no pdentia difference between these
compartments.

Dy = P-Xgen ([Cagg] - [Ca']) @)

P, permeability of channel, isin urits of volume/time; X, isthe open state of
acdciumrelease channel, such astheryanod ne sensiti veor | P; sensitiverelease
channels, both of which depend oncacium concentration; n is an integer
indicaing how many independent suburits control the open state, and [Ca™ ]
[Ca™] arethe cdcium concentration in the ER and cytoplasm, respedively.
There are several models describing open state & a function o IP; and
cdcium. Accordingtothemodel of theryanod nereceptor (RyR) channel (Tang
and Othmer 1994, the RyR may residein oreof four different states, depending
onthe occupancy of thetwo cacium binding sites. The open state (R,,*) occurs
when the excitatory siteisbound. There aethree dosed states, occurring when
either bath cacium binding sites are unaccupied (Ry,), the inhibitory cacium
binding siteisoccupied (R,,), or bath cacium binding sites are occupied (R,):
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M, - [Ca"]
Ryo = Ry
L,
M, -[Ca"] It L, M, -[Ca"] It L, (8)
M, - [Ca"’]
R - R,
L

where M;, M,, L, and L, arereadionrate constants.

Yet a third type of ion movement is diffusion from a region d high
concentrationto aregion d low concentration. Thelatter doesnat redly occur
between compartments, bu when modeling spatially extended structures, it is
convenient to conceptuali ze such a structure & a series of discrete well-mixed
compartments. |.e. within the mmpartment, no concentration gradients exist,
and all the concentration gradient exists between adjacent compartments. This
approximation d a spatially extended structure & a series of isoconcentration
compartmentsisidentica to that made for dendritic andaxonal cables. Theflux
of ions between these pseudo compartments depends on the cncentration
gradient between compartments, theca ciumdiff usioncoefficient (D, ) andalso
the geometry of the compartment. Thus, diffusional flux, @, increaseswith an
increase in surface aea(area) conneding compartments, and ceaeases as the
length (distance separating the centers, dist;) of compartments increases:

area ([Ca’']-[Ca "
(DD:_DCaJZ ea ([ .][ i ]) ©

dlstj

where the summation is over al adjacent compartments, j. The form of this
equation al ows for two- and threedimensional diffusion.

The change in cacium for a compartment is the sum of the fluxes due to
relesse, @y, diffusion, @, ionic aurrent, ®,, and kimoleaular readions with
buffers or other moleaules, @;:
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dCa""
dt

= Qg + Dy + D + Dy (10)

3. HOWTOUSE CHEMESISOBJECTS

Chemesis is a library of objeds written in the GENESIS programming
language (Bower and Beeman 199§ for usewith GENESISsimulations. It can
be downloaded from http://www.krasnow.gmu.edwavrama/chemesis.html. A
makefil e is provided with instructions on compiling andinstalli ng the software
onvarious UNIX platforms. Chemesishasobjectsfor modeling thetypesof ion
movement and bochemicd readionsdescribed above. Most secmndmessenger
pathways are described as a set of biochemicd readions, with dffusion o one
or more speci esbetween compartments. Thebiochemicd readionsaremodeled
using four Chemesis objeds. rxnpod, conservepod, readion, and enzyme;
diffusion is modeled with an oljea cdled dffusion. For moleaules such as
cdcium, which can flow into the oytosol through relesse channelsin the ER,
thereare several additional objeds: mmpump, cicr, andcicrflux. Thefoll owing
sedion explains the cmputations performed by ead o these objeds andtheir
use with GENESIS commands.

31 Chemesis Objectsfor Bimolecular Reactions

Chemesis hastwo oljedsto keep tradk of the quantity and concentration o
moleaules. One of them is cdled rxnpod; the other is cdled conservepod.
rxnpod acamulates the dhangesto moleaule quantity dueto variousreadions,
diffusion, etc. It then computes quantity fromthe equation dC/dt =Y A - Y B-C,
where A represents a dhange in quantity due to a readion a other ion
movement, and B represents a rate of change, e.g. degradation, which is
propartional to the present quantity. The summationis over all processes that
affed the quantity of the moleaule, C. Conservepod is used to cdculate the
guantity and concentration  amoleaule & the remainder after al other forms
are acourted for: C = Ctot - ) C.

Chemesis hastwo oljedsfor biochemicd readions. Oneiscdledreadion;
theother iscdled enzyme. Readiontakesasinpu the concentration a quantity
of substrates and products (an arbitrary number of substrates and products can
be spedfied), and cdculates the rate of the forward readion: the forward rate
constant times the substrates, and the rate of the badckward readion: the
badkward rate mnstant times the products. Enzyme implements equation 5 it
takes as inpu the wncentration o substrate and enzyme, and cdculates the



5. Modeling the dynamics of second messenger pathways 7

change in the product moleaule due to the enzyme readion.

Standard GENESIS commands (Bower andBeanan 1999 areusedto creae
asimulation d biochemica readions. These mmandsareill ustrated usingthe
enzymereadionthat occursafter glutamate bindsto the metabotropic glutamate
recepter (MGIUR) and caalyzes the production of the GTP boundform of the
G, suburit, and the bimoleaular readion of adive G,, binding to PLC to
adivateit (Bockaat et al. 1993 Pin et al. 1994.

Vmax
GaB +mMGIUR = GMGIUR - mMGIuR + G
Y qo
K, (12)
PLC + G = PLC*

1. Crede pods of moleaules using the GENESIS command create.
The syntax for thiscommand is: creae objed_name dement_name

creae rxnpod mGIuR

creae rxnpod Gga

creae conservepod Gprot /* for Gafy */
creae onservepod PLCtot /* for PLC */
creaerxnpod PLCstar

2. Crede bimoleaular and enzyme readions using create:

credereadionreacl
crede enzyme enzl

3. Asdgn parameter values duch as rate constants, compartment volumes (to
cd culate concentrationfrom quantity andviceversa), andinitial quantitiesusing
the genesis setfield command. The syntax for this commandis:

setfield element_name field_name value

setfield PLCstar volume 1e-15Qinit O
setfield readl kf { kfvalue} kb {kbvalue}

In this command you have the option d spedfying the value, or spedfying a
variable, in curly bradets, which has been given the value in an assgnment
statement: kfvalue = 3.5
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Sendmoleaule mncentrationsto thereadionsusingthe GENESIS command

addmsg. The syntax for this commandis:
addmsg sending_oljed recaving_oljed message type field_name

5.
ca

6.

addmsg PLC rea¢1l SUBSTRATE conc
addmsg Ggareadl SUBSTRATE conc
addmsg PL Cstar rea¢1l PRODUCT conc

addmsg mGIuR enz1 ENZYME conc
addmsg Gprot enz1 SUBSTRATE conc

Send the results of these cdculations bad to the rxnpods, for themto
culate their concentrations:

addmsg reac1 Gga RXN2 kbprods kfsubs
addmsg readl PL Cstar RXN2 kfsubs kbprods

addmsg enzl Gga MM PUMP kbprods

Last, sendthe messagesto conservpod so it can calculate the anourt of free

substrate

addmsg Gga Gprot CONC conc
addmsg PL Cstar PLCtot CONC conc
addmsg PL Cstar Gprot CONC conc

These mmmands implement the foll owing equetions:

dG,, Vi MGIUR-G;.

dt GaBy + Ky

- k-PLC-G,,

dPLCx

= kf'PLC‘an - kb'PLC* (12)

Gaﬁy = Gprot - an - PLC+

PLC = PLCtot - PLC*

To run the ssimulation standard GENESIS commands are used: reset, to

initi ali ze everything, then step n, to runthesimulationfor ntime steps. Thesize
of the time step is adjusted using the setclock and useclock commands.
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3.2 Chemesis Objects for Diffusion and Flux Through
Membranes

Chemesis has ®veral objedasfor computing theflux between compartments.
One ohea, cdled mmpump, is for cdculating the anourt of calcium (or
optionally any other ion) pumped ou of the g/tosol by voltage independent
pumps. Thisobjed implements the foll owing equation:

V. -[Ca"]"
Dy - (13)
[Ca"]" + Ky

where nisthe Hill coefficient, K; isthe mncentration at which the pump rate
is half maximal, and V,,,,, isthe maximal rate of the pump. A second ohjed is
diffusion and implements Eqn 9. A third oljed, cicrflux, computes the flux
aaossthe membrane through a cacium release channdl (Eqn 7). Thisobjea
also can implement a constant flux, independent of channel state, such as a
constant leskage. Lastly, theobjea cicr combinesfunctionsof bathrxnpod and
readionto caculatethe open state of cdciumrelease channels. Cicr contain all
theinformation abou asingle state of therelease channel. It storesthereadion
rates of the forward readions, and cdculates the fracion o moleaulesin that
state. Both the model of De Young and Keizer (1992 for IP; induced cdcium
release (IICR), or Eqn 8(Tang and Othmer 1994 for cdcium induced cdcium
release (CICR) may be implemented with the dcr objea.

Onceagain, standard GENESIS commands are used to create simulations of
cdcium dynamics. These commands areill ustrated using athree @mpartment
model of asomawith asingle dendrite, and an ER compartment located within
the soma mmpartment. The soma has a voltage dependent cdcium channel.
The ER hasarynodnereceptor channel andapump. Calciumisfreeto dffuse
from the somato the dendrite.

1. Itisnecessary to spedfy the dimensions of the cmmpartments, and compute
the volume and various surface aeas given a catain geometry. For sphericd
compartment, radius and surface aea ae spedfied. For cylinderical
compartments, radius, length, ouer surface aea ad side surface aea ae
spedfied. In the following example, it is assumed that compartments are
cylindricd. Furthermore, it is assumed that the ER volume is 0.185times the
somavolume. The syntax is: type variable_name {= variable value}

type can be dther float, int (for integer) or str (for astring). Thevariable can be
set to avalue & part of the command, a with an asggnment statement later.
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float soma rad = 6e-6

float soma_len = 12e-6

float soma vol = Pl - soma rad -soma rad - soma len
float soma SA =2 Pl - soma rad -soma len

float soma _side = Pl - soma rad - soma rad

Sl units are used in this and subsequent examples. A similar set of commands
isrequired for the dendrite and ER compartments.

2. Crede pods of cdcium noleaules and assign values to fields that spedfy
geometry

crede rxnpod somaCa
creaerxnpod CaER
creae rxnpod dendrite Ca

In this following command, the \ is used to indicate a ontinuation d the
command onthe next line.

setfield somaCavolume { soma vol} length { soma len} \
SAout {soma_SA} SAside {soma_side}

3. Creaethediffusion ohed, set the value of the diff usioncoefficient (in urits
of m%sec and setup messages.

crede diffusion dend_soma
setfifeld dend_soma D 0.006

The diffusion oljed expeds two incoming messges, ore from ead of two
adjaceit compartments. Ead message must contain three values. the
concentration of the cmpartment, the aeaof the shared surface andthe length
of the cmpartment. If the two adjacent compartments have diff erent areas, the
diffusion ojed usesthemean value of thetwo areas. The distancebetweentwo
adjacent compartmentsisassumed to be the distancebetween the centers of the
compartments, which is the mean o their lengths.

addmsg somaCa dend_soma CONC1 Conc SAside length
addmsg dendCa dend_soma CONC2 Conc SAside length

The diffusion oljed sends messages badk to ead compartment:

addmsg dend_soma somaCa DIFFUSION difconc2 dfconcl
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addmsg dend_soma dendCa DIFFUSION difconcl dfconc2

These messages have the values of flux within them, andare used by rxnpod
to compute the new concentration. The two dfferent pods get oppaite
messages because diff usion causes anincresse in the concentration o one pod
and adeaeasein the wncentration d the other.

4. Crede an mmpump from the oytosol to the ER to represent the smocth
endogdasmic reticulum Calcium-ATPase (SERCA). Themmpump formulation
has the undesired side dfed of eventually reducing cacium concentration to
zero. To compensate, it isassumed that thereisaslow led of cdcium from the
ER, which is equal and oppaite to the pump rate when cdcium concentration
isat itsrest level. Thus, bah an mmpump and a dcrflux (with a constant flux
rate) are aeded:

creade mmpump SERCA
setfield SERCA power 2 half _conc 0.1e-3 max_rate{Y}

credae dcrflux le&k
setfield lesk maxflux { X} power 1

Inthiscase Y isthe maximal rate of pumping by the SERCA pump, and Xis
the permeability of the le& channel, andis cdculated from the eguation:

_ Y'[Cr’e;t ?
[Cr’e;t]z + 0.000P

(14)

where [C",] istheresting value of cdcium concentration, 0.0001ImM isthe
half concentration d the pump, and the fador of 2 isthe power of the pump.
The mmpump oljed expeds one incoming messages from the soma
cytosoli c compartment. It sends messagesbadk tothe soma, becauseit deaeases
the concentrationin the soma, andto the ER, becauseit i ncreases concentration
in the ER. The le&k objea expeds three incoming messages, ore for soma
cytosolic cdcium, orefor ER cdcium, and ore for open fradion. Sending the
value of 1.0indicates that permedbility is constant. The le&k sends messages
badk to the soma and ER using the rxnpod message DIFFUSION, because the
valuesit sends have the same dfed on concentration as a diffusion ohjed.

addmsg somaCa SERCA CONC Conc



12 Chapter 5

addmsg SERCA somaCa MM PUMP moles_ou
addmsg SERCA CaER MM PUMP moles_in

addmsg somaCaleak CONC1 Conc

addmsg CaER lesk CONC2 Conc

addmsg somaCale& IP3R 1

addmsg le&k somaCa DIFFUSION fluxconc2 fluxconcl
addmsg le&k CaER DIFFUSION fluxconcl fluxconc2

5. Set upcdciuminduced cdciumreleasethrough the RyR channel by creding
four cdciumrelease objeds, orefor ead state of the RyR. The commands for
credingthe Ry, state aeill ustrated. Commandsfor the other threestatesarethe
same. Thefieldsalpha_state, beta_state and gamma_state take values of 0 or
1, correspondng to the O ar 1 subscriptsin Eqn 8. Alpha, beta and gamma are
the forward rate wnstants, M, andM,in Eqn 8 Both alpha_state and alpha are
unused (i.e. 0) for the RyR, bu they are used for the IP; receptor. The field
conserveindicaeswhether this dateiscomputed as 1 - sum of other states. xinit
istheinitial value.

creae dcr ROO
setfield ROO apha_state O beta state 0 gamma_state 0\
aphaO beta{M1} gamma{M2} conserveQ xinit {initOC}

Each of the four states nds a message to the states to which it transitions
containing the value of the badkward rate constant of the transition and the
fradion d channelsin that state.

addmsg R10 ROOBSTATE betafradion
addmsg RO1 RO0 GSTATE gamma fradion
addmsg ROOR10BSTATE betafradion
addmsg R11 R10 GSTATE gamma fradion
addmsg R11 RO1 BSTATE betafradion
addmsg ROOR01 GSTATE gamma fradion

The state which is conserved recaves the message CONSERVE from all other
states, e.g.:

addmsg ROO R11 CONSERVE fradion

In addition to these messages, ead of the nonconserved states needs a
cdcium concentration message from somaCa, e.g.:
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addmsg somaCa RO0 CALCIUM Conc

Lastly, a dcrflux oljed iscreaed to cdculate the cdcium flux fromthe ER
tothesoma. It requires messages nat only from the somaCa and CaER objeds,
but also from the R10 oljed, which is the open state of the channel.

creae dcrflux ryanflux
setfield ryanflux power { expon} maxflux { maxcond}

addmsg somaCa ryanflux CONC1 Conc
addmsg CaER ryanflux CONC2 Conc
addmsg R10 ryanflux IP3R fradion

addmsg ryanflux somaCa DIFFUSION fluxconc2 fluxconcl
addmsg ryanflux CaER DIFFUSION fluxconcl fluxconc2

Combining ion movement such as diffusion with biochemicd readions
makes it posshble to model and simulate any second messenger pathway. The
effed of seand messengers on ionic channels, such as ligand gated o
modulated channels, can be modeled by sending messages from the second
messenger rxnpod to a GENESIS channel objed.

4. EXAMPLES

The utility of Chemesisisill ustrated with simulations of I1P; productionafter
stimulation of ametobtropic receptor onthe head of aPurkinje cdl spine(Finch
and Augustine 1998). The biochemicd readionsincludethosein Eqn 11, pus
prodwction d P, from the adive PLC enzyme ading on PIP,:

kFPI VmaxPI
PIP, + PLC* <« PLCPI - PLC" +IP, (15)
kBPI

Degradation of I1P; isincluded, and the equation describing Eqn 15includes
avolume term in the denominator to convert quantity to concentration:

dlIP] Vi@ ' PLC" - [PIP)]

maxPI

dt vol - ([PIP,] + K, p)

= Dipg” [1P4] (16)
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Figure 1 ill ustrates the change in concentration d (A) boundmGIuR, (B)
Gy (C) PLC* and (D) IP; in resporse to asingle adion pdential and a short
sequence of adion ptentias, ead releasing a single vesicle of glutamate.
Noticethat IP; productionis considerably slower than G,, production and the
contribution d individual vesiclesisnat visible.
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Figure 1 Concentration o moleaulesin biochemicd readions leading from mGIuR adivation
to |P; production

Using Chemesisto Modd Calcium Dynamics

Chemesisisnat limited to single compartment models. Spatially extended
structures may be modeled as a series of rxnpod compartments which
communicate with ead ather viadiffusion ojeds andwith an ER via cdcium
release objeds. Chemesishasbeen used to creae multicompartment modelsto
investigate cdcium dynamicsin clasdgcd condtioning (Bladkwell 2002.
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Figure 2 Calcium concentration (A and B) and | P; concentration (C) along type B
phatoreceptor neurite in response to GABA stimulation d terminal branches. Inset showsthe
concentrationin UM correspondng to the gray shade of the figures.

The seaslug, Hermissenda crassicornis, is an animal model of classcd
condtioning and leans to asxciate light (the condtioned stimulus) with

turbulence (the uncondtioned stimulus).

The memory of the asciationis
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stored in the type B phaoreceptors and criticdly depends on an elevation d
intracdlular cadcium concentration. Turbulence causes hair cdls to release
GABA ontotheterminal branchesof thetype B phaoreceptor and may produce
a wave of cdcium that propagates from the termina branches to the soma.
Chemesis objeds were used to construct a model to determine if GABA
stimulation can contribute a cécium signal that propagates along the 100 um
neurite separating theterminal branchesfromthesoma. Themodel included the
seand mesenger pathways from GABA stimulation to IP, production, and
included release of cdcium from stores through IP;R and RyR channels. The
neurite was divided into 100isoconcentration compartments of 1 um length.

Fig 2ill ustratesthe cdcium concentration along the neuritein resporseto a
3 s(Left) and 30ms (Right) GABA stimulation. The cacium wave propagates
the entire length when RyR channelsare present (A). With orly IP;R channels,
the cdciumwavedoesnat propagatethe entire distance(B), but only propagates
the distance that 1P; diffuses (C). Even a 30 ms GABA stimulus produces
sufficient IP; to initiate a cécium wave.

To analyze the dfed of cdcium or IP; on membrane channels, the addmsg
command is used to provide the second messenger concentration to a ligand
gated channel, such as a cdcium dependent potassum channel. Similarly, an
addmsg command, from the cdcium current to the cdcium concentration
rxnpod allows the traditional compartmental model to influence the seaond
messenger pathway. Thus, theintegration o seamndmessenger pathways into
GENESIS multi-compartmental neuronal models (Kotter and Schirok 1999, is
extended and fadlit ated by using Chemesis.
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