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@ The idea behind NEURON

What is NEURON?

NEURON is a simulationenvironment for models of biophysical
processes, models of individual neurons and networks of neurons.

biophysical

simplification
system

conceptual investigation

model exploration
comparison

representation

Investigation
exploration
comparison

computational
model

/[ NEURON




@ The idea behind NEURON
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@ The idea behind NEURON

-60 to -75 mV
— P

What can NEURON do? [ L

Generally: Na (150) Ena = +56

NEURON provides tools for constructing,
exercising, and managing simplified up to
biologically realistic models of electrical

K*(3) Ex=-102

Intracellular

and chemical signaling in neurons and K* (135)
networks of neurons. ﬁ
Extracellular

Specifically: Cl (7) I (120) Eg = -76
NEURON can simulate:

© biophysical and biochemical
dynamics of active membrane W Cai(1.2) E, i = 4125
properties (transmembrane currents, :
transmembrane channels)

5 Lipid bilayer
lonic pump

Academic Press iiems and denived items

[ Fundamental Neuroscience. Zigmond et al. (eds.) ] copyright © 1999 by Academic Press




@ The idea behind NEURON

O biophysical and biochemical dynamics of synaptic transmission
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@ The idea behind NEURON

O electrotonic and active signalling
along dendritic and axonal cables,
as well as in cable structures with
complex branching morphology
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P The idea behind NEURON

.'l-..

© information processing in
simplified up to morphologically TN Iy s
and biophysically realistic o, /e L LI |
neuronal models

(ganglion cell of I
mormyrid ELL)




P The idea behind NEURON

© information processing in
neuronal microcircuits and
large networks of inter-
connected neurons (ranging
from simplfied models, such
as |AF, up to more realistic
neuronal models)




@ The idea behind NEURON

Moreover:
NEURON provides:
O tools for analyzing experimental data
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@ The idea behind NEURON

O tools for interfacing models in computo with biological
neurons in vitro and in vivo (e.g. dynamic clamp)
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@ The idea behind NEURON

Why using NEURON?

O (very) easy to use

O suited for computational models on many levels
(subcellular, cellular, network)

O well suited for computational models that are
closely linked to experimental data

O computationally efficient and accurate while at the same time
minimizing the required user effort

O optimized for handling tree-shaped cable structures
O optimized network simulations utilizing the event-based approach
O user is not required to translate the problem into another

domain, instead user is able to deal directly with concepts
that are familiar at the neuroscience level




@ The idea behind NEURON

Why not using NEURON?

Hwmmmmen.., 222

And In the case of questions?

@ MichaelHines michael.hines@yale.edu

@ John W. Moore jwm@neuro.duke.edu

@ Ted Carnevale ted.carnevale@yale.edu

@ user group listserv@biomed.med.yale.edu
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) Some mathematics behind NEURON

NEURON's basic computational task:

to numerically solve the cable equation which describes the
relationship between current and voltage in an one-dimensional cable

V(1) IV (1,x)

in = I,(t,x) =C -2,V (1,
gin =7 > (%) o tanV(t.x)

membrane potential
V = Vin- Vout

membrane capacity
membrane conductance
intracellular (axial) conductance

membrane current
intracellular (axial) current




»d Some mathematics behind NEURON

Principal problem of computational modeling:

In reality: space and time are continuous variables and dynamics is
described by differential equations

in computo: explicit solution of
describing differential equations
Is often not available

Solution:

approximate continuous system
by one which is discontinuous _H
In space and time (dynamics

described by difference equations)

~~

compartmentalization
(spatial discretization)
temporal discretization

~

compartmental modeling




@) Some mathematics behind NEURON

Compartmental modeling:

approximate continuous
cable equation with a set
of algebraic difference
equations which can be
solved numerically

j-1 j j+1

-g;(t) Vi)




@) Some mathematics behind NEURON

compartmentalization reduction pf cable equation to a set _of
: . : : > ordinary differential equations with first
(spatial discretization) order derivatives in time

temporal discretization : > algebraic difference equations which
can be solved numerically

Methods of numerical integration:

© forward Euler method
(simple, unstable, inaccurate)

@ backward Euler method

(inaccurate, stable) _
@ Crank-Nicholson method used in NEURON

(stable, more accurate)
O ..

selection of a method of numerical integration is guided
by concerns of stability, accuracy and efficiency




@ Some mathematics behind NEURON

An example for numerical integration:
the forward Euler method

basic idea: extrapolation of function V/(t) from the value at time
t to a new value a brief interval Af into the future

fort=0 V(0),V(0)
V(At) =V(0)+V(0)As

fort, =(mn+1) At V(t,),V(t,)
V(tpr1) =V (t,) +V(1t,) At
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) Running NEURON

A LINUX environment is the natural habitat
of the NEURON simulation environment




€) Running NEURON @ UNIX in 10 minutes
@ UNIX command shells

KDE with

UNIX windows manager ' one shell
(e.q. KDE)

TEEL

“vee press me !”




€ Running NEURON
@ listing contents of directories / folders

@ list names of

files / directories:

1s

@ detailed list of

files / directories:

ls -1a

ls

comes from
11 l i S t”

@ UNIX in 10 minutes

@ rmichael on obidos: shomesmichaal/MyMeurosciencesSimulations/Layer6Pyramida - Shell - Konsole

Session Edt View Setbngs Help

ayertPuranidalNeuron_51-2a/BasicModel _IClamp> ls

1-Za_low,geo

IKd_Traub™iles, mod

IEn_GutfreundSegev ., nod

INa_Traub™iles , mod
timTriggerl Ho.mod
ddRecording .hoc

N w1 Shell
_| E'l.'-.;[_} ]

add5t imulat ion . hoc

createMorpho Logy  hoc

h=_err_pid9650, log

1650

inzertAct iveProperties hoc
insertPassiveProperties hoc
ayertPuranidalMeuron_51-2a/BasicModel _IC1lamp: [

inzartSynapt icPropert ies . hoc
nain.h

nain,hoc
ninimalAMPA_DestexheSe jnowsk i, mod
nultiAMPA_DesztexhesSe jnowsk i, mod

nu Lt 1GRERa_Destexhebe jnowsk 1, mod

& michael on obidos: /homesmichaelMyNeuroscience/Simulations/LayersPyramida - Shell - Konsola

Session Edit View Setlings Help

ayeraPyranldalNewron_51-25/BasicModel_IClanp> ls -la

otal 194
MW= =—Er ==
PR =M =3

D T e e e e e . = 1

nichael
nichasl
nichael
nichaesl
nichael
nichael
nichael
nichael
nichasl
nichael
nichasl
nichael
nichaesl
nichael
nichael
nichasl
nichael
nichasl
nichael
nichaesl

LEers
LEErE
L=ers
UzErs
LUsers
LZEr:s
usars
L=ers
LuEars
LSers
UsErE
Lisars
LIEEr=s
Users
L=er=
Uu=Ears
Lizers
UsErs
L=eErs
LIEEr=E

a0
Je0
BYZE6
1285
2441
2405
1744
2095
1874
Z2BE4
bE39
1416
2583
2100
11468
6122
/Bl3
5763
ad16
5912

2004-07-30
2004-07-27
2005-05-23
2003-05-25
200502240
2003-05-25
2003-05-25
2003-05-25
2003-06-25
J005-02-23
2003-05-31
J005-06-20
2003-05-25
2003-05-25
2003-05-25
2003-06-01
2005-02-25
2003-05-25
2005-02-23
2003-05-25

aueraPyranidalNeuron 51-2a/Basictode]l IClamp: B

A Nem;” “Y, Shel

al-Za_low,geo

IEd_TrauoMiles . mod
LEm_LEuttreurndsegey , nod
IHa_TrauoMiles . mod

StimTriggerl Ho,mod

addRecording hoc

add=t imulat ion . hoc
cresteMorphologu ,hoc
hs_err_piddeS0, log

1 e

inserthAct ivePropert ies . hoc
inzertPaszsivePropert ies  hoc
insertiynapt icProoert ies .hoc
nain.h

nain, hoc
ninimalAYMPA_DestexheSe jnowsk i, mod
nult iAMPA_Destexhabe nowskl . mod
nultiGREAa_DesztexhesSe jnowsk i, mod




€ Running NEURON @ UNIX in 10 minutes
@ permission attributes

drwxr-xr-x 3 michael users 1416 2003-06-25 19:58 i686

—-Yrw-Y--r-- 1 michael users 7613 2003-05-25 11:51 main.hoc

entry type user/ owner file size date and time of

; . Y file name
d directory of file (in Byte) last modification
1 symbolic link

- regularfile group of file

user / owner

permission

attributes of user group all users

file / directory &
& J r read permission
rwxr-X

w write permission
x permission to execute




€ Running NEURON @ UNIX in 10 minutes

@ changing directories / folders
@ change to home directory: cd

@ change one directory up: cd ..

@ change to specific directory: cd <name>

cd

comes from
“change directory”

\

@ creating new directories / folders
@ create directory with specific name: mkdir <name>

r mkdir

comes from
“‘make directory’

X




€ Running NEURON ® UNIX in 10 minutes

@ running programs
run programs by typing name into command shell, e.g.
/home/michael> mathematica

/home/michael> nrnmodl

’ ed Ito rS & michael on obidos: shome/michaelMyMeuroscience/Simulations/LayerGPyramida - Shell - Kp SN eSS
. Dession Edit View Settings Help
@ for hardcore users:

i J/  inserting sunaptic mechanisms

if (wopen("insertSynapticProperties hoc")) {}

vi

:if adding stimulation

if (wopen( addStimulation.hoc")) {]

:: / adding recording

if (wopen{adRecording.hoc")) {}

print "

/-l initialization ]-
proc init{) {

finitialize(v init)

feurrant ()

if (ENRELE_BACKGROUND) operfll_RHGFiles()
“main.hoc” 1940, 7613C

E Nw.;H 1, shell




€ Running NEURON ® UNIX in 10 minutes

B michael on obidos: momesmichael/MyMNeuroscience/Simulations/Layer6Pyramida - Shell - K F _ 0 x )
oession Edit View Seftings Help

— PR U — @ for efficient users:

if (xopen{"addRecording.hoc")) {]

ff -[ initialization ]-
oroc init() {
finitializefv_init)
fourrent () _ # mainhoc - KWrite
if (EMAELE BACKGROUMDY operAll PHGFiles()
initAll RNGdata() File Edit Bookmarks Tools Settings Help

rec_recordyn) _] Lj Q a ’:'.
; R

adding recordlng

Fr =[ single step ]-

aroc step() { local i
if (EMAELE_GRAPHICAL INTERFACE) Plat() . - . -
if (EMAELE_BACKGROUMD ) updsteAll RMHGdatal) if (xopen{ addRecording.hoc )) §}
for i=1,nstep_steprun { advance() }
rec_recordvn)
if (ENAELE BACKEGROUMDY resetAll PHGdata()

simulation pr Cedures

Jf = initialization ]-
proc init{)
finitialize(v_init)
focurrent ()
if (ENABLE_BACEGROUND) openAll_RNGfilest)
initAll_RNGdatal)

. for WlndOWS©erS ; rec_recordvm( )

[ single step ]
kwrite proc step() [ local i

if (ENABLE_GRAPHICAL_INTERFACE) Ploti)

if (ENABLE_BACEGROUND) updateAll_RNGdatal)
for i=1,nstep_steprun { advance() }

[Line: 160 Col: 13 [INS [NORM [ |




€ Running NEURON ® NEURON under UNIX

@ NEURON command shell e
SNEURONHOME / i6 8 6 /bin/nrniv session Edit View Settings Help

Ehunefnichael} Jusr/local/share/nrn5 .6/ 1686/ bin/nrniy

EURON -- Version 5.6 2004-5-19 Z3:5:24 Main (81)
y John W, Moore, Michasl Hines, and Ted Carnevale
uke and Yale University -- Copyright 2001

loc:i

@ NEURON GUI
SNEURONHOME/i686/bin/nrngui




€ Running NEURON ® NEURON under UNIX

@ “customized” versions of NEURON

@ create / edit specific (heuronal) mechanisms (using mod1
programing language) and NEURON script files (using hoc
programing language)

@ compile mod1 files using

SNEURONHOME/i1686/bin/nrnivmodl

& michael on obidos: shomesmichaelMyMeurosciencesSimulations/LaveriPyramida - Shell - Konsole

Session Edit View Settings Help

Layer&PyramidalNeuron 51-2a/BazicMode]l IClamp> fusr/local/share/nrnS.6/1686/bin/nrnivmod]
. "fusr/local/share/nrnS .6/ share/rrn/libtool" --node=compile gcc -DHAVE COMFIG H -I. -I.. -I"/usr/loca
‘ com p | I es a I I mo d l 1/share/nrnf .6/ include/rrn" -I" fusr/ local/share/nrnd 6/ 1686/ 11h" -g -02 -c -o nod_func, lo mod_func

+«
- 1 gce -DHAVE COMFIG H -I. -I.. -Ifusr/local/share/nrn5.6/include/nrn -I/usr/local/share/rrn5.6/1686/11
fIIeS In Cu rrent o -g =02 -c mod_func.,c ~-fPIC -DPIC -o ,libs/mod_func.o
. "fusr/local/share/nrnS 6/ share/rirn/ Libtool" --wode=link goo -module -g 02 -0 libnenmech, la -rpath
d|reCtO I'y "fusr/local/share/nrnd 0/ ib80/ 1ib"  IKd_TraubMiles,lo INa_TraubMiles,lo wmod_func.lo -L"/usr/local/s
hare/nrnS .6/ 1686/1ib" -lnrnoc -loc -lmemacs -lscopmath -lsparseld -lreadline -lncurses -1dl -lm
‘ Creates d|rect0r ~ g“ +lﬂihg,.ﬂ"6i:unr‘nrrech+la Libs/libnrnmech,lai | libs/libnrnmech,so |, libs/libnrnnech,zo0,0 | libs/libn
rrmech ,s0,0,0,
. y g -shared L, libs/IKd TraubMiles.o ,libs/INz_TraubMiles.o ,libs/mod_func.o -W1,--rpath -W1, fusr/loc
/ 1 6 8 6 alfshare/nrnS. 61686/ 1ib -WL, --rpath -Ul, fusr/local/share/nrnS .6/ i8R/ 1ib L usr/X11R6/1ib -Lfusr/ loc
° al/share/nrn5,.6/1686/1ib fusr/local/share/nrnS .6/ 1686/ 1ib/ libnrnoc .s0 fusr/local/share/nrnD,6/1686/11
bfliboc,so0 fusr/local/share/nrnS.6/ 1686/1ib/ 1ibmenacs 5o fusr/local/share/nrnS.6/ 1686/ 1ib/ lihscoprath
’ CreateS exeCUtabIe .50 fusr/local/share/nrnd .6/ 1686/ 1ib/libsparseld,so fusr/local/share/nrnG .6/ i686/ Lib/ libreadline .s0 -
lncurses -1dl -1lm  -W1, -soname -W1, libnenmech.so.0 -0 . libs/librenmech.so.0,0.0
. . {cd ,libs && rn -f libnrnmech.zo.0 &% In -z libnenmech,so.0,0.0 libnrnmech,so,0)
o / 1 6 8 6 / Spec lal {cd .libs &% rn -f libnrnnech.so &8 In -= libnrnmech.s0,0.0,0 libnrnmech,so)
. creating libnrnmech, la
(“Customlzed” (cd .libs &% ra -f libnrnmech.la & In -s ../liborneech.la libnennech,la)

Successfully created 1686/ /special

N E U RO N vers I 0O n) _ayertPyramidalNeuron_51-2a/BasicMode]l_IClanp> i

3 New'.| <1, shell




€ Running NEURON ® NEURON under UNIX

@ run customized version of NEURON
./1686/special -

& michael on obidos: shomesmichaelMyMeuroscience/Simulations/LaveriPyramida - Shell - Konsole

sesgion Edit View Seftings Help

Layer6PyramidalNeuron_51-2a/BaszicModel IClamp> /1686 /special
NELRON -- Version 5.6 2004-5-19 23:5:24 Main (81)

oy Jobn W, Moore, Michaesl Hines, and Ted Carnevale

Duke and Yale University -- Copyright 2001

loading membrane mechanizms from fhome/michael/MyNeuroscience/Simulat ions/LayertPyranidalNeuron_S51-23
JBazicModel _IClamp/iese/ . libs/libnrnmech.so
Additional mechanisms from files
IEd TraubMiles .mod IMa_TraubMiles . mod
ol

| New | [ <% she
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%9 Two programming levels = infinite possibilities

NEURON
lon environment

interpreter

/ B  NEURON
specific syntax

description
language




€D Two programming levels = infinite possibilities

NEURON Interpreter:

@ “calculator’ optimized for integrating sets of
coupled differential equations

@ object oriented syntax

@ first programming level:  hoc

@ definition of neuronal models (morphology, membrane properties,
stimulation and recording protocols)

@ basic I/O operations
@ control of simulation
@ data analysis

2 second programming level: nmod1l

@ description of biochmical / biophysical processes in terms of kinetic
schemes or sets of differential and algebraic equations

@ C-like syntax; allows incorporation of routines written in C
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s) A step towards infinity: some examples O Hodgkin & Huxley

biophysical
system

_ B Ioligo pealei
M W 8 [www.mbl.edu]

s

the giant axon

8 [ Hodgkin et al., J. Physiol. 116 (1952), 424-448 ]

membrane potential time
course following a brief

currentinjection
[ Hodgkin et al., J. Physiol.
116 (1952), 424-448 ]

mVY.




s) A step towards infinity: some examples © Hodgkin & Huxley

dV (1)
dr —In(t) conceptual

Im(f) = gﬁﬂ(f) (V(I) _EN{I) + gﬁ(f) (V(;) _EK’) + g1 (V(I) _EL) model

gna(t) = Zyam (1) h(r)
gr(t) = gen*(1)

C

E, [mV] | g [mS cm?]
115 120

Hodgkin-Huxley model -12 36
[ Hodgkin, Huxley, Katz (1952) ] 10.6

.

®0 o O _
nside @@ O S ® K
ARSI SA

outside @ @ @®@ Nat

@(D@@@@




@ A step towards infinity: some examples © Hodgkin & Huxley

dr;fr) = 0, (V) (1 =m(t)) = Bu(V) m(r) conceptual
%ﬁ’) ou(V) (1 —h(r)) —Ba(V) A(r) .

Hodgkin-Huxley model -
dzgf) o, (V) (1 =n(t)) = Ba(V)n(t) [Hodgkin, Huxley, Katz (1952) ]

mV - m.mhojem? o, (Vin [mV]) | B, (V in [mV])

35
0.1-0.01V -V /80
AL 0.125¢"/

80 =

30

20

10
0

-V
70} |
2.5-0.1V -V/18
sof- & 25-0.1V_] 4e7v/
g
50— 20 | ~V /20 1
i 0.07e 2301V 1]
30
gx
0 05 -i 1§ 2

T 1

25 3 35

[ Hodgkin & Huxley, J. Physiol. 117 (1952), 500-544 ]




@ A step towards infinity: some examples ©® Hodgkin & Huxley
@ model

computational
model

NEURON

T=1ms d=500um
- lstim=2000 nA L=40,000 um

@ morphology

create axon create and access named section
slecaes chrom (or compartment)

axon nseqg = 100 : : :
axon diam = 500 define morphological properties

o T = G and spatial discretization




s) A step towards infinity: some examples © Hodgkin & Huxley

@ passive properties

axon insert pas
axon Ra = 123.0

@ active properties

axon insert hh

@ stimulation

objectvar stim
stim = new IClamp(0.5)

stim.del
stim.dur
stim.amp

Insert and set passive computational
membrane properties model

NEURON

Insert and set active
membrane properties

Insert point process (current clamp
electrode) at specific site

define properties of stimulation




@ A step towards infinity: some examples ©® Hodgkin & Huxley

@ merge everything together ...

load_file("nrngui.hoc")  |oad graphical user interface cumputgtilcmal
moade

create axon NELW“}N

aCCessS axon

axon nseqg = 100 morphOIOgy
axon diam = 500

axon L = 40000

axon insert pas

axon Ra = 123.0 passive properties

axon insert hh active properties

objectvar stim
stim = new Iclamp(0.5)

stim.del 1 stimulation

stim.dur 1
stim.amp

tstart = lobal simulation settings
tstop = 10 g g




@ A step towards infinity: some examples ©® Hodgkin & Huxley
@ ..runit...

oc> load file("HHexample.hoc") computational
model

@ ... change some GUI settings ... NEURON

@ simulation control menu

NELURON Main Menu
|conify
File Edit Build | Tools| Graph Vector Window
[RunControl F
RunButton
VariableStepCaontral
Point Processes
Distributed Mechanisms §
Fitting

Impedance
Model View

EunControl
Close

Real Time is]l 0




@ A step towards infinity: some examples @ Hodgkin & Huxley

@® membrane potential time course

NELUROMN hain MMenu >




@ A step towards infinity: some examples © Hodgkin & Huxley

@ “shape plot” to display morphology

MNEURCHM Main Menu

computational
model

NEURON

State axis |
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@ A step towards infinity: some examples © Hodgkin & Huxley

@ ... start and watch the simulation running ...
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@ A step towards infinity: some examples © Hodgkin & Huxley

@ ... and, finally, enjoy the result
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@ A step towards infinity: some examples @ 5-compartment model

® 5-compartment model with Hodgkin-Huxley channels in soma
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@ A step towards infinity: some examples ©® custom channels

® 5-compartment model with custom ion channels
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@ A step towards infinity: some examples O exponential synapse

O passive single-compartment . E:ﬁggsgﬁm
model with exponential synapse

1000 Hz

membrane
potential

synaptic
conductance




@ A step towards infinity: some examples ® point-conductance

® point-conductance model
of synaptic activity
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@ A step towards infinity: some examples ® detailed model

@ detailed biophysical model
with distributed synaptic inputs
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s) A step towards infinity: some examples @ simple IAF neuron

@ simple IAF neuron model with Poisson input
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@ A step towards infinity: some examples ® |IAF neural net

® network of randomly connected IAF neurons
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@ A step towards infinity: some examples ©® spike train analysis

O statistical
analysis and
fitting of
spike trains

custom graphical
iInterface
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@ A step towards infinity: some examples

O X-cells

{® phenomeological model of cat geniculate nonlagged X-cells
[ Gazeres, Borg-Graham, Fregnac. Visual Neuroscience 15 (1998), 1157-1174 |
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