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The What and the Why
of Neural Modeling

The moment-to-moment processing of information
in the nervous system involves the propagation
and interaction of electrical and chemical signals
that are distributed in space and time.

Empirically-based modeling is needed to test
hypotheses about the mechanisms that govern
these signals and how nervous system function
emerges from the operation of these mechanisms.

Topics

1. How to create and use models of neurons
and networks of neurons

* How to specify anatomical and biophysical
properties

* How to control, display, and analyze models
and simulation results

2. How NEURON works

3. How to add user-defined biophysical
mechanisms
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From Physical System
to Computational Model

Physical Conceptual Computational
System Model Model

Conceptual model
a simplified representation of the physical system

Computational model
an accurate representation of the conceptual model

From Physical System
to Computational Model

Physical Conceptual Computational
model model
dendrite

create somm, dendrite

Q soma connect dendrite(0), soma(l)
Cal ball hoc
pyramidal and code
cell stick
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Hierarchies of Complexity
Structure

Single compartment ()

stylized o—<_

Anatomically detailed

Network %

N\

Hierarchies of Complexity
Mechanism

Passive and Active currents
HH-style
kinetic scheme

Synaptic transmission
continuous
spike-triggered

Gap junctions

Extracellular fields, Linear circuits
Diffusion, buffers, transport & exchange
Artificial spiking cells ("integrate & fire")
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Fundamental Concepts in NEURON

Driving What is
Signals Flux force conserved
Electrical current voltage charge
gradient
Chemical solute  concentration mass
gradient

Conservation of Charge

ion Z a
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The Model Equations

dvj _ vk—vj
C; t +|ion.:Z
J k

I’jk

V. membrane potential in compartment |

i net transmembrane ionic current in compartment |

cj membrane capacitance of compartment |
rjk axial resistance between the centers of
compartment j
and

adjacent compartment k

Separating Anatomy and Biophysics
from Purely Numerical Issues

section
a continuous length of unbranched cable

Anatomical data from A.l. Gulyas
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Range Variables

Name Meaning Units

di am diameter [um]

cm specific membrane [uf/cm?]
capacitance

g_pas specific conductance [siemens/cm?]
of the pas mechanism

% membrane potential [mV]

range

normalized position along the length of a section
O<range <1
any variable name can be used for range, e.g. X

physical
distance physical
0 v length
]
normalized
distance
0 \]/ 1
]
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Syntax:
sect i onnane. r angevar ( r ange)
returns or sets the value of rangevar
at the location corresponding to range

Examples:
dend. v(0.5)
returns membrane potential at the middle of dend
Shortcut: dend. v
dend for (x) print x*L, v(Xx)
prints physical distance and v
at each point in dend where v was calculated

nseg
the number of points in a section section where
membrane current and potential are computed

nseg=1 e () (]
nseg=2 e ) [ ) ®
nseg=3 ¢ [ I ® I ® ®

Example: axon nseg = 3

To test spatial resolution
forall nseg = nseg*3
and repeat the simulation
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Category Variable
Time t
Voltage %
Current i

Concentration nai etc.

Specific cm
capacitance

Length diam L

Conductance g

Cytoplasmic Ra
resistivity

Resistance ri

Units

[ms]

[mV]

[mA/cm?] (density)
[NA] (point process)
[mM]

[uf/cm?] (density)

[um]
[S/cm?] (density)
[US] (point process)

[Q cm]

[106 Q]
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Construction and Use of Models

1. Specify the model ("virtual organism").
2. Specify the user interface ("virtual lab rig").

3. Tests

* structural integrity
* spatial grid
* time steps

Example: using the GUI to build
and exercise a stylized model

1. How to use the CellBuilder to create and
manage a model cell.

2. How to use NEURON's graphical tools
to make an interface for running
simulations.
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Step 0: Conceptualize the task

Shape
stick figure / detailed
Channel distribution
uniform / nonuniform
whole cell / region / individual neurite

Creation
single cell / use in a network

Step 1: using the CellBuilder
to make a stylized model

bas ap[1]
ap
soma
axon ap[2]

Section L diam Biophysics

soma 20 um 20 pm hh

ap[0] 400 2 reduced hh *

ap[1] 300 1 reduced hh *

ap[2] 500 1 reduced hh *

bas 200 3 pas 8

axon 800 1 hh

* - gnabar_hh and gkbar_hh reduced to 10%, el_hh = - 64 mV
§-e_pas=-65mV
Throughout the cell Ra = 160 Q cm, cm = 1 pf / cm?
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Launch NEURON with its
library of graphical tools

UNIX/Linux Nrngui

AT

MSWin or OS X

MFrgui

Bring up a CellBuilder

i NEURON =10/ x|

I T
File  Edit Buildl Tools  Graph  “Wector 'I.I‘Lﬁndnwl

single compartment
[cell Builder |
Netiwiork Cell kg
MetWiork: Builder
Linear Circuit

Channel Builder

NEURON Main Menu / Build / Cell Builder
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The CellBuilder

4 About ~ Topology ., Subsets ., Geometry ., Biophysics ., Management D Continuous Create

Topology refers to section names, connections, and 2d orientation

without regard to section length or diameter.

Shert sections are represented in that tool as circles, longer ones as lines.
Subsets allows one to define named section subsets as functional

groups for the purpose of specifying membrane properties.
Geometry refers to specification of L and diam {microns), and nseg

for each section (or subset) in the topology of the cell.
Biophysics is used to insert membrane density mechanisms and specify their parameters.
Management specifies how to actually bring the cell inte existence for simulation.

The default is to first build the entire cell and exportitto the top level

Or else specify it as a cell type for use in networks,

It alse allows you te impert the existing top level cell into this builder

for medification.

If "Continuous Create" is checked, the spec is continuously instantiated

atthe top level as it is changed.

Use buttons from left to right.

Topology

=lolx]|

Close Hide

we About E 3 Topology - Subsets - - Geometry - Biophysics - Management D Continuous Create

Undo Last I

Click and drag to
4 Make Section
+ Copy Subtree
» Reconnect Subtree
W Reposition
slgk W Move Label
Click to
= Insert Section
w Delete Section
w Delete Subtree
« Change Name

CB starts with a "soma" section.
We want to create new sections.
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Specifying the "Basename”

IVOC

Section name prefix:

|dend I

Accept ¢ Cancel

vOC

Section name prefix:

Accept ¢ | Cancel

fap

Making a new section

Place cursor near end O
of existing section &

Click to start new section  sgpr—,

Drag to desired length  sp——,

Release mouse button  spr——,
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Save your work as you make progress!

_ioix]

NEURON Main Menu / File / save session

Subsets

CET T ol

e About .- Topology # Subsets e Eeometry ., Biophysics -, Management Cortinuous Create

w Select Subtres
w Select Basename

then, act.

Group sections that have shared properties.
We want to make an "apicals" subset.
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Making a new subset

~ Select One

Click "Select Subtree" H Select Subtree

" Select Basename

bas ap[1]
. _ -
Click root of apical tree . . . O
axonh ap[2]
.. .then "New SectionList" H NewSec:l{ionList
"5 |

Making a new subset continued

IvVOC B
MNew SectionList name
Jal N
Accept ¢ Cancel
IvOC E

MNew SectionList name

| apicals

Accept ¢ Cancel
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Subsets finished

CET T _joix]

we About .- Topology 4 Subssts - Geometry -, Biophysics .« Management Continuous Create

First, salect,

[E=—

we Select One
e Select Subtres
~ Select Basename

then, act.

Note "apicals".
Time to save a new session file.

Geometry

CET T ol

e About .. Topology - Subsets & Geometry -, Biophysics .- Management Cortinuous Create

WSpecify Strategy | Distinct walues over subset

L
diam

Constant wvalue over subset

L

diam
=p[1] ares

bas =p
circuit
=11/ =T S | [e—
axon =p[2]
Spatial Grid

nseg
|l 2ambda
N EE

"Specify Strategy" is ON.
A good strategy is a concise strategy.
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Geometry strategy

Close Hide

=10l x|

we About .- Topology -, Subsets *> Geometry -, Biophysics - Managemert D Continuous Create

=p[1]
bas =
soma
=xon apl2]

||?Specify Strategy

Distinct walues over subset

all: L, diam, d_|lambds
apicals
soma

= @_
diam

Constant walue over sul

g o -
]
El
=3

circui

nseg
d_lambda
d_K

v _

bset

Each section has a different L and diam.
Compartmentalize according to A1gg Hz (d_lambda rule).

Implementing geometry strategy

Close Hide

=0l x|

w About . Topology - Subsets +* Geometry -, Biophysics .- Managemert D Cortinuous Create

forsec all [ ..

|D Specify Strategy
3 : L, diam, a

ap.L [um)

ap[1].L (um]

=p[2].L (um]

bas.L [um)

Hlambda_wif]*2 = diarm{4*P I**Ratcm)
i nseg = ~LAd_|ambda*ambda_w{100])
i fraction of space

1

Pl
I —

I | cm—
I | E—
I | o—

constant st 100Hz

[o/lo]

[ e o]

When strategy is complete, turn "Specify Strategy" OFF
and start assigning values to parameters.

d_lambda = 0.1 at 100 Hz usually gives good spatial accuracy.
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Implementing geometry continued

w About .- Topology -, Subsets *> Geometry -, Biophysics - Managemert Continuous Create

Specify Strategy
3 : L, diam, a

Set L and diam for all sections.
Time to save to a session file!

Biophysics
~-lojx]

w About +. Topology - Subsets .- Geometry E 3 Biophysics -, Management Cortinuous Create

Iispeclry Strategy

torsec all | ispecity

=R 1]
El

zomm
axon ap[e

"Specify Strategy" is ON.
Base the plan on shared properties.
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Biophysics strategy

||?Specify Strategy

forsec all { fspecify

Ra and cm are homogeneous | &~
ap[1] extracellular
ap[z] hh

||?Specify Strategy axon { specify
Y
apicals, soma and axon have hh :

cm

soma:  manage pas

ap

ap[1] extracellular
=p[2] hh

bas

IKON:  mManage

||?Specify Strateqy bas
all:  manage ... 'y =

bas has paS apicals:  manac

Soma:  manage

[ lispecify

pas
ap
ap[1] extracellular
gl hh
bas: manage .

=<ON:  Mmanage

Implementing biophysics strategy

|D Specify Strategy | forzec all {4 specify R=a

e — & Ra[ohm-cm]l IW
Double Ra apicals

Fix apicals hh params [

|D Specify Strategy
=ll

i gjas[SIcmZ]Ile.DD1 ;]
® Ra

L=11] e_pas [mY] -B5
Shifte_pasinbas |I&

gl_hh [Sfem2]

el_hh [m¥)

baz [insert pas

bas
¥ pas
axon
hh
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Save another session file!!

Management

Option 1: save as a Cell Type
for use in a network

4 Management D Continuous Create

& Cell Type . Export . Import ‘ Glints |

This is necessary only if the cell is used in a network

This creates a file that declares a cell type
with the current specification
Such a cell class is usable in networks and

can be employed by the network builder tool.

Classname

Cell

~r Select Qutput
soma.v(1)

Save hoc code in file
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Management continued

Option 2: save as hoc file

4 Management |:| Continuous Create

~ Cell Type ﬁExport e Import ‘ llots |

Ezxport to file {or top level with "Continuous")
i.e. does not encapsulate the cell in an object.

Kind of information exported

Topology (Destroys all existing top level sections)
Subsets

Geometry
Membrane

Exportto file

Management continued

Option 3: export to interpreter

Toggle Continuous Create ON and OFF

EContinuous Create

EContinuous Create

&Continuous Create

or just leave it ON all the time.

Copyright © 2007 N.T. Carnevale and M.L. Hines
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Step 2: creating and using an interface
for running simulations

bas ap[1]

ap

soma
axon ap[2]

We want to
 attach a stimulating electrode
» evoke an action potential
* show time course of Vm at soma
* show Vm along a path from one end of the cell
to the other
We need
* a "Run" button
* graphs to plot results
* a stimulator

Get a "Run" button

il NEURON M =10 x|

leomify

File Edit Build ToolsIGraph wWector 'andDWI

|Run Cortral .
Run Button l“'@
“ariableStep Control

Faint Processes

Oistributed Mechanizms
Fitting

Impedance

hodel Wi

hMowie Run

Mi=cellaneous

NEURON Main Menu / Tools / RunControl
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Init sets time to O, RuncontrOI panel
Vm to displayed value, and \ =10] x|

conductances to steady-state Close Hide

Init & Run does an Init, Init [y 44 |55—|§

then starts a simulation e R
Stop interrupts the simulation — | & |

Stop

Continue til runs until displayed time~_ (/... . [ms]d-'lj |5—|§

Continue for runs for displayed____ Cmimefw[ms]pﬂ |1—|§
interval

Single step advances by ; -
1/(Points plotted/ms) / s
t numeric field shows model time / USRS E 2
. . . dt [m=] ID 025 ;I
Tstop specifies when simulation ends
Pairts plottedims lj [a0 ;I

dt is integration time step;
must be integer fraction of Sorm update i ()| ] 755 4

1/(Points plotted/ms) W

Points plotted/ms is plotting interval

Single Step

We need to plot Vm(t) at soma

_ioix]

leomify

|Fi|e Edit Build Tools Graehl‘v"ector 'andDWI

Violtage axis

Current axis
State axis
Shape plot
Vector maowie

Phase Flane

Grapher

NEURON Main Menu / Graph / Voltage axis
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Graph window

I Graph ®-0.5: 5.5 y -92: 52 i ] 34
Close Hide I
40

w5
o | | | | |
1 2 3 4 5

40—

-850 —

v(.5) is Vm at middle of default section
(soma in this example)

We need to plot Vm along a path

_iix]

leomify

|Fi|e Edit Build Tools Graehl‘v"ector 'v'\ﬁndowl

Voltage axis

Current axis
State axis
Shape plot
Vector monwi

Phase Flane

Grapher

NEURON Main Menu / Graph / Shape plot
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Bringing up a space plot

i Shape » -824.931¢ -0l x|
EEE

P

Use this "shape plot" to create a "space plot".
Click on its "menu box" . . .

Bringing up a space plot continued

=10l x|
=
Miews . == 2 |
Axis Type
Mowe Text
Change Text
Delete
# section
20 Rotate
Redraws Shape /—Q
Shape Stie
Flot What?
Variable scala
Time Plot
Space Plot
Shape Plot

... and scroll down to "Space Plot".
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Bringing up a space plot continued

Click just left of the shape
Hold button down while dragging
from left . ..

...toright...

.. . then release button.

389

Thispopsupa...

Space plot

[ Graph x-972:1092 y -92: 52 i ] 4]

40—

-300 =300 300 a00

-40 —

.30 —

A plot of Vm vs. distance along a path.
Better save a session file.
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We need a stimulator
=10l |

leomify

|Fi|e Edit Euild ToolsIGraph “ector 'l.l'l.ﬁndowl

Rum Cortrol

Run Buttan
“fariableStep Contral
Poirt Processes Managers
Distributed Mechanisms
Fitting

|Pc\int Man=g
Wiewers | Poirt Group

Elactrode

Impedance
Model Wiews
Mowie Run

Miscellaneous

NEURON Main Menu / Tools / Point Processes
/ Managers / Point Manager

PointProcessManager window

[ PointProcessManag 10l =|

Close Hide
SelectPointProcess I

Showr I

None

at: soma(0.5)

<

To make this an IClamp . . .
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Creating an IClamp

L=

Close Hide

SelectPoint Process

none

IClamp E
Alphas; pse
ExpSan
ExpZSyn

SEClamp
YClamp

QClamp

AFCourt

HetStim

IntFire1

IrtFire2

IrtFired
PointFrocess Mark

... click on SelectPointProcess
and scroll down to IClamp.

IClamp parameter panel
=

Close Hide
SelectPoirt Process | I

Shiow I

IClamp[d]
at: soma(0.5]

ICI=mp 2]

del [ms) ID ;]

dur [ris] ID a

amp [nA) I a g

&) Mo

Next: set parameter values.
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Entering values into numeric fields

Direct entry

del (ms)

N

Note yellow highlight on button

Spinner

dur (ms)

Y

Red check means value has been
changed from default

Mathematical expression

amp (nA)

B ot

CNS*2007 NEURON Course

Our user Interface

Close Hide

=181x|

e

Time to save to a new session filel

Copyright © 2007 N.T. Carnevale and M.L. Hines
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It works!

[ Graph »-972: 1092 y -92:52

How to get nice space plot "movies"

i neumon vambena T

NEURON Main Menu / Tools / Movie Run
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Space plot "movies" continued

i)
Close Hide
Init & Run

o
Seconds per step [S]I I 0.0

Movie Run / Init & Run
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What if hh is nonuniform
over the apicals?

bas ap[t]

soma
axon ap[2]

Suppose gnabar_hh, gkbar_hh, and gl_hh
all derease linearly with distance
from the origin of the apical tree.

Details:
1. All have full density at origin of apical tree.

2. Density falls to 0% at most the most distant termination.
3. For uniform -65 mV resting potential, el_hh = -54.3 mV.

This example:
gnabar_hh =0.12 * (1 - p) where p = Lg,/Ljax

(normalized path distance from location x
to origin O of apical tree)

The general task: param = f(p), where f can be any function
and p is one of these "distance metrics":

» path length from a reference point
« radial distance from a reference point
* distance from a plane ("3D projection onto a line")

An equivalent hoc idiom:
forsec subset for (x,0) { rangevar_suffix(x) = f(p(x)) }
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o (=[]

wr About - Topology # Subsets e Geometry -, Biophysics «, Managemernt IEContinuous Create

il CellBuild[0]
select,

= Select Basename
then, act.

Parameterized Dormain Page

Select a subset, then click on
"Parameterized Domain Page"

SubsetDomainlterator continued

~ Management i&jnﬁnuous Create

Click on "Create a SubsetDomainlterator"

Copyright © 2007 N.T. Carnevale and M.L. Hines
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SubsetDomainlterator continued

+ Managemernt IEContinuous Create

zed Domain Specificatiol

meteri

Note "apicals_x" in middle panel.
Clickonit. ..

SubsetDomainlterator continued

e = .
ﬁ

w # Subsets e Geometry -, Biophysics - Management W:onti = Create

Parameterized Domain Specific

Path Length from root
with no translation

and no normalization

ges from 20 to 320

Shows domain walue

[nsiie prosimat s ]

| ]

p=470

. to see controls for specifying the distance metric.
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SubsetDomainlterator continued

+ Managemernt I?Continuous Create

Parameterized Domain Specification

=
L—
ki

Path Length from root
with no translation
and mo normalization

ranges fram 20 to 920

E Show domain value

"metric"” offers the three basic choices

SubsetDomainlterator continued

~ Management i&jnﬁnuous Create

Parameterized Domain Specification

Path Length from root

with no translation
and mo normalization

ranges from 20 to 920

Show domain value

proximal / Most proximal at O
makes distance start at root of apical tree

Copyright © 2007 N.T. Carnevale and M.L. Hines Page 39



CNS*2007 NEURON Course

SubsetDomainlterator continued

g (=[]

k1 # Subsets = Geometry ., Biophysics .+ Managemert Iitlontinuous Create

Parameterized Domain Specification

=
L—
-

Path Length from root

translated so most proximal end =t 0

and no normalization

ranges fram 0 to 9500

E Show damain value

p=450

distal / Most distal at 1
finishes "normalization"” of distance

Back to Biophysics Strategy

e = .

1w s Subsetz .- Geometry E 3 Biophysics - Management W:ontinuous Create

I?Specify Strategy

for apicals_x.loop[&:x,&p) {  specify

[l skoar_pin

ap[1
bas}%
Foma
aon apl2]

Click on apicals_x,
then select the parameters it will control.
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Biophysics Strategy continued

TN _iBix

+ Managemernt I?Continuous Create

|w8pecify Strategy for apicals_x.loop &=, &p) [ & specify rF s
all:  manage ... & sm
apicals:  manag [ gnabar_hh
apicals_x: man: gkbar_hh
S0MaE:  manage
- al_hh
=p[1] I_hh
=p[2]
bas: manage ..
axon:  manage |[—
|
|
Hirts bk

We want gnabar_hh, gkbar_hh, and gl_hh
to be inhomogeneous.

Implement the strategy

I -lo|x|

Hide

1w s Subsetz .- Geometry E 3 Biophysics - Management monﬁnuous Create

|D Specify Strateqy | # pis Path Length from roct

all i translated so most proximal end =t O
R= and normalized so most distal end at 1
=11

apicals and ranges from Do 1%
hh

for apicals_x.loop[ &=, &p] L

apicals_x
gnzbar_hh gnabar_hh(=]=f(p)

gkbar_hh % 1
_< al_hh =
soma | flp] show I
hh

== flp]= A0+ A1 + explk(d - p]))
pas

=Han A0 I L1}
hh
I n

| A

fipF0 ¥

p=05 —L 3 |0
d

| Hirts | IU—

I

Click on one of the inhomogeneous parameters.
Note that default f( ) is Boltzmann.
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Implement the strategy continued

=]
+ Managemernt I?Continuous Create
|D Specify Strategy # pis Path Length from root
all & tran=slated so most proximal end =t 0
R= and normalized so most distal end =t 1
cm
apicals and ranges from O to 1%
bk for apicals_xloop[&x, 8p){
apicals_x
gnabar_hh gnabar_hhix) =f(p)
gkbar_hh 1
gl_th =
soma | fipl | shows I
hh
bas Boltzrmann 1+ explk#d - p]J]
pas Ram
axon = il
hh pontia
|
=
|
Hirit=
—_—

f(p) / Ramp
selects linear function

Implement the strategy continued
I ol

Hide

1w s Subsetz .- Geometry E 3 Biophysics - Management monﬁnuous Create

|D Specify Strateqy | # pis Path Length from roct

translated so most proximal end =t O

all A
R= and normalized so most distal end at 1
=11

apicals and ranges from Do 1%
hh for apicals_xloop[&x, 4p]

apicals_x
gnzbar_hh gnabar_hh(=]=f(p)

gkbar_hh 1
al_hh
soma | flp] show I
hh
bas fipl=b + m*pAp1 - pd]
pas
=Han b 0.1z g
hh
I N Exram—_
flpE0.08 ¥

p=0.5
| Hirts |

After setting intercept b and slope m for gnabar_hh
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Save another session file!!

Verify the implementation

=10l x|
~ Management EContinuous Create
|D Specify Strategy | # pis Path Length from roct
all i translated so most proximal end st O
R= and normalized so most distal end =t 1
=]
apical and ranges from O to 1 %
hh for apicals_xloop(&x, &p]
apicals_x
gn=bar_hh grnabar_hh(x] = f(p)
gkbar_hh 1
gl_th =
soma | fipl | Show I I
(aly]
bas f(p) < Br=Fh
pas Showr fip] on shape
JHOMN o g g
(aly]
= =8l
i
| Hirts I

show / graph
show / Show f(p) on shape

Copyright © 2007 N.T. Carnevale and M.L. Hines Page 43



CNS*2007 NEURON Course

Verify the implementation continued

] | | | |
0 0.2 0.4 0& 0.8 1

o

"show / graph" results:
X axis: normalized distance from origin of apicals

y axis: gnabar_hh

Verify the implementation method 2

1. show / Show f(p) on shape
2. Click next to shape and drag . . .

... fromleft. .. ...toright. ..
flp 0105447 flp 00204634
p=0.121272 p=0.229422

ap (0.272275) ap[2] (0.692959)

. .. while watching the values of p and f(p)
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Verify the implementation method 3
NEURON Main Menu / Tools / Model View

0.1z
ty gnabar_hh
i
A
n.0s [~ e,
“,
004 — ’%\
‘+'*4
R
.
1 1 1 | M+

1] zon 400 B00 go0 1000

A simulation with the revised model

[ RunControl I (=]
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The Channel Builder

Voltage- and ligand-gated channels

Kinetic schemes, HH-style differential equations
Optional stochastic gating mode for point processes
Faster than equivalent NMODL mechanisms

Much easier to use than writing NMODL code

Limited to channels
NMODL needed for pumps, buffers, diffusion, event-driven
synaptic mechanisms, artificial spiking cells

Tutorial: see Documentation at NEURON's home page
http://www.neuron.yale.edu/

Conceptualize the task

lon selectivity
I/V relationship  ohmic / GHK (constant field)
Description of  HH style / kinetic scheme

dynamics
Gates independent identical subunits
fractional openness
Sensitivity voltage / ligand

Transition style alpha, beta / inf, tau
functions / tables
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Implementing the HH Iy,
with the Channel Builder

INa = INg (V - ENg) Where
Ong = gbaryg, meh
gbary, = 0.12 S/cm?

m and h are described by DEs of the form
dx/dt = alpha (1 - x) - beta x

How to proceed

1. Bring up a Channel Builder
2. Specify channel's basic properties
3. Specify channel gating

e states

¢ transitions (if a kinetic scheme)
¢ effects of voltage and ligands
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1. Bring up a Channel Builder

5 e v venu e

NEURON Main Menu / Build
/ Channel Builder / Density

The Channel Builder

RI=TE
[Een o ]
- [rropertes ]

We need to Change ItS name’ leak Dansity Mechanizm
Ion SeIeCtIVIty, MonSpecific ohmic ion current
default Conductance’ i_leak [mAdcmz) = g_leak * [v - a_leak)

oy . . gd = gmax

and equilibrium potential Darault gmax = 0 (S/om2) &= 0 (]

=

-
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2. Specify channel's basic properties

= ChannelBuild[0] manage (=] 1

Click on Properties,
then select item to change

Name

Properties / Channel Name ~ CIELGEMSSSE  -loix

Then change leak to myna B —
ol

== ==

CIELITE  -oix|

T
E==]| =
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lon selectivity

Properties
/ Selective for lon... / na

CNS*2007 NEURON Course

=10 x|

Default conductance
and equilibrium potential

Properties / Default gmax =loj x|

Specify 0.12 S/cm2

0.12

Equilibrium potential:
na has its own ena,
so nothing to do!
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3. Specify channel gating

i channelouiofo] managedyeIT=[1=

"Select here to construct gates”

rmyna Density Mechani=m
nz ohmic ion current

in= [mAfcmz) = g_rmyna * [v - ena)
g =agmax

Default grax = 0.12 [Sfiomz]

Select here to construct gates k I

=

"GateGUI": States page
[
I ChannelBuildGateGUI[0] for ChannelBuild[0] _I- _ID ll
+* States, . Transitions., Properies no gate selected
DOrag news state from left. Orag off canwas to delete
u}
C
o Adjust Run no KSTrans selectad
17—
oz
0e —
04—
0z
1 | | |
o
-a0 -d40 0 ED
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Spawn states

Close

4 States., Transitions., Prope

Orag new state from left.

Click and drag O ("open") .
from palette . . . k

u}
... to canvas. . [N

Repeat for C ("closed")

Rename states

Click O without dragging | ° Ko

=10/

Change state name

Change tom [

Change Cto h 2 moooh
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Page 54

"GateGUI": Properties page

[ ChannelBuildGateGUI[0] for ChannelBuild[0]
Close

Hide

=lol x|

s States,. Transitions4 Properties

m

Select hh state or ks transition to change properties

-
}

Selectm . ..

/ | [l

.. . to see all this

m' ==am*1- m)-bm*m

= F ™

Fractional Conductance

rn fraction 'j |‘1 g

+ Adjust D Fun

m=-=m [z, b) [KETrans[1]] re

os[—

05—

04—

0z

N\
WA

-0

-40

fual
T

D Display irf, tau
am
brn

T T
i i e

| EquationType I

Set m exponent

Change Power to 3

=10/

m*3

m' = am*1

- m]- br®m

[ | (e
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Specify voltage dependence
of am and bm

EﬁuationTEe I I

alpha beta
|am A
Abm ArexplkAv - d]]

Choose functional form P B — d
for am A+ explk(d - v D

KSChanTable

am = A% - expl-x]]where x = kv - d)
e

Aims) 1

Set parameter values )

d (] -400

due!

Do same for bm

[ ChannelBuildGateGUIL0] for ChannelBuild[0] i ] ]

Close Hide

+s States., Transitions4 Properties mea

' = am*1 - m]- bm?
Select hh state or ks transition to change properties m = BH( - )= B

e [ gcm—

Fractional Conductance

m properties s l—
after configuring am and bm

+ adjust D Run M= mia bl (KSTrans[]) A

D Display inf, tau

R
:m am = A1 - expl-x]] where x = k*wv - d)
Alfmz=]) 1
TE [
k [#m) 0.1 g
d [m¥) |-40 g
57 [
b = Arexplk*v - d]])
BE Alims) 4 Y
K [#m) -0.055556 g
19 [
d [m¥) B8 g
| | | |
T :
-a0 40 0 &0 EquationType I ¥
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[ ChannelBuildGateGUI[ 0] for ChannelBuild[0] - |EI|1|

s States., Transitionz4 Properties h
ht = ah*[1 - h]- bh*h

Select hh state or ks transition to change properties
PR Lo
m h

Fractional Conductance

h properties = i

after configuring ah and bh

+ adjust Run heshia,bl  (KSTransM])

E Display inf, tau

ah ah = Atexp(kiv - d)))

bR
Ec— |
e Y|
I -£5 i

bh = A1 + expl-kHd - w ]l

E 2l

xm—

[E—
[Beens ]

-a0

Testing

[ RunControl M [=] S| Wl il Graph Crosshairx -1: 11 y 92252 =10 x|

=10 =]

i ChannelBuild[0] manageis =]

ICiamp ]

at: soma(0.5)
myna Density Mechanism

@ ehmic ion current

ICiamp ]

i Jemk (maomz) = g_leak * (v - &_leak

g=amax®m"3*h

Default gmas = 0.12 ($fem2)
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NMODL

NEURON Model Description Language

Add new membrane mechanismsto NEURON

Density mechanisms Point Processes

® Distributed Channels ® Electrodes
® |on accumulation ® Synapses
Described by

® Differentia equations
® Kinetic schemes
® Algebraic equations

Benefits

® Specification only -- independent of solution method.
® Efficient -- trandated into C.
® Compact
O One NMODL statement -> many C statements.
O Interface code automatically generated.
® Consistent ion current/concentration interactions.
® Consistent Units
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NMODL general block structure

What the model looks like from outside

NEURON {
SUFFI X kchan
USEI ON k READ ek WRITE i k
RANCE gbar, ...

}
What names are manipulated by this model

UNETS { (nmV) = (nillivolt) ... }
PARAMETER { gbar = .036 (nho/cn2) <0, 1le9>... }
STATE{ n ... }

ASSIGNED { ik (m¥cnR2) ... }

Initial default values for states

INITIAL {
rates(v)
n = ninf

}
Calculate currents (if any) asfunction of v, t, states

(and specify how states are to be integrated)

BREAKPO NT {
SOLVE deriv METHOD cnexp
ik = gbar * n*4 * (v - ek)
}

State equations

DERI VATI VE deriv {
rates(v)
n" = (ninf - n)/ntau

}
Functions and procedures

PROCEDURE rates(v(nv)) {
.
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UNI X

nrni vrod|
nrngui

MSWIN
P ANNEURON
|

rnk.rrndll Choose direstory [containing .mod files ) for creating nrnrmech.dll
ﬁ Recert directorie
- Chioose directory
AL

Select NEURON Main Menu / Build / single compartment

lcomify

File EditlEuiId Toolz  Graph  ‘ector  Windoow

|5ing|e compartrfgrq

Cell Builder
Metwork Cell
Metwiork Builder
Limear Circuit

Channels
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Density mechanism

Point Process

NMODL
NEURON { NEURON {
SUFFI X | eak PO NT_PROCESS Shunt
NONSPECI FI C_CURRENT i NONSPECI FI C_CURRENT i
RANGE i, e, g RANGE i, e, r
} }
PARAMETER { PARAMETER {
g = .001 (mho/cnR) <0, 1e9> r = 1 (gigaohm <le-9, 1e9>
e =-65 (mllivolt) e =0 (nmllivolt)
} }
ASS| GNED { ASS| GNED {
i (mllianp/cnR) i (nanoanp)
v (mllivolt) v (mllivolt)
} }
BREAKPO NT { BREAKPO NT {
i =g*(v - e) i = (.00)*(v - e)/r
}
GUI
- Sel ect Poi nt Pr ocess
soma Show |
pas Shunt[0]
hh at:soma(0.5)
leak
Interpreter
soma {
i nsert |eak objref s
g_leak = .0001 soma s = new Shunt (.5)
s.r =2
print soma.i | eak(.5)

Page 60
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lon Channdl

NEURON {
USEI ON k READ ek WRI TE ik

}

BREAKPO NT {
SOLVE states METHOD cnexp
ik = gbar*n*n*n*n*(v - ek)

}
DERI VATI VE states {

|lon Accumulation

NEURON {
USEI ON k READ i k WRI TE ko

}
BREAKPOI NT {

SOLVE state METHOD cnexp

}
DERI VATI VE state {

rate(v*1(/ nv)) ko’ = ik/fhspace/ F*(1e8)
n = (inf - n)/tau + k*(kbath - ko)
} }
20 20 1 soma.ko(0.5)
v(.5)
15 1
0 L
( 2 4 6 8 10 10 F
40 T 5t
L soma.ek(0.5)
-80 -~ 0 |
0 2 4 6 8 10
2.0 soma.ik(0.5)
20 1
1.0
0.0 ‘
0 2 4 6 8 10
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Achase
Vesicle
Oa
0 = Oa
Ach Noo
: (Z/A Internal Free Calcium
ica
—_— O\ O\ O\ O\
O O O O
Saturable Calcium Buffer
STATE {

Vesicle Ach Achase Ach2ase X Buffer[N] CaBuffer[N] Ca[N]
}

KINETIC calcium_evoked_release {
. release
~ Vesicle + 3Ca[0] <-> Ach (Agen, Arev)
~ Ach + Achase <-> Ach2ase (Aase2, 0) :idiom for enzyme reaction
~ Ach2ase <-> X + Achase (Aase2, 0) : requires two reactions

. Buffering
FROM i = 0 TO N-1 {
~ Ca[i] + Buffer[i] <—> CaBuffer[i] (kCaBuffer, kmCaBuffer)

:Diffusion
FROM i = 1 TO N-1 {
~ Ca[i-1] <> Ca[i] (Dca*a[i-1], Dca*b[i])

: inward flux
~ Ca[0] << (ica)

Page 62
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UNITS Checking

NEURON { POl NT_PROCESS Shunt ... }

0 (millivolt)

PARAMETER
e
r 1 (gi gaohm <le-9, 1e9>

I mn—

}

ASS| GNED {
i (nanoanp)
v (mllivolt)

}

BREAKPO NT {
i =(v - elr
}

Units are incorrect in the "i = ..." current assignment.
The out put from

modl uni t shunt

Checki ng units of shunt. nod
The previous primary expression with units: 1-12 coul/sec
I's missing a conversion factor and shoul d read:
(0.001)*()
at line 14 in file shunt. nod
I = (v - e)fr<>

To fix the problemreplace the line wth:

i = (.001)*(v - e)/r

What conversion factor will make the following consistent?

nai’ = i na / FARADAY * (c/radius)
(uM nes) (m¥cnR) / (coulonmb/nole) / (um
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The Linear Circuit Builder

For building models that have linear circuit elements
and may also involve neurons

Circuit elements include ground, current & voltage
source, R, C, op amp

Potential applications include

e effects and compensation of electrode R & C
¢ two-electrode voltage clamp

e ohmic and nonlinear gap junctions

1. Bring up a Linear Circuit Builder

lzonify

Fil=  Edit BuiIdI Toolzs Graph “ector "Mndnwl

single compartrment
Cell Builder
MNetwork Cell

=10/ x|

MetWaorlk Builder

Linear Circuit

Channel Builde

NEURON Main Menu / Build / Linear Circuit
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The Linear Circuit Builder

i LinearCircuit[0] =10] x|
Close Hide

: # Arrange

wire W Label
A I’eSiStor v FParametars
f we Simulate

== Capa‘CItor Feep Connected
— voltage source Hinte

current source
ground

+

operational amplifier
Qintracellular node
Y

intra- and extracellular nodes

Arrange: spawn components

Click on palette and drag onto canvas

i LinearCircuit[0]

Close

R1

i

—4
5
3

B LinearCircuit[0]

Close

=

S
—+ Rt

. L vy
b
=

s
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Arrange: connect components

Click and drag to R1 2
(WAL
overlap red circles Sl

Black square is S gg—)

"solder joint"

Pull apart to break connection

Label: move labels
¥ e
_ R 2 e
Click and drag E\gv—{q YT
to new location
L FParameters

R1 cZz % Simulate

e & Mowve
B%-‘ ii Ehanle
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Page 68

Label: change labels 1

I (o
Arrange
x Label

v FParamesters

Clickonalabel ... = Wq

... to change its name

Label: change labels 2

g

Arrange
x Label
c L P:arameters
R v Simulate

Click on a node . .. Mi

.. . to label a voltage
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Parameters: non-source elements

E _inix)

we Arrange
L=kl
x FParameters

vi P C w Simulate .
e | Click on
+ Parla\me‘ters " "
i ﬁ' 2y ] Parameters
A Turn off consistency checking

Parasitic aFbattery mOhm
il values for Lineas o ]
Frimt hi=triz Infn'
Close Hide I

Hirits |
R [Mahirn) [4 ;I
 [nF) | I [4 ;I

Parameters: signal sources

B =10l x|

Hide

v Arrange
Label

x Parameters
v Simulate

FParameters

[sourceiin] |

Turn off consistency checking
k Parasitic aFbattery mOhm

Source f(t) / B i

Prirt M=atriz Info

Hirts
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Parameters: sighal sources continued

i F(t) for B of Linea =10 x|
Claze Hide I

External Stim Pattern

durid {ms] 1 &
ampd [ ID_E
dur 1 [ms] 1 A
ampd () 1 &
dur? [m=s) W
amp2 [m) ID_E

twes is Yector [3616]
amp is Yector[2615]
amp is Yector[3615]

Configured

Simulate: creating a graph

N ol x]

v Arrange

v Label
Parameters

R E # Simuizte

Wi o
5 + i Farameaters |
Source flt) I
Initial Conditions

States
e

NeW Graph Mews Graph

Name map

=1

Hirt=

i
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Simulate: specifying what to plot
JAT=IE

| Close Hide

08 [—

PlotWhat? / variable label

Simulate: simulation results

il LincirGraph[0] for LinearCircuit[0] — |EI|5|
Close Hide
Flothvhat? I
1=
i [
o (')
as [—
0eE —
04 [—
0z —
o | |
u] 1 2 3 4 5

After minor cosmetic changes
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Patch clamp with electrode R and C

Rel

Rez
Ve ¢

lclamp Ci :;! s
somal0.5

.vm

= | LincirGraph[1] for LinearCircuit[0] [ET = | LincirGraph[0] for LinearCircuit[0] [
Close Hide Close Hide
PilotWhat? | PilotWhat? |
e lclamp (n&) 30~
e 10 | |
0B [ e 101 102
04 -30
0zt ek
- | | |
100 101 102 103 104 108 -70

]
Close

LinearCircuit[0]

NEURON demo: dynamic clamp

x|

v Arrange
~ Label

~ Parameters
& Simulate

Parameters I

Sowurce 1(t)

Initial Conditions |

Hide
b’ e i —|
nth(0.5) '
v
v Rel -
§: Rez
soma(0.5)

Page 72
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Compartmental M odeling

Not much mathematics required.

Good judgment essential!

fpian

=
N
w

NN

Y
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Forward Euler

1.00

y' =f(y)
080 | YD YO <y
\
y(t+ df) = y(t) + dt *f(y())
0.60 -
0.40 -
020 -
0.00
0
t
1720
Vl — NN\ V2
1 1
0 0, /=
V \Y%
2
dt Forward
15
.02/2 Euler
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0.20
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15

0.5

15
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Backward Euler

y' =1(y)

y(t+dt) - y(t) _

r N\ dt - f(y(t+dt))

\\ y(t + dt) = y(t) + dt *f(y(t + dt))

0 0.2 0.4 0.6 0.8 1

Vi T3S
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Crank—Nicholson

1.00 y =f(y)
y(t+dt) —y() _
080 | g = f(tdu2)
\ y(t + dt) = y(t) + dt *f(y(t+dt/2))

060 |
040 |
020 |
0.00

0

Cvode.atol(1e-3)

Cvode.atol(1e-1)
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40 — CN dt=.001 ms
CN dt=.025 ms
CVode atol = 1e-2
mV
0 | | | |

4 ths

Implicit dt=.025 ms
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Networks:
spike-triggered synaptic transmission,
events, and artificial spiking cells

1. Define the types of cells
2. Create each cell in the network
3. Connect the cells

Communication between cells

Gap junctions

Synaptic transmission
graded
spike-triggered

Copyright © 2007 N.T. Carnevale and M.L. Hines
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Graded synaptic transmission

Physical system:

A presynaptic variable governs
continuous transmitter release

Transmitter modulates
a postsynaptic property
Vpre
gSyr]post = f(Vpre)
gsynpost

Problem: how does postsynaptic cell know Vpre’?

Graded synaptic transmission continued

POINTER links postsynaptic variable
to presynaptic variable

NEURON {
PO NT_PROCESS Syn
PO NTER v_pre

}

hoc usage

obj ref syn
dend syn = new Syn(0.5)
set pointer syn.v_pre, precell.axon.v(1)
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Spike-triggered synaptic transmission

: O .
Physical system:
Presynaptic neuron with axon
that projects to synapse on target cell

Conceptual model:
Spike in presynaptic terminal
triggers transmitter release;
presynaptic details unimportant
Postsynaptic effect described by
DE or kinetic scheme that is perturbed by
occurrence of a presynaptic spike

Spike-triggered transmission:
computational implementation

Basic idea
Complete
representation
of propagation Spike Synaptic Postsynaptic
from spike init. detector latency S/ region
zone through
axon to terminal

More efficient: "virtual spike propagation”

Delay
Spike : conduction -
Il g Spike Postsynaptic
initiation latency ng ;
zone detector N region
synaptic
latency
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The NetCon class

hoc usage

net con = new Net Con(source, target)
presecti on netcon = new Net Con(&v(x), \
target, threshold, delay, weight)

Defaults

threshold = 10
delay =1 // must be > 0
weight = 0

NMODL specification of synaptic mechanism
NET_RECEI VE( wei ght (m crosi enens)) {

}

Efficient divergence

Multiple NetCons with a common source
share a single threshold detector

Spike - _
LY Spike Postsynaptic
initiation Delay 0 ng ;
zone detector region 0
Postsynaptic
Delay 1 gsg region 1
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Path 0
O/ O
Path 1
Multiple NetCons can share

a single target (many inputs,

but only one equation)
Spike Spi :
SHIRE pike Postsynaptic
'chlj,'lzt'g n detector O Delay 0 region
Spike Spike
|chl)tr|]2t|10 n dgtector 1 Delay 1

Example: g, with fast rise
and exponential decay

NEURON {
PO NT_PROCESS ExpSyn
RANGE tau, e, i
NONSPECI FI C_CURRENT i
}

decl arati ons .
INNTIAL { g = 0}

BREAKPO NT ({
SOLVE state METHOD cnexp
I = g*(v-e)
DERI VATI VE state { g = -g/tau }

NET_RECEI VE(w (uS)) { g = g + w}

Copyright © 2007 N.T. Carnevale and M.L. Hines
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g With fast rise and exponential decay
continued

g' R I

V ~ N\ M

BREAKPO NT {
SOLVE state METHOD cnexp
i = g*(v-e)
DERI VATI VE state { g = -g/tau }

NET _RECEI VE(w (uS)) { g =g + w}

Example: use-dependent synaptic plasticity
0.003 —
us
0.002 o r\ (\
b N
N

0 20 40 60 80 100

GSyn[0].g

i

([

[
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Use-dependent synaptic plasticity continued
BREAKPQ NT { GSyn[0].9 taul =1
SOLVE state METHOD cnexp oo — tauz =5
g=B- A | e
i = g*(v- e) 0002 = g_tau2_2221
} inc
DERI VATI VE state { - “ ““\“ “~“
A = -Ataul
B = -B/tau2 0 L‘!&gggggg'g SN ~ :
} 0 20 40 60 80 100
NET_RECEI VE(wei ght (uS), w, Gl, &, t0 (ms)) {
INITIAL {w=0 G1l=0 &2=0 tO0=t}
Gl = Gl*exp(-(t-t0)/ G aul)
& = &*exp(-(t-t0)/ Gau2)
GL = GL + G nc*G actor
& = & + Gnec*G actor
to =t
w=wight*(1 + & - Gl)
g=9g+w
A= A+ wfactor
B =B + wfactor
}

Artificial spiking cells

“Integrate and fire" cells

Prerequisite: all state variables must be
analytically computable from a new initial condition

Orders of magnitude faster than numerical integration

Event-driven simulation run time is
proportional to # of received events
independent of # of cells, # of connections,

and problem time

Hybrid networks
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Example: leaky integrate and fire model

S1 LI I L
52 L L1 11 | I

1 =

08 -

06 -

04

02

o 1 | 1 1 ]
0 20 40 60 80 100

Leaky integrate and fire model continued

NEURON {
ARTIFICIAL _CELL IntFire
RANGE tau, m

}

decl arations .
INNTIAL { m=0 t0 =t }
NET _RECEI VE (w) {
m = ntexp(-(t-t0)/tau)
t0 =1t
m=m+ w
if (m>1) {
net event (t)
m=20
}
}
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IntFire2

IntFire4
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1

IntFire1[0] 08
tau (ms) 10 ;] 06
refrac (ms) | 5 ;] o4 IntFir21[0].M
m 0 ’ \
0.2 \\
o | I~ 1 | |
0 20 40 60 80 100
1
IntFire2[0] IntFire2[0].1
taus (ms) IZO—E 08~
taum (ms) 10 ;i L —
08 ——
ib [os B
m 0 04
: - IntFire2[0].M
m 0 0.2 7
0 1 | | 1 ]
0 20 40 60 80 100
IntFire4[0]
taue (ms) 5 g 05
taui (ms)|[_] [10 =l IntFire4[0].M
N 03[
22 120 ml IntFire4[0].E 5
taum (ms) [ _{ [50 2| 01 | \L | L
e I° ot zf\ 0 60 — 700
i o]
0 [ 031 ‘”’F”EAQ InFiredM__
—
m_J° 05— ——

Defining the types of cells

Artificial spiking cells
ARTIFICIAL_CELL with a NET_RECEIVE block
that calls net_event

NetStim, IntFirel, IntFire2, IntFired4

Biophysical model cells

"Real" model cells
Sections and density mechanisms

Synapses are POINT_PROCESSes
that affect membrane current
and have a NET_RECEIVE block,
e.g. ExpSyn, Exp2Syn

Copyright © 2007 N.T. Carnevale and M.L. Hines
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Defining types of biophysical model cells

Encapsulate in a class

begi ntenpl ate Cel |
public soma, E, |
create sonm

objref E, |
proc init() {
soma {
insert hh

E = new ExpSyn(0.5)

new Exp2Syn(0. 5)
l.e = -80

}

}
endtenpl ate Cell

objref bag_of cells
bag _of _cells = new List()
for i =

1, 1000 bag_of cells.append(new Cell ())

for each target cell {

}
}

Connecting cells
Hint: outer loop should iterate over targets

for each source that projects to this target cell {
set up a NetCon that connects source to target

Page 88
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40
Iﬁlulll |
| | I I
Global Step | |II I| |III
I I h,
! ! I ! N )
0 1 2 [ 3 ! I | 5
113 points I I|I I
107 advance | "'I
5interpolate | II||II
4init ! | Iy,
a0l 177 f(y) | III |||III
I ! I
1! L |
i I=|I|II||H : Y 11 IIII
[ ] [ |I||
= Ilfln n, |""""'I|,
Local Step ! 'I,II f h,
! I |I Y
| | | |
o ! ! I ! I 1 ]
1 2 II 3 T 5
78 points 71 points h II
limerpome | e ' (177%8)/(138*4+ 115%4) = 14
2init | 3init 1 1
- 138y) ¢ 15y
I I
I !
! ! | ! |
RN | |II||III|I| | | g ! |II
|III
-80

One integrator instance per cell
Uij: ta; < th

ta t th
O o0
O @ advance
Oe @ interpolate
init
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:@

20 e
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I |
1 O o
20 e
i |
1 O ()
2 O ()
I |
1 O [
2 O ®
I |
1 O. [ J
2 O o
|
1 O e ()
2 O ()
|
1 ®
2 O [
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|
1 @
2 O ®
|
1 Oe
2 O ()
|
1 O [
2 O ®
| |
1 O o
2 O o
— |
1 O [
2 O ()
i |
1 O o
2 O [
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i i

1 O [

2 O ° [ J
i

1 O [

2 O ° [ J
i

1 O [

2 @
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Parallel Computation

"Faster" is the only reason

But...

greater programming complexity

new kinds of bugs
...and not much help for fixing them.

Can the day or week of user effort be recovered?

8192 processor EPFL IBM BlueGene
1 hour at 700MHz
3 months at 3GHz

Parallel Computation

A simulation run takes about a second
want to do 1000’s of them,
varying a dozen or so parameters.
e Screensaver calin-Jageman and Katz, 2006
e Bulletin—board (Linda)

A simulation run takes hours.
want to spread the problem over several machines.
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Parallel Computation

A simulation run takes hours.
want to spread the problem over several machines.

Network
Subnets on different machines

Cells communicate by:

logical spike events with significant
axonal, synaptic delay.

postsynaptic conductance depends
continuously on presynaptic voltage.

gap junctions

Parallel Computation

A simulation run takes hours.
want to spread the problem over several machines.

Single cells

portions of the tree cable equation on
different machines.
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PostCell

PostSyn

PostCell

PostSyn

NetCon /”
7

'

nc =
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CPU 2
PreCell CPU4 PostCell
PostSyn
NetCon ,"
//
///
Vg
PreSyn
CPU 2
PreCell CPU 4 PostCell
PostSyn
PreSyn

pc = new Paral |l el Cont ext ()
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CPU 2
CPU4

gid=7
gid=9

Every spike source (cell) must have a global id number.

CPUO CPU 3 CPU 4
pc.id 0 pc.id 3 pc.id 4
pc.nhost 5 pc.nhost 5 pc.nhost 5
ncell 14 i ncell 14 ncell 14

gid gid gid
0 3 4
5 8 9
10 13

An efficient way to distribute:

for (gid = pc.id; gid < ncell; gid += pc. nhost)
pc. set gi d2node(gi d, pc.id)

}

body executed only ncell/nhost times, not ncell.
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CPU 2
PreCell CPU 4

gid=7
gid=9

Create cell only wherethe gid exists,

if (pc.gid_exists(7)) E
1

PreCell = new Cell ()

CPU 4

Associate gid with spike source.

nc = new Net Con(PreSyn, nil)
pc.cell (7, nc)
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CPU 4 PostCell

PostSyn

Create NetCon on CPU wheretarget exists.

nc = pc.gid _connect (7, PostSyn

Run using theidiom

pc.set_maxstep(10)
stdinit()
pc.psolve(tstop)

pc.set_maxstep() uses
MPI_Allreduce
to determine minimum delay.

| any spike here must be delivered here

| minimum delay |
exchange exchange
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CPU 4

PostCdll
PostSyn

CPU 4 PostCell

PostSyn

O
N

I
Cymm
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MPI_Allgather

Oymm

Cymm

CPU 4

CPU 4
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PostCdll
PostSyn

cpu 2

cpu 3

cpu 2

cpu 3
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Santhakumar et al. (2005)

500 -

400 -

300 4

cell number

200 +

100 +

100 150 200
time (ms)

100

Trun (sec)
(%))
S

N
(=1

10

250

2500

2000

1500

1000

500

1600

Davison et al., (2003)

400 800

time (ms)

1600

Bush et al., (1999)

100 200 300 400 500

time (ms)

® Mac G5

O Beowulf 32-bit

A Beowulf 64-bit
IBM Linux cluster

1 2 4
number of processors

8 16 32 64 128 256 512 1

4 8 16 32 64 128 256 512
number of processors

1 2 4 8 16 32 64 128256 512
number of processors

25000 cells

25000

20000

15000

10000

5000

189953 output spikes

102,617,500 NetCon objects

~760,000,000 input spikes

20010
20005 [~ ;“
20000
10005

19990
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M or e Efficient Spike M anagement

Reduce integration interval to < 256 dt steps, code the double spiketime as a byte.

If there are < 256 cells on each CPU code the int gid as a char local_id.

Select reasonable MPI_Allgather buffer size to send n spikes before
requiring an MPI_Allgatherv overflow message.

Bin Queue (Requires fixed step method)

need at least maximum NetCon delay / dt bins

ARTIFICIAL_CELL SelfEvents bypass queue

(Requires the integration interval be <= the positive global minimum NetCon delay)

On every incoming NetCon event check to seeif SelfEvent <t

After each integration interval iterate over outstanding SelfEvents
to deliver al that are <t.

256

sec

16

Bush, Prince, & Miller (1999) J. Neurophys. 82:1748
Increased pyramidal excitability and posttraumatic
u e e n e epileptogenesis without disinhibition: a model.

4096 700MHz dual processor Powerpc64

runtime
———-  ided
O computation time

@ runtime (spike exchange
compression + bin queue)

N \+
1 1 1 >4 |
125 500 #cpu 2000 T 8000
#cells #states #netcons #outputSpikes #spikedeliver

10k 444,664 17,167,785 31,118 52,040,794
20k 888,664 68,655,566 33,960 110,634,002
40k 1,777,664 274,591,128 69,529 452,987,907
80k 3,553,664 1,098,302,267 294974 2,147,483,647
160k 7,107,664 4,393,084,577 844,175 22,847,784,937
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Artificial Spiking Net Performance

256
point process

artificial cell

+ self events not on queue

spike compression + bin queue

A N
262144 > o
N

N
®

@ 'untime
O computation
———— ided

1
512

1
128

]
2048 8192

#CPU

Each cell fires randomly every 10 to 20 ms.
65K cells, 1000 random connections per cell
256K cells, 10,000 random connections per cell

tstop = 200(ms)
delay = 1(ms)
weight =0

Gap Junction Specification

Continuous Voltage Exchange

pc.source_var(&source_var, sgid)
pc.target_var(&target var, sgid)

pc.source_var(&sl.v(x1), 1)

S1.V(X1) <—ap39d

o ———

~
7
‘/ sl {gl = new HalfGap(x1) }
\\\ gl.vgap

t——————

pc.target_var(&gl.vgap, 2)

gap.mod

NEURON {
PO NT_PROCESS Hal f Gap
ELECTRODE_CURRENT i
RANGE r, i, vgap

}

PARAMVETER { r = 1e9 (rmegohn) }

Page 106

pc.target_var(&g2.vgap, 1)

o ————

~
g2.vgap N
s2 { g2 = new HalfGap(x2) } ,\
~ //

——— ———

2 <—sS2.V(X2)
pc.source_var(&s2.v(x2), 2)

ASSI GNED {
v (mllivolt)
vgap (mllivolt)
i (nanoanp)
}
BREAKPOINT {i = (vgap — v)/r }
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Pittsburgh Supercomputing Center
Cray XT3

2068 2.4 GHz Opteron Processors

Bigben

Traub et. al. (2004) J. Neurophysiol 93
A single column thalamocortical network model
4000
3000 []
L ol
g X % b
2000 [
.‘4
g M ol I
K 1‘ ot M ”'i ’i
)
J B )
1000 @* i u‘\‘ | b ‘fh
o
0
0 20 40

r’
\‘u
!

3560 cells 14 types
3500 gap junctions
5,596,810equations

" 'u i) 'M""‘ i

i M.‘ WW

73,465 spikes

1,122,520 connections
19,844,187delivered

epileptogenic bursts.

400

1024 —
256 |
® Runtime N
64l ~~ ldealruntime >~
© - Spike exchange time I~
\I Mean, max, min Computation time
16 |- . . .
+ Mean, max, min variable transfer time
41
1L
\ \ \ |
25 50 100 200
#CPU
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Traub et. al. (2005) J. Neurophysiol 93: 2194
A single column thalamocortical network model
exhibiting gamma oscillations, sleep spindles and

~
- 8516
5954
3560 cells 14 types
3500 gap junctions
5,596,810 equations
73,465 spikes
1,122,520 connections
19,844,187 delivered
|
800
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L oad Balance

7 cells 3 cpus (or heterogeneous cells)

Round Robin Fill cpui ...
up to (total complexity) / ncpu

AT

(o8]

N
N

N
=

3
2 3 1 _2_ 3

overflowoncpui +1

o

but... what isthe overhead of splitting a cell?

d a d a
Optimal Gaussian elimination: b d a d a
Triangularize from leavesto root. b d a d a
b d a d
b d a b d
b d a b d
Any treecan besplitintotwo  * ¢ b d
subtreeswith a shared root node.
d a d a d a
d a d=db+da b d a d a d a
b d a r=ra+rb b d a d a d a
b d a b db db + _d
b|d|a X
b d a da a da d
b da b d a b d b d
b d b d a b d b d
b d b d b d

Also exchangeraand rb.

No changein Stability
Accuracy
Complexity
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equations
356 cells 559,808

10 nRT (2306)
10 TCR (5237)
10 deepLTS (2306
10 deepaxax 5230 ;
10 deepbask (2306

50 nontuftRS (1789)

20 WftRS (2304)
80 tuftiB (2304)

24 spinstell (2140)

9 supLTS (2306)
9 supaxax 523063
9 supbask (2306
5 suppyrFRB (2926)

100 suppyrRS (2926)

885,312 total
1,298,688 with synapses

1024
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1/10 size Traub model

350

bl
‘ﬁ " M LI LTI T Y VR
W“ m," ‘l“w “ !

-iﬁu ?‘ ’i‘\ ‘le'

280

210

260

JJJﬂﬂﬂﬂﬂﬂb

140

RN

70

0 1 1 1 1 J
200 400 600 800 1000
round robin . split cell

ncpu avgload maxload metis maxload

32 40584 42870 6% 1% 40963 0%

64 20292 23310 15% 5% 20496 1%

128 10146 13350 32% 18% 10260 1%

256 5073 9461 86% 57% 5237 3%

512 2536 5475 116% 116% 2839 11%
Q SDSC IBM DataStar

\\ 272 (8 way) 1.5 - 1.7 GHz nodes
N
N
) N
N
N
e
N
@
.~ @
. N
@ unbalanced runtime AN
. N
@ balanced runtime g ~
OO average computation time

ideal

©e

16
16
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#CPU  Runtime (s)

1 19.1
3 6.5

40 —

mV
0 J

ad ad ad 444 $00

-40 H
v

,80 —

ms
rank section X sid exact

0 dend[ 113] pc.multisplit( 0, 0, 1)

1 apic[67] pc.multisplit( 0, 1, 1)

2 soma pc.multisplit(.5, 0, 1)
2 apic[65] pc.multisplit( 1, 1, 1)

Total complexity: 1028
1 CPU runtime: 92.6 (s)
#CPU: 32
Ideal Runtime: 2.9 (s)
Actual Runtime: 10.7 (s)
perfect load balance —> 32 —>
expected runtime 5.75 (s)

10 —
I m Exchange o
8 —
-
(9
6 -
41—
[ J
2+
s
0
0

Complexity (#compartments)
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