2015 Using NEURON to Model Cells and Networks

Schedule of Presentations

NTC Ted Carnevale
MLH Michael Hines
RM Robert McDougal

Morning session

Time Speaker Title Page
9:00 AM MLH Welcome 3
9:05 NTC NEURON: a brief tour 5
NTC The basics 9
NTC Construction and use of models 19
NTC Using the CellBuilder to make a stylized model 20
NTC Creating and using an interface 32
for running simulations
10:15 NTC The Linear Circuit Builder 43
10:30 Coffee Break
10:45 MLH Using NMODL to add new 51
biophysical mechanisms
11:15 MLH Numerical methods: accuracy, stability, speed 59
11:30 AM NTC Networks: spike-triggered synaptic 65
transmission, events, and artificial spiking
cells

12:15 PM Lunch

Afternoon session

1:15 PM MLH Numerical methods: adaptive integration 75
and events

1:30 MLH Parallelizing network simulations 79

2:00 RM NEURON with Python 95
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3:15 Coffee Break

3:30 RM ModelDB and other resources for 115
computational neuroscience

4:00 RM Reactive Diffusion 129

4:45 MLH Future directions

5:00 End of afternoon session

Receipt and Survey last two pages

We value your opinions and suggestions for improving this course. Please take a moment to
fill out and hand in the survey.
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NEURON: a brief tour

A tool for empirically-based models of neurons
and neural circuits

Open source project directed by Michael Hines

Active development and user support

Documentation, tutorials, and forum at
http://www.neuron.yale.edu/

Courses
SFN meetings
summer course at UCSD and elsewhere

other courses

The NEURON user community

Used by experimentalists, theoreticians, and educators
for neuroscience research and teaching

As of September 2015
* more than 1600 publications
* more than 1700 subscribers to mailing list and forum
http://www.neuron.yale.edu/phpBB/
* source code for >500 published models at ModelDB
http://modeldb.yale.edu/
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Specifying and using models with NEURON

Model specifications written in hoc and/or Python
and/or

created with GUI tools (work via hoc)
CellBuilder, Channel Builder,
Network Builder, Linear Circuit Builder

Add new functionality with NMODL (compiled)
ion channels, synaptic mechanisms
signal sources
accumulation, diffusion, transport, reactions
described by ODEs, kinetic schemes,
algebraic equations
events, state machines, artificial spiking cells

Add reactive diffusion (uses Python)

Not model specification, but necessary

Instrumentation
stimulators, current or voltage clamps
plotting and recording variables

Simulation control
default and custom initializations
integration methods
fixed time step
adaptive integration
event system useful for implementing
"experimental protocols"

User interface
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Other features

Parallel simulation
multithreaded execution
embarrassingly parallel problems
distributed models

Optimization tools

Model analysis
Impedance tools
ModelView

Import3D for detailed morphometric data

Where to learn more

The NEURON Book

NEURON's home page neuron.yale.edu
Documentation
hints and tutorials
FAQ list
key papers about NEURON
Programmer's Reference
Courses

The NEURON Forum neuron.yale.edu/phpBB
Getting started
Hot tips
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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
system model model

dendrite
create soma, dendrite
soma connect dendrite(@), soma(1)
ball hoc
pyramidal and code
cell stick

2015
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Anatomically detailed

Using NEURON to Model Cells and Networks

Hierarchies of Complexity
Structure

Single compartment ()

Stylized >O—<

Network

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

What Driving What is
Signals moves force conserved
Electrical charge voltage charge
carriers gradient
Chemical solute  concentration mass
gradient

Conservation of Charge

m T ion
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The Model Equations

dvj _ Vi T,
Gqr T lion —Zk:

ik

V. membrane potential in compartment |
i net transmembrane ionic current in compartment |
C. membrane capacitance of compartment j

r axial resistance betvv_een 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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Mathematical description of a section

What we want:
dv. vV, — V.
[T — k j
c—2+i =)
on.
What a new section gives us:

kY

i.e. membrane capacitance and axial resistance,
but no ionic current.

dvj \Y;
C. —_
) dt "

How can we put ion channels in the membrane?

Adding mechanisms to sections

Density mechanisms
distributed channels
ion accumulation

Point processes
electrodes, synapses

Described by
differential equations
kinetic schemes
algebraic equations

Constructed with
NMODL
Channel Builder

2015
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create soma, dend
connect dend(©), soma(1)

soma {
L =50 // [um] length
diam = 50 // [um] diameter
insert hh // Hodgkin-Huxley mechanism

nseg = 1
}
dend {
L = 200
diam = 2
insert pas // passive channels
nseg = 3
}

Range Variables

Name Meaning Units

diam diameter [um]

cm specific membrane [uf/cm?]
capacitance

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

Y membrane potential [mV]

Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved
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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 \|/ length
[ ]
normalized
distance

0 v 1

Syntax:
sectionname.rangevar(range)

returns or sets value of rangevar
at location that corresponds to range

Examples:
dend.v(0.5)
returns v at middle of dend
Shortcut: dend . v
dend for (x) print x*L, v(x)
prints physical distance and v
at each point in dend where v was calculated
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nseg
the number of points in a section section where
membrane current and potential are computed

nseg=1 ¢ D (]
nseg=2 ¢ ° | ° []
nseg=3 ¢ _ o ] ® [ DR )

Example: axon nseg = 3

To test spatial resolution
forall nseg = nseg*3

and repeat the simulation

Category Variable Units
Time t [ms]
Distance diam, L [um]
Voltage \% [mV]
Current
specific i [mA/cm?] (density)
absolute [nA] (point process)
Capacitance
specific cm [uf/cm?]
absolute [nf] (point process)
Conductance
specific g [S/cm?] (density)
absolute [US] (point process)
Cytoplasmic resistivity Ra [Q cm]
Resistance SEClamp.rs [106 Q]
Concentration cai, nao, etc. [mM]
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Model specification summary

Topology: create and connect sections
Geometry: stylized (L & diam) or 3D (x,y,z,diam)

Biophysics: insert density mechanisms,
attach "biological” point processes (synapses)

Network models
Create cells
Connect cells
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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

1.

2.

and exercise a stylized model

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

How to use NEURON's graphical tools

to make an interface for running

simulations.

Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved
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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 ym 20 um hh
ap[0] 400 2 reduced hh *
ap[1] 300 1 reduced hh *
ap[?] 500 1 reduced hh *
bas 200 3 pas §
axon 800 1 hh

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

UNIX/Linux nrngui

Ry

MSWin or OS X %
nrrgui

Bring up a CellBuilder

[ NEURON M =10 |

leomify

|Fi|e Edit BuilleooIs Graph  “wector Windowl

single compart rment
Cell Builder
Netwiork Cell
Netiork Builder
Linear Circuit

Channel Builder

NEURON Main Menu / Build / Cell Builder
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The CellBuilder

CellBuild[0]
Close

4 About ., Topology ., Subsets ., Geometry ., Bi ics o, |:| Conti Create

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

without regard to section length or diameter.

Short 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 into existence for simulation.

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

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

It also allows you to import the existing top level cell into this builder

for medification.

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

at the top level as it is changed.

Use buttons from left to right.

Topology

=

Close Hide

« About 4 Topology + Subsets < Geomeiry ~ Biophysics + Managemert D Cortinuaus Creats

Click and drag to
# Make Section

w Copy Subtres
+ Reconnect Subtres
Repositian
&
Aok W Move Label
Click to
« Insert Secticn
- Delete Section
+ Delete Subtres
+ Change Mame

Hirit= I

CB starts with a "soma" section.
We want to create new sections.

2015
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Specifying the "Basename”

IVOC

Section name prefix:

|dend s

‘Acceptf‘ H Cancel |

IVOC =]

Sectien nhame prefiz:

lap

‘ Accept ¢ ‘ Cancel |

Making a new section

Place cursor near end O
of existing section s

Click to start new section  skpr—T,

Drag to desired length  sep——,

Release mouse button  spr—=—,

Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved
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Save your work as you make progress!

NEURON Main Menu / File / save session

Subsets

RO
o
i

+ Select One
s Select Subtree
+ 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

. v
Click "Select Subtree" H Select Subtree
N

Select Basename

ap[1]
ap

Click root of apical tree . . .

soma
axon ap[2]

.. . then "New SectionList" H Newﬁec&tionust|

Making a new subset continued

IVOC

Mew SectionList hame

Jan N

‘Accept"‘ H Cancel |

IVOC

Mew SectionList hame

|apicals

‘Acceptﬂ" ” Cancel |

Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved
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Subsets finished

mcetiputaro) R =T

< About < Topology 4 Subsats <. Geometry «» Biophysics « Management Continuous Create

- Select One
+ Select Subtree
& Select Basename

then, act

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

Geometry
lojx|

s

~ Abaut - Topology ~ Subsets 4 Geametry « Biophysics + Managemert Continuous Create

|?Spec||y Strategy | Distinct walues over subsst

I1;iarr|

Constant walue over subset

apll
P

TR SR ) ] (—
axan =pl2

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

2015
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Geometry strategy

Close Hide

=10l ]

« About < Topology « Subsets 4 Geometry « Biophysics « Management D Cortinuous Creste

||?Spec\fy Strategy

all: L, dizm, d_l=mbda

apicals
soma

bas . =1 =wxan
soma
awan =pl2]

Distinct walues ower subset
L
diam

A

Spatial Grid

nseg
d_lambds
d_¥

¥ _

Hirts: I

Each section has a different L and diam.
Compartmentalize according to A100 Hz (d_lambda rule).

Implementing geometry strategy

Il CellBuild[0] I =] |
Close Hide
w Fbout - Topology - Subsets +* Geometry - Biophysics «, Management D Cortinuous Creste

|D Specify Strategy forsec all f ... &

# &l L, diam, d_lambda

N I lambda_wdf )72 = diami4* P Ff*Ra*cm)
i nseg = ~LAd_lambda*lambda_w({100])
ffraction of space constant at 100Hz

T

soma.L [um] j lmo—
I J—
= c—
= —
I J—

=p.L (um)

ap[1].L [um]

=p(2] L fum]

ool

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.

Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved
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Implementing geometry continued

« About < Topalogy « Subsets 4 Geometry « Biophysics « Management Cortinuous Creste

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

Biophysics

=

wr About .- Topology ., Subsets - Geometry -+ Biophysics  « Management Continuous Creste

I?Spaclry Strategy torsec all | fspecity

extracellular
hh

"Specify Strategy" is ON.
Base the plan on shared properties.
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Biophysics strategy
[ soeot sirstear [ rorsee an cuspecrty

all: manage .. | | & fia
apicals cem
Ra and cm are homogeneous | ==
=p[1] extracellular
=p[2] hh
bas
||?Spec\fy Strategy axon { #specify
all: manage .. | & Ra
. apicals:  manag cm
apicals, soma and axon have hh |z ==
=p[1] extracellular
=p[2] ]
bas
[ marge
||?Spec\fy Strategy bas { Mspecify
all: manage .. | A& Ra
apicals:  manag om
bas has pas | == =
=p[1] extracellular
= hh
bas:  manage
=HON manage

Implementing biophysics strategy

||j Specify Strategy | forsec all [if specify Ra
Al & | Ra [chm-crm] lj ISD*Q P g

[Ra

cm

Double Ra

soma

hh
bas

pas
axon

hh

||j Specify Strategy | farsec apicals [insert hh

all A ||l anabar_th (sem2)
R
cr: gkbar_hh [Sicmz)
H - apicals
Fix apicals hh params || J/o s cena)
bhh &l_hh [mv]
o
pas
hh

||j Specify Strategy | bas {insert pas
all & g_pas[S."cmZ]lj [goo ;]
x FRa

am =_paz [m¥] £5
spicals

Shifte_pasin bas |

soma

bk
bas
x¥  pas
axen

bR
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Save another session file!!

Management

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

Management Continuous Create
'}

ﬁcall Type .. Export ., Import ‘ (5 |

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 ¢lass is usable in networks and

can be employed by the network builder tool.

Classname

Cell

~ Select Qutput
soma.v(1)

Save hoc code in file
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Management continued

Option 2: save as hoc file

4 Management D Continuous Create

~ Cell Type \Export ~ Import | Gillis |

Export 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)
Subsats

Geometry
Membrane

Expertto file

Management continued

Option 3: export to interpreter

Toggle Continuous Create ON and OFF

&Continuous Create

EContinuous Create

&Continuous Create

or just leave it ON all the time.

Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved
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Step 2: creating and using an interface

for running simulations

bas

axon

We want to

ap[1]
ap

soma

ap[2]

« 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

e a stimulator

Get a "Run" button

=10/ |

leonifay

Fil= Edit EBuild TDDISlGraph wiactor \Mndowl

NEURON Main Menu / Tools / RunControl

RunCortrol |

RunBEutton l’\t
wWariableStep Contral
Poirt Processes
Distributed Mechanisms
Fitting

Impedance

Madal Wisw

Mowie Run

Miscellaneous

2015
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Init sets time to O, RuncontrOI pane'
Vm to displayed value, and \

conductances to steady-state Close Hide
Init & Run does an Init,

: . Init {rr] 4= | ;I
then starts a simulation ———__

Init & Run
Stop interrupts the simulation —_—

Continue til runs until displayed time —~__ Cortinus i (me)
Continue for runs for displayed_______||{zantinue tor (m=

interval

14
i Single Step
Single step advances by / : :
1/(Points plotted/ms) / JEENT C—
t numeric field shows model time / el I K
. . . dt [ms) 0.025 =

Tstop specifies when simulation ends ! g
Foirts plottedims Id.l:l ;]

dt is integration time step; _% I_E
Scrn update inwl [s] 0.05

must be integer fraction of
1/(Points plotted/ms) e T

Points plotted/ms is plotting interval

£S5
Stop
|5 ;I
|1 ;I
5

We need to plot Vm(t) at soma
-1oj x|

leonifay

|Fi|e Edit  Build Tools Graehl\-'ector \Mndowl

Woltage axis

Currert =xis
State axis
Shape plot
Wector mowvie

Fhaze Plane

Grapher

NEURON Main Menu / Graph / Voltage axis
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Graph window

[ Graph #-0.5:5.5 y-92:52 =] 3]
a0
v[.5]
5 | | | | |
1 2 3 4 a3

-40 —

-0 —

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

We need to plot Vm along a path

_Injx

leonifay

|Fi|e Edit  Build Tools Graehl\-'ector \Mndowl

wWoltage axis

Currert =xis
State axis
Shape plot

Wector mowvi

Fhaze Plane

Grapher

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

I Shape = -824.931: =]
Close Hide

o

Use this "shape plot" to create a "space plot".

Click on its "menu box" . ..

Bringing up a space plot continued

il x]
.

Hide I

MWiew ...

Fuis Type
Mowve Text
Changs Text
Delete

# section

30 Rotate
Redraw Shape /—Q
Shape Stie

Flat What?
‘arlable soala
Time Flot
Space Plot
Shape Flot

. .. and scroll down to "Space Plot".

Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved
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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.

3199

Thispopsupa...

Space plot

[ Graph x-972:1092 y-92:52 -1l x|

anr—

v

-300 -300 00 s00

-40 —

-0 —

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

lzonify

|Fi|e Edit Build ToolslGraph “actor '\.l'\.ﬁndowl

Rumn Cortral
RunButton
“ariableStep Cortral

FPoint Processes Manzgers |F'oint Manag

Distributed Mechanisms | vioywears Foint Group

Fitting Elactrode
Irmpedance

Model Wienws

Mowie Run

Miscellaneous

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

PointProcessManager window

il PointProcessManag -3l x|

Close Hide
SelectPoirt Process I

Showr I

None

at: soma(0.5)

o

To make this an IClamp . . .

Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved
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Creating an IClamp

101

Close Hide

SelectPointProcess

none

IClz iy

AlphaSyfapse
ExpSim
Exp2Syn
SEClamp

WClamp
OClamp

AP Count
Mt Stim
IritFire1

IntFirez
IrtFired
FoirtFrocess Mark

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

IClamp parameter panel
=

Close Hide
SelactPointProcess | I
Shew I

IClampa]
at: somalg]
1013 mp 0]
del [ms) ID—E
dur [m=] IU—E
2mp (4] ID—H
ima) Mo

Next: set parameter values.
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Entering values into numeric fields

Direct entry

e [ 1T

Note yellow highlight on button

Spinner

TN —r

Red check means value has been
changed from default

Mathematical expression

Our user interface

| T _lojx

o]

Time to save to a new session filel

Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved
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NEURON Main Menu / Tools / Movie Run
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Space plot "movies" continued

(ol

Close Hide

Init & Run

Seconds per step (5] ID.D‘1 ;]

Movie Run / Init & Run

What if channel density in the apical tree varies
systematically with position, e.g. distance from
the soma?

See "Specifying parameterized variation of
biophysical properties"” in the CellBuilder tutorial
at http://neuron.yale.edu/neuron/docs

Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved Page 41



Using NEURON to Model Cells and Networks 2015

Page 42 Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved



2015 Using NEURON to Model Cells and Networks

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

[ NEURON 10 x|

lzonify

|Fi|e Edit BuilleDDIs Graph  “ector Windowl

single compart rment
Cell Builder
MNetiork Cell
MNetwiork Builder

Limear Circuit

Channel Buildel

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

il LinearCircuit[0] 1ol x|
Close Hide

. 4 Arrange

wire W Label
Y reSiStOI‘ a1 Parameters
R 2 Simulate

= CapaCItor Keep Conmected
—+- voltage source Hirts

—_

1

current source

<+ ground

2operational amplifier
N
intracellular node

intra- and extracellular nodes

Click on palette

Arrange: spawn components

i LinearCircuit[0]

Close

RA1

T

3
S
3

and drag onto canvas

[ LinearCircuit[0]

Close

=it

S L
—+ Rt

L {SAE)
b
3

s

2015
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Arrange: connect components

Click and drag to Rt c2
(WAL
overlap red circles gl

Black square is WA;_' k%

"solder joint"

Pull apart to break connection

Label: move labels

Arrange
Label
1+ Paramsters
R1 cz 5 Sirulste

Click and drag Exgv—{ T o tove
to new location
Label

4 Parameters

R1 cz A Simulate
¥V * Move
0

Arrange
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Label: change labels 1

B ol

Arrange
Label
+r Parameters
A Simulate

Click on a label . B%i T $ s
CIET o]

.tochangeitsname |l

= e

Label: change labels 2

I ol
Arrange
x Label
o - Paramsters
R

. 1 Simulate
Click on a node . . . T & Move
*» Chanie

=10| x|

‘ﬁTI

.tolabelavoltage |

E==en] |

2015
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Parameters: non-source elements

N _Iolx]
Hide
W Arrange
Label
x Parameters

R = v Simulate

Wi K]
+ Parameters
Sourds (]

Turn off consistency checking
Parasitic aFhbattery mOhm

Print Matriz Infol

Hirt=

Click on

"Parameters"

i ¥alues for Linear I ]
Close Hid= |

R [Makirm] |1 ;]
C(rF) I|1 E

Parameters: signal sources

Source f(t) / B

E =[0] x|
Hide
A Arrange
Label
C x Parameters
i R W Simulate
+ Farameters
E

Turn off consistency checking
k FParasitic aFbattery mObm

Primt batriz Info

Hirit=
——
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Parameters: sighal sources continued

i F{t) for B of Linea ] 4
Close Hide |

External Stim Pattern

durd [ms) 1 &
ampl [m*] ID_E
dur [ms) 1 A
ampt [mv] | 1 &

durz [m=] I 1=+09 ;I
ampz [m*) ID ;I

twes is Vector [2E1E]

amp is Yector [36156]
amp is Wector[3615]

Configured

Simulate: creating a graph
E—— Jal=IE

A Arrange

- Label
Parametars

R t + Simuiste

Farameters

Source flt)

Initizl Conditions

States
_

N ew G rap h Newr Graph

MName map

Hirts |

N
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Simulate: specifying what to plot
LIl

| Close Hide

08—

PlotWhat? / variable label

Simulate: simulation results

i LincirGraph[0] for LinearCircuit[0] - |EI|5|
Close Hide
Plaotiwhat? I
i
Wi ()
Wi [t
0eg—
0eg —
04 —
02—
o | |
1] 1 2 3 il 5

After minor cosmetic changes
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Patch clamp with electrode R and C

Re1 Re?z
Ve . ~om

lclamp Ci :;! s
soma(0.5

= | LincirGraph[1] for LinearCircuit[0] ] = | LincirGraph(0] for LinearCircuit[0] |
Close Hide Close Hide
| Protwhat? [ | Protwhat? |
- 0
Iclamp (n&) Vi (i)
e LI AT WA
0.6 _aa 101 10zf 103 4 105
nar -30
0.2 .
. | | |
100 101 102 103 104 105 -70=

NEURON demo: dynamic clamp

LinearCircuit[0]

~ Arrange
" + Label
; & ~ Parameters
A & Simulate

B’ """" %ﬁ Parameters

-
‘ﬁnth(ﬂ.s) Seurce ()
Py Wy |y Initial Conditions
= Rel +
I oz Iz States
Y
somal0.5)

Page 50 Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved



2015 Using NEURON to Model Cells and Networks

NMODL

NEURON Model Description Language
Add new membrane mechanisms to NEUF

Density mechanisms Point Processe
e Distributed Channels e Electrodes
e lon accumulation e Synapses

Described by

¢ Differential equations
¢ Kinetic schemes
e Algebraic equations

Benefits

e Specification only —— independent of solution met
e Efficient —— translated into C.

e Compact

o One NMODL statement —> many C statement
o Interface code automatically generated.

e Consistent ion current/concentration interactions.

e Consistent Units
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NMODL general block structure

What the model looks like from outside

NEURON {
SUFFIX kchan
USEION k READ ek WRITE ik
RANGE gbar, ...

}
What names are manipulated by this model

UNITS { (mV) = (millivolt) ... }

PARAMETER { gbar = .036 (mho/cm2) <0, 1€9>... }
STATE{n ...}

ASSIGNED { ik (mA/cm2) ... }

Initial default values for states

INITIAL {
rates(v)
n = ninf

t

Calculate currents (if any) as function of v, t, state

(and specify how states are to be integrated)
BREAKPOINT {
SOLVE deriv METHOD cnexp
ik = gbar * n"4 * (v - ek)
}

State equations

DERIVATIVE deriv {
rates(v)
n’ = (ninf — n)/ntau

Functions and procedures

PROCEDURE rates(v(mV)) {

-
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UNIX MSWIN
nrnivmodl e

nrngui mknmdll Choose directory [cortaining mod files)for creating nrnmech.dil

""" A Recert diru#on'e
Wi o |

NEURON Main Menu
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Density mechanism Point Process
NEURON { NEURON {
SUFFIX leak POINT_PROCESS Shunt
NONSPECIFIC_CURRENT i NONSPECIFIC_CURRENT i
RANGE i, e, g RANGE i, e, r
} }
PARAMETER { PARAMETER {
g =.001 (mho/cm2) <0, 1e9> r =1 (gigaohm) <1le-9,1e9>
e = —65 (millivolt) e = 0 (millivolt)
}
ASSIGNED { ASSIGNED {
i (milliamp/cm?2) i (nanoamp)
v (millivolt) v (millivolt)
BREAKPOINT { BREAKPOINT {
i=g*(v-e) i = (.001)*(v — e)lr
} }
Density mechanism Point Process
NEURON { NEURON {
SUFFIX leak POINT_PROCESS Shunt
NONSPECIFIC_CURRENT i NONSPECIFIC_CURRENT i
RANGE i, e, g RANGE i, e, r
} }
G U I PointProcessManager
SingIeComp SelectPointProcess I
Show |
Shunt[0]
at:soma(0.5)
—o—
Interpreter
soma { objref s
insert leak soma s = new Shunt(.5)
g_leak =.0001 sr=2

}

print soma.i_leak(.5)
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lon Channel lon Accumulation
NEURON { NEURON {
USEION k READ ek WRITE ik USEION k READ ik WRITE ko
} }
BREAKPOINT { BREAKPOINT {
SOLVE states METHOD cnexp SOLVE state METHOD cnexp
ik = gbar*n*n*n*n*(v — ek) }
}
DERIVATIVE states { DERIVATIVE state {
rate(v*1(/mV)) ko’ = ik/fhspace/F*(1e8)
n’ = (inf - n)/tau | + k*(kbath - ko)
(mM) (mV) (mA/cm2)
20 — 40 — 3~
v(.5) soma.ik(0.5)
15
0 | | | | J 2
6 10
(ms)
10
-40 H 1
5
soma.ko( 0.5)
= soma.ek(0.5)
0 ! ! ! ! J _go_ 0 ! ! ! 1 J
0 2 4 6 8 10 0 2 4 6 8 10
kAchase Vesicle
[u]
Ach Internal Free Calcium
|- ()

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

FROMi=0TO N-1{

~ Cali] + Buffer[i] <—> CaBuffer[i] (kCaBuffer, kmCaBuffer)

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

> inward flux
~Ca[0] << (ica)
}
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UNITS Checking

NEURON { POINT_PROCESS Shunt ... }
PARAMETER {

e = 0 (millivolt)

r = 1 (gigaohm) <1e-9,1e9>

ASSIGNED {
i (nanoamp)
v (millivolt)

}
BREAKPOINT {
i=(v-elr

Units are incorrect in the "i = ..." current assignment

BREAKPOINT {
i=(v-e)r

The output from
modlunit shunt
IS:
Checking units of shunt.mod
The previous primary expression with units: 1-12 coul/sec
is missing a conversion factor and should read:
(0.001)*()

at line 14 in file shunt.mod
i=(v-e)r<>

To fix the problem replace the line with:
i = (.001)*(v — e)r

What conversion factor will make the following consistent?

na’ = ina /| FARADAY *  (c/radius)
(uM/ms) (mA/cm2) / (coulomb/mole) / (um)
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Compartmental Modeling

Not much mathematics required.

Good judgment essential!

Section
Node
o (] (] o
Segment
v(0) v(1.5/nseq) v(1)
Membrane
v(0) v(1)
Membrane
vext(0) vext(1)
Extracellular
barrier
T T T T
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NN A

[N
N
w

Forward Euler

1.00

0.80

0.60 -

040 +

0.20 -

0.00

y' =f(y)

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

L)

y(t+dt) = y(t) + dt *(y (1)

2015
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1.00

0.80

0.60

0.40

0.20

0.00

Using NEURON to Model Cells and Networks

1/20

0 0.2 0.4 0.6 0.8 N 1

Backward Euler

y' =f(y)

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

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

= f(y(t+dt))
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’N Backward Euler
Vv I_A A A__l V
1.5 - ‘
1 1
dt= 2 N § AL § |
a ’I; ’I;
0.5
0 \ \ \ \ \
0 0.2 0.4 0.6 0.8 1
2
dt
1.5
.02
/ 2
11—
0.5
0 \ \ \ \ \
0 0.2 0.4 0.6 0.8 1
1.00 Crank—Nicholson
y' =1f(y)
0.80 +
AN YO < gy rau)
0.60 | y(t + dt) = y(t) + dt *f(y(t+dt/2))
0.40 +
0.20 +
0.00
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Cvode.atol(1e-3)

0 1 1 1 1 |
2@ 0.2 0.4 0.6 0.8 1

15 Cvode.atol(1le-1)

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
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Spike-triggered synaptic transmission

Physical system: O /
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 g Postsynaptic
from spike init. detector latency S/ region
zone through
axon to terminal

More efficient: "virtual spike propagation”

Delay
Spike : conduction :
SEL Spike Postsynaptic
initiation latency ng ;
Jone detector . region
synaptic
latency
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The NetCon class

hoc usage

netcon = new NetCon(source, target)
presection netcon = new NetCon(&v(x), \
target, threshold, delay, weight)

Defaults

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

NMODL specification of synaptic mechanism
NET_RECEIVE(weight(microsiemens)) {

}

Efficient divergence

Multiple NetCons with a common source
share a single threshold detector

Spike
initiation
zone

Spike Postsynaptic
detector Delay 0 gsg region 0

region 1

Delay 1 gsg Postsynaptic
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Efficient convergence

Multiple NetCons can share
a single target (many inputs,
but only one equation)

Spike ; :
It v Spike Postsynaptic
initiation Delay 0 :

zone 0 detector 0 region

Spike ;

b Spike

initiation Delay 1

zone 1 detector 1

Example: g¢ with fast rise
and exponential decay

NEURON {
POINT_PROCESS ExpSyn
RANGE tau, e, i
NONSPECIFIC_CURRENT i

}

declarations
INITIAL { g =0 }

BREAKPOINT {
SOLVE state METHOD cnexp
i=g9"(v-e)

DERIVATIVE state { g' = -g/tau }
NET_RECEIVE(w (uS)) { g =g + w }
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g with fast rise and exponential decay
continued

| il
| [HENEN g v

g_»n_ N kLLkaLKL_
Vv &Nm

BREAKPOINT {
SOLVE state METHOD cnexp
i=g9"(v-e)

DERIVATIVE state { g' = -g/tau }
NET_RECEIVE(w (uS)) { g =g + w }

Example: use-dependent synaptic plasticity

GSyn[0].g
0.003 —
us

BRI
M

0 20 40 60 80 100
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Use-dependent synaptic plasticity continued

BREAKPOINT {
SOLVE state METHOD cnexp oo

GSyn[0].g

g=B - A
i = 9*(V-e) 0.002
}
DERIVATIVE state { 0.001
A' = -A/taul
B' = -B/tau2 7 DN T
} 0 20 60 80 100

NET_RECEIVE(weight (uS), w, G1, G2, t0 (ms)) {
INITIAL {w=0 G1=0 G2=0 tO=t}
Gl = Gl*exp(-(t-t0)/Gtaul)

G2*exp(-(t-to0)/Gtau2)
Gl + Ginc*Gfactor

G2 + Ginc*Gfactor

t

weight*(1 + G2 - G1)

g +tw

A + w*factor

B + w*factor

(]
-
I mnnn

w >Q
o n

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

St L I 1
S2 11 1 1 1 |

1=

08 |-

06 |-

0.4 |-

0.2 =

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

Leaky integrate and fire model continued

NEURON {
ARTIFICIAL_CELL IntFire
RANGE tau, m

}

. declarations
INITIAL { m =0 to =t }
NET_RECEIVE (w) {

m = m*exp(-(t-t@)/tau)

to = t

m=m+w

if (m > 1) {
net_event(t)
m=20

3

3
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IntFire1[0] 08
. tau (ms) i i[70 g 0.6
INntFirel |ermcmsjmar— s o IntFire[0] M
m 0 '
0.2 ’
I | S | |

0 20 40 60 80 100

1 -
IntFire2[0] IntFire2(0].1
taus (ms) 20 ;i 08 e
taum (ms) [10 w 06 y \\Q\
e / —

IntFire2 [—e_lar: /
L_° o/ eI

m 0

1 | | | |
0 20 40 60 80 100

IntFire4[0]

taue (ms) 5 g 05

auilms)|i [0 (2l £ E)Nga[n]wl
03

taui2 20 ~~
ui2 (ms) ;] ereﬂﬂl-h ~—
| L | Il

- taum (ms) [ ] [50 | 01
IntFired =~ & N e .
i o
2o 031 IntFired{1}1 IntFirc4[11.M
o —

m 0.5 —

/

al

\

Defining the types of cells

Artificial spiking cells
ARTIFICIAL_CELL with a NET_RECEIVE block
that calls net_event

NetStim, IntFirel, IntFire2, IntFire4

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
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Defining types of biophysical model cells

Encapsulate in a class

begintemplate Cell
public soma, E, I
create soma
objref E, I
proc init() {
soma {
insert hh
E new ExpSyn(0.5)
I new Exp2Syn(0.5)
I.e = -80
3

}
endtemplate Cell

D I

objref bag_of_cells
bag_of_cells = new List()
for 1 = 1,1000 bag_of_cells.append(new Cell())

Connecting cells

Which setup strategy is more efficient?

Iterate over sources

for each cell {
connect this cell to its targets

3
or iterate over targets?

for each cell {
connect sources to this cell

3
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Connecting cells

For a net distributed over multiple CPUs,
it is most efficient to iterate over targets first.

for each cell {
connect sources to this cell

}
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NEURON Main Menu

cvode_active(1)

VariableTimeStep

VariableTimeStep

Use variable dt

0001 |3

Numerical Method Selection

o Reflesh |l
current model type: <*ODE*> DAE
ODE model allows any method
DAE model allows implicit fixed step or daspk

Implicit Fixed Step

C-NFixedStep

Cvode

Daspk

Local step
DAE and daspk require sparse solver, cvode requires tree solver

Mx=b tree solver
EMx—b sparse solver

r

. 2nd order threshold (for variable step)
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RunControl

Graph x-100:1100 y-92:52

O I 407 v(.5)
1
e N

|
( 800 1000

-80 —

Shape x-1250:550 y -653.4

[ Insert/Rem

soma
pas

Figure 1 hh
ca
cad

keca

kv
na

RunControl

Graph x-100:1100 y-92: 52

v(.5)

llan —
VariableTimeStep | S

Use variable dt
{0.001
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Graph Change Textx-100:1100 y -92: 52 Graph Pick Vector x 664 : 676 y —92 : 52
401 3376 steps 407
v(.5) v(.5)
0 0 | | \\& | |
1000 665 667 669 671 673 675
-40 40— J
-80 — -80 —
Graph Move Textx—-100:1100 y-3.4:1.4 Graph Move Textx 664 :676 y-3.4:1.4
1- log10(dt+1e-9) 1- log10(dt+ 1e-9)
T
° J
yI 200 400 60 800 r 1000
_1 —
_2 —
_3 —
Graph Move Textx-100:1100 y-0.5:5.5 Graph Move Textx 664 : 676 y—-0.5:5.5
5 cvode.order 5 cvode.order
a1 41
3 || il
21 A
1 1
0 | | | | | 0 | | | | |
n 200 a0n AON 200 100N ARR AR7 ARQ A71 A7 A7R
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Graph NewView x -0.5:5.5 y-92: 52

L40

-80

407

/\ v(.5)
| | | | |

1 2 4 5

Graph Crosshairx-0.5:5.5 y-1.2:1.2

0.5

0.5

SEClamp[0].i

Page 78

Graph NewView x -0.5:5.5 y-92: 52

40
R v(.5)
| | | | |

Graph NewView x 0.74 :1.46 y-74 : -

30

v(.5)
40 [~
50
60
70
do s ‘n s

Graph Crosshairx-0.5:5.5 y-1.2:1.2

m SEClamp[0].i Graph Crosshairx0.74 :1.46 y-0.6:
D.5
05 IJHClamp0].
D.3
— AN |
0 1 [ 12
0.5
.3
1=
VectorPlay[0]

| [ Connected I SEClamp[0].amp1

50

N
TN

-50

Graph[0] x-0.5:5.5 y-92:52

40

L40

-80

w5) Graph[0] x 0.74:1.46 y-74:-26
30
v(.5)
| | | | |
1 2 4 5 40 —
| 50 —
60 [~
- 70
no 4 4n 4

Graph[2] NewView x-0.5:5.5 y-1.2:1.2

0.5

0.5

[ SEClamp[0].i Graph[2] NewView x 0.74 : 1.46 y-0.6
- p-5 SEClamp[0]i
0.3
m B | |
g 0.1 . |
1 2 3 4 5 e
b 1 12 14
D3
B D.5

soma vvec.play(&SEClamp[0].amp1, tvec, 1)
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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?

16384 core EPFL IBM BlueGene/P
1 hour at 850MHz
6 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.

2015
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PostCell

PreCell

PostSyn

NetCon ,//
e

= new Net Con( PreSyn, Post Syn)

CPU 2
PreCell CPU4

PostCell

PostSyn
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CPU 2
PreCell CPU 4

PostCell

PostSyn

pc = new Parall el Cont ext ()

CPU 2
CPU 4

gid=7
gid=9

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

2015
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CPUO CPU 3 CPU4
pc.id 0 pc.id 3 pc.id 4
pc.nhost 5 pc.nhost 5 pc.nhost 5
ncell 14 cu 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(gid, pc.id)

}

body executed only ncell/nhost times, not ncell.

CPU 2
PreCell CPU4

gid=7
gid=9

Create cell only where the gid exists.

if (pc.gid_exists(7)) E

PreCell = new Cell ()
}
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CPU 2
PreCell CPU4

Associate gid with spike source.

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

CPU 2
PreCell CPU4

PostCell

PostSyn

re
NetCon/,’
7’

Create NetCon on CPU where target exists.

nc = pc.gid_connect (7, PostSyn)

2015
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Run using the idiom

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

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

any spike here must be delivered her

| minimum delay |
exchange exchange

CPU 2
PreCell CPU 4

PostCell

PostSyn

P
NetCon/,’
P d
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CPU 2
PreCell CPU 4

PostCell

PostSyn

re
NetCon/,’
7’

O
N
IS
-

CPU 4 PostCell

PostSyn

n 1 n T
gid 7 MPI_Allgather gid 7

L2575 ) |t 2875
gid ——— -

cpu 2

j cpu 3

O
N
EN
o=
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Trun (sec)

O

cell number

Using NEURON to Model Cells and Networks

CPU 4

PostCell

PostSyn
NetCon /'(
7
// .
//
®/
r n_0
gid ——-
t —
gid ——
t ———
n 1
cpu 2
L gd 7 P
t 2.875
gid ——
t —_—
. n_Y cpu 3
6

Migliore et al (2006) J. Comput. Neurosci. 21(2):119

Davison et al., (2003)

2 4
Santhakumar et al. (2005)
(]
500
400
300
200
4
100 )i
04

50 100 150 200 250
time (ms)

Bush et al., (1999)

2500 500
2000 400
1500 -1 300
1000 200
500 100
0 t 0 y
0 400 800 1200 1600 0 100 200 300 400 500
time (ms) time (ms)
® Mac G5
O Beowulf 32-bit
1600 A Beowulf 64-bit
800 O IBM Linux cluster
A
400 EPFL IBM BlueGene
200 >
100
50 A
20 A
10 4

1 2 4 8 16 32 64 128256512

number of processors

1 2 4 8 16 32 64 128 256 512
number of processors

1 2 4 8 16 32 64 128 256 512
number of processors
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EPFL IBM BlueGene/L

Bush, Prince, & Miller (1999) J. Neurophys. 82:1°

Increased pyramidal excitability and posttraum
epileptogenesis without disinhibition: a model.

+ O ep>

256 — 4096 700MHz dual processor Powerpc64
10k
64f-
sec
16}~
runtime
———- ideal
O computation time
4 . .
® runtime (spike exchange
compression + bin queue)
N AN
1 1 1 1 >
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

MPI_ISend - Two Phase, Two Subinterval

Allgather

DCMF_Multicast — Two Phase, Two Subinterval
Record-Replay — One Subinterval
Computation Time (includes queue)

Strong Scaling
32 —

Artificial Spiking Net
Blue Gene/P
Argonne National Lab

Page 88

8 16 32 64 128
K processors

32 ~
5 2M Cells I 1/4M Cells
[ Q
@2 16 = 1k Conn/cell 216 - 10k Conn/cell
[} [}
E 8 |- £ s |-
g 5
> >
x 4 x 4
2 2
1 - 1 -
05 J 05 J
8 16 32 64 }58 8 16 32 64 128
K processors K processors
Weak Scaling
30 — 30 —
= <
[0} [0}
) A )
() ()
E2 |- E2 |-
S 1k Conn/cell S 10k Connlcell
@ @
10 10
2M cells 32M cells 1/4M cells 4M cells
| | | | |
0 0

8 16 32 64 128
K processors
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Continuous Voltage Exchange

sl.v(x1)
e —_ /”——' 5\\
//,, ~< ‘/ g2.vgap \\\
‘/sl {91 = new HalfGap(x1) } |\ [ $2{92 = new HalfGap(x2) }//
/ -
N gl.vgap P S~ -
s2.V(x2)
gap.mod
NEURON { ASSIGNED {
POINT_PROCESS HalfGap v (millivolt)
ELECTRODE_CURRENT i vgap (millivolt)
RANGE r, i, vgap i (hanoamp)
} }
PARAMETER {r = 1e9 (megohm) } CURRENT {i=(vgap - Vv)Ir }

Continuous Voltage Exchange

pc.source_var(&source_var, sgid)

s1.v(x1) sgid
1 T T T T ~<
—————— -
///” R B g2.vgap \\\
l/sl { g1 = new HalfGap(x1) } l\ s2{g2 = new HalfGap(x2) } ,
\\\ gl.vgap - ~—— -
Tm———— - - sgid
2 S2.v(x2)
gap.mod
NEURON { ASSIGNED {
POINT_PROCESS HalfGap v (millivolt)
ELECTRODE_CURRENT i vgap (millivolt)
RANGE r, i, vgap i (hanoamp)
} }
PARAMETER {r = 1e9 (megohm) } CURRENT {i = (vgap — v)/r }
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Continuous Voltage Exchange

pc.source_var(&source_var, sgid)

pc.source_var(&s1.v(x1), 1)
S1.V(X1) a—ep39d

1 e -
eI -\ 1 g2.vgap N
/'s1{ g1 = new HalfGap())} 'y 52162 = new HalfGap()} J
AN gl.vgap ! S~o rad
S PR t—————
Se——————— -7 sgid
2 P SZ.V(XZ)
gap.mo d pc.source_var(&s2.v(x2), 2)
NEURON { ASSIGNED {
POINT_PROCESS HalfGap v (millivolt)
ELECTRODE_CURRENT i vgap (millivolt)
RANGE r, i, vgap i (nanoamp)
} }
PARAMETER {r = 1e9 (megohm) } CURRENT {i = (vgap — Vv)/r }

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) a—epS9d

pc.target_var(&g2.vgap, 1)

1 ——————— ~<
_______ ~
- ~~ g2.vgap N
\
'/ s1{ gl = new HalfGap(x1) } s2 { g2 = new HalfGap(x2) }/l
\ ~ P
e gl.vgap S~ —-

sgid
2 <—S2.V(X2)
pc.source_var(&s2.v(x2), 2)

t——————

pc.target_var(&gl.vgap, 2)

gap.mod
NEURON { ASSIGNED {
POINT_PROCESS HalfGap v (millivolt)
ELECTRODE_CURRENT i vgap (millivolt)
RANGE r, i, vgap i (nanoamp)
} }
PARAMETER {r = 1e9 (megohm) } CURRENT {i=(vgap — v)/r }
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Continuous Voltage Exchange

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

pc.source_var(&s1.v(x1), 1)
S1.V(X1) a—eS9d

pc.target var(&g2.vgap, 1)

——— T — \\
- g2.vgap \\
‘/ s1{ gl = new HalfGap(x1) } s2 { g2 = new HalfGap(x2) }/l
\ -
Sl glvogape Y |T~—~— -

_____ sgid
2 ~—S2.V(X2)

pc.source_var(&s2.v(x2), 2)

pc.target_var(&gl.vgap, 2)

gap.mod
NEURON { ASSIGNED {
POINT_PROCESS HalfGap v (millivolt)
ELECTRODE_CURRENT i vgap (millivolt)
RANGE r, i, vgap i (hanoamp)
} }
PARAMETER {r = 1e9 (megohm) } CURRENT {i = (vgap — v)/r }

Pittsburgh Supercomputing Center
Bigben Cray XT3

2068 2.4 GHz Opteron Processors

1024 —
Traub et. al. (2005) J. Neurophysiol 93: 2194
256 |— A single column thalamocortical network model
exhibiting gamma oscillations, sleep spindles and
epileptogenic bursts.
. ~
® Runtime
g4l ~~ Idealruntime -~
= Spike exchange time
(s) : . N
\I Mean, max, min Computatlon time ~9
16| o . 8516
+ Mean, max, min variable transfer time so5
3560 cells 14 types
41 3500 gap junctions
5,596,810 equations
73,465 spikes
1,122,520 connections
19,844,187 delivered
10
| | | | | J
25 50 100 200 400 800
#CPU
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1024 - 80
60
— #Cells
356 Cells 0
256 -
S N 3000 4000 500C
Complexity
64 |-
e Runtime 4058 pieces
o Computation time N ig%
16 - whole cell balance \ '
o _ \4> 13.2
Multisplit, No Gap Junctions
— m Multisplit, With Gap Junctions
4 L | | | | | |
32 128 512 2048
CPUs
16 Pieces “r .
4 CPU 150 |- o

#comp

100 —

A
oA t /7’ '\ " /'

“ “‘?"‘“3‘ “':7/%

2 IR

oo®
/A 501 @@

A Lw // ole®®
“‘é‘@ \@ 7]“’§ 0 4 sPiecelz 16
D — ‘r

\

Ny,

401 395 400 404

},\ . 1 400 — l . ] :
o AES
4 N
4 | . B #comp n
: = s "
d ' -
300 [
ol 2
o ;'
Time (s) 200 [
CPU  Computation Exchange n
0 13.82 0.56 Runtime(s)
1 13.35 1.03 16 pieces, 1 cpu 55.0 100 L
2 13.47 0.90 who!ecell, 1lcpu 56.2 | | | |
16 pieces, 4 cpu 14.4 o 1 > 3 2
3 13.56 0.82 CPU
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200 — 200

116694
Pleces
eor 10000 cells oo
# #
100 — 100
50 1] 50T
0 | Jodiand . b J 0 |
0 10000 20000 30000 40000 50000 0 10000
Complexity Complexity
2048 —
= Runtime, Whole Cell
e  Runtime, Multisplit
1024 Average Computation time
512
S
256
128 -
64 LI x x |
1024 2048 4096 8192

CPUs
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Scripting NEURON with Python

Robert A. McDougal
Yale School of Medicine

16 October 2015

Why write scripts?
°

What is a script

What is a script?

A script is a file with computer-readable instructions for performing a
task.
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Why write scripts?
(]

Why write scripts for NEURON?

In NEURON, scripts can: set-up a model, define and perform an
experimental protocol, record data, ...

Why write scripts for NEURON?

@ Automation ensures consistency and reduces manual effort.

o Facilitates comparing the suitability of different models.

Facilitates repeated experiments on the same model with different
parameters (e.g. drug dosages).

Facilitates recollecting data after change in experimental protocol.

Provides a complete, reproducible version of the experimental
protocol.

Introduction to Python

Introduction to Python
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Introduction to Python
o
Python basics: printing and variables

Displaying results
The print command is used to display non-graphical results.

It can display fixed text:
print ('Hello everyone.') Hello everyone.

or the results of a calculation:
print (5 * (3 + 2)) 25

Storing results

Give values a name to be able to use them later.

a =max([1.2, 5.2, 1.7, 3.6])
print (a) 5.2

In Python 2.x, print is a keyword and the parentheses are unnecessary. Using the parentheses allows your code to work with both
Python 2.x and 3.x.

Introduction to Python
[ ]
Modules

Using libraries
Libraries (“modules” in Python) provide features scripts can use.
To load a module, use import:
import math
Use dot notation to access a function from the module:
print (math.cos(math.pi / 3)) 0.5
One can also load specific items from a module.
For NEURON, we often want:

from neuron import h, gui

Other modules

Python ships with a large number of modules, and you can install more
(like NEURON). Useful ones for neuroscience include: math (basic math
functions), numpy (advanced math), matplotlib (2D graphics), mayavi
(3D graphics), pandas (analysis and databasing), ...
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Introduction to Python
®0
Getting help

Finding help within Python
To get a list of functions, etc in a module (or class) use dir:

import numpy
print (dir (numpy))

Displays:

['__doc__', '__name__', '__package__', 'acos', 'acosh',

'asin', 'asinh', 'atan', 'atan2', 'atanh', 'ceil',
'copysign', 'cos', 'cosh', 'degrees', 'e', 'erf',

To see help information for a specific function, use help:
help(math.cosh)

Introduction to Python
oe
Getting help

Online resources

Python is widely used, and there are many online resources available,
including:
@ docs.python.org — the official documentation
@ Stack Overflow — a general-purpose programming forum
o the NEURON programmer’s reference — NEURON documentation
@ the NEURON forum — for NEURON-related programming questions
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Basic NEURON scripting

Basic NEURON scripting

Basic NEURON scripting
@000
Sections

Creating and naming sections
A section in NEURON is an unbranched stretch of e.g. dendrite.

To create a section, use h.Section and assign it to a variable:
dendl = h.Section()

A section can have multiple references to it. If you set a = dend1, there
is still only one section. Use == to see if two variables refer to the same
section:

print (a == dendl) True

To name a section, declare a name attribute:
dend2 = h.Section(name='apical')

To access the name, use .name():
print (dend2.name()) apical

Also available: a cell attribute for grouping sections by cell.
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Basic NEURON scripting
O@00
Sections

Connecting sections

To reconstruct a neuron'’s full branching structure, individual sections
must be connected using .connect:
dend2.connect (dend1(1))

Each section is oriented and has a 0- and a 1-end. In NEURON,
traditionally the 0-end of a section is attached to the 1-end of a section
closer to the soma. In the example above, dend2’s 0-end is attached to
dend1’s 1-end.

o dend2 4
’ dend1 .

To print the topology of cells in the model, use h.topology(). The
results will be clearer if the sections were assigned names.
h.topology ()

If no position is specified, then the 0-end will be connected to the 1-end as in the example.

Basic NEURON scripting
[e]e] Je]

Sections

Example
Python script: Output:
from neuron import h

|- soma (0-1)

# define sections 9 proxApical (0-1)
soma = h.Section(name='soma') ¢ .
papic = h.Section(name='proxApical') [ ap1C1(0_1)
apicl = h.Section(name='apicl') | apicQ(O—]_)
apic2 = h.Section(name='apic2') ¢ _
pb = h.Section(name='proxBasal') l pro:FBasal(O D
dbl = h.Section(name='distBasall') ‘| distBasall(0-1)
db2 = h.Section(name='distBasal2') “q distBasal2(0-1)

# connect them

papic.connect (soma)

pb.connect (soma(0)) Morphology:
apicl.connect (papic)

apic2.connect (papic)

db1.connect (pb) 0’5‘/@ oL

db2. connect (pb) 2 y
2\ proxBasal soma  proxApical 3~

# list topology 6\5\665 ey

h.topology()
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Basic NEURON scripting
[elo]e] ]

Sections

Reduce work by writing functions

Python script: Output:
from neuron import h
# helper functions |- soma (0-1)
def sections(*names): ¢ .
secs = [h.Section(name=n) [ proxApical (0-1)
for n in names] “ apic1(0-1)
return tuple(secs) ‘| apic2(0—1)
def connect(connections): ‘| proxBasal(O—l)
for parent in connections: | distBasall(0-1)
for child in connections[parent]: P .
| distBasal2(0-1)

child.connect (parent)

# define, connect, print
soma, papic, apicl, apic2, pb, dbl, db2 = \

sections('soma', 'proxApical', 'apicl', .
‘apic2', 'proxBasal' ., Morphology:
'distBasall', 'distBasal2')
connect ({soma: [papic], d/;g/SaSa/ o JCL
papic: [apicl, apic2], S -
pb: [db1, db2]}) g’a%r"\\ proxBasal soma proxApical B
pb.connect (soma(0)) &e® !

h.topology()

Basic NEURON scripting
L lo]
Morphology

Length and diameter

Set a section’s length (in um) with .L and diameter (in um) with .diam:
sec.L = 20

sec.diam = 2
Note: Diameter need not be constant; it can be set per segment.

To specify the (x, y, z; d) coordinates that a section passes through, use
h.pt3dadd.

Warning: the default diameter is based on a squid giant axon and is not
appropriate for modelling mammalian cells.
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Basic NEURON scripting
o] J
Morphology

Viewing the morphology with h.PlotShape

from neuron import h, gui Close Hicle

main = h.Section()
dend1l = h.Section()
dend2 = h.Section()

dend1.connect (main)
dend2.connect (main)

main.diam = 10
dend1.diam 2
dend2.diam 2

ps = h.PlotShape()
# use 1 instead of O to hide diams
ps.show(0)

Note: PlotShape can also be used to see the distribution of a parameter
or calculated variable. To save the image in plot shape ps use
ps.printfile('filename.eps')

Basic NEURON scripting
L]
Setting and reading parameters

Setting and reading parameters

In NEURON's coordinate system, each section has normalized positions
from 0 to 1.

To read the value of a parameter defined by a range variable at a given
normalized position use: section(x).MECHANISM.VARNAME

e.g.
gkbar = apical(0.2).hh.gkbar

Setting variables works the same way:
apical(0.2).hh.gkbar = 0.037

To specify how many evenly-sized pieces (segments) a section should be
broken into (each potentially with their own value for range variables),
use section.nseg:

apical.nseg = 11
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Basic NEURON scripting
[ ]
lon channels

Distributed mechanisms

Use .insert to insert a distributed mechanism into a section. e.g.
axon.insert('hh')

Point processes

| \

To insert a point process, specify the segment when creating it, and save
the return value. e.g.
pp = h.IClamp(soma(0.5))
To find the segment containing a point process pp, use
seg = pp.get_segment ()
The section is then seg.sec and the normalized position is seg.x.
The point process is removed when no variables refer to it.

Use List to find out how many point processes of a given type have
been defined:

all_iclamp = h.List('IClamp')
print ('Number of IClamps:')
print (all_iclamp.count())

Basic NEURON scripting
L]
Simulation

Running simulations

Basics

To initialize a simulation to -65 mV:
h.finitialize(-65)

To run a simulation until t = 50 ms:
h.continuerun(50)

Additional h.continuerun calls will continue from the last time.

Ways to improve accuracy

Reduce time steps via, e.g. h.dt = 0.01
Enable variable step (allows error control): h.CVode() .active (1)
Increase the discretization resolution: sec.nseg = 11

To increase nseg for all sections:
for sec in h.allsec(): sec.nseg = sec.nseg * 3
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Basic NEURON scripting
L]
Recording data

Recording data

To see how a variable changes over time, create a Vector to store the
time course:
data = h.Vector()

and do a .record with the last part of the name prefixed by _ref_.

e.g. to record soma(0.3) .ina, use
data.record(soma(0.3) ._ref_ina)

Tips

@ Be sure to also record h. _ref_t to know the corresponding times.

@ .record must be called before h.finitialize().

Basic NEURON scripting
[ le]
Example: Hodgkin-Huxley

Example: Hodgkin-Huxley

from neuron import h, gui
from matplotlib import pyplot

# morphology and dynamics
soma = h.Section()
soma.insert('hh')

current clamp

= h.IClamp(soma(0.5))
.delay = 2 # ms

.dur = 0.5 # ms

.amp = 50

e e e

recording

= h.Vector() 40
= h.Vector()

.record(h._ref_t) -
.record(soma(0.5)._ref_v)

< o g o H

simulation
.finitialize()
.continuerun(49.5)

[=a= g S

# plotting
pyplot.plot(t.as_numpy(), v.as_numpy())
pyplot.show()
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Basic NEURON scripting
oce
Example: Hodgkin-Huxley

Storing data to CSV to share with other tools

The CSV format is widely supported by mathematics, statistics, and
spreadsheet programs and offers an easy way to pass data back-and-forth
between them and NEURON.

In Python, we can use the csv module to read and write csv files.

Adding the following code after the continuerun in the example will
create a file data.csv containing the course data.

import csv
with open('data.csv', 'wb') as f:
csv.writer(f) .writerows(zip(*(t, v)))

Each row in the file corresponds to one time point. The first column
contains t values; the second contains v values. Additional columns can
be stored by adding them after the t, v.

For more complicated data storage needs, consider the pandas or h5py
modules. Unlike csv, these must be installed separately.

Basic NEURON scripting
@0
Analyzing simulation results

A spike occurs whenever V,, crosses some threshold (e.g. 0 mV).
Python can easily find all spike times. Only changes from the previous
example are highlighted.

from neuron import h, gui
from matplotlib import pyplot
soma = h.Section()
soma.insert('hh') 0
# current clamps
iclamps = []
for t in [2, 13, 27, 40]: o
i = h.IClamp(soma(0.5))
i.delay = t # ms -
i.dur = 0.5 # ms
i.amp = 50
iclamps.append (i) &0
recording
= h.Vector(); v = h.Vector() o 2 o 0 o
.record(h._ref_t)
.record(soma(0.5)._ref_v)
simulation The console displays:
.finitialize()
.continuerun(49.5)

spike times:
[3.1750000000000114, 28.149999999998936,

compute spike times 41.6250000000009]
st = [t[j] for j in range(len(v) - 1)

if v[j] <= 0 and v[j + 1] > 0]
print ('spike times:'); print (st) That is, the cell spiked at: 3.175
# plotting
pyplot.plot (t.as_numpy (), v.as_numpy () ms, 28.150 ms, and 41.625 ms.
pyplot.show()

H PP S ot

Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved Page 105



Using NEURON to Model Cells and Networks 2015

Basic NEURON scripting
oe

Analyzing simulation results

Interspike intervals (ISls) are the delays between spikes; that is, they
are the differences between consecutive spike times.

To display ISls for the previous example, we add the lines:

isis = [next - last for next, last in zip(st[1:], st[:-11)]
print ('ISIs:'); print (isis)

The result:
[24.974999999998925, 13.475000000001966]

That is, the delays between spikes were 24.975 ms and 13.475 ms.

Basic NEURON scripting
[ le]

Interacting with HOC

HOC was NEURON's original programming language. There are many
valuable HOC functions in ModelDB and elsewhere. Python scripts can
easily use these functions via a two step process:

Load the HOC library, here 1ibraryname.hoc:

h.load file('libraryname.hoc')
Invoke the HOC function, here test by proceeding its name with an h.
and passing the appropriate arguments:

h.test(13, 172.2)

SES files created by saving the session are written in HOC and may be loaded the same as with any other HOC file.
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Basic NEURON scripting

Interacting with HOC

Example

HOC code: myneuron.hoc

// define a cell
create soma, apic, basal
soma {
connect apic(0), 1
connect basal(0), O
L =20
diam = 20

}

Running the Python script shows:

oce

Python script:

from neuron import h
h.load_file('myneuron.hoc"')
h.topology()

soma (0-1)

apic(0-1)

basal(0-1)

Basic NEURON scripting

Other notes

Section-dependent functions

Some NEURON functions depend on the section; specify that with a

sec= argument.

Example: calculating path distance

For example, h.distance is used to calculate the path distance in um
between two points along the neuron. To set a reference point at the

center (0.5) of the soma, use:

h.distance(0, 0.5, sec=soma)

The distance from the reference point to the 1 end of apic is

h.distance(1, sec=apic)
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Advanced topics

Advanced topics

Advanced topics
[ Jelelele]
Version Control

Version control: git

Why use version control?

o Protects against losing working code: if something used to work
but no longer does, you can test previous versions to identify what
change caused the error.

o Provides a record of script history: authorship, changes, ...

@ Promotes collaboration: provides tools to combine changes made
independently on different copies of the code.
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Advanced topics
[e] lele]e]
Version Control

Version control: git basics

Setup
git init
Declare files to be tracked
git add FILENAME
Commit a version (so can return to it later)
git commit -a
Return to the version of FILENAME from 2 commits ago

git checkout HEAD™2 FILENAME

Advanced topics
00@00O
Version Control

Version control: git

View list of changes
git log
Remove a file from tracking
git rm FILENAME
Rename a tracked file

git mv OLDNAME NEWNAME
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Advanced topics
[e]e]e] o]
Version Control

Version control: git and remote servers

git (and mercurial) is a distributed version control system, designed to
allow you to collaborate with others. You can use your own server or a
public one like github or bitbucket.

Download from a server
git clone http://URL.git
Get changes from server and merge with local changes
git pull
Sync local, committed changes to the server

git push

Advanced topics
[e]ee]e] ]
Version Control

Version control: syncing data with code

One simple way to ensure you always know what version of the code
generated your data is to include the git hash in the filename. The
following function can help:

def git_hash():
import subprocess

suffix = '!'

if subprocess.check_output(['git', 'diff']):
suffix = '+'

return '%s%s' % (subprocess.check_output([
'git', 'log', '-1', '--pretty=format:%h']),
suffix)

Then, for example, save matplotlib graphics with:
pyplot.savefig('filename_' + git_hash() + '.pdf')
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GUI Development

@ To ensure your GUI responds

to user input, be sure to:
from neuron import gui

@ Place basic widgets (text,

buttons, checkboxes, ...) in

an h.xpanel.

from neuron import h, gui

.xpanel ('Example 1')
.xlabel('Hello class')
.xbutton('Click me')
.xpanel ()

== g = g =

GUI Development

Button actions

To perform an action when a
button is pressed, write it as a
function, and then pass the
function to h.xbutton.

from neuron import h, gui

def say_hello():
print 'hello!'

h.xpanel ('Example 2')
h.xbutton('Click me',

say_hello)
h.xpanel()

Using NEURON to Model Cells and Networks

Advanced topics
[ eJelele)

Making your own graphical interface

Close Hide
Hello class

Advanced topics
O@000

Close  Hide
Click me |

Pressing the button displays:

hello!

Pressing the button twice:

hello!
hello!
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Advanced topics
lele] Jlele}

GUI Development

Number fields and classes

Place your GUI commands in a class to allow independent reuse.

from neuron import h, gui -

class Demo: Close: Hide
def __init__(self): Choose a number: 357 =
self.value = 7.18 Press me | o e

7 AN
h.xpanel('Demo') Choose a number:
Press me

h.xvalue('Choose a number:',

(self, 'value')) . “ "
b. xbutton('Press me' Click “Press me" on the left

self.print_value) window and then on the right
h.xpanel () window displays:
def print_value(self):
print ('You chose:')
print (self.value)

You chose:

3.67
# make two demos You chose:

d1l = Demo() 7.11
d2 = Demo()

Advanced topics
[eJe]e] le}

GUI Development

Layout: HBox and VBox

Combine windows horizontally with HBox and vertically with VBox.

from neuron import h, gui

hbox = h.HBox()

hbox.intercept (1)

h.xpanel('Example 1')

h.xlabel('Hello class')

.xbutton('Click me') Close Hide
.xpanel()

.xpanel ('Example 3')
.xbutton('Say hello') Click me
.xpanel ()

.xpanel ()

hbox.intercept (0)

hbox.map ()

Hello class Say hello

== i = = = =2

Note: HBox and VBox can contain: H/VBox, Deck, xpanel, Graph, ...
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Advanced topics
lelejele] ]

GUI Development

Layout: HBox and VBox

Complicated layouts can be constructed using nested VBox and HBox

objects:
Close Hicle

-~ Shout < Topology 4 Subsets < Geometry < Biophysics - Management |j Continuous Create
Al First, select,

all
[branch Select

< Select One
# Select Subtree
<~ Select Basename

then, act.

Mew SectionList

Selection-=Seclist

Delete Seclist.

Change MName

Ivlove down

Parameterized Domain Page

Hints I I

More information
o

More information

For more information

For more background and a step-by-step guide to creating a network
model, see the NEURON + Python tutorial at:

http://neuron.yale.edu/neuron /static/docs/neuronpython /index.html
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Don't reinvent the brain

Using ModelDB and other archives for your research

Robert A. McDougal
Yale School of Medicine

16 October 2015

General issues
[ Jele]e)

General issues
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General issues
o] Tele)

On reproducibility

“Non-reproducible single occurrences are of no significance to science.”

— Karl Popper in The logic of scientific discovery, 1959.

What is needed for a model to be reproducible?

Model

@ an approximation of the system of interest
e.g. a model organism or a complete statement of the properties of
the model in mathematical or computable form

Experimental protocol

@ what was done with the model to produce the data

Science builds upon previous work; in order to do that, the previous work
needs to be reproducible.

General issues
o0eo

Models are complicated

100+
501099 % > 100K

3.0%
6.7% I

Files per Model File Size

@ 38.5% of ModelDB models have over 20 files; 24.2% of files are over 5K.
@ It is often hard to fully describe this complexity in a paper.

@ Any bugs, typos, errors, or omissions might completely change the dynamics.

Distributions from ModelDB, Fall 2013. A model was counted as having O files if it was not hosted on ModelDB.

2015
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General issues
[e]e]e] )

Model sharing helps, but only reuse what you understand

The easiest way to replicate someone else’s results — a first step toward
building on them — is to get their model code from a repository such as
ModelDB.

But beware:

@ They may be solving a different problem than you (with respect to
species, temperature, age, etc).

@ Their code may have bugs.

To reduce the risk of problems:
@ Read the associated paper.
@ Compare the model and results to other similar models.

e Examine the model with ModelView and/or psection.

Test ion channels individually.

Collaborate with an experimentalist.

ModelDB
900000000000

ModelDB

Part of the SenseLab Project
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ModelDB
0O@0000000000

4

7 ModelDB | iErona]

ModelDB Help
User account ) ) )
ModelDB provides an accessible location for storing and efficiently retrieving computational neuroscience models

Login ModeIDB is tightly coupled with NeuronDE . Models can be coded in any language for any environment. Model code can be

viewed before downloading and browsers can be set to aute-launch the models. For further information, see model sharing
in general and ModelDB in particular
Search

Reg
F!"d modals for Use the "search” box in the upper left comer to find model entries
Cell type + by accession number
« by a particular author
» by keyword (cell type, region, receptor, gene, transmitter, topic, simulator)
« use advanced search for ion currents: because these are short they are problematic to search with free text
« use advanced search for a combined keyword and full text search
« prefix case sensitive words with *
« use * for completions

Or you may search for publications indexed in MadelDS or PubMed.

Find models of
Networks

New Model
Neuror
Submit
Videc
Other resources
ModelDB related resource: BT
8 Follow W esions, o " T S—
uestions. ::avmfns "“"“,";A\IIFW
@SenseLabPro J u to ci \ )

sita s Copyrig

015 Shepherd Lab, Yale University

modeldb.yale.edu

ModelDB
00O®000000000

What is in ModelDB?

Models for:
@ 176 cell types
@ 194 species
@ 52 ion channels, pumps, etc
@ 129 topics (Alzheimer's, STDP, etc)

1052 published models from 704 simulators
e 509 NEURON models

Numbers are as of September 25, 2015
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ModelDB
000@00000000

Finding models

Using NEURON to Model Cells and Networks

hin Q

hinf

hinf-h

hines

hinton.hoc

hint

Authors

Hines ML > | View all

Hines M i

Cell Type Olfactory Mitral Cell (Shen et al 1999)
Entorhinal cortex stellate cell Arteriolar networks: Spread of potential (Crane et al 2001)
Region Olfactory Mitral cell: AP initiation modes (Chen et al 2002)
Entorhinal cortex Local variable time step method (Lytton, Hines 2005)

Transmitter Olfactory bulb mitral cell: synchronization by gap junctions
Norephinephrine (Migliore et al 2005)
Ephinephrine Discrete event simulation in the NEURON environment (Hines
Dynorphin and Carnevale 2004)

Receptor Spatial gridding and temporal accuracy in NEURON (Hines and
Dynorphin Carnevale 2001)

Concept e T e

Tutorial/Teaching

Do full text or attribute searches.

you type.

Search box on the top-left of every page.

@ Advanced search and browsing are also available.

ModelDB
0000 e0000000

Anatomy of a ShowModel page

Word completions (based on ModelDB entries not English) and attribute results updated as

Yo ModelDB

Amyloid beta (1A block) effects on a model CA1 pyramidal cel (Morse et al. 2010)

(3)

“4)

(14)

(10)
(11)
(12)

(13)
(14)

Search models.

Browse models.

Description of model.

Paper(s) describing or using model.

Find models and papers cited by this
model’s paper, or that cite this model.

Searchable metadata.

Links to NeuronDB (channel
distributions etc within cell types).

Link to download the entire simulation.

Auto-launch a NEURON simulation
(requires browser configuration).

Simulation platform (5 minutes of
remote desktop access to experiment
with the model).

ModelView: visualize model structure.

3D printable versions of cells from the
model (in 3DModelDB).

Directory browser, showing model files.

View pane for the currently selected file.
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ModelDB
00000@000000

|dentifying existing reuse

Region|(circuts
Find models for

rererence:

1. Morse TM, Camevale NT, Mutaiik PG, Miglore M, Shep
computational study Fi 5 416 Pusbizc)
Citations Cila

ModelDB H

(2010) iy of

implicated in early Alzh a

Model Information (Click on a ink {0 find other models with that property)
Model Type: N

Brain Region(s)Organism:
Cell Typefs): H
Channel(s)
Gap Junctions:
Recaptor(s):
Genefs)
Transmitter(s):
Simulation Environment: N
Model Concept(s): D
Implementer(s):  C

vically excitable cel

id; 1A; 1K: 11

Search NeuronDB for information about: Hippoca pyramidal cel; | Na

Model files
models

Downloadzpfile  Auto-launch  » Simuiation Piatform

Modelview

= 3D print  Help downloading and running

Asterisks in the file browser indicate that the file is reused in other
models; click the asterisk to see a list of the other models.

ModelView

ModelDB
000000800000

DB Help

User account

Find models by
Model nam

jon(circus)
Find models for
Cell type

Find models of

ular junction:

Other resources

in mercuria
epositor

e

ModelDB W =

Amyloid beta (IA block) effects on a model CA1 pyramidal cell (Morse et al. 2010)
Accession:87284

The model simulations provide evidence oblique dendrites in CA1 pyramidal neurons are susceptible to hyper-excitabllity by amyloid beta block of the
transient K+ channel, 1A See paper for details

Reference: Morse TM, Camevale NT, Mutalik PG, Migliore M, Shepherd GM (2010) Abnormal excitabilty of oblique dendrites implicated in early
Azheimer's: a computational study Front, Neural Circuits 4:16 [Pubiec)
Citations Citation Browser

Model Information (Click on a link to find other models with that property)

Model Type: Iron of r electricall
Brain Region(s)/Organism:
Cell Type(s): CA1 pyramidal neuron:
Channel(s): | Na.t; | L high threshold; | N; | T low threshold; | A; 1K: L h;
Gap Junctions:

Receptor(
Gene(s):
Trans mitter(s):
Simulation Environment: NEURON:
Model Concepl(s): Dendritic Action Potentials: Active Dendrites: Detailed Neuronal Models: Pathophysiology; Aging/Alzheimer's:
Implementer(s): Carnevale. Ted [Ted.Carnevale at Yale.edul: Morse, Tom [Tom.Morse at Yale.edul:

Search NeuronDB for information about: CA1 pyramidal neuron; INa.t; LL high threshold: LN; | T low threshold: LA: LK; Lh:

Model files  Download zip file Simulation Platform ( ModelView

= This is the
OCA1_abeta 1, carn Figure 3 .. M. Slipahard N )
O translate = = Figure 4 14 s implicate =T

ciner 2 t nt. Neural Circuits 4:1

Dfiglipg Figure 5
Dfig2.jeg . Figure 6 i (s
0 figd.jog aarl
Bfigdjpg

Adapted from McDougal et al, Neuroinformatics 2015 (online ahead of print)
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ModelDB
000000080000

Morse et al. 2010 =|= root: soma -2

194 sections; 974 segments X-Y  X-Z Y-Z

#1 cell with morphology

0 artificial cells

0 NetCon objects

0 LinearMechanism objects

B Temperature: 35°C
#Density Mechanisms

#1 point processes (0 can
receive events) of 1 base
classes

#7 files shared with other
ModelDB models

*'References 200 0 200 400 600

McDougal et al, Neuroinformatics 2015 (online ahead of print)
ModelDB
00000000 @000

a Morse et al. 2010 =] root: soma =] Morse et al. 2010 ~ |

O UIBUINLL Values Ul 115e 8 .
Y & = Density Mechanisms

=18 inserted mechanisms XY Xz Y-z £18 mechanisms in use
Ra Ra
cm cm
@
pas
as
®na_ion :a ion
#k_ion K_ion
ca_ion ca_ion
#cacum (cacumm.mod) Scacum (cacumm.mod)
@ T o
i CHIQ(K (?K-mT;Jd) 3pic(501(0.833333) READs: ica
*cal (cal2.mo (520.5, -28.46, .
Scan (ganzmod) 42.40) WRITESs: cai,
i i Mechanisms Nonspecific Current
cat (cat. mod) PT;ser\tl Present in 193 sections
a
,ds (distr.mod) 200 0 200 400 O P cagk (cagk.mod;
#hd (h.mod) pas READs: cai, ek
& na_ion '
kad (kadist.mod) k_ion WRITEs: ik
;kap (kaprox.mod) EZE::\: Present in 193 sections
*kdr (kdreal.mod) cagk Possibly temperature
#na3 (na3n.mod) cal dependent
@ can
®nax (naxn.mod) . car ¥ cal (cal2.mod) s
ds
hd
kad
kap
kdr
na3

McDougal et al, Neuroinformatics 2015 (online ahead of print)
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ModelDB
000000000 e00

Morse et al. 2010 = root: soma - Morse et al. 2010 =
“can (can2.mod) X-Y Y-Z
gcanbar 0.35
“cat (cat.mod) 0.30
gcatbar 025
ds (distr.mod) %0.20
“hd (h.mod) _\C‘{\O.IS
ghdbar B
vhalfl =030
& . apic[38](0.681818)
kad (kadist.mod) (636.2, -6.100, -64.31),
gkabar ghabar = 02467901300 400 600 800
“kap (kaprox.mod) Distance from root
gkabar
Zkdr (kdrcal.mod) 0 0.313714
gkdrbar
“na3 (na3n.mod)
sh
gbar
ar

nax (naxn.mod)

McDougal et al, Neuroinformatics 2015 (online ahead of print)

ModelDB
000000000080

Morse et al. 2010

77 files shared with other
ModelDB models
“'cagk.mod

A model of unitary
responses from A/C
and PP synapses in

CA3 pyramidal cells
(Baker et al. 2010)
CA1 pyramidal

neuron; effects of
R2130Q and R312W
Kv7.2 mutations

(Miceli et al. 2013

CA3 pyramidal neuron
(Safiulina et al. 2010

CA3 pyramidal
neuron: firing
properties (Hemond et
al. 2008

¥ distr.mod
*'cal2.mod
*can2.mod

¥ cat.mod
ipulse2.mod

“naxn.mod

E

McDougal et al, Neuroinformatics 2015 (online ahead of print)
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Morse et al. 2010 =2
(Hemond et al. 2008)
* distr.mod
¥ cal2.mod
¥can2.mod
#cat.mod
#ipulse2.mod
“'naxn.mod
“References

Paper in Front. Neural
Circuits

ModelDB Entry
“Run Protocol

= 'Compiling
cd CA1_abeta
nrnivmodl|

“Launching NEURON
nrngui -python

“Running
from neuron import h
h.load_file("mosinit.hoc")
h.figland2()
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ModelDB
00000000000 e

How do people use ModelDB?

@ Find a model described in a paper, download it, and experiment to
understand the model's predictions.

@ Find a model described in a paper. Use ModelView to understand
the model's structure.

@ Locate models and modeling papers on a given topic.

@ Locate model components (e.g. L-type calcium channel) for
potential reuse.

@ Search for simulator keywords (e.g. FlnitializeHandler) to find
examples of how to use them.

You can help by sharing your model code on ModelDB after publication.

Other resources
000000

Other resources

Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved Page 123



Using NEURON to Model Cells and Networks 2015

Other resources
0000000

NeuroMorpho.Org

i NeurdMorpho.Ofg @ h

Version 6.1 - Released: 05/13/2015 - Content: 31982 neurons. L

Include Signature
Get above fies zipped

L | Details about selected neuron
RN h
TETED

Tools p Miscellaneous p Import 3D

@ NeuroMorpho.Org is home to 31,982 reconstructed neurons from
140 Ce” typeS and 24 SpeCieS as of September 24, 2015.

e Warning: not every morphology was reconstructed with the intent of
being in a simulation. Before using: rotate to check for z-axis errors,
check to make sure the diameters are not all equal.

@ Use the Import 3D tool to import morphologies into NEURON. For
details, see: neuron.yale.edu/neuron/docs/import3d

Other resources
(o]e] lelele]e}

Channelpedia (Channelpedia.epfl.ch)

@ Home to information
about ion channels.

@ Many channels have
one or more
associated models
(e.g. different
species or cell types);
all are downloadable
as MOD files.

@ Shows gating
variable and channel
response to voltage
clamp for each
model.
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Other resources
000@000

Biomodels (www.ebi.ac.uk/biomodels-main)

BIOMDWOWHDOWMCHWLDD
oumioas BN | O fomat (auto-genersies | | Actons 1 Send tescback

Leloup JC, Goldbeter A

Publication 1D: 12775757 Proc. Natl. Acad. Sc. US A 2003 Jun; 100(12): 70517056
Théoraus, ¥

Gampus Pline, G. P, 231, 8-1050 Brussels, Beighm. [mare]

setst

jnml BIOMDOO0O0O000073_LEMS.xml —-neuron

Biomodels model (SBML) —=>» LEMS model —>» MOD file

jnml -sbml-import BIOMDO000000073.xml 1000 5

@ Biomodels is a systems biology model repository.

@ Models are in SBML but can be converted to MOD files via e.g.
jNeuroML (github.com/NeuroML /jNeuroML). Test converted
models before using in a larger model. Edits will likely be necessary
to get them to interoperate with other mechanisms.

@ A native SBML importer for NEURON's rxd module is under
development.

Other resources
0O000e00

Open Source Brain (OpenSourceBrain.org)

opensource BRAIN (NI

Purkinje Cell pe schutter and Bower 1994

ez 0

Description

An initial implementation in NeuroML of the Purkinje Cell model from De Schutter, E. and
Bower, J. M. (1994). Based on Amd Roth el al's conversion of the original GENESIS code to

@ Open Source Brain promotes collaborative model development via
github.

@ Models are typically in NeuroML or neuroConstruct format;
neuroConstruct (neuroConstruct.org) converts both formats to
NEURON.

@ The conversion process places different ion channels in different
MOD files, which allows extracting model components.
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Other resources
0000080

NeuroElectro (NeuroElectro.org)

NewroElectro Neuroiectr Publcaions
About Neuron Types  Electrophysiology Properties Atticles FAQs Data/API Contribute
resting membrane potential
‘Common definion: Membrane potential a the onset of whole-cell recording
Electrophysiological values of resting membrane potential across neuron types from literature:

Standardization criteria:
« Values unchanged from those reported. Refer to individual articles for

Legend T
+ Blue dots = textmined values human curated; Orange dos = textmined values not human curaied = View data in table form
Interacivity:
+ Mouse over neuron report data points and cic t view coresponding publication © Report miscurated data
« Click on neuron name axis labels (e.. Dentate gyrus granle cel) 1 view cortesponding neuron page

« Zoomin

pyramidal cell B
eroid ion of inhibitory synaptc currents
niral hippocampus o

mv

@ NeuroElectro archives experimentally measured electrophysiology values for
different cell types; it shows the spread and allows comparing values across
different cell types.

@ Read the paper associated with a value to understand: species, experimental
conditions, etc.

Other resources
0O00000e

Senselab (senselab.med.yale.edu)

e

NP
i NeuronDB

-

e

il

\

0

Back UserPublic
| Ovewiew | Dataiseatch | pius Connectiity | plus Classical ReferencesiNotes. | Models | BrainPharm
Hippocampus CA1 pyramidal cell
e
Newon Type:  principal
Organism Vertebrates
Pharmacology:  IUPHAR
Reconstructions:  NeuroMorpho.Org
Genes: Allen Brain Atlas - Links
Genes: Human Brain Transcriptome
NeuroLex:
Microcircuit
Connectivity:  Live connectvity specified by colored boxes. Dark yellow: distant connectivity. Light yellow: auto connectivity
Input Receptors Intrinsic Currents Output Transmitters
Distal apical dendrite caL terminal Gab [Nag
T low threshold
AVPA | |A
NMDA ||N
Perforant pathway entorhinal pyramidal neuron terminals (T)  Glutamate | L high threshold
lpa
ih
Middle apical dendrite CAL ori i terminal Gaba Gab INat
CAL ori i Axon terminal.Gaba GabaB | 1T low threshold
CA3 pyramidal cell Axon erminal Glutamal NMDA | LPolassium

@ Senselab is a suite of 10 interconnected databases (listed at left).

@ ModelDB and NeuronDB (at right) are the most useful for modeling.

@ NeuronDB shows what channels are present and the inputs and
outputs by cell region (e.g. distal apical dendrite vs proximal apical
dendrite).

2015
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Stay up to date
[ ]

Stay up to date

Many repositories announce new developments on Twitter, including:
@ Senselab (including ModelDB): @SenselLabProject
@ Open Source Brain: @OSBTeam
@ NeuroMorpho.Org: @NeuroMorphoOrg
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Reaction-Diffusion in the NEURON Simulator

Robert A. McDougal
Yale School of Medicine

16 October 2014

[T ]

Getting Started
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Getting Started
©00

When should | use the reaction-diffusion module?

What is a reaction-diffusion system?

“Reaction—diffusion systems are mathematical models which explain how
the concentration of one or more substances distributed in space
changes under the influence of two processes: local chemical reactions
in which the substances are transformed into each other, and diffusion
which causes the substances to spread out over a surface in space.”!

1http ://en.wikipedia.org/wiki/Reaction’E2%80%93diffusion_system

Getting Started
oeo

When should | use the reaction-diffusion module?

Examples

@ Circadian Oscillator
@ Pure Diffusion

@ Protein Degradation

o Ca?*-induced Ca®t release

Cytosol
o Buffering A\

b
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Getting Started
ooe
When should | use the reaction-diffusion module?

What does the rxd module do?

Reduces typing

@ In 2 lines: declare a domain, then declare a molecule, allowing it to
diffuse and respond to flux from ion channels.
all = rxd.Region(h.allsec(), nrn_region="i")
ca = rxd.Species(all, name='ca', d=1, charge=2)

@ Reduces the risk for errors from typos or misunderstandings.

Allows arbitrary domains

| A\

NEURON traditionally only identified concentrations just inside and just
outside the plasma membrane. The rxd module allows you to declare
your own regions of interest (e.g. ER, mitochondria, etc).

A\

Getting Started
0000000000000
How do | use the rxd module?

The three questions

@ Where do the dynamics occur?
o Cytosol
o Endoplasmic Reticulum
o Mitochondria
o Extracellular Space

@ Who are the actors?
o lons
o Proteins

@ What are the reactions?
o Buffering
o Degradation
e Phosphorylation

Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved
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Getting Started

O®@000000000000
How do | use the rxd module?

Declare a region with rxd.Region

geometry:

cyt = rxd.Region(seclist)

seclist may be any iterable of sections; e.g. a SectionList or a Python list.

rxd.inside

Identify with a standard region

rxd.membrane

ol _

cyt = rxd.Region(seclist, nrn_region="i")

nrn_region may be i or o, corresponding to the locations of e.g. nai vs nao.

rxd.FractionalVolume(
volume_fraction=f,
surface_fraction=f,)

| A\

o@

Specify the cross-sectional shape

cyt = rxd.Region(seclist,
geometry=rxd.Shell(0.5, 1))

The default geometry is rxd.inside.
The geometry and nrn_region arguments may both be specified.

xd.Shell(ry/R, ra/R)

Adapted from:
McDougal et al 2013.

Getting Started
0000000000000 0
How do I use the rxd module?

rxd.Region tips

Specify nrn_region if concentrations interact with NMODL

If NMODL mechanisms (ion channels, point processes, etc) depend on or
affect the concentration of a species living in a given region, that region
must declare a nrn_region (typically 'i').

To declare a region that exists on all sections

r = rxd.Region(h.allsec())

Use list comprehensions to select sections

r = rxd.Region([sec for sec in h.allsec() if 'apical' in sec.name()])
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Getting Started
0008000000000 0
How do | use the rxd module?

Declare proteins and ions with rxd.Species

Basic usage

protein = rxd.Species(region, d=16)

d is the diffusion constant in umZ/ms, region is an rxd.Region or an iterable of rxd.Region objects.

Initial conditions

| A

protein = rxd.Species(region, initial=value)

value is in mM. It may be a constant or a function of the node.

Connecting with HOC

|
A\

ca = rxd.Species(region, name='ca', charge=2

If the nrn_region of region is "i", the concentrations of this species will be stored in cai, and its concentrations will be affected by ica.

A\

Getting Started
0000@000000000
How do | use the rxd module?

Specifying dynamics: rxd.Reaction

Mass-action kinetics

Kf
ca + buffer <k—b> cabuffer

buffering = rxd.Reaction(ca + buffer, cabuffer, kf, kb)
kf is the forward reaction rate, kb is the backward reaction rate. kb may be omitted if the reaction is unidirectional.
In a mass-action reaction, the reaction rate is proportional to the product of the concentrations of the reactants.

Repeated reactants

| A

2H + O % H20
water_reaction = rxd.Reaction(2 * H + O, H20, kf, kb)

Arbitrary reaction formula, e.g. Hill dynamics

a+b—c
hill_reaction = rxd.Reaction(a + b, c,a “2/(a ~ 2+ k " 2),
mass_action=False)

Hill dynamics are often used to model cooperative reactions.

\
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Getting Started
00000800000000
How do | use the rxd module?

rxd.Rate and rxd.MultiCompartmentReaction

Use rxd.Rate to specify an explicit contribution to the rate of change of
some concentration or state variable.

ip3degradation = rxd.Rate(ip3, -k * ip3)

| \

rxd.MultiCompartmentReaction

Use rxd.MultiCompartmentReaction when the dynamics span multiple
regions; e.g. a pump or channel.

ip3r = rxd.MultiCompartmentReaction(ca[er], ca[cyt], kf, kb,
membrane=cyt_er_membrane)

The rate of these dynamics is proportional to the membrane area.

\

Getting Started
000000 e0000000
How do | use the rxd module?

Manipulating nodes

Getting a list of nodes

@ nodelist = protein.nodes

Filtering a list of nodes

@ nodelist2 = nodelist(region)
@ nodelist2 = nodelist(0.5)
@ nodelist2 = nodelist(section)(region)(0.5)

y

Other operations

@ nodelist.concentration = value

@ values = nodelist.concentration
@ surface_areas = nodelist.surface_area
@ volumes = nodelist.volume

@ node = nodelist[0]

A\
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Getting Started
0000000®000000
How do | use the rxd module?

GUI

Reaction-diffusion dynamics can also be specified via the GUI. This
option appears only when rxd is supported in your install (Python and

scipy must be available).

NEURON Main Menu
Tconify

File Edit-'lwls Graph Yector I»Jindnwl

=ingle compartment
Cell Builder

Charnel Builder

Getting Started
00000000e00000
How do I use the rxd module?

GUI

Closs. Hide.

+ Reglons v Species v Reactions v Morphology  + Instantiate

(NEW (L& Here:

er]

Electrophysiolony re8ion: [ ([)raids I (Qlutsice [ Neither

Select. Ceometry:

Inside Valure Fraction 0,16
Henbrane -
Fractional Uluns Surfoce Fraction 0

Shell Heighbor Fraction§n.18

Constant. 21 Areaslength
Constant. 2 Yol/Length

Close

Hide

in & nontrivial way,

Fractional Yolume is used to represent regions that are intermived

It is likely that in nost cases the volune fraction and the
reighbor fraction will both represent the cross-sectional area
#raction, and so therefore should be equal. The surface fraction
15 the fraction of the surface area that belongs to this region,
For exanple, if this is used to represent the ER, then the

surface fraction should be zero,

[ Tnfornation |

=

Telete | Revert | sawe |
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Getting Started
0000000000000
How do I use the rxd module?

GUI

Closs Hide
 Regions v Species v Reactions v Morphology o Instantiate
CHEW) ] Hame:
Cyt
er eut
Electrophysiology reslon: o (1ynside [If (@utside [T Meither
Select Geanetry:
U Valune Fraction 0,52
Henbrane
Fractional Volune Eereen Fresiio) B
Shell Neighbor Fraction 7,52
Constant 20 frealLength
Constant 30 Vol/Length
(v [ Infornation
Telete | Revert | Sawe |

Getting Started
0000000000 e000
How do | use the rxd module?

GUI

Clase Hide.
. Regions _+ Species o Reactions v Morphology - Instantiate

Edit Species and Select Regions For Each Species
species Editor |

ca

Monselected Regions. Selected Regions
A—— O H
| [

buf

MNenselected Regions Selected Regions

C— -n Cr—
| i

cabuf

MNonselected Regions Selected Regions.

=

[ —
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Getting Started
00000000000 e00
How do I use the rxd module?

GUI

Close_ tide

|- Regions - Species _# Reations _+ Morphology _+ Instantiate

Edit and Enable Reactions

Reaction Editor

[ busfering
Close Hide

() Al e: |
buffering urFering
B0k Bfteoction (B FoltiCompartmentRenction
FETETN T4 (il
[T
=
| 7
et | renove [ Resoue
3
T
= ]
5
;ﬂu Hass Action ]
Telete | e | ‘

Getting Started
0000000000000
How do | use the rxd module?

GUI

® @ RxD Builder

Close Hide
© Reglons - Gpecies o Reactions o Horphology < Instantiate
Select, the morphology corresponding to each resion
eyt Al Mo sections A
A ALl Sections =
derdritel
dendrited
2 =
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Getting Started
0000000000000e
How do | use the rxd module?

GUI

NEURON Main Menu

Closs. Hide

« Regions  « Spesies < Reactions

« Horphology

Instantiate

You may want to sawe your work (File -> Save Session) before
instantiating, as there is currently no way to make changes
after the AxD model has been instantiated,

llhen you are ready, click: IIﬁst&T@igsbeJ

Examples
[ ]
Calcium buffering

Example: Calcium buffering

from neuron import h, rxd, gui

h('create soma')

soma_region = rxd.Region([h.somal, nrn_region='i')

ca = rxd.Species(soma_region, initial=1,
name='ca', charge=2)

buf = rxd.Species(soma_region, initial=1,
name='buf ')

cabuf = rxd.Species(soma_region, initial=0,

name='cabuf ')

buffering = rxd.Reaction(2 * ca + buf, cabuf, 1, 0.1)

In this example, we suppose each
buffer molecule binds two
molecules of calcium. Other
buffers have different properties.

Use the GUI to create a graph and
run the simulation.

ariatle to graph

[Soma.caouii 05 )
[ Show
>
05)
(05)
)
5 )
5)
A
dibu_dv_(05)
Jafdly

somacai 05 )
somalufi( 05 )
somacaii( 05 )

2015

Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved



2015 Using NEURON to Model Cells and Networks

Examples
@000000

Calcium wave

Example: Calcium wave dynamics

Cytosol

Wagner et al. 2004. Cell Calcium. DOI: 10.1016/j.ceca.2003.10.009
Neymotin et al. 2015. Neural Computation. DOI: 10.1162/NECO_a_00712

ModelDB: 168874

Examples
0@00000
Calcium wave

There are three regions:

Cytosol:

cyt_geom = rxd.FractionalVolume(0.83, surface_fraction=1)
cyt = rxd.Region(h.allsec(),
nrn_region='i',
geometry=cyt_geom)
Endoplasmic Reticulum (ER):

er = rxd.Region(h.allsec(),
geometry=rxd.FractionalVolume(0.17))

The ER membrane:

er_membrane = rxd.Region(h.allsec(),
geometry=rxd.ScalableBorder(1))
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Examples
[e]e] Jelelele)
Calcium wave

There are two species:

Calcium:

def ca_init(node):
return ca_cytO if node.region == cyt else ca_er0

ca = rxd.Species([cyt, er],
d=caDiff,
name='ca',
charge=2,
initial=ca_init)

Inositol trisphosphate (IP3):

ip3 = rxd.Species(cyt,
d=ip3Diff,
initial=ip3_init)

Examples
[e]e]e] lelele]
Calcium wave

Each pump and channel corresponds to its own “reaction”:

Leak:

leak = rxd.MultiCompartmentReaction(
caler] <> calcyt],
gleak,
gleak,
membrane=er_membrane)

SERCA:

serca = rxd.MultiCompartmentReaction(
calcyt] > caler],
gserca * (calcyt])**2 / (Ksercax*2 + (calcytl)=**2),
membrane=er_membrane,
mass_action=False)

2015
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Examples
[e]e]e]e] lee)
Calcium wave

The IP3R is more complicated because it is essentially a channel that
opens and closes slowly as a function of calcium concentration.

IP3R:

# slow gating due to calcium
ip3r_gate_state = rxd.State(er_membrane, initial=0.8)
h_gate = ip3r_gate_state[er_membrane]
ip3rg = rxd.Rate(h_gate,
(1. / (1 + calcyt] / scale) - h_gate) / tauw)

# fast gating due to calcium and IP3
minf = ip3[cyt] * calcyt] / (ip3[cyt] + Kip3) / (calcyt] + Kact)

# same permeability for either direction of flow
k = gip3r[cyt] * (minf * h_gate) ** 3

# the actual channel
ip3r = rxd.MultiCompartmentReaction(
caler] <> calcyt], k, k, membrane=er_membrane)

Examples
[e]e]e]e]e] le)

Calcium wave

Reducing IP3R spacing facilitates wave propagation

More closely spaced IP3R —
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Examples
[e]e]e]e]e]e] )

Calcium wave

Increasing SERCA activity weakens wave propagation

<

Increasing SERCA activity —

Notes
o0
Interacting with the rest of NEURON

Interacting with the rest of NEURON

node._ref_concentration or node._ref_value returns a pointer.

Recording traces

v = h.Vector()
v.record(ca.nodes[0]._ref_concentration)

Plotting

= h.Graph()
g.addvar('caler][dend](0.5)",
ca.nodes(er)(dend)(0.5)[0]._ref_concentration)
h.graphList[0].append(g)
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Interacting with the rest of NEURON

Tips

To find out what methods and properties are available, use dir:

dir(ca.nodes)

CVode and atol
NEURON's variable step solver has a default absolute tolerance of 0.001.

Since NEURON measures concentration in mM and many cell biology
concentrations are in M, this tolerance may be too high. Try lowering it:

h.CVode().atol(1e-8)

3D Simulations

3D Simulations
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3D Simulations
°

Overview

The Third Dimension

Specifying 3D Simulations

Just add one line of code?:
rxd.set_solve_type(dimension=3)
all = rxd.Region(h.allsec())
ca = rxd.Species(all, d=1)
ca.initial = lambda node: 1 if node.x3d < 50 else 0

Plotting

Get the concentration values expressed on a regular 3D grid via
nodelist.value_to_grid()

values = ca.nodes.value_to_grid()
Pass the result to a 3d volume plotter, such as Mayavi's VolumeSlicer:

graph = VolumeSlicer(data=ca.nodes.value_to_grid())
graph.configure_traits()

erd.setsolve,type can optionally take a list of sections as its first argument; in that case only the specified sections will be
simulated in three dimensions.

3D Simulations
(]

Example: wave curvature

Example: wave curvature

from neuron import h, gui, rxd
import volume_slicer

secl, sec2 = h.Section(), h.Section()
h.pt3dadd(2, 0, 0, 2, sec=secl)
h.pt3dadd(9.9, 0, 0, 2, sec=secl)
h.pt3dadd(10, 0, 0, 2, sec=seci)
h.pt3dadd(10, 0, 0, 10, sec=sec2)
h.pt3dadd(18, 0, 0, 10, sec=sec2)

def do_init(node):
return 1 if node.x3d < 8 else O

all3d = rxd.Region(h.allsec(), dimension=3)
ca = rxd.Species(all3d, initial=do_init, d=0.05)
r = rxd.Rate(ca, -ca * (1 - ca) * (0.1 - ca))

def plot_it():
graph = volume_slicer.VolumeSlicer(
data=ca.nodes.value_to_grid(),
vmin=0, vmax=1)
graph.configure_traits()

h.finitialize()

for t in [30, 60]:
h.continuerun(t)
plot_it()

Page 144 Copyright © 1998-2015 N.T. Carnevale and M.L. Hines, all rights reserved



2015 Using NEURON to Model Cells and Networks

3D Simulations
o

Example: wave curvature at soma entry

Example: wave curvature at soma entry

References

References
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Survey

We'd appreciate your frank opinions and suggestions to help us refine this course and design
future offerings on related subjects.

Please score these @ ..... according to this scale
Overall impression no opinion 0
Relevance to my o poor, not helpful 1
research

Didactic presentations o fair 2
Written handouts o good 3
Overhead transparencies S excellent, very helpful 4
Computer projection S

Classroom o

Food o

Best feature
Weakest feature

Additional topics that should be covered, topics that should receive more or less coverage, or
other suggestions for improvement.

Circle one
Y N I would recommend this course to others who are interested in neural modeling.

Y N | have developed my own modeling software using a high-level language
(FORTRAN, C/C++, Python etc.).

Y N | have created my own models using modeling software.
Which software?

My primary area of research interest is

To help us better meet the needs of NEURON users, please circle all platforms that you plan to
use for modeling.

Hardware Mac PC Other
OS MacOS X Win Vista| 7|89 UNIX| Linux | OS X | BSD

If Linux, which distribution?
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