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Schedule of Presentations

NTC Ted Carnevale
MLH Michael Hines

WWL Bill Lytton
GMS Gordon Shepherd

Morning session

Time Speaker Title Page
9:00 AM MLH Welcome 3
9:05 NTC NEURON: a brief tour 5
The basics 9
Construction and use of models 19
Using the CellBuilder to make a stylized model 20
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
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2:00 MLH Python + NEURON 95

3:15 Coffee Break

3:30 GMS Databases for computational neuroscience 103

4:00 WWL Reaction-diffusion supplement
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
other courses

The NEURON user community

Used by experimentalists, theoreticians, and educators
for neuroscience research and teaching
As of October 2012
* more than 1180 publications

* more than 1500 subscribers to mailing list and forum
http://www.neuron.yale.edu/phpBB/

* source code for 355 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)
new density mechanisms and point processes
described by ODEs, kinetic schemes,
algebraic equations
events, state machines, artificial spiking cells

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

The WWW page http://www.neuron.yale.edu/
Documentation
hints and tutorials
link to FAQ list
links to key papers about NEURON
Programmer's Reference
Courses

The Forum http://www.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(1l)
Cal ball hoc
pyramidal and code
cell stick

2013
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Anatomically detailed

Using NEURON to Model Cells and Networks

Hierarchies of Complexity
Structure

Single compartment ()

Stylized >o—<

Network %

_Oi

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
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The Model Equations

dvj _ Vi TV,
Cjﬁ-i_ Iionj_zk:

ik
V. membrane potential in compartment j

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

r. axial resistance between the centers of
compartment |

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:

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

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

2013

Copyright © 1998-2013 N.T. Carnevale and M.L. Hines, all rights reserved



2013

Using NEURON to Model Cells and Networks

create soma, dend
connect dend(0), soma(1l)

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 © 1998-2013 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 v 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(Xx)
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 ¢ ] *
nseg=2 ¢ o | ° [
nseg=3 ¢ _©® | e | e e

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 Y [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 © 1998-2013 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]

soma

axon ap[2]
Section L diam Biophysics
soma 20 pm 20 um hh
ap[0] 400 2 reduced hh *
ap[1] 300 1 reduced hh *
ap[2] 500 1 reduced hh *
bas 200 3 pas §
axon 800 1 hh

* - gnabar_hh and gkbar_hh reduced to 10%, el_hh = - 64 mV
§-e pas=-65mV
Throughout the cell Ra = 160 Q cm, cm = 1 uf / cm?

Page 20 Copyright © 1998-2013 N.T. Carnevale and M.L. Hines, all rights reserved



2013 Using NEURON to Model Cells and Networks

Launch NEURON with its
library of graphical tools

UNIX/Linux nrngui

Ry

MSWin or OS X %
nikrgui

Bring up a CellBuilder

[ NEURON 1ol x|

lzonify

File  Edit Buildl Tools  Graph  “Wector '\Mndowl

single compartrnent
Cell Builder
NetWiork Cell
MetWor k. Builder
Limear 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 D Contil Create

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

without regard te 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 {(micrens), 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 defaultis to first build the entire cell and exportitto the top level

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

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 itis changed.

Use buttons from left to right.

Topology

(ol

Close Hide

wr Pbout ‘Topo\ogy w Subsets .- Geometry - Biophwsics - Management D Cortinuous Creste

Click and dragto
4 Make Section

+ Copy Subfree
 Reconnect Subtree
Reposition
v
Aok W Move Label
Click to
w Insert Section
& Delete Section
+ Delete Subtree
« Change Mame

Hirt= I

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

2013
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Specifying the "Basename”

Basename: Edend

IVOC

Section name prefix:

|dend s

‘ Accept ¢ H Cancel |

IvOC [

Section name prefix:

fap

‘ Accept ¢ H Cancel |

Making a new section

Place cursor near end O
of existing section &

Click to start new section <,

Drag to desired length  s&——,

Release mouse button  &p—=—,

Copyright © 1998-2013 N.T. Carnevale and M.L. Hines, all rights reserved
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Save your work as you make progress!

[l NEUR.ON Maii

NEURON Main Menu / File / save session

Subsets

CECT T ol

w About - Topology # subsets - Geometry -, Biophysics . Management Cortinuous Creste

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

Select One

. ~
Click "Select Subtree" ‘ Select Subtree
A4

Select Basename

ap[1]

Click root of apical tree . . .

soma
axen ap[2]

... then "New SectionList" ‘ NewSectionList|

Making a new subset continued

IVOC

New SectionList name

Jal N

‘ Accept ¢ H Cancel |

VOC -]

New SectionList name

|apicals

‘ Accept ¢ H Cancel |

Copyright © 1998-2013 N.T. Carnevale and M.L. Hines, all rights reserved
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Subsets finished

CEDT T ioix]

< About < Topology # Subsets < Geometry « Biophysics < Msragement Cortinuous Craste

First, select,

[E=—

ws Select One
+ Select Subtree
4 Select Basename

then, act.

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

Geometry
-loix]

I -

w About . Topology «, Subsets +* Geometry  ~, Biophysics « Management Cortinuous Creste

|i'5pecify Strategy | Distinet values aver subsst

=p[1]
bas .

E:LER S N | e——
axan =plel
Spatial Grid

nseg
[l d1ambda
L 2 x

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

2013
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Close

Geometry strategy

Hide

=10l %]

< About < Topology < Subsets 4 Geometry < Biophysios < Management D Continuous Create

B'Specify Strategy

all: L, diamn, d_lambda
apicals
soma

ap
=pll]
apEl
bas

Distinct walues over subset
L
diam

'y

Constant walue over subset

Spatial Grid
nseg
d_lambda
d X

Hint= I

Each section has a different L and diam.

Compartmentalize according to A 100 Hz (d_lambda rule).

Implementing geometry strategy

I CellBuild[0] =13
Close Hide
& About o Topology < Subsets # Geomelry < Biophysics 4 Managemert D Continuous Create

forsec =il [ ... A

D Specify Strategy
= all: L,diam,d_la

Al #1=mbda_wi)z = dimmia PrRatom)

#nseg = ~Li{d_lambdatambda_w{100])
M fraction of space constant at 100Hz

[ T
1

ap.L(um]

ap[].L [um)

bas.L[um)

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 © 1998-2013 N.T. Carnevale and M.L. Hines, all rights reserved
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Implementing geometry continued

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

Biophysics
-iol ]

< #bout s Topology < Subsets - Geometry 4 Biophysics < Managemert Cortinuous Craste
I?Speclry Strategy torsec 3l { specity

=
i

extracelular

1
bas - =p[1]

Foms
n =p[2;

"Specify Strategy" is ON.
Base the plan on shared properties.
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Biophysics strategy
[ soecit srsteas | rorseo an crspecity

al: menmge .. | | & =

Ra and cm are homogeneous | 2=
ap[1] extracellular
ap[2] hh

axan

||?Speciiy Strategy | awon [ #specify
2
: manags ..
e =

apicals, soma and axon have hh

bas has pas

Implementing biophysics strategy
[F g [y

all allll Ra(ehm-cm) a0%2

Double Ra

gkbar_hh [Sfemz)

al_hh [S/cmz)

Fix apicals hh params |5 —

&l_hh [m¥)

D Specify Strategy bas [inser pas
all i g_pas[Sfcmz]Ij 0.001 ;]

# Ra
=11} e_pas [mYy) -B5

Shifte_pas inbas [&i
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Save another session file!!

Management

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

4 Management D Continuous Create

{xCeII Type .. Expert .  Import ‘ Llints |

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

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

can be employed by the network builder tool.

Cell

+ Select Qutput
soma.v(1)

Save hoc code in file

2013
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Management continued

Option 2: save as hoc file

4 Management Continuous Create
g

~ Cell Type ﬁ Export . Impeort Qiots |

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]
Subsets

Geometry
Membrane

Exportto file

Management continued

Option 3: export to interpreter

Toggle Continuous Create ON and OFF

EContinuous Create

@Continuous Create

&Continuous Create

or just leave it ON all the time.

Copyright © 1998-2013 N.T. Carnevale and M.L. Hines, all rights reserved
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Step 2: creating and using an interface
for running simulations

1
bas ap[1]

ap

soma
axon ap[2]

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

Get a "Run" button

I NEURON I =101 x|

lzonify

File Edit Build TDDISlGraph “ector '\Mndowl

RunCortrol

RunBEutton l’\s
“wariable Step Control
Poirt Processes
Distributed Mechanisms
Fitting

Impedance

Model Wiew

Morwia Run

Miscellaneous

NEURON Main Menu / Tools / RunControl
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Init sets time to O,

Vm to displayed value, and

conductances to steady-state\
Init & Run does an Init,

then starts a simulation  —————__

Stop interrupts the simulation —_—
Continue til runs until displayed time —__

Continue for runs for displayed____
interval

Single step advances by /

1/(Points plotted/ms)

t numeric field shows model time/

T=top (M=)
. . . / dt [m=] 0.025
Tstop specifies when simulation ends

dt is integration time step;
must be integer fraction of
1/(Points plotted/ms)

Using NEURON to Model Cells and Networks

RunControl panel

1o
Close Hide
Init [rrs] 4 I-%—E
Init & Run
Stop

Continue il [n-.s]i-'lj |5_|§
Continue for (ms) 43| ] |1_|§
Singl= Step

—

Foints plottedfms IdD ;I
Scrn update invl (=] ID.DS ;]
Real Time [=] ID

Points plotted/ms is plotting interval

We need to plot V

m(t) at soma

=10] |

lzonify

Woltage
Currert
State =
Shape pl

Grapher

NEURON Main Menu / G

|Fi|e Edit Build Tools Graehl\-‘ecﬂor '\Mndowl

xS
iz
is
| ot

Wector movie

FPhase Flane

raph / Voltage axis

Copyright © 1998-2013 N.T. Carnevale and M.L. Hines, all rights reserved
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Graph window

Il Graph x-0.5: 5.5 y-02:52 =101 x|
40 —
w[.6)
n | | | | |
1 z 3 4 g

-40 —

B0 —

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

We need to plot Vm along a path

_ioix

lzonify

|Fi|e Edit Build Tools Graehl\-‘ecﬂor '\Mndowl

wWoltage axis

Currert sxis
State axis
Shape plot

Wector mowvi

FPhase Flane

Grapher

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

Il Shape = -824.931 =0 x|
Close Hide

o

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

Click on its "menu box" . . .

Bringing up a space plot continued

=
5

Hide I

Miew

Puis Type
Mowve Text
Changs Text
Delete

“# Section

30 Rotate
Redraws Shape /—Q
Shape Style

Flot what?
“arizble scale
Time Plat

Space Plot

Shape Plot

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

Copyright © 1998-2013 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

Close

Hide

[ Graph »-972:1092 y-92:52

o

1ol

an

-300 -300

-40

300

00

-20

A plot of Vm vs. distance along a path.

Better save a session file.

2013
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We need a stimulator
o/

lzomify

|Fi|e Edit  Build ToolslGraph “actor '\Mndowl

Rum Cortral

RunButton

“ariable Step Cortral
FPoint Processes
Distributed Mechanisms
Fitting

Manzgers o tanag:
Wiewers | Point Group
Electrode

Impedance
Model Wiews
towvie Run

Miscellaneous

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

PointProcessManager window

il PointProcessManag -0l x|
Close Hide
SelectPoirt Process I
Show I

Honz

=t: soma(0.5)

<

To make this an IClamp . . .
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Creating an IClamp

-1

Close Hide

SelectPointProcess

none

IClz iy

AphaSyfapse
ExpSim
Exp2Syn

SEClamp
WClamp
OClamp

AP Count
Met Stim
IntFire1

Irit Fira2
Irit Fired

PoirtProcess Mark

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

IClamp parameter panel

[ PointProcessManag =]

Cloze Hide
SelectPointProcess | I
Show I

ICI=mpd]
at: soma(0 5]

IElampo]
del [ms) e |
dur [ms] | CR—
amp (nA) |

I

[o]le o]

Next: set parameter values.
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Entering values into numeric fields

Direct entry

Note yellow highlight on button

Spinner

EETERE (—r

Red check means value has been
changed from default

Mathematical expression

Our

user interface

=10l

Using NEURON to Model Cells and Networks

B Graph x-0.5:5.5 ¥ -

Time to save to a new session file!

P
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It works!

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

_iolx

Close Hide

Init & Run

Seconds per step (5] ID.D1 ;]

Movie Run / Init & Run

What if channel density in the apical tree varies

systematically with position, e.qg. distance from
the soma?

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

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

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

Potential applications include
e effects and compensation of electrode R & C
¢ two-electrode voltage clamp
e ohmic and nonlinear gap junctions

1. Bring up a Linear Circuit Builder

[ NEURON 1ol x|

leonify

|Fi|e Edit BuilleDDIs Graph  “ector \Mndowl

single compart mernt
Cell Builder
Netiork Cell
MNetwiork Builder

Linear Circuit

Channel Buildei

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

I LinearCircuit[0] =1ol x|
Close Hide
Wire # Arrange
+ Label
. reSiStOI‘ + Parameters

-l capacitor
—+ voltage source

= current source
<+ ground

}operational amplifier
N
intracellular node

:{— intra- and extracellular nodes

A Simulate
e

keep Connected
Hirts

Arrange: spawn components

Click on palette and drag onto canvas

i LinearCircuit[0]

Close

R1

T

¥
>
3

Close

=it
-
—-

b
3

3

R

E A

2013
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Arrange: connect components

Click and drag to R c2
EAUnYS
overlap red circles Sl

Black square is e/vvffg—{ gé

"solder joint"

Pull apart to break connection

Label: move labels

Arrange
Label
s Paramsters

. R £z W Simulate
Click and drag E\gv—{ q YT
to new location
Label

s Paramsters

R1 cz 1 Simulate
v * Move
B%J ii Chanle

Arrange
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Label: change labels 1

I (o <

Arrange
Label
a1 Farameters

v Mowe

R'I cz a2 Simulate
Click on a label . B&i i 4+ Crange

CIECE - oix|

.tochangeitsname |l "

P | e

Label: change labels 2

R T
Arrange

x Label

+s Parameters

. R t W Simulate
Click ona node.. .. T S wove
- Chanie

=10/ x|
.to labelavoltage |1

EZTen] T
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Parameters: non-source elements
E il

ws Arrange
Label

x Farameters

A Simulate

K = i —?_S.ﬂl Click on
Bl Sourde flt) "Parametersn

A Turn off consistency checking

FParasitic aFhbattery mOhm
I ¥alues for Linear 10Ol x|
Primt Matriz Infol
Cloze Hide I

Hints
e —— R (Mahim] |1 ;I
 (nF) 1B 4;'

Parameters: signal sources

i —1o) x|

Hide

A Arrange
Label

C x Parametars

R A Sirmulzste

Rl o
+ Farameters
E

Sou rce f(t) / B i =_' Turn off consistency checking

R Farasitic aFbattery mObm

Print Matriz Info

Hint=
——
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Parameters: signal sources continued

il F{t) for B of Linea I ]
Close Hide |

External Stim Pattern

durl (ms] | 1 A
ampd [ ID_E
dur4 [ms) 1 a
ampd (mv] | 1 -

durz [ms] I 1a+09 ;]
amp2 [mYy] IEI ;]

twec is Wector [261E]

amp is Vector [36156]
amp is Yector[3615]

Configured

Simulate: creating a graph
E— -0

a2 Arrange
% Label

Parameters
R C # Simuiste

kil Vo
B 4 i Farameters l
Source fit) I
Initi=l Conditi ons|

States

N ew G rap h Mew Graph

MHame map

Hints |

Y
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Simulate: specifying what to plot

[l LincirGraph[0] For o ] (B3
Close Hide

08—

PlotWhat? / variable_label

Simulate: simulation results

[ LincirGraph[0] for LinearCircuit[0] - |EI|1|
Close Hide
Flaotiwhat? I
i
Wi ()
o (]
0sg—
0E —
o4 —
0z —
o | |
1] 1 2 3 il 5

After minor cosmetic changes
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Patch clamp with electrode R and C

Fe1l Rez
Ve . L m

lclamp Ci :;! s
somal0.5

= | LincirGraph(1] for LinearCircuit[0] [Ix<] | LincirGraphl] for LinearCircuit]0] [l
Close Hide Close Hide

FlotWhar? I FlotWhar?

1 i
Iclamp (n&) W ()

e wro | | | Ve| ()
06 a8 101 ozff 103 4 105
0.4 -30 -
0z el

5 | | |

100 101 102 103 104 105 -70 =

NEURON demo: dynamic clamp

] LinearCircuit[o] l?|
Close Hicle

~ Arrange

[ « Label
; A_E\ ~ Parameters
Rhy # Simulate

b, ........ % Parameters

—
‘ﬁnth(D.E) Source f(#)
Py Vi | Initial Conditions
H Fe1 A
T g ez |z States
soma(0.5)
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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

e 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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Page 52

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, 1e9>... }
STATE{n...}

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

Initial default values for states

INITIAL {
rates(v)
n = ninf

}

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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UINIX MSWIN
nrnivmodl :;i:

nrngu i mknmdll Choose directory [containing .mod files)for creating nrnmech.dil

""" A Recent direeton'e
&& - auit |

NEURON Main Menu

F
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Density mechanism

NEURON {
SUFFIX leak
NONSPECIFIC_CURRENT i
RANGE i, e, g

}

PARAMETER {
g =.001 (mho/cm2) <0, 1e9>
e = —65 (millivolt)

}

ASSIGNED {
i (milliamp/cm2)
v (millivolt)

BREAKPOINT {
i=g*(v-e)

Density mechanism
NMODL

NEURON {
SUFFIX leak

NONSPECIFIC_CURRENT i

RANGE i, e, g
}

SingleComE

soma
pas
hh
leak

2013

Point Process

NEURON {
POINT_PROCESS Shunt
NONSPECIFIC_CURRENT i
RANGE i, e, r

}

PARAMETER {
r = 1 (gigaohm) <1e-9,1e9>
e = 0 (millivolt)

ASSIGNED {
i (nanoamp)
v (millivolt)

BREAKPOINT {
i = (.001)*(v — e)lr

Point Process

NEURON {
POINT_PROCESS Shunt
NONSPECIFIC_CURRENT i
RANGE i, e, r

}

PointProcessManager

SelectPointProcess |

Show |

Shunt[0]
at:soma(0.5)

Interpreter

soma {
insert leak
g_leak =.0001
}

print soma.i_leak(.5)

objref s
soma s = new Shunt(.5)
sr=2
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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/cm?2)
20 — 40 — 3~
v(.5) soma.ik( 0.5)
15
0 1 1 1 1 J o
2 4 6 8 10
(ms)
10
-40 H 1
5 -
soma.ko( 0.5)
- soma.ek( 0.5)
o 1 1 | | J _go_ o 1 1 1 | J
0 2 4 6 8 10 0 2 4 6 8 10
Vesicle

Internal Free Calcium

o o o o

Saturable Calcium Buffer

ica

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{

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

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

s 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 (hanoamp)
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
(] (] (] (]
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 g

\ y = exp(-)

[EY
N
w

Forward Euler

1.00

0.80

0.60

0.40

0.20

0.00

y' =1(y)

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

= )

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

2013
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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

Forward
Euler

Backward Euler

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

y' =1(y)
f(y(t+dt))

y(t + dt) = y(t) + dt *f(y(t + dt))
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N Backward Euler
V V
15 1 | VoV | 2

NI
v v

0.5

0 \ \ \ \ |
0 0.2 0.4 0.6 0.8 1
1.00 Crank—Nicholson
7 : f
0.80 (t+dl) - >(lt) (y)
YRV = fy(eeav2)
0.60 y(t + dt) = y(t) + dt *f(y(t+dv/2))
0.40
0.20
0.00

Page 62
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Cvode.atol(1e-3)

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 region
zone through
axon to terminal

More efficient: "virtual spike propagation”

Delay
Spike ; conduction :
S Spike Postsynaptic
initiation latency gsg :
Zone detector N 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

Path 1 \\\\ .

-

Multiple NetCons with a common source
share a single threshold detector

Spike
initiation
zone

Spike Postsynaptic
detector Delay 0 gs/%’ 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 - -
LYY Spike Postsynaptic
initiation Delay 0 :

sone 0 detector 0 region

Spike -

Ll Spike

initiation Delay 1

sone 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 }

Page 68 Copyright © 1998-2013 N.T. Carnevale and M.L. Hines, all rights reserved



2013 Using NEURON to Model Cells and Networks

g with fast rise and exponential decay
continued

| il
| [HENEN g v

g_»n_ N kLLkaLKK_
Vv MNM

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 —
ps

-
LML

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

BREAKPOINT { —

SOLVE state METHOD cnexp oo

g=B-A

i= g*(v-e) 0,002
}
DERIVATIVE state { o0on k\\\\\ \

B Z B/tanz L USNANNNINNN N
} 0 20 40 60 80 100

NET_RECEIVE(weight (uS), w, G1, G2, t0 (ms)) {
INITIAL {w=0 G1=0 G2=0 tO=t}
G1 Gl*exp(-(t-te@)/Gtaul)
G2 G2*exp(-(t-to@)/Gtau2)

G1 + Ginc*Gfactor
G2 + Ginc*Gfactor
t

weight*(1 + G2 - G1)

g+tw

A + w*factor

B + w*factor

@
=
o mnn

Artificial spiking cells
"Integrate and fire" cells

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

Orders of magnitude faster than numerical integration

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

and problem time

Hybrid networks
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Example: leaky integrate and fire model

S1 L I 1
S2 11 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-t0@)/tau)

to = t

m=m+w

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

}

}
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IntFire1[0] 0.8
. :j‘a“ (GO0 I | L 06
|nt|:ll’el refrac (ms) !5 x‘l o IntFire1[0].M
m 0 .
0.2 ‘
D~ |

0 20 40 60 80 100

IntFire2(0] 1 IntFire2(0].|
taus (ms) | 1 [20 | 08 —
taum (ms){ | [10 w 06 y \\Q\
- & / _

IntFire2 |[—s_lar: /
_J° o/ oM

m 0

| | | 1 |
0 20 40 60 80 100

0

IntFire4[0]

taue (ms) 5 g 05
o | .i

tauil (ms) 0

IntFire4[0].M

taui2 (ms) 20 3|

03 )
. taum (ms) | _f [0 =l 0.1 £ tw"ﬁlﬂl.h T
IntFire4 o

e

2 m 2\ 40 60 700
i o
2 o 03 '”‘F"G‘Xq IntFirc4{11.M
4] ‘—'//

m -05

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)
T. = -
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

}
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

I0.00l i

Absolute Tolerance Scale Factors

Numerical Method Selection

F
-

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
Mx=b sparse solver

2nd order threshold (for variable step)
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RunControl

Graph x-100:1100 y-92:52

40
v(.5)

\ |
800 1000

-80 —

Shape x-1250:550 y -653.4

Insert/Remd|

RunControl

Graph x-100:1100 y-92:52

0

v(.5)

=20
VariableTimeStep

Use variable dt
[0.001 121
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Graph Change Textx -100: 1100 y —-92: 52 Graph Pick Vector x 664 : 676 y —92 : 52
40 3376 steps 407
v(.5) v(.5)
0 0 | | \: ] | J
1000 665 667 669 671 673 675
-0 0 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)
S P
° J
H 200 400 60 800 ( 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
41T 4~
) | il
21 2
1 1~
0 | | | | | 0 | | | | |
0 200 400 ANN 200 10NN ARR AR7 ARQ A71 A7 A75
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Graph NewView x-0.5:5.5 y-92:52

40

40

-80

Graph Crosshairx-0.5:5.5 y-1.2:1.2

05

0.5

SEClamp[0].i
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Graph NewView x-0.5:5.5 y-92:52

40

-80 —

Graph NewViewx 0.74:1.46 y-74 : -

30

v(.5)
40
50
60
70
no 4 40 44

Graph Crosshairx-0.5:5.5 y-1.2:1.2

m SEClamp[0].i Graph Crosshair x0.74 : 1.46 y 0.6 :
D5 |
05 ISHClamp|0).i
D3
0 1 p-1 LUUC l |
0 1 ’ 1.2
0.5~
3
-1 = 5
VectorPlay[0]

| [ Connected ISECIamp[O].amp1

50

o R o
AN

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

40

-80

407

v(.5)

5

Graph[0] x 0.74 :1.46 y -74 : -26

30

40

50

60

v(.5)

70

Graph[2] NewViewx -0.5:5.5 y-1.2:1.2

05

0.5

SEClamp[0].i

| L
—~
1 2 3 4 5

Graph[2] NewView x 0.74 : 1.46 y-0.6

p-5 SEClamp][0].i

0.3 H

0.1 . |
NN\

ho 1 12 14

b3

D5

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.
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PostCell

PreCell

PostSyn

NetCon ,//
7

nc = new NetCon(PreSyn, PostSyn)

CPU 2

PreCell CPU 4 PostCell

PostSyn

{
NetCon/,’

7’
7
7
7
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CPU 2
PreCell CPU4

PostCell

PostSyn

pc = new ParallelContext()

CPU 2
CPU 4

gid=7
gid=9

Every spike source (cell) must have a global id number.
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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 I ncell 14 ncell 14

gid gid gid
0 3 4
5 8 9
10 13

An efficient way to distribute:

for (gid = pc.id; gid < ncell; gid += pc.nhost) {
pc.set_gid2node(gid, pc.id)

}

body executed only ncell/nhost times, not ncell.

CPU 2
PreCell CPU 4

gid=7
gid=9

Create cell only where the gid exists.

if (pc.gid_exists(7)) {
} PreCell = new Cell()
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CPU 2
PreCell CPU 4

Associate gid with spike source.

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

CPU 2
PreCell CPU4

PostCell

PostSyn

P
NetCon/,’
7’

Create NetCon on CPU where target exists.

nc = pc.gid_connect(7, PostSyn)

2013
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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 CPU4

PostCell

PostSyn

4
NetCon/,’
7

Copyright © 1998-2013 N.T. Carnevale and M.L. Hines, all rights reserved

Page 85



Using NEURON to Model Cells and Networks 2013

CPU 2
PreCell CPU 4

PostCell

PostSyn

4
NetCon//
P d

O
N
EN
o=

CPU 4

PostCell

PostSyn

cpu 2

j . cpu 3

om
N
IN
o
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CPU 2
PreCell CPU 4

PostCell

PostSyn

T

2

K gd 7| ™
{ 2875

j cpu 3

O
[N
IN
-

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

Santhakumar et al. (2005) Davison et al., (2003) Bush et al., (1999)
iy 2500 g y
500 4 W ¥
2000

5 400 -
£
E 300 ] 1500
o
S 200 4 1000

100 A 500

0 50 100 150 200 250 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
N

Trun (sec)

1 2 4 8 16 32 64 128 256 512 1 2 4 8 16 32 64 128 256 512 1 2 4 8 16 32 64 128 256 512
number of processors number of processors number of processors
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Page 88

+Ooep>

EPFL IBM BlueGene/L

256 — 4096 700MHz dual processor Powerpc64

10k

64
sec
16}
runtime
———- ideal
O computation time
4k

1 1 1

® runtime (spike exchange
compression + bin queue)

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

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

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)

32 —
3 2M Cells
2 16 - 1k Conn/cell
()
E 8 |-
=
=)
X 4 |

2 —

1 —

0.5

8 16 32 64 EB
K processors

30
<
[
@2 A—-"A/‘A—_H
()
E2
S 1k Conn/cell
@

10 |-

2M cells 32M cells
0 | | |

8 16 32 64 128
K processors

Runtime (sec)

Runtime (sec)

16

20

10

Artificial Spiking Net
Blue Gene/P
Argonne National Lab

Strong Scaling
32 —

1/4M Cells
10k Conn/cell

8 16 32 64 128
K processors

Weak Scaling
30 —

10k Conn/cell

1/4M cells 4M cells
| | |

8 16 32 64 128
K processors
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Continuous Voltage Exchange

sl.v(x1)
————— - ”——' -5\\\
//,,— -\, - g2.vgap \\\
[/ s1{ g1 = new HalfGap(x1) } 4\ s2 { g2 = new HalfGap(x2) }//
\ /T~ e
\\\\ gl.vgap - Se~— e __ -
s2.v(x2)
gap.mod
NEURON { ASSIGNED {
POINT_PROCESS HalfGap v (millivolt)
ELECTRODE_CURRENT i vgap (millivolt)
RANGE 1, i, vgap i (nanoamp)
} }
PARAMETER {r = 1e9 (megohm) } CURRENT {i=(vgap - Vv)/Ir}

Continuous Voltage Exchange

pc.source_var(&source_var, sgid)

s1.v(x1) sgid
1 - T =<
—————— -

///” =~/ g2.vgap \\\
/s1{gl = new HalfGap(x1) } { | s2{92 = new HalfGap(x2) } ,
| \ ;
\ 1.vga ">~ -7

\\\ g gap _- SN~——— e —— -

Sem——————— - sgid
2 s2.V(X2)
gap.mod
NEURON { ASSIGNED {
POINT_PROCESS HalfGap v (millivolt)
ELECTRODE_CURRENT i vgap (millivolt)
RANGE 1, 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.source_var(&sl.v(x1), 1)
S1.V(X1) a—a30

1 T T T T ~~
—————— -
- =~/ g2.vgap N
s \
[ _
[s1{gl=new HalfGap(x1)} "\ [ S2 {92 =new HalfGap(x2) }//
N 1.vga| "T~< -7
\\ - g gap _ /| SN~——— e —— -
N ——— -~ - sgid
2 — SZ.V(XZ)
pc.source_var(&s2.v(x2), 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 — 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) <—p>9d

pc.target_var(&g2.vgap, 1)

1 ——————— <
——————— ~
///, ~~ g2.vgap \\\
'/sl { g1 = new HalfGap(x1) } s2 { g2 = new HalfGap(x2) }/I
\ ~o s
S gl.vgap ~—— -

t——————

pc.target_var(&gl.vgap, 2)

sgid
2 <—S2.V(X2)
pc.source_var(&s2.v(x2), 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 - Vv)/r }
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Continuous Voltage Exchange

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

pc.source_var(&sl1.v(x1), 1)
Sl.V(Xl) <_»Sg|d

pc.target_var(&g2.vgap, 1)

:L —_——— T T T T =< ~
e ———— -_ ~
- ~~< g2.vgap N
s \
[/ s1{ g1 = new HalfGap(x1) } s2 { g2 = new HalfGap(x2) }/I
\\\\ gl.vgap S~ -7

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

gap.mod
NEURON { ASSIGNED {
POINT_PROCESS HalfGap v (millivolt)
ELECTRODE_CURRENT i vgap (millivolt)
RANGE 1, i, vgap i (nanoamp)
} }
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

A single column thalamocortical network model
exhibiting gamma oscillations, sleep spindles and
epileptogenic bursts.

256 —
@® Runtime
g4l T~ lIdealruntime
= Spike exchange time

(s) N
\I Mean, max, min Computation time -~
16 |- . ) . 8516
+ Mean, max, min variable transfer time
5954
3560 cells 14 types
4 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 - o
60 |-
~ #Cells|
356 Cells 0
256 |- i
S I 8000 3000 4000 500C
Complexity
64 -
e Runtime 4058 pieces
o Computation time \‘k\ ig%
16 - Whole cell balance N 132
Multisplit, No Gap Junctions 4) '
— m Multisplit, With Gap Junctions
4 L | | | | | |
32 128 512 2048
CPUs
. 200 —
16 Pieces o
4 CPU iy .
comp
100
oe®
50 @@
0 PO ] ] ]
0 4 8 12 16

Piece

401 395 400 404

400 — l . [ |
#comp
| - =
|
300 |-
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 o L
holecell, 1 .
2 13.47 090 noeceliepu %2 L
16 pieces, 4 cpu 14.4 o 1 > 3 2
3 13.56 0.82 cPU
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116694
Pieces
eor 10000 cells oo
# #
100 [~ 100
50 1 50 (11
0 | (e i b | 0 |
0 10000 20000 30000 40000 50000 0 10000
Complexity Complexity
2048 ~

1024

512

256

128

64

= Runtime, Whole Cell
e  Runtime, Multisplit
Average Computation time

L L | | J
1024 2048 4096 8192

CPUs
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Python + NEURON

All legacy models must work.

Superior representation of
underlying concepts.

No extra installation difficulty.

Interpreter

HOC

N

euron specific syntax

1]

Compiled

Section
Range Variable
Mechanism
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Installatlc_m >>> import neuror
Linux 1686
x86 64
2.3—f
Mac OS X 10.5-gPython2.5-1
3.0—2
. Cygwin
MSWIin  viincw
NEURON NumPy
Launch Python
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CellBuild[0]

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

« Cell Type < Export 4 Import m’

Import from top level of interpreter.

i on in the interpreter.
( Or import from NeuroML (Level 2) file.
From top level, Imports: Topology, 3-D info.

From NeuroML file: Topology, 3-D info, Subsets, Biophysics.
Don't forget to specify compartmentalization in Geometry.

Import
Turn offindexed name display.
Don't draw short sections as circles.

Import3d_GUI[0] — N\
(] /pyrxml

File format: MorphML

4 Zoom

 Translate

v Rotate (about axis in plane)
Rotate 45deg about y axis

Rotated (vs Raw view)

Show Points

ShowDiam

View all types

v Select point

| com——

Export |
MorphML filter factsl

$ nrniv —python
NEURON -- VERSION 7.3 ...

>>> from neuron import h
>>> print h

<hoc.HocObject object at 0x2b4f1b81e030>

>>> print h.hname()
TopLevelHocInterpreter

>>> ("

.X=5

.. strdef s

.. S = "hello"

.. func square() { return $1*$1 }
L

1
>>> print h.x, h.s, h.square(4)
5.0 hello 16.0
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>>> v = h.vector(4).indgen().add(10)

>>> print v.hname(), len(v), v.size(), v.x[2], V[2]
Vector[1] 4 4.0 12.0 12.0

>>> v.printf()

10 11 12 13

4.0

>>> for x in v: print X

10.0

11.0

12.0

13.0
>>>

>>> |mport numpy
>>> na = numpy.arange(0, 10, 0.00001) # 0.0131

>>> v = h.Vector(na) #0.0197
>>> v.size()

1000000.0

>>> nb = numpy.array(v) #0.0125

>>> nNb[999999]
9.9999900000000004

>>> b = list(v) #0.0717
>>> for i in xrange(0, len(nb)):
v.X[i] = nali]
# 3.7497

>>> nc = v.as_numpy()
>>> v.x[20] = 50.0

>>> nc[20]

50.0
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>>> def callback(a =1, b = 2):
print "callback: a=%d b=%d" % (a, b)

>>> fih = h.FlInitializeHandler(callback)
>>> h.finitialize()

callback: a=1 b=2

1.0

>>> fih = h.FInitializeHandler((callback,\

.. (4,5))
>>> h finitialize()
callback: a=4 b=5

1.0
>>>
# assume hh soma model

vvec = h.Vector()
vvec.record(soma(.5)._ref v, sec=soma)

tvec = h.Vector()
tvec.record(h._ref t, sec=soma)

h.run()

Graph x-0.5:5.5 y-92:52

g = h.Graph() { | R o

g.size(0, 5, —80, 40) T \
vvec.line(g, tvec)
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>>> from neuron Import h

>>> soma = h.Section(hame = 'soma’)
>>> axon = h.Section()

>>> axon.connect(soma(1))

>>> axon.nseg = 5

>>> h.topology()

|| soma(0-1)
‘“———|  PySec_2b371cd17190(0-1)

1.0

>>> axon.L = 1000
>>> gxon.diam =1

>>> for sec in h.allsec():
sec.cm=1
sec.Ra =100
sec.insert(’hh’)

>>> axon.gnabar_hn =.1
>>> axon(.5).hh.gnabar = .09
>>> for seg in axon:

print seg.x, seg.hh.gnabar

0.10.1
0.30.1
0.50.09
0.70.1
0.90.1
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>>> stim = h.IClamp(somayg(.b))
>>> stim.delay = .5

>>> stim.dur = .1

>>> stim.amp = .4

class Cell(object):
def __init_ (self):
self.topology()
self.subsets()

def topology(self):
self.soma = h.Section(cell = self)
self.dend = h.Section(cell = self)
self.dend.connect(self.soma)

def subsets(self):

self.all = h.SectionList()
self.all.wholetree(sec=self.soma)
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SenselLab

Neuron Course SfN 2013
Gordon Shepherd
Friday November 8th

>
S | e

SenseLab

Login
The Senselab Project is a long-term effort to build integrated, multidisciplinary models of neurons
and neural systems. It was founded in 1993 as part of the original Human Brain Project, which began
the development of neurcinformatics tools in support of neuroscience research. It is now part of the
Neuroscience Information Framework (NIF) and the International Neuroinformatics Coordinating
Facility (INCF). The SenseLab project involves novel informatics approaches to constructing
databases and database tools for collecting and analyzing neuroscience information, using the
olfactory system as a model, with extension to other brain systems.

* Overview
* Membrane Properties
+ Read about recent changes in SenseLab 8

Brain Database Research
P

£ £ £
Neuronal Databases & JcelPropnB) ;l\r | ilTM“denﬂl ;}mcm«-m.-m#

Olfactory Databases

Disease Databases

Information Fr k

Help & Introduction Labs & People Links Publications Architecture Teaching
T )

Total site hits in the past 12 months: 2,368,283

This database was supported by the Human Brain Project (NIDCD, NIMH, NIA, NICD, NINDS) and MURI
(Multidisciplinary University Research Initiative). It is now supported by RO1 DC 009977 from the National Institute for
Deafness and other Communication Disorders.

T Questions, comments, problems? Email the
ﬂjl 6 Senselab Administrator

This site is Copyright 2013 Shepherd Lab, Yale University
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NeuronDB

Back to Senselab User: Public

NeuronDB provides a dynamically searchable database of three types of neuronal
properties: voltage gated conductances, neurotransmitter receptors, and neurotransmitter
substances. It contains tools that provide for integration of these properties in a given
type of neuron and compartment, and for comparison of properties across different types
of neurons and compartments. Read the tutorial for

NeuronDB

This resource is intended to:

- Support the genomics and proteomics of neuron types
+ Support research on neuron properties

- Facilitate the creation of computational neuronal models

+ Identify receptors across neuron types to aid in drug development
+ Serve as a teaching aid

Search the Database By:
» Neuron List

Alphabetically
* Neuron List By Brain Regions
. Properti ive Inventory: Channels, Receptors,

» Membrane Properties for NeuronDB: Currents, Receptors,
Neurotransmitters/Neuromodulators

Canonical forms of neurons (see explanation)

» Bibliographic citations

Give us your feedback
Deposit to the Database
FAQ and related Links
NeuronDB Login

This database is being developed by Luis N. Marencol, Rixin Wang?, Thomas M.
Morse?, Perry L. Miller! and Gordon M. Shepherd?, ICenter for Medical Informatics,
2Zpepartment of Neurobiology, Yale University School of Medicine, New Haven, CT 06510.

Some of the data, together with the graphics on the NeuronDB banner, are taken from
The Synaptic Organization of the Brain, edited by G.M. Shepherd, New York: Oxford
University Press (Second to Fourth Editions: 1979, 1990, 1998).

s database was supported by the Human Brain Project (NIDCD, NIMH, NIA, NICD, NINDS) and MURI
(Mulm\sc\mmarv University Research Initiative). It is now supported by RO1 DC 009977 from the National Institute for
Deafness and other Communication Disorders.

NeuronDB

Back User: Public
Olfactory bulb mitral cell
Mode: Overview D: ch plus C ivity pIlis [Notes Models BrainPharm
Distal Middle Proximal Distal Middle Proximal
Region: apical apical plcal basal basal basal Soma Ai)l(llz::‘:k ﬁ;:: g‘::mal A“g £ t
Properties: Receptors Channels Transmitters All
re: | Present [ Absent
Neuron Type: principal
Organism: Vertebrates
ElectroPhysiology: NeuroElectro.org
Genes: Allen Brain Atlas
Input Receptors Intrinsic Currents Output
Transmitters
Distal Glutamate from olfactory receptor lh Mitral cell
pa ¢ AMPA
pical neuron axon terminals (Angelo K and Margrie TW, glomerular
dendrite racellular recordings: CNQX blocks early 2011360 ) report the presence and PG
component of EPSP elicited by olfactory nerve and function of Th. Glutamate cell dendrites
volley nerve volley (Berkowicz D and Trombley PQ | | o in the
and Shepherd GM, 1994 [turtle]12 ). (Bischofberger J and Jonas P, plomenulus
Electrophysiology data: DNOX attenuates early and 1997397 ) : (presumably)
late excitatory components in peristimulus time B - Implied by Glu released
histograms of mitral cell unit responses to LhNat by other compartments

olfactory nerve volleys (Ennis and Zimmer LA and
Shipley MT, 1996 [rat]22 ). Intracellular
recordings: CNQX blocks early component of EPSP
response to olfactory nerve volley (Chen WR and
Shepherd GM, 1997 [rat]i6 ). Paired whole-cell
recording revealed reciprocal excitatory
connections between mitral cells. Pharmacological
analysis suggested that it could be mediated by
both AMPA and NMDA receptors (Urban NN and
Sakmann B, 2002469 ),
(autoreceptors) mitral cell
glomerular tuft (Dad)
Auto-activation from glutamate released by mitral
cell secondary dendrites (van den Pol AN, 1995
rat}t)

mGIuR1

Page 104

Implied by recording of fast
prepotential. Dual patch

recordings provide evidence for

both backpr and

of the mitral cell
(Dale's law). Target
(destination) is

forward-propagating impulses
in the primary dendrite (Mori
K, Nowycky M and Shepherd

GM, 1982 [turtle]12 ; Chen et al

1997). Dendritic patch
recordings showed an even

density of Na channels (120pS

um-2) up to 350 um from the
soma along the primary
dendrite to the origin of the

glomerular tuft (Bischofberger

J and Jonas P, 1997327 ). By

pr y PG cell
dendrites in the
glomerulus (van den
Pol AN, 1995 [rat]l).
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ModelDB

Models that contain the Neuron : Offactory bulb mitral cell

—

ayer biophysical olfactory bulb el holinergi
Compartmental model of a mitral cell (Popovic et al. 2005)
Dynamical model of olfactory bulb mitral cell (Rubin. Cleland 2006
Functional structure of mitral cell dendritic tuft (Djurisic et al. 2
1&F models of ACh modulation in the olfactory bulb and piriform cortex (de Aimeida et al. 2012)
Large scale model of the olfactory bulb (Yu et al.. 2013)
Lateral dendrodenditic inhibition in the Olfactory Bulb (David et al. 2008)
Olfactory Bulb Network (Davison et al 2003)
Olfactory Computations in Mitral-Granule cell circuits (Migliore & McTavish 2013)
Olfactory Mitral Cell (Bhalla, Bower 1993)

Ifactory Mitral Cell (Davison et al 2000
Olfactory Mitral Cell (Shen et al 1999
Olfactory Mitral Cell: I-A and I-K currents (Wang et al 1996)
Olfactory Mitral cell: AP initiation modes (Chen et al 2002)
Olfactory bulb cluster formation (Migliore et al. 2010)
Olfactory bulb granule cell: effects of odor deprivation (Saghatelyan et al 2005)
Olfactory bulb mitral and granule cell column formation (Migliore et al. 2007
Olfactory bulb mitral and granule cell: dendrodendritic microcircuits (Migliore and Shepherd 2008
Olfactory bulb mitral cell gap junction NN model: burst firing and synchrony (O'Connor et al. 2012)
Off 5 3 T o Migli 2005
b illati i al. 2006: Lagier et al. 200

Olfactory bulb network: neurogenetic restructuring and odor decorrelation (Chow et al. 2012

Synchrony by synapse location (McTavish et al. 2012)

Re-display model names with descriptions

ModelDB Home Senselab Home Help
Questions, comments, problems? Email the ModelDB Administrator
How to cite ModelDB
This site is Copyright 2013 Shepherd Lab, Yale University

ol [T ModelDB

Models that contain the Neuron : Offactory bulb mitral cell

Models Description

A two-layer biophysical olfactory bulb mode! of cholinergic neuromodulation (Li and Cleland 2013,
This is a two-layer biophysical olfactory bulb (OB) network model to study cholinergic
neuromodulation. Simulations show that nicotinic receptor activation sharpens mitral cell
receptive field, while muscarinic receptor activation enhances network synchrony and
gamma oscillations. This general model suggests that the roles of nicotinic and
muscarinic receptors in OB are both distinct and complementary to one another,
together regulating the effects of ascending cholinergic inputs on olfactory bulb
transformations.

Compartmental model of a mitral cell (Popovic et al. 2005;
Usage of a morphologically realistic compartmental model of a mitral cell and data
obtained from whole-cell patch-clamp and voltage-imaging experiments in order to
explore passive parameter space in which reported low EPSP attenuation is observed.

Dynamical model of olfactory bulb mitral cell (Rubin, Cleland 2006)
This four-compartment mitral cell exhibits er 1s subthreshold oscillations, phase
resetting, and evoked spike phasing properties as described in electrophysiological
studies of mitral cells. Itis derived from the prior work of Davison et al (2000) and Bhalla
and Bower (1993). See readme.txt for details.

Functi f mitral itc tuft (Diurisi 2008
The computational modeling component of Djurisic et al. 2008 addressed two primary
questions: whether amplification by active currents is necessary to explain the relatively
mild attenuation suffered by tuft EPSPs spreading along the primary dendrite to the
soma; what accounts for the relatively uniform peak EPSP amplitude throughout the tuft.
These simulations show that passive spread from tuft to soma is sufficient to yield the
low attenuation of tuft EPSPs, and that random distribution of a biologically plausible
number of excitatory synapses throughout the tuft can produce the experimentally
observed uniformity of depolarization.

I&F models of ACh madulation in the olfactory bulb and piriform cortex (de Aimeida et al. 2012)
This matlab code was used in the paper "A model of cholinergic modulation in olfactory
bulb and piriform cortex" (de Almeida, Idiart and Linster, 2013). This work uses a
computational model of the OB and PC and their common cholinergic inputs to
investigate how bulbar cholinergic modulation affects cortical odor processing.

Large scale model of the olfactory bulb (Yu et al., 2013’
The readme file currently contains links to the results for all the 72 odors investigated in
the paper, and the movie showing the network activity during learning of odor k3-3 (an
aliphatic ketone).
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»

ModelDB

A single column thalamocortical network model (Traub et al 2005)

Accession: 45539

To better understand population phenomena in tt

tical neuronal er we have

3,560 tment neurons

a preliminary network model with
soma, branching dendrites, and a portion of axon). Types of neurons included superficial

pyramids (with regular spiking [RS] and fast rhythmic bursting [FRB] firing behaviors); RS spiny stellates; fast spiking (FS) interneurons, with
basket-type and axoaxonic types of connectivity, and located in superficial and deep cortical layers; low threshold spiking (LTS) interneurons,
that contacted principal cell dendrites; deep pyramids, that could have RS or intrinsic bursting (IB) firing behaviors, and endowed either with
non-tufted apical dendrites or with long tufted apical dendrites; thalamocortical relay (TCR) cells; and nucleus reticularis (nRT) cells. To the

extent possible, both electrophysiology and synaptic connectivity were based on published data, although many arbitrary choices were

necessary.
References:

1. Traub RD, Contreras D, Cunningham MO, Murray H, Lebeau FE, Roopun A, Bibbig A, et al (2005) A single-column thalamocortical network
model exhibiting gamma oscillations, sleep spindles and bursts: App:
2. Traub RD, Contreras D, Whittington MA (2005) Combined experimental-simulation s(udies of cellular and network mechanisms of
epileptogenesis in vitro and in vivo. J Clin Neurophysiol 22:330-42 [PubMed]

Citations Citation Browser

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

Model Type Network;

Reglon(s)/Orgamsm

" Neocortex; Thalamus;

ron

93(4):2194-232 [Publed)

Thalamic relay neuron; Thalamic reticular neuron; Neocortical pyramidal neuron: deep; Neocortical pyramidal neuron:
Cell Type(s): superficial; Neocortical Fast Spiking (FS) interneuron; Neocortical Regular Spiking (RS) neuron; Neocortical Low
Threshold Spiking (LTS) neuron;

Channel(s): | Na,p; | Nat; | L high threshold; | T low threshold; 1 A; LK; | M; Lh; | K.Ca; | Calcium; | A, slow;

Gap Junctions: Gap junctions;

Receptor(s): GabaA; AMPA; NMDA;

Gene(s):
Transmitter(s):

Sl Neuron; FORTRAN;

Environment:
Model Concept(s):

Activity Patterns;
Implementer(s): Traub, Roger D ;

Bursting; Temporal Pattern Generation; Oscillations; Simplified Models; Epilepsy; Sleep;

Search NeuronDB for information about: Thalamic relay neuron; Thalamic reticular neuron; Neocortical pyramidal neuron: deep; Neocortical
pyramidal neuron: superficial; GabaA; LT low threshold; | A; LK; LM; Lh; L K.Ca; | Calcium; LA

slow;
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MicrocircuitDB

MicrocircuitDB provides an accessible location for storing and efficiently retrieving
realistic computational models of brain microcircuits and networks. The focus is on
microcircuits that are based on experimentally demonstrated properties of neurons and
their connectivity . MicrocircuitDB is tightly coupled with ModelDB, containing models
of those neurons, and with NeuronDB, which contains the distribution of membrane
properties within neuron types. Models can be coded in any language for any
environment. Model code can be viewed before downloading and browsers can be set to
auto-launch the models. Help

Submit a new model entry

Find models by Find models by Find models of

+ Modelname - Region + Realistic Microcircuits

+ First author + Topic + Connectionist Networks
+ Each author

Search for models by author name or accession number [ search

Find models containing the following [ [ search |

E

Search for publications in MicrocircuitDB or in PubMed

Register for an account
Login to access your models
Related Resources

ModelDB Home SenseLab Home Help
Questions, problems? Email the MicroCircuitDB
Administrator.

‘This site is Copyright 2013 Shepherd Lab, Yale University

N

e XMW
T MicrocircuitDB

e ———

Computational Models of Brain Circuits

Click on a region to show a list of modcls of that type.

* Vertebrate

* Neocortex

+ Hippocampus
¢ Dentate gyrus
e Turtle cortex
« Olfactory cortex
 Olfactory bulb
e Tl us

¢ Basal ganglia
¢ Cerebellum

.

.

Spinal motoneuron
Stomach: mammal
» Invertebrate

¢ Aplysia

« Tritoni

¢ Leech

* Stomatogastric ganglion

* Miscellaneous

« Generic
« Unknown

Re-display as table

ModelDB Home SenseLab Home Help
Questions, comments, problems? Email the MicroCircuitDB Administrator
This sie is Copyright 2013 Shepherd 1ab, Yale University
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Circuits that contain the Region : Neocortex

Models
A Fast Rhythmic Bursting Cell: in vivo cell modeling (Lee 2007

A Neural mass ational model of the Thalamocorticothalamic circuitry (Bhattacharya et al.

A microcircuit model of the fmmal eye fields emzle et al 2007
A ional model of classical conditioning phenomena (Moustafa et al. 2009)

A single column thalamocortical network model (Traub et al 2005
A splkmg mgdel of cgmcal broadcast and g&mnstmgn Shana.han 2008

Accurate and fas .mulau n of channel noise in conductance-based model neurons (Linaro et al
2011)

Action potential-evoked Na+ influx are similar in axon and soma (Fleidervish et al. 2010)

Asynchronous irregular and up/down states in excitatory and inhibitory NNs (Destexhe 2009

Axonal Prmecmm and Types (Hel dter et al. 2008)

Comy ization of GABAergic inhibition by dendritic spines (Chiu et al. 2013)

Composite spiking network/neural field model of Parkinsons (Kerr et al 2013)
(5 ional Surgery (Lytton et al. 2011)

Computational aspects of feedback in neural circuits (Maem et al 2006
Cortical network model of i il s (Bush et al 1999)

endnuc Dlscnmmauon of Temporal Input Seguences (Branco et al. 20101

evelopmes tofonen on selective simy lec 11 receptive fields (Rishikesh Venk tesh. 200'%

Emergence of physiological imulation: (Nz-‘ motin em| 2()11)
Engaging distinct oscillatory neocortical circuits (Vierling-Claassen et al. 2010

Event-related simulation of neural processing in complex visual scenes (Mihalas et al. 2011
Excitability of PFC Basal Dendrites (Acker and Antic 2008

2013
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Receipt

$110

Using the NEURON Simulation Environment
Held Nov. 8, 2013 in San Diego, CA
http://www.neuron.yale.edu/neuron/static/courses/sd2013/sd2013.html

N.T. Carnevale

Director, Using the NEURON Simulation Environment
203-494-7381

ted.carnevale@yale.edu

Yale University account "NNC--Fees"
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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 S poor, not helpful 1
research

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

Classroom T

Food -

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 | 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++ 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 XP | Vista | 7 | 8 UNIX | Linux | OS X | BSD

If Linux, which distribution?
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