The NEURON Simulation Environment Didactic Presentations

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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Graded synaptic transmission

Physical system:

A presynaptic variable governs
continuous transmitter release

Transmitter modulates
a postsynaptic property

Vpre

_G gsynpost = f(Vpre)

9SYNpost

Problem: how does postsynaptic cell know Vpre?

Graded synaptic transmission continued

Answer: use POINTER to link postsynaptic variable
to the presynaptic variable

NMODL specification of synaptic mechanism:
NEURON {
POINT_PROCESS Syn
POINTER v_pre

}
hoc usage
objref syn
dend syn = new Syn(0.5)
setpointer syn.v_pre, precell.axon.v(1)
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Spike-triggered synaptic transmission

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

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

Spike-triggered transmission:
computational implementation

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

More efficient: "virtual spike propagation”

Delay
Spike . conduction .
vl Spike Postsynaptic
initiation latency ng ;
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

Multiple NetCons with a common source
share a single threshold detector

Spike : .
SpPIRe Spike Postsynaptic
initiation Delay 0 gsg ;
zone detector region 0
Postsynaptic
Delay 1 gs/%ﬂ region 1
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Multiple NetCons can share
a single target (many inputs,
but only one equation)

Efficient convergence

Didactic Presentations

Spike - .
SR Spike Postsynaptic
initiation Delay 0 ng X

zone 0 detector 0 region

Spike -

P e 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

| 11l ®
| it ,@
9.__x____L___¢¢$L£LLLL.______
\' I\_NM

BREAKPOINT {
SOLVE state METHOD cnexp
i=g"(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

RE
-

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

BREAKPOINT {

SOLVE state METHOD cnexp

g=B - A
i =g*(v-e)

DERIVATIVE state {
A' -A/taul
B' -B/tau2

}

Didactic Presentations

ng& o

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 = G2*exp(-(t-tO)/Gtau2)
Gl = G1 + Ginc*Gfactor
G2 = G2 + Ginc*Gfactor
to = t
w = weight*(1 + G2 - G1)
g=9g+tw
A = A + w*factor
B = B + w*factor
}

Artificial spiking cells

"Integrate and fire" cells

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

Orders of magnitude faster than numerical integration

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

and problem time

Hybrid networks
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Example: leaky integrate and fire model

S1 LI | L1
S2 | T I [

1=

08—

06 |-

0.4 |-

0.2 =

0 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 t0 =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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1
IntFire1[0] 0.8
. tau (ms) 10 A; I 086
I ntFl I’e 1 refrac (ms) 5 | IntFire1[0].M
0.4 \
m [¢]
02
o I D~ | |
40 80 100
IntFire2[0] IntFire2(0].1
taus (ms) 20 ;]
taum (ms) [10 m
IntFire2 | durs T —
04
i 0
\anlreZ[O
m 0
80 100
IntFire4[0]
taue (ms) 5 ;i 05
tauil (ms) Jlm—E IntFire4[0].M
0.3
taui2 20 ;] >
A | \IntFirea(oL.£ -
- -
IntFireq |[medf B of N L
= 0.1 NS —700
il 0 X‘
iz o 0.3 IntFire4{TLI IntFircanlM_
moy° 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)
I.e = -80
}

¥
endtemplate Cell

o 1

objref bag_of_cells
bag_of_cells = new List()
for i = 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
}
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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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Wiring networks in Neuron

Bill Lytton

SUNY - Downstate
Brooklyn, NY

Didactic Presentations

Wiring networks in Neuron — p.1/4;

TOC

2. Simple network 3. Connections table 4. Connectivity matrix

5. Define connectivity 6. Hopfield-Brody synchonization model

7. Unconnected cells

8. Negative (inhibitory) connectivity 9. Q&D synchronization measure

10. Check sync with increasing inhib 11. Graph results 12. Confirm with raw data

13. Scale up to 100 cells 14. Need to normalize weights 15. Neuron’s list object

16. Wiring the network 17. 100 x 100 matrix 18. Rewiring for different densities

19. Or rewrite weight() 20. Density doesn’t make much difference!

21. Checking connectivity ~ 22. cvode.netconlist()  23. In addition to cvode.netconlist()

24. fconn() — find connections 25. Now can check non-zero connectivity

26. Rewrite randomizer 27. Synchronization measure
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28.

31

33.

35.

37.

40.

Page 132

TOC2

Look at 10% connectivity 29. Show all connections 30. Show selected connections

Balancing convergence and divergence 32. Geographic connectivity
Random wiring with distance fall-off 34. p;; = .5: convergence for 10 cells
pi; = .1: lower density to be tested 36. Doesn’t sync very well
Is there localized sync’ing? 38. How to animate 39. Other explorations
Advantages of Neuron for networks

Wiring networks in Neuron — p.3/4:

Simple network

Wiring networks in Neuron — p.4/4;
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Connections table

FROM= | a | b c | d e | f |l g | h | i
TOa | mm -5
b [ -5
cl 4 | -1 mm 2
d| .5 [ 2
e | 2 7
f 3 mm 2
g 1 mm | .9
h 7 m 2
7 -3 1 [

Wiring networks in Neuron — p.5/4;

Connectivity matrix

(00 0 0 00—.500\(@\
0 0 0 -500 0 0 0|fb
4 -1 0 0 02 0 00/ |e
5 0 0 0 00 0 20| |d
o0 0 0 022 0 0.7 |e
0o 0 3 0 00 2 0o0f|f
o0 0 0 10 0 90| |g
o0 0o o 70 0 02| |n
\0 0 -3 0 01 0 o0 o) \i

Wiring networks in Neuron — p.6/4:
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Define connectivity

S=number of syns; D=divergence; C=convergence
S=C-Post; S=D - Pre

connectivion density
pij = C/Pre = D/Post = S/(Pre - Post)

Below: 1 kind of cell = Pre and Post are the same

Wiring networks in Neuron — p.7/4:;

Hopfield-Brody synchronization
model

All to all connectivity
Firing cells synchronize due to mutual inhibition
Each cell has a natural period

Inhibition from other cells provides a reset, locking
them together

Wiring networks in Neuron — p.8/4:
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Unconnected cells

wt=-1e-5
cell fire at own rates and go out of phase

uxH

Negative (inhibitory) connectivity

50 200 350 500
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Q&D synchronization measure

[l syncer() :: returns sync neasure 0 to <1
/'l measures how well spikes "fill up" the tit
/| assunes spike tinmes in tvec, tstop
/1l param w dth
func syncer () { local tO,tt,cnt,wdth
t0=-1 wdth=1 cnt=0
for ii=0,tvec.size-1 {
tt=tvec.x[ii]
if (tt>=t0+width) {t0=tt cnt+=1}
}
return 1-cnt/(tstop/w dth)

}

Wiring networks in Neuron — p.11/4;

Check sync with increasing inhib

/'l 1 oop increasing neg. synaptic wei ght
/'l save measures in vec|[1], vec[O]
max= -0.1
for (w=0; w>=max; w=(max/8)) {
wt+=1le-6 // avoid using zero weight
setparans() run()
/'l g=new Graph() showspks()
vec[ 1] . append(w) vec. append(syncer())

}

Wiring networks in Neuron — p.12/4:
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Graph results

{vec.line(g,vec[1]) vec.mark(g,vec[1])}

sync

0.9

Confirm with raw data

L R
TR R TR
VR RICEA LR RSB b
| HEAERAR AR A
PHUSHBIENLE VMDA St BER L
PHABERI AT s
T U
HHHH R
THEHHEHBBBHHE
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Scale up to 100 cells

Wiring networks in Neuron — p.15/4:

Need to normalize weights

w=(ii+1e-6)/(ncell/10)

® 10 cells —
® 100 cells
® 100—norm wts A

\ \ \
-0.1 -0.075 -0.05 -0.025 0

Wiring networks in Neuron — p.16/4:
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NEURON’S list object

An alternative to object array e.g., obj ref nc[ 9900]
Advantage: can change number of objects stored
nclist = new List()

add syn: ncl i st. append( net con)

how many?: ncl i st. count ()

retrieve syn #5: net con=ncl i st. obj ect ( 5)

clear: ncli st.renove_al |

Wiring networks in Neuron — p.17/4:

Wiring the network

Il wire():: full non-self connectivity
/1 artificial cell tenplate have obj. pp
[l parans: ncell
/'l creates nclist: list of NetCons
proc wire () {
nclist.remove_all ()
for i=0,ncell-1 for j=0,ncell-1if (il=) {
netcon = new Net Con(cells.object(i).pp,)\
cells.object(j).pp)
ncl i st. append( net con)
}
}

Wiring networks in Neuron — p.18/4:
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100 x 100 matrix

Index synapse from 0 —S =ncells?— ncells

Either set p;; - S or delete (zero out) (1 — p;;) - S syns

e.g.,
rdmdi scuni f(0,S-1) // random i ndi ces
vec.resize((1l-pij)*S
vec. setrand(rdm

Wiring networks in Neuron — p.19/4:

Rewiring for different densities

Can either rewire (if sparse) or just set weights to O (if
not)

rewrite wire():

/1l don't create if syn_numis not on |ist
/'l note that num of nclist.object(num
/1 no | onger neani ngfu
/'l here array better: ’'objref nc[9900]’
for i=0,ncell-1 for j=0,ncell-1 {
if (i!l=s) && !vec.contains(i*100+j)) {
new Net Con ...

Wiring networks in Neuron — p.20/4:

Page 140 Copyright © 1998-2012 N.T. Carnevale and M.L. Hines, all rights reserved



The NEURON Simulation Environment Didactic Presentations

Or rewrite weight()

/1 weight2( W, EXCLUDE VEC) :: set weight to )
/1 unl ess in EXCLUDE VEC then set wt. to
proc weight2 () { local i,ww
w = $1
for i=0,nclist.count-1 {
if ($02.contains(i)) w=0 el se ww=w
nclist.object(i).weight = ww
}
}

Wiring networks in Neuron — p.21/4;

Density doesn’t make much
difference!

0.8

0.6 —

0 | | | ]
0 02 04 06 080pij1

Wiring networks in Neuron — p.22/4;
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Checking connectivity

Surprising findings are often artifacts
Pseudo-random may be more pseudo than random
Best-written programs of mice & men

Check if network looks reasonable

Wiring networks in Neuron — p.23/4:

cvode.netconlist()

access Neuron’s internal NetCon list
Unwieldy, but important to make sure that WYWIWYG

To check divergence:

for ii=0,ncell-1 print)\

cvode. netconlist(cells.object(ii).pp,"","'
. count

To check convergence:

for ii=0,ncell-1 print)\

cvode. netconlist("","",cells.object(ii).pj
. count

Could count non-zero synapses by iterating through
cvode. netconlist("","","")

Wiring networks in Neuron — p.24/4;
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In addition to cvode.netconlist()

Develop a parallel database
| often use a sparse matrix for molding connectivity
In present case, we can work with ncl i st

Beware stray NetCons

Wiring networks in Neuron — p.25/4:

fconn() — find connections

/'l fconn( PREVEC, POSTVEC) pl aces val ues of
/'l pre- and post-syn cells in parallel vectot
/1 only lists pairs with non-zero connecti on
/1 getcnun() returns index of cell obj
proc fconn () {
$0l.resi ze(0) $02.resize(0)
for ii=0,nclist.count-1 {
XO=nclist.object(ii)
i f (XO weight!=0) {
$01. append(get cnum XO. pre))
$02. append( get cnum XO. syn))

}
}
}

Wiring networks in Neuron — p.26/4:
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Now can check non-zero connectivity

fconn(vecl[4],vec[5])

print vec[4].size
4479

Wrong answer!: p;; - S ~ 2000

Zero-weighting vector had repeats

Rewrite randomizer

rdmung() — augments vec by n unique vals from rdm
scale weights to compensate for reduced convergence

Frrrrrrrrrrerrnntd
Firrrrrrrerrirrntnld
AR RN EEE Y
Frrrerrerrrrrreretl

LN
IR R UNRIN R TEEIL AR
I DHENRNERE PRy iy
B V) 00O
I

Wiring networks in Neuron —p.28/4;

Page 144 Copyright © 1998-2012 N.T. Carnevale and M.L. Hines, all rights reserved



The NEURON Simulation Environment Didactic Presentations

Synchronization measure

O
c
> 04 ¥ (0.1,0.44)

0 | | | | |
0 02 04 06 08 pjjl

Wiring networks in Neuron — p.29/4:

Look at 10% connectivity

{PRE=4 POST=5 fconn(vec[PRE], vec[ POST]) }
vec[ POST] . mark(g, vec[ PRE] ,"O', 2,1, 1)

post
100~ .. ..

807:'-3 RN T T

GOttt e e e BT

ol

0 .‘ DA . '+: “l :':'..":‘
0 20 40 60 80 pre 100

Wiring networks in Neuron — p.30/4:
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Wiring networks $ Neuron — p.31/4:
Wiring networks @ Neuron — p.32/4:

XoEA
PN
!

The NEURON Simulation Environment

Didactic Presentations

Show all connections

Show selected connections

%

A
XC)
8 %=,

.WO

”
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Balancing convergence and
divergence

Wide variation in connectivity: <C>=9.91+2.99;
<D>=9.91+3.09

Cmin:3; Cmaar::21; Dmin:4; Dmaar::l?;

With realistic cells, must be careful to balance
convergence or will blast some cells

Wiring networks in Neuron — p.33/4;

Geographic connectivity

Neuroanatomy furnishes non-random connectivity
Map onto model connectivity

e.g., fall-off with distance

Wiring networks in Neuron — p.34/4:
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Random wiring with distance fall-off

1. Go through syns in random order

2. Flip biased coin proportional to distance
rdnf1] .unifornm(0,1) // for flipping
coin
prob = 1-distn()/maxdi st
if (rdnf1].repick<prob) { ...

3. Count syns till reach desired density

Better if used a hexagonal array

Wiring networks in Neuron — p.35/4:

pij = .5: convergence for 10 cells

Page 148 Copyright © 1998-2012 N.T. Carnevale and M.L. Hines, all rights reserved



The NEURON Simulation Environment Didactic Presentations

pi; = .1: lower density to be tested

: // / \\

N\

\ /

Doesn’t sync very well

o | TSR AT
O | ORI ARTARAER TG
O || VRS ERRUA SRR
T T
O AR

0.2 ‘

0.1 |
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Page 150

Is there localized sync’ing?

Look at animation.

Wiring networks in Neuron — p.39/4;

How to animate

for (tt=0;tt<=tstop;tt+=tstep) {
for (;tt>tvec.x[ii];ii+=1){
drv. x[ani mv. i ndwhere("==",ind.x[1i1])]:
for (;tt >scr.x[jj];j)+=1){
drv. x[ani mv. i ndwhere("==",ind. x[jj])]:

Wiring networks in Neuron — p.40/4:
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Other explorations

Try weight fall-off rather than restricted wiring
Mix excitatory and inhibitory connects (+ Dale)

Connect two populations at various densities

Wiring networks in Neuron — p.41/4;

Advantages of Neuron for networks

Local variable dt
Mix IF and realishtic neurons
Flexibility (/learning curve)

Mike & Ted

Wiring networks in Neuron — p.42/4:
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Didactic Presentations

NEURON Main Menu

cvode_active(l)

VariableTimeStep

VariableTimeStep
Use variable dt

Absolute Tolerance Scale Factors

Numerical Method Selection

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

Mx=b tree solver

DAE and daspk require sparse solver, cvode requires tree solver
EMx=b sparse solver

2nd order threshold (for variable step)
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RunControl

Init (mV) <—-_|j 0 |2l

Init & Run

Stop
Continue til (ms) «|_| [ E

The NEURON Simulation Environment

Graph x-100:1100 y-92:52

Single Step

t (ms) |
Tstop (ms) ] [1000 2l

Real Time (s) [§ 162

40

v(.5)

800

Figure 1
a. L3 Aspiny
b.L4

c. L3 Pyramid
d. L5 Pyramid

Insert/Remc

soma
pas
hh
ca
cad
kca
km
kv
na

RunControl

Init (mV) «Jj [0 2

Init & Run

Stop

Continue til (ms) ¢« I I | ;]

Graph x-100:1100 y-92:52

Continue for (ms) <3| [ [1 E
Single Step

t (ms) A
Tstop (ms)|f_] [1000 2l

Eom—

Points plotted/ms||_|
||| Quiet

Real Time (s) | 36

40

—20

v(.5)

800 1000

Page 154

VariableTimeStep

E'Use variable dt

Absolute Tolerancelj {0.001

Atol Scale Tooll Details I
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Graph Change Textx-100:1100 y -92:52

Didactic Presentations

40

r 3376 steps
v(.5)

Graph Pick Vector x 664 : 676 y -92 : 52

40

v(.5)

\

H | J
665 667 669 67:1 673 675
il J

Graph Move Textx —-100:1100 y-3.4:1.4

1

_37

— log10(dt+1e-9)

Graph Move Textx 664:676 y-3.4:1.4

— log10(dt+1e-9)

665 667 69 671 673 675

Graph Move Textx -100: 1100 y-0.5:5.5

5

4

— cvode.order

| ]

| | | | J
0 200 400 /NN 200 1000

Graph Move Textx 664 : 676 y—-0.5:5.5

— cvode.order

0
ARS _ AR7 _ AR9 _ A71 A73 __ R75
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ModelDB: Model Information http://sensel ab.med.yal e.edu/sensel ab/M odel DB/ShowM odel .asp?m...
(3
P —— =
[foomeeta]| T ModelDB

Spinal Motor Neuron: McIntyre et al 2002

Simulation of peripheral nervous system (PNS) mylelinated axon. This model is described in detail in: Mclntyre CC, Richal
Grill WM.(2002)

Reference: Mclntyre CC, Richardson AG, Grill WM (2002) Modeling the excitability of Mammalian nerve fibers: influenc
afterpotentials on the recovery cycle. J Neurophysiol 87:995-1006 [PubMed

Citations Citation Browser

Model Information (Click on a link to find other models with that property)
Model Type: Axon;
Cell Type(s): Spina motor neuron;
Channel(s): | Na,p; | Nat; | K; | Sodium; | Potassium;
Receptor(s):
Transmitter(s):
Simulation Environment: Neuron;
Model Concept(s): Axonal Action Potentials; Action Potentials;

Implementer(s): Maclntyre, CC ;
Search NeuronDB for information about: Spinal motor neuron; | Na,p; | Nat; | K; | Sodium; | Potassium;

Model files Download zip file | Auto-launch | Help downloading and running models
o\ SI MULATI ON OF PNS MYELI NATED AXON
o MRGaxon
nREADME

BAXNODE.mod Mclntyre CC, Richardson AG and Gill WM Modeling the excitability
nMRGaxon.hoc [manmal i an nerve fibers: influence of afterpotentials on the recover
& mosi nit.hoc cycle. Journal of Neurophysiol ogy 87:995-1006, 2002.

o MRGaxon.ses

This nodel is described in detail in:

The nodel is set up to reproduce part of Fig 2A fromthis paper.

This nodel can not be used with NEURON v5.1 as errors in the
extracel lul ar mechani smof v5.1 exist related to xc. The original
stimulations were run on v4.3.1. NEURON v5.2 has corrected the
limtations in v5.1 and can be used to run this nodel.

Pl ease contact ntintyre@ne.jhu.edu if you have any questions about

Total site hits since January 1, 2002: 346093

ModelDB Home Sensel ab Home Help
Questions, comments, problems? Email the Model DB Administrator
How to cite ModelDB
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ModelView[0]

Graph[0] Crosshairx —15:165 y—81:-69

node[10].v(0.5)
—70 [~
—72
7
74 37s
dt =.005 (ms)

—76
—78[
a0 | | ]

0 50 100 150

Graph Change Textx —2000 : 22000 y -81 : —6¢|

70— 5ms v
vext($1)-75
-~ NNNNNNNNNNNNONNNNN
—74
—76
-8
., WWUUUUUUUUUUUUUUUA
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TOTAPTIUTIVIOVC TTATA 1O . IV y O . UI ]

37s node[10].v(0.5)
—T0(1 gt =
dt=.005 (ms) VariableTimeStep
=72 2's 1070 steps E’Use variable dt
Absolute ToIerance'j |0.001 121
—74
Atol Scale TooII Details
—76
-78 |
| | | Numerical Method Selection
—80 N Refresh I Al
0 50 100 150 current model type: ODE <*DAE*>
ODE model allows any method
DAE model allows implicit fixed step or daspk
Graph[0] Move Textx 0.98:1.22 y-92: 52 Implicit Fixed Step
C-NFixedStep
o 37s node[lO].v( 05) Cvode
407" gt=.005 (ms) Daspk =
Local step
DAE and daspk require sparse solver, cvode requires tree solver
2s 1070 steps E'Mx=b tree solver
0 Mx=b sparse solver
1 1.05 11 1.15 1.2 |j 2nd order threshold (for variable step)
K
—40 [
—oU
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LinearCircuit[0]
v Arrange
v Label
v Parameters
4 Simulate
Parameters — - ——
LincirGraph[0] for LinearCircuit[0]
Source f(t) I
| PlotWhat? |
Initial Conditionsl J
States 00 [~ Control | (nA)
axon[1](0) axon[2](0) New Graph b0o —
\ \ L
300 [~
NewView x —56.8:224.203 y—39.2291 : ¢ =00 —
axon[2]
ﬁ LincirGraph[1] for LinearCircuit[0]
axon PlotWhat? |
407 Vm (mV)
Graph[4] Move Textx —30:330 y—92: 52
40— 0 | | J
3ms v 1 2 3 4 5
0 \ \ | w0
100 15ms 300
—40 [ 80 —
-80 —
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VariableTimeStep

LinearCircuit[0]
v Arrange
12 ~ Label
/—‘H ~ Parameters
4 Simulate

axon[1](0) axon[2](0)

Use variable dt
0.001 2]

Values for LinearCircuit[0]

NewView x 0.86:1.34 y—36: 36

30

Vm (mV)

©
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NetGUI[0]

4 Locate

v Src—>Tar

v Source

~ Targets

v Target

v Sources
Show all edges

Weights

Delays
—_—

Hoc File
Create
SpikePlot

Show Cell Map

[ZNe}

Graph[3] Crosshair x =50 : 550 y -92: 52

Graph[3] Crosshair x 388.978 : 421.565 y —82.3387 : 44.639

40

d
g Ci
a

BI1[0)].
bII[1).
112].

P00 30 4340 L

00

30 C_Cell[0].soma.v(0)
C_Cell[1].soma.v(1)
10— | | | ‘07Cel\[2] soma.v(0.5
_1695 4OF 405 410 415
_w —
50
-0 -
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Graph[3] Crosshair x 388.978 : 421.565 y —82.3387 : 44.639
30
10— |
1895 4
30
50
=70~
Graph[3] Crosshair x =50 : 550 y -92 : 52
Numerical Method Selection
40 RunControl
current model type: <*ODE*> DAE
ODE model allows any method 0 |
DAE model allows implicit fixed step or daspk 0 00
Implicit Fixed Step
C-NFixedStep 10
Cvode
Daspk
Local step
DAE and daspk require sparse solver, cvode -80

Mx=b tree solver
Mx=b sparse solver

2nd order threshold (for variable step)

Graph[3] Crosshair x 388.978 : 421.565 y —82.3387 : 44.639

307 C_Cell[0].soma.v(0)
C_Cell[1].soma.v(1)

C_Cell[2].soma.v(0.5

{\ ‘ ‘ ‘piceII[ZS}.soma.v(l
1895 4 415
_w —
50~

=70 —

Graph([3] Crosshair x =50 : 550 y -92: 52

Numerical Method Selection

40 dl cHio). RunControl
) dl cdi]
current model type: <*ODE*> DAE dicliz)
ODE model allows any method 0 | | | [cdi25
0 00 0] 44p 0

DAE model allows implicit fixed step or daspk
Implicit Fixed Step
C-NFixedStep 10
Cvode
Daspk
Local step

DAE and daspk require sparse solver, cvode

Mx=b tree solver
Mx=b sparse solver

2nd order threshold (for variable step)
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Graph[3] Crosshair x 388.978 : 421.565 y —-82.3387 : 44.639

30 {[\ C_cell[0].soma.v(0)
C_Cell[1].soma.v(1)
!

10 C_Cell[2].soma.v(0.5

\ ‘ ‘ ‘piceII[ZS].soma.v(l
_18%5 4 4 410 415
_w —
50

Graph([3] Crosshair x =50 : 550 y -92 : 52
Numerical Method Selection Absolute Tolerance Scale Factors

4[5

|_Refresn | d chior
current model type: <*ODE*> DAE q *g ”E
ODE model allows any method 0 | ! ! [clios
DAE model allows implicit fixed step or daspk 100 00, |30 400 | €00

Implicit Fixed Step

C-NFixedSte |
ECvode ’ 0

Daspk

Local step

DAE and daspk require sparse solver, cvode

Mx=b tree solver
Mx=b sparse solver

VariableTimeStep

2nd order threshold (for variable step)

Graph[3] Crosshair x 388.978 : 421.565 y -82.3387 : 44.639

30 C_cCell[0].soma.v(0)
C_Cell[1].soma.v(1)

10— C_Cell[2].soma.v(0.5
‘ ‘ ‘ ‘piceII[ZS].soma.v(l

1895 415

Numerical Method Selection

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

Mx=b tree solver
Mx=b sparse solver
[ VariableTimeStep

2nd order threshold (for variable step) [ Use variable dt

¥ffo.0001 2]
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Graph[3] Crosshair x 388.978 : 421.565 y —82.3387 : 44.639 I

C_Cell[0].soma.V(
C_Cell[1].soma.v(1)
10— C_Cell[2].soma.v(0.5

{\ ‘ ‘ ‘piceII[ZS].soma. ()
1895 4 405 410 415
_w —
50

Graph[3] Crosshair x =50 : 550 y -92 : 52
Numerical Method Selection Absolute Tolerance Scale Factors

40
II[1].
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! ! li[25
o I3

current model type: <*ODE*> DAE
0

ODE model allows any method 0
DAE model allows implicit fixed step or daspk 0
Implicit Fixed Step
C-NFixedStep
Cvode
Daspk
Local step
DAE and daspk require sparse solver, cvode

Mx=b tree solver
Mx=b sparse solver
VariableTimeStep

2nd order threshold (for variable step) Use variable dt

0.001 i

Graph[3] Crosshair x 388.978 : 421.565 y —82.3387 : 44.639

301 C_Cell[0].soma.v(0)
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VariableTimeStep
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40 — I
I’ "IIIIIH
Global Step ! ",
| I |
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1 2 3
113 points I
107 advance |
5 interpolate
4 init |
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i i

1 O ®

2 O ° ([ J
i
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2 O ° ([ J
i

1 O o
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STATE{o0}

BREAKPOINT {
SOLVE state
ik = gbar*o*(v — ek)

LOCAL fac

PROCEDURE state() {
rate(v)
0 = 0 + fac*(oinf — 0)

}

PROCEDURE rate(v (mV)) {
LOCAL a
a =alp(v)
tau = 1/(a + bet(v))
oinf = a*tau
fac = (1 — exp(—dt/tau))

BREAKPOINT {
if (t >=del) {
| = f(t—del)
telse{
i=0
}
}

The NEURON Simulation Environment

STATE {0}

BREAKPOINT {
SOLVE state METHOD cnexp
ik = gbar*o*(v — ek)

DERIVATIVE state {
rate(v)
o’ = (oinf — o)/tau

PROCEDURE rate(v (mV)) {
LOCAL a

a=alp(v)
tau = 1/(a + bet(v))
oinf = a*tau

- at_time(del)

(deprecated)
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INITIAL {

on=0

net _send(del, 1)
}

BREAKPOINT { BREAKPOINT {
if (t >=del) { if (on ==
i = f(t—del) | = f(t—del)
telse{ lelse{
i=0 =0

} }
} }

NET_RECEIVE(W) {

if (flag == 1) {
} on=1

}

TITLE minimal model of GABAa receptors
COMMENT

Model of Destexhe, Mainen & Sejnowski, 1994:

(closed) + T <—> (open)
The simplest kinetics are considered for the binding of transmitter (T)
to open postsynaptic receptors. The corresponding equations are in
similar form as the Hodgkin—Huxley model:

dr/dt = alpha * [T] * (1-r) — beta * r

| = gmax * [open] * (V-Erev)

where [T] is the transmitter concentration and r is the fraction of
receptors in the open form.

If the time course of transmitter occurs as a pulse of fixed duration,
then this first—order model can be solved analytically, leading to a very
fast mechanism for simulating synaptic currents, since no differential
equation must be solved (see Destexhe, Mainen & Sejnowski, 1994).

Copyright © 1998-2012 N.T. Carnevale and M.L. Hines, all rights reserved
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PROCEDURE release() { LOCAL q
:will crash if user hasn't set pre with the connect statement

g = ((t - lastrelease) — Cdur) : time since last release ended

: ready for another release? Cdur
if (g > Deadtime) { i
if (pre > Prethresh) { : spike occurred? Deadtime
C = Cmax . start new release
RO=R
lastrelease =t
}elseif (g<0){ . still releasing?
: do nothing
} else if (C == Cmax) { . in dead time after release
R1=R
c=0.
}
if (C>0){ : transmitter being released?
R = Rinf + (RO — Rinf) * exp(- (t — lastrelease) / Rtau)
}else { : no release occurring
R = R1 * exp(- Beta * (t — (lastrelease + Cdur)))
} lastrelease

"dr/dt = alpha * [T] * (1-1) - beta * r

where [T] is the transmitter concentration and r is
the fraction of receptors in the open form.

INITIAL {
t0=0
r=0

}

DERIVATIVE state {
r' = (rinf = r)/rtau

NET_RECEIVE(w) {
if (flag == 0) { : external spike, transmitter on
rinf = alpha*T/(alpha*T + beta)
rtau = 1/(alpha*T + beta)
net_send(Cdur, 1)
} else if (flag == 1) { :transmitter off
rinf=0
rtau = 1/beta
}
}
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STATE {Ron Roff} DERIVATIVE release {
Ron’ = (synon*Rinf — Ron)/Rtau
INITIAL { Roff’ = —Beta*Roff
Ron=0 Roff=0 }
Rinf = Alpha / (Alpha + Beta)
Rtau = 1/ (Alpha + Beta) NET_RECEIVE(weight) {
Rdelta = Rinf*(1 — exp(—Cdur/Rtau)) if (flag == 0) {: spike — T on
synon =0 synon = synon + weight
} net_send(Cdur, 1)
lelse{ : transmitter off
BREAKPOINT { synon = synon — weight
SOLVE release METHOD cnexp Ron = Ron — weight*Rdelta
g = (Ron + Roff)*1(umho) Roff = Roff + weight*Rdelta
i = g*(v — Erev) }
}

WenlL NNl

setpointer gabaali], cell[j].axon.v(1)
gabaa]i].Prethresh = -10

cellj].axon { nc = new NetCon(&v(1), gabaali]) }
nc.threshold = -10
nc.delay =0
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proc advance() {
fadvance() fadvance()

if (t==11){pQ} } if (soma.v(.5) > 10) { p() }
fih = new FInitializeHandler("ev()") soma { nc = new NetCon(&v(.5), nil)}

proc ev() { nc.threshold = 10
cvode.event(tl, "p()") nc.record("p()")

proc advance() {

proc p() {
/l'if ANY parameters or states

/I change then be sure to
cvode.re_init()

Graph NewViewx-0.5:5.5 y—92:52 Graph NewViewx-0.5:5.5 y—92:52

407 40 Graph NewViewx0.74:1.46 y -74: -

v(.5) v(.5)
_&) —
| | | J | | | J v(9)
0 0 L
1 2 4 5 1 2 4 5 r40
-
-40 [~ -40 [~
s
80 — 80 —
no ”

Graph Crosshairx-0.5:5.5y-1.2:1.2

Graph Crosshairx-0.5:55y-1.2:1.2

1 SEClamp[0]i i SEClampl[0].i Graph Crosshairx0.74:1.46 y—0.6:
D.5
sk o5 ISHClamp|0Q].
ﬂ D.3
| | |
0 0 D.1 \
1 2 3 4 1 5 UL '
0D 1 , 12 il
05 o5
03
b il 05
VectorPlay[0]
I [ Connected I SEClamp[0].ampl
50
0 ! /\ ! ! |
1 2 4 5
=50~

Page 174

Copyright © 1998-2012 N.T. Carnevale and M.L. Hines, all rights reserved




The NEURON Simulation Environment Didactic Presentations

Graph[0] x-0.5:5.5 y-92:52
40 h 74:1.46 y—74:-2
v(5) Graph[0] x 0 6y 6
.w —
v(.5)
0 | | | | J
1 2 4 5 40
=
40 —
60—
-80 — 70
no 1 19 1A
Graph[2] NewViewx-0.5:55y-1.2:1.2
1 SEClamp[0].i Graph[2] NewView x 0.74:1.46 y -0.6
D5 ;
o5 SEClamp[0].i
m D3
0 | | ! J b1
1 2 3 4 5 I don
D8 1 12 14
H05 [~
3
_1 — 5 L

soma vvec.play(&SEClamp[0].ampl, 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?

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

Parallel Computation
A simulation run takes about a second

want to do 1000’s of them,

varying a dozen or so parameters.

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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PreCell PostCell

PostSyn

PreCell PostCell

PostSyn

nc = new Net Con(PreSyn, Post Syn)
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CPU 2
PreCell CPU 4

PostCell

PostSyn

NetCon ,/'
7

e
//
7’
7

CPU 2

PreCell CPU 4 PostCell

PostSyn

pc = new Parall el Context ()

Page 180 Copyright © 1998-2012 N.T. Carnevale and M.L. Hines, all rights reserved



The NEURON Simulation Environment Didactic Presentations

CPU 2
CPU 4

gid=7
gid=9

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

CPUO CPU 3 CPU 4
pc.id 0 pc.id 3 pc.id 4
pc.nhost 5 pc.nhost 5 pc.nhost 5
ncell 14 Ca 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.
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CPU 2
PreCell CPU 4

gid=7
gid=9

Create cell only where the gid exists.

if (pc.gid _exists(7)) E

PreCell = new Cell ()
¥

CPU 2
PreCell CPU 4

Associate gid with spike source.

nc = new Net Con(PreSyn, nil)
pc.cell (7, nc)
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CPU 2
PreCell CPU 4

PostCell

PostSyn

F 4
NetCon/’

//

Create NetCon on CPU where target exists.

nc = pc.gid connect (7, PostSyn

Run using the idiom

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

pc.set_maxstep() uses
MPI1_Allreduce
to determine minimum delay.

any spike here must be delivered hert

I minimum delay I
exchange exchange
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CPU 4

PostCell

PreCell

n 1

gid 7
t 2875

O
N

Page 184

PostSyn
NetCon//'
v
b
ol
CPU 2
CPU 4 PostCell
PostSyn
NetCon /'
b d
//
//
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CPU 2
PreCell CPU 4

PostCell

PostSyn

cpu 2

* \ cpu 3

O
N
IS
o

CPU 4 PostCell

PostSyn

NetCon//'
v

2
k gd 7 cpu
{ 2875

* cpu 3

O
N
IS
o=
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Migliore et al (2006) J. Comput. Neurosci. 21(2):119

Santhakumar et al. (2005) Davison et al., (2003)

Bush et al., (1999)

i 2500 [
500 e,
200 2000
w ]
g
S 3004 1500 ,
= hy
8 ool 1000
100 - 500
I
0 R !
0 0 400 800 1200 1600 0 100 200 300 400 500
time (ms) : .
(ms) fime (ms) time (ms)
Mac G5

400

200 A

100

Trun (sec)

2 4

256

sec

16
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50 1
20 1
10 1
5.

Beowulf 32-bit

1600

400 & Beowulf 64-bit
800 200 O IBM Linux cluster
. A
1 NN 400 100 S EPFL IBM BlueGene
3 200 w0 |
100 1
50 4 20
10 4
20 A
5 -
10 A
5 5

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

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

Bush, Prince, & Miller (1999) J. Neurophys. 82:1748

Increased pyramidal excitability and posttraumatic
epileptogenesis without disinhibition: amodel.

EPFL IBM BlueGene

4096 700MHz dual processor Powerpc64

10k

runtime

— — - ided
O computation time
B @ runtime (spike exchange
compression + bin queue)
N \*
1 1 1 Nd
125 500 #cpu 2000 T 8000
#cells #states #netcons #outputSpikes #spikedeliver
10k 444,664 17,167,785 31,118 52,040,794
20k 888,664 68,655,566 33,960 110,634,002
40k 1,777,664 274,591,128 69,529 452,987,907
80k 3,553,664 1,098,302,267 294974 2,147,483,647
160k 7,107,664 4,393,084,577 844,175 22,847,784,937
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Artificial Spiking Net Performance

256 pu

point process
artificial cell B\FB\.\‘
spike compression + bin queue N °
e L + self events not on queue N N N o
D
sec N \o N
“r N N
262144 7 Ty
N
L)
4 b @ 'untime
) O computation
N o .
N, T ideal
1 L. L L. [
32 128 512 2048 8192
#CPU
Each cell fires randomly every 10 to 20 ms. tstop = 200(ms)
65K cells, 1000 random connections per cell delay = 1(ms)
256K cells, 10,000 random connections per cell weight = 0

Gap Junction Specification

Continuous Voltage Exchange

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

pc.source_var(&sl.v(xl_), 1)
sl.v(x1)<_>59:’lid

//”——§\\
(sl{glznew HalfGap(x1) }

pc.target_var(&g2.vgap, 1)

—— " —

\
2.vgap N
s2 { g2 = new HalfGap(x2) })

~ Vd
\\-—_’/

\ ~ gl.vga
=~ sgid
2 ~a—p-S2.V(X2)

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

— ————

pc.target_var(&gl.vgap, 2)

gap.mod
NEURON { ASSI GNED {
PO NT_PROCESS Hal f Gap v (mllivolt)
ELECTRODE_CURRENT i vgap (mllivolt)
RANGE r, i, vgap i (nanoanp)
} }
PARAMETER {r = 1e9 (megohm) } CURRENT {i = (vgap - v)/r }
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Pittsburgh Supercomputing Center

The NEURON Simulation Environment

Bigben Cray XT3
2068 2.4 GHz Opteron Processors l il
1024 — |
0 50 100 150 200
Traub et. al. (2005) J. Neurophysiol 93: 2194
256 Extibiing gamma. ccaliatons. sieep spindies and
epileptogenic bursts. '
@® Runtime
64l ~~ Idealruntime
= Spike exchange time
(s) : o
Mean, max, min Computation time
16 |~ \I ~® i
§ Mean, max, min variable transfer time
5954
4l 3200 gap junctans
5,596,810 equations
73,465 spikes
1,122,520 connections
- 19,844,187 delivered
1L
| | | | | J
25 50 100 200 400 800
#CPU
1024 — 8
60
B #Cells
356 Cells 4°
256 | N .
S B 5o 3000 4000 5000
Complexity
64 |-
- @ Runtime 40§§1p'eces
o Computation time A '
16 AN 18.7
— Whole cell balance \
- : q> 132
Multisplit, No Gap Junctions
— m Multisplit, With Gap Junctions
4 | | ] ] ] ] ] J
32 128 512 2048
CPUs
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Multisplit Gaussian Elimination

d a
d a
d a d a d a
b da d a
b da d a
b da b d a
b|d|a b d a b d a
b da b d a
b da b d a
b da b d a b d
b|d|a b d a
b d a b d
b da b d
b(d|a b d
b d a b d
b da b d
b da
b d

#CPU Runtime (s)
1 54.8

3 22.2 195 18.3
expected ideal

40 =

R

De Schutter & Bower (1994) J. Neurophysiol 71:375 Ported to NEURON by Jenny Davie,
Volker Steuber, and Arnd Roth.

1500

\
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200 —

16 Pieces oo
150 f- ()
4 CPU i« #comp i
100 |-
eo®
501 @@
ol 1 1 1 )
0 4 12 16
Piece
401 395 400 404
400 ~ [ n ] =
#comp
[ | . -
|
300 |-
Time (s) 200 =
CPU  Computation Exchange ]
0 13.82 0.56 Runtime(s)
1 13.35 1.03 16 pieces, 1 cpu 55.0 o0 L
wholecell, 1 cpu 56.2
2 13.47 0.90 16 pieces, 4 cpu 14.4 o i ; é ‘Il
3 13.56 0.82 cPU
200 200
16694
Pieces
150 |~ 150 |-
10000 cells
# #
100 = 100 H
50 50
0 1 Ko P L ) 0 )
0 10000 20000 30000 40000 50000 0 10000
Complexity Complexity
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2048

1024

512

256

128

®  Runtime, Whole Cel
e Runtime, Multisplit
Average Computatic

L1 | | J
1024 2048 4096 8192
CPUs

Results must be independent of
Number of processors
Distribution of cells

What about RANDOM?
Reproducible
Independent
Restartable

Associate arandom stream with a cell.

Didactic Presentations

Use cryptographic transformation of several integers.

run number
stream number (cell gid)
stream pick index
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Patternstim

|;Il: I'l;u:u'::"hm‘l I’“&
Iy

wwmwﬁn

10000

myid I|,I '

Y

n 1) I | "H
AR

8000

Cel ID “ ' | D | . |
6000 |||i|'|lllf|l,1rl i
|I | | ||||| iy i
4000 | ‘ ,? .
2000 |H|l||f'|| 'l'l"I'iH .'fﬂ“ﬂ i

|‘ it e b
Wi
0 1

Line# spike(ms) gid

out.spk (58,858 lines)

3.975 8050
3.975 8621

999.125 4632

8548: 107.25 1 0
18501: 488.625 1 mv soma
27276: 59425 1
51470: 913.475 1 0 L l
200 400
cAD 1

6p0 800 1000 MS

_80 —
-40 —
mV
-50 -

40 tmgEXxSyn ol

8 tmgIinhSyn

39 distinct sources

_70 I
570 590

ms 610 630
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Debugging

1) GID and time of first spike difference.
2) All spikes delivered to synapses of that C
3) When and what is the first state differenc

Copyright © 1998-2012 N.T. Carnevale and M.L. Hines, all rights reserved Page 193



Didactic Presentations The NEURON Simulation Environment

Page 194 Copyright © 1998-2012 N.T. Carnevale and M.L. Hines, all rights reserved



The NEURON Simulation Environment Didactic Presentations

NEURON's tools for

 Input and transfer impedances

» Voltage transfer ratio

IV

VdOWﬂStI’ eam’' ¥ upstream

* Electrotonic transformation

|Og (VdOWHStI’ eam/ VUpS tr eam)
... all as functions of frequency and space

Classical Cable Theory

Vo —> Ve

in the steady state: |

0 X

V(x) = V(0) e*/

X = physical distance

A = length constant
Classical "electrotonic distance"

X =1n V(0)/V(x) = xIA
so attenuation AY(x) = V(0)/V(x) = eX
Intuitively simple

Analysis of Electrical Signaling

Infinite cylinder ) Iy 7 )
I
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Problems

Neurons are not infinite cylinders.

Attempted fix: reduce dendritic tree to
finite length equivalent cylinder

AV(x) = cosh L cjassicar | €0Sh (Lejassical = X)
L = physical length / A

classical ~
X=x/A

The bad news about the
equivalent cylinder approximation

* Neither intuitive nor simple. —o\ jo— —eoflo—
» Destroys spatial relationships among *
synaptic inputs.

 Classical electrotonic distance X = x /A
fosters conceptual error by obscuring
the direction-dependence of attenuation
in finite structures.
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The good news about the
equivalent cylinder approximation

It isn't valid
Property Assumption Truth
Dendritic electrically varies widely
terminations equidistant
from soma
Diameters cylindrical irregular
Branch points  3/2 power rule no

3/2 — 3/2
d,32 =5 d

The Electrotonic Transformation

A transformation from anatomical
to electrotonic space that

* is intuitive
* is empirically-based

* makes no restrictive assumptions
about anatomy

Anatomical space
measure: physical distance

Electrotonic space
measure: log(attenuation)
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Foundation: two-port analysis
of electrotonus

How well do signals propagate?

Signal transfer is direction-dependent: A,-jV r Aj,-V

. . ey . V — | | —
Attenuation identities: AV =A;l  A; —AijQ

The Electrotonic Transformation

Functional definition of electrotonic distance
L = log(attenuation)
v simple, direct relationship to attenuation
v direction-dependent: L,-jV = Iog(A,-jV), Lj,-V = Iog(Aj,-V),
and in general L,-jV 7 Lj,-V

v in an infinite cylinder, is identical to

classical electrotonic distance y v v
v additive over a path with constant .' o .k

direction of propagation L. L
A’ = ViV = (VIV)-(ViVi) = A AyY

Page 198
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Using the Electrotonic Transformation

At a frequency of interest

1. compute log(attenuation) between a reference point
and all other points of interest

2. display results graphically (optional)
A convenient reference point: the soma

Changing the reference point affects only
the direction of signal flow on the direct path
between the old and new locations.

The attenuation identities give us the transform identities
Vin = lout = Qout @nd Vi = Iin = Qi

Synaptic location and synaptic efficacy

Q: What predicts how PSP amplitude at the soma
varies with synaptic location?

A: If synapses act like voltage sources,
A,-nV (voltage attenuation from synapse to soma)
or
ksyn_>soma (synapse to soma voltage transfer ratio)

Copyright © 1998-2012 N.T. Carnevale and M.L. Hines, all rights reserved Page 199



Didactic Presentations

soma v

syn l

T(

soma

Vsoma

Vsyn
Za Zb
| L2 Lo |
soma syn

From Fig. 1 in Jaffe & Carnevale 1999

If synapses act like voltage sources,
Vsyn(t) is independent of synaptic location
and
synapse to soma voltage transfer ratio
Ksyn->soma = 1 /Ainv =Z.1(Zp+Zp)

predicts variation of somatic PSP amplitude
with synaptic location.

0.5
__04f
g S
8 ~ 03F -1
©
-t% >
01fF -
00705 200 300 400 500 0.0 705200 300 400500
Distance to soma (um) Distance to soma (um)
Somatic PSP predicted by Somatic PSP generated by
voltage transfer ratio conductance-change synapse
ksyn->soma
From Fig. 5 in Jaffe & Carnevale 1999
Results:
1. I<Syn_>soma fails to predict the relationship between

somatic PSP amplitude and synaptic location.
2. Synapses do not act like voltage sources.

Q1: What do synapses act like?

Q2: What would be a better predictor of the relationship
between somatic PSP and synaptic location?
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soma

soma

Vsoma v

syn
| Lal [ L2l |
soma syn

From Fig. 1 in Jaffe & Carnevale 1999

If synapses act like current sources,
Isyn(t) is independent of synaptic location
and
transfer impedance Z, predicts the variation of
somatic PSP amplitude with synaptic location.
Let'stryit. ..

0.5
__ 04}
>
° 0.6fF 1 ‘(’“ 0.3F -1
<N €
0.4F 1 >8 0.2F -1
0.2 1 0.1F b
00705 200 300 400 500 00700 200 300 400500
Distance to soma (um) Distance to soma (um)
Somatic PSP predicted by Somatic PSP generated by
transfer impedance Z c conductance-change synapse

From Fig. 5 in Jaffe & Carnevale 1999
Results:

1. Normalized transfer impedance 20 predicts the relationship
between somatic PSP amplitude and synaptic location.
2. Synapses act like current sources.
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soma v

syn l

T(

soma

Vsoma

Veyn
z Z,
| Laj [ |
soma syn

From Fig. 1 in Jaffe & Carnevale 1999

Soma to synapse voltage transfer ratio ksma.5syn 1S
identical to normalized transfer impedance 20.

Proof: ksoma->syn = Zc/ (Za + Zc) = Z¢ /Zyoma
but Z,59M@ is the maximum transfer Z between
any location and the soma.

Therefore ksoma->syn = Zc
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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

il NEURON M =10l x|

Izonify

File Edit Buildl Tool= Graph “ector \Mndnwl

single compartrnert
Cell Builder
MNetWork Cell
Metwork Builder
Linear Circuit

Channel Builde

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

il LinearCircuit[0] =10] x|
Close Hide
wire 4 Arrange
v Label
e reSiStor v Parameters

v Simulzte

-+ capacitor

Heep Connected
—+- voltage source

Hirt=
current source B
ground

¥

operational amplifier
Qintracellular node
+

intra- and extracellular nodes

Arrange: spawn components

Click on palette and drag onto canvas

i LinearCircuit[0] i LinearCircuit[0]
Clo=se Close

R1
—|[§ -

—+ Ri

—4
5 5
3 3
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Arrange: connect components

Click and drag to R c2
()
overlap red circles Sl

Black square is R %:é

"solder joint"

Pull apart to break connection

Label: move labels

Arrange
Label
v Parameters

. R4 [ W Simulate
Click and drag E\gv—{ q e o
to new location

e Farameters

R cz & Simulate
¥ # Move
Bk“ ii Chanle
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The NEURON Simulation Environment

Click on a label . Bki i

.tochangeitsname |l

Label: change labels 1

T

Arrange
Label

+r Paramsters
2 Simulate

R1 cz

e Mo

- Chanie

CIECE  -oix|

=10 B==l

Click on a

.to labelavoltage |IC

Label: change labels 2

g

Arrange
Label
+r Paramsters
ar Simulate

e Mo

rode iy [k

M;IEI_I

== ey
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Parameters: non-source elements

E _inix]

W Arrange
Label
x Parameters

2 Simulate .
rvna q Click on
B + Parﬁme’[ers " "
sourbe ) | Parameters
A Turn off consistency checking

Parasitic aFbattery mOhm

i Yalues for Linear oy ]
Pririt Matrix Infn' X
Close Hide I
Hirt=
L R [Mohim) I 1 ;I
C [nF] | I |1 ;I

Parameters: signal sources

I =10l x|

Hide

W Arrange
Label
x Parameters

i o v Sirnulate
" Parameters
E

Source f(t) / B i

Turn off consistency checking
k Parasitic aFbattery rmOhm

Print Matriz Info

Hirt= |
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Parameters: sighal sources continued

il F(t) For B of Linea o ] |
Close Hide I

External Stirm Pattern

durid [rs] 1 A
ampd (') ID_E
durd [ms] 1 &
ampd [m¥] 1 A
dur2 [m=] W
ampz [mY) ID—E

twec is Vector[3E1E]
amp is Vector[2615]
amp is Vector [3615]

Configured

Simulate: creating a graph

N =

wr Arrange

+ Label
Parameters

R = + Simuizte

Wi o
n Farameters |
E
Source flt) I
Initial Conditions

States

N eW G raph Menwr Graph

Marme map

X

Hirts

i

Page 208

Copyright © 1998-2012 N.T. Carnevale and M.L. Hines, all rights reserved



The NEURON Simulation Environment Didactic Presentations

Simulate: specifying what to plot

il LincirGraph[0] fo =10 x|
Close Hide
FlotWhat? I I
o [ k
E | [nd)
a5 —
0 | | | | |
1 2 3 4 5
05 —
g =

PlotWhat? / variable_label

Simulate: simulation results
ol x|
Close Hide
FPlotWhat?
D—l—l
.
Wi ()
o [t
os
o [—
[
0z
a | |
u] 1 2 ] 4 ]
After minor cosmetic changes
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Patch clamp with electrode R and C

Fel Rez
Ve Lm

lclamp Ci ;:! -
somald.a

= | LincirGraph[1] for LinearCircuit[0] [E5 = | LincirGrapho] for LinearCircuit[0] [E5
Close Hide Close Hicle
PlotWhat? PlotWhat?
e lclamp (n&) El
e weo
06 _1d08 101 102
041" -30~
0z ek
. ! 1 !
100 101 102 103 104 105 -70=

NEURON demo: dynamic clamp

Close Hide

~ Arrange
[ ~~ Label
; ‘&\ ~ Parameters
kA & Simulate

*’_ @’ R [ i —| Parametersl
‘S{mth(D.S) - |LSeuree @) |
! vx |,_| || Jnitial Conditions

Fe1l +
States
11 Rez Iz
¥ e
somal0.5]
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NEURON Main Menu

leak Density Mechanism
NonSpecific ohmic ion current
i_leak = g_leak * (v - e_leak)
gis a RANGE PARAMETER
Default g =0 (S/cm2) e =0 (mV)

SingleComy.

ChannelBuild[0JmanagedKSCha ChannelBuild[1]managedKSCha

[ Properties |
nahh Density Mechanism
na ohmic ion current

ina = g_nahh * (v - ena)
g=gmax*m”3*h
Default gmax = 0 (S/cm2)
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| Default gmax = 0 (S/cm2) |

m’ =am*(1 - m) - bm*m
h’ = ah*(1 - bh*h
ChannelBuildGateGUI[0]forChannelBuild[0]

Close Hide
« States\, Transitions4 Properties mh3

Select hh state or ks transition to change properties m’ = am*(1 - m) - bm*m

" T e

Fractional Conductance

il m fraction |1 E
| A=

v Adjust D Run m <->m (a, b) (KSTrans[0])
E’Display inf, tau

>

am = A*x/(1 - exp(-x)) where x = k*(v - d)

0 | F—
S = o m— |
I Ec—

bm = A*exp(k*(v - d)))

=

ChannelBuild[0]JmanagedKSChar
Close Hide

[ Properties | |

ChannelName

Selective for lon...

4"Ohmic i=g* (v-e)

Goldman-Hodgkin-Katz

Defaultgmax

1 HH sodium channel
HH potassium channel

Clone channel type

Text to stdout

nahh Density Mechanism
na ohmic ion current
ina = g_nahh * (v — ena)
g=gmax*m”*3*h
Default gmax = 0 (S/cm2)

m’ =am*(1 — m) - bm*m (KSTrans[0])
am = 1*x/(1 — exp(—x)) where x = 0.1*(v + 40)  (Vector[7])
bm = 4*exp(—0.05556*(v + 65))) (Vector[8])
h' = ah*(1 — h) — bh*h (KSTransl[1])
ah = 0.07*exp(-0.05*(v + 65))) (Vector[11])
bh = 1/(1 + exp(-0.1*(—35 - v))) (Vector[12])
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bh = A/(1 + exp(k*(d - V))
| P | O
| o1 sl
| o B

bh = A/(1 + exp(k(d - V)

| o [ 2
| o [-01 2l
| o B

ah

1N /N

tauh = A*exp(k*(v - d)))

| 1 =
| i [-o01 E
| I | BT
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ChannelBuildGateGUI[0O]forChannelBuild[0]

Close

Hide

4 States<, Transitions< Properties no gate selected

Drag new state from left. Drag off canvas to delete

c %

Cc2

v Adjust

D Run

no KSTrans selected

0000
[NENS YT

ChannelBuildGateGUI[0O]forChannelBuild[0]

Close

Hide

"4 States4 Transitions~ Properties no gate selected

New transition pair: select source and drag to target

v -
C <—=>c2 Ko
< Adjust [ Run no KSTrans selected
1
0.8
0.6
0.4
02 |
)
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ChannelBuildGateGUI[0]forChannelBuild[0]

« States., Transitions4> Properties o)

Select hh state or ks transition to change properties O: 3 state, 2 transitions
_Power |1
Fractional Conductance
jo

4 Adjust Run

bC20

E acz0 | A_JHo
|

0000
[NINOY T
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The NEURON Simulation Environment

ChannelBuildGateGUI[0]forChannelBuild[0]

 States<, Transitions4> Properties

O

Select hh state or ks transition to change properties

v cai

O

O: 3 state, 2 transitions

T —

Fractional Conductance

C—
3

1

v Adjust Run

C2 +cai<—>0 (a, b) (KSTrans[9]) Al

aCz20
bC20

kca Density Mechanism
k ohmic ion current

ik =g_kca* (v - ek)
g=gmax*O
Default gmax = 0 (S/cm2)

Display inf, tau

aC20=A
l_

Moo

Page 216 Copyright © 1998-2012 N.T. Carnevale and M.L. Hines, all rights reserved



The NEURON Simulation Environment

Didactic Presentations
ChannelBuild[0]managed KSChan[0]

| Properies |
leak Density Mechanism
NonSpecific ohmic ion current
i_leak =g_leak * (v — e_leak)
g=gmax*0O*02*03
Default gmax =0 (S/cm2) e =0 (mV)

ChannelBuildGateGUI[0]forChannelBuild[0]

4 States<, Transitions< Properties

no gate selected
Drag new state from left. Drag off canvas to delete
o]
% %
. c c2 o
V.
C3<—>02
03
v Adjust Run

no KSTrans selected

il

ChannelBuild[0]managedKSCha
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nrniv

ChannelBuild[0]managedKSCha

leak Density Mechanism
cl ohmic ion current

icl = g_leak * (v — ecl)
gis a RANGE PARAMETER
Default g = 0 (S/cm2)
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