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Why model extracellular potentials?

» Improve understanding of experimental measurements:

» Action potential waveform:
> Gold et al. J Neurophysiol (2006)
> Pettersen & Einevoll. Biophys J (2008)
> Hagen et al. J Neurosci Methods (2015)
> Ness et al. Neuroinform (2015)
» Active ion channel component of LFP:
> Schomburg et al. J. Neurosci (2012)
> Reimann et al. Neuron (2013)
> Ness et al. J Physiol (2016)

» Spectral content of LFP:

> Lindén et al. J Comput Neurosci (2010)
> Tomsett et al. Brain Struct Funct (2014)

» Reach of LFP:

> Lindén et al. Neuron (2011)
> teski et al. PLOS Comput Biol (2013)



Why model extracellular potentials?

> Improve understanding of experimental measurements:

» Effect of network correlations:
> Hagen et al. Cereb Cortex (2016)

» Single-axon pre- and post-synaptic LFPs
» McColgan et al. BioRiv (2017)
> Hagen et al. J Neurosci (2017)

» Methods validation (with known ground truth):

» Spike sorting:
> Franke et al. Proc IEEE Eng Med Biol Soc (2010)
> Einevoll et al. Curr Op Neurobiol (2012),
> Thorbergsson et al. J Neurosci Methods (2013)
» Hagen et al. J Neurosci Methods (2015)
» Current-source density (CSD) reconstruction:

> Pettersen et al. J Comput Neurosci (2008)
> teski et al. Neuroinform (2011)

> Gtabska et al. PLOS One (2014)

> Ness et al. Neuroinform (2015)



LFPy - Introduction

» Methods implementation

» multicompartment neurons
» extracellular potentials
» (networks)

> Implemented in Python
> Uses NEURON under the hood
> Class objects represent:

cells

synapses

intracellular electrodes
extracellular electrodes

vV vy vy

» Homepages w. documentation:
http://LFPy.github.io
https://github.com/LFPy/LFPy

LFPy class—objects:

? LFPy.Synapse
A\ N LFPy.StimIntElectrode
NN x LFPy.Cell

\N LFPy.TemplateCell

\ f LFPyRecExtElectrode
LFPy: \ /
-Python.org
‘numpy

-cython
-NEURON


http://LFPy.github.io
https://github.com/LFPy/LFPy

LFPy

Developers:

Henrik Lindén

v

» Espen Hagen

> Szymon teski

» Eivind S. Norheim

> Klas H. Pettersen

» Gaute T. Einevoll

> It's open source - anyone can contribute!
Homepage:

> https://LFPy.github.io
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LFPy - Introduction

Why Python?

>

>

Open source
Easy, flexible coding

Plethora of available packages for
visualizations and analysis

http://pypi.python.org:
> 120000 packages

Interfacing other programming
languages and software

» C, C++, Fortran,
» NEURON, NEST, Brian,
Genesis, PyNN,

LFPy class—objects:

Ny~ LFPy.Synapse
N N4 LFPy.StimIntElectrode
) 14 LFPy.Cell
. ‘\\ LFPy.TemplateCell
\ / LFPyRecExtElectrode
LFPy: \
-Python.org
-numpy
-cython

-NEURON


http://pypi.python.org

LFPy - Introduction

Python class objects
Object Oriented Programming (OOP)

v

» arbitrary amounts and kinds of data
> contains methods and attributes

» created runtime, modifiable

class MyClass (object) :
def __ _init__ (self, arg0=1, argl='hi!'"):

''"'init class MyC

self.arg0 = arg0

self.argl = argl
def myClassMethod(self, arg=2):

lass

''"'do some operation'''
return self.arg0 + arg
if name == "__main__":

c = MyClass (arg0=3,

argl='hello'")
print c.myClassMethod (arg2=3)
print c.argl



LFPy - Requirements

Python dependencies:
» Hard:

neuron
Cython
numpy
scipy
matplotlib
unittest

vV vy vy VY VY Y

ipython

jupyter notebook
hbpy

mpidpy

LFPy class—objects:
N e LFPy.Synapse
N LFPy.StimIntElectrode
LFPy.Cell

\% LFPy.TemplateCell
' LFPy RecExtElectrode
LFPy: \\
-Python.org
-numpy
-cython
-NEURON



LFPy - Requirements

Python distributions:
> Anaconda
» Enthought Canopy
> Python(x,y)
>

LFPy platforms:
> *nix (Linux, Unix)
> OS X/macOS

» Windows

LFPy class—objects:

RN T LFPy.Synapse
e LFPy.StimIntElectrode
O x LFPy.Cell

\ ‘\\ LFPy.TemplateCell

\ / LFPy RecExtElectrode
LFPy: \
-Python.org
-numpy

-cython
-NEURON



LFPy - Installation

Installation:
Easy method: LFPy.Synapse

. . LFPy.StimIntElectrode
> easy_install pip ——user A\ /////LH§Cﬂ1

. . LFPy.TemplateCell
» pip install LFPy —--user \ y-renp
\ / LFPy RecExtElectrode

or as super user: LEPy: \

-Python.org
‘numpy

) ) -cython
> sudo pip install LFPy -NEURON

LFPy class—objects:

» sudo easy_install pip

Upgrading previous install:

» pip install --upgrade LFPy
——no—-deps



LFPy - Installation

Install using LFPy source files:

» Tar.gz-archive:

cd S$HOME/Sources
wget https://github.com/LFPy/LFPy/archive/vl.1.3.tar.gz
tar -xzvf vl.1l.3.tar.gz

(unzipped in folder LFPy-1.1.3)

» Development version:

cd S$HOME/Sources
git clone https://github.com/LFPy/LFPy.git LFPy
git checkout v1.1.3

» git: Much-used distributed source code management system.
See https://git-scm.com


https://git-scm.com

LFPy - Installation

Install using LFPy source files:

» Perform a local installation:

cd $HOME/Sources/LFPy

python setup.py install --user
> Global installation (super user):

sudo python setup.py install

> Use LFPy from source folder (for active development):

python setup.py build_ext -i
export PYTHONPATH=$HOME/Repos/LFPy/:$PYTHONPATH



LFPy - Installation

Test installation: LFPy class—objects:
With Python: Ny LFPy Synapse
. N4 LFPy.StimI
» python —-c "import LFPy" N jy////ngizﬁn“ﬂ“tmde
k §ﬁ LFPy.TemplateCell
NEURON —-- Release 7.3 *\ LFPy RecExtElectrode
(1089:ecf32eddfbc?) ... LFPy: \
. -Python.org
With NEURON: -numpy
-cython
-NEURON

» nrngui -python -c
"import LPEFy"

NEURON —-- Release 7.3
(1089:ecf32eddfbc7) ...



LFPy - Class overview

Main LEPY classes: LFPy class—objects:

> Cell RN VT LFPy.Synapse
N N LFPy.StimIntElectrode
> Synapse ) LFPy Cell
N LFPy.TemplateCell
. \|

> StimIntElectrode ' LFPy RecExtElectrode
> RecExtElectrode LFPy: \

‘Python.org

Auxilliary classes and functions: “numpy

-cython
-NEURON

> TemplateCell
» lfpcalc.calc_lfp.x
» inputgenerators.x*

> tools.x*



LFPy - Class overview

LFPy.Cell: LFPyclass—objects:

» Uses NEURON under the hood 7T

> Sets neuron properties: LFPy.Cell
LFPy.TemplateCell

> neuron geometry

» membrane mechanisms
("pas’, "hh’,...)

» number of compartments
("d_lambda’ rule;
Hines& Carnevale. Neuroscientist
(2001))

» Sets cell location and rotation

» Simulation control

» duration
» record variables



LFPy - Class overview

LFPy.Cell:
> Keyword arguments:

» morphology file (morphology)
> passive parameters
(rm, cm, Ra, V_init,
e_pas)
» time and space discretization
(nsegs_methods)
» simulation duration (tstopms)
» custom codes (custom_code)

!
N

LFPyclass—objects:

LFPy.Cell
LFPy.TemplateCell



LFPy - Class overview

LFPy.Cell: LFPy class—objects:

> Download morphology (j4a.hoc file)
https://goo.gl /twpdrX

LFPy.Cell
I LFPy.TemplateCell
» Create parameter dictionary y-emp
# Define cell parameters
cell parameters = dict (

morphology="'j4a.hoc',
rm = 30000., #ohm cm2

cm = 1., #uF cm-2
Ra = 150., #ohm cm
v_init = -65., #mV
e_pas = -65., #mV

tstopms = 100., #ms
custom_code = None,

)



https://goo.gl/twpdrX

LFPy - Class overview

LFPy.Cell: LFPy class—objects:

» Create cell object:

LFPy.Cell

cell = LFPy.Cell(
LFPy.TemplateCell

*xcell_parameters)

> Position and align cell:

cell.set_pos (0., 0. ,0.)
cell.set_rotation (x=4.99,
y=-4.33, z=3.14)

> (cell stimulation)

> simulate & plot cell response

cell.simulate (rec_isyn=True/False,
rec_istim=True/False)
plt.plot(cell.tvec, cell.somav)




LFPy - Class overview

LFPy.Cell: LFPy class—objects:

» Customizing the model:

LFPy.Cell

» LFPy.Cell defaults to passive N LFPy TemplateCell

membrane mechanism
» custom_fun argument

def my_biophys () :
'''set custom parameters'''
for sec in neuron.h.allsec():
if "soma" in sec.name () :
sec.insert ("hh")
sec(0.5) .pas.g_pas=0
else:
pass
cell = LFPy.Cell (morphology,
custom_fun =
[my_biophys],
«*xcell_parameters)

» custom_code point to code
files



LFPy - Class overview

LFPy.Cell:

> Important Cell-class methods:

» c.get_idx
» c.get_closest_idx
>
c.get_rand_idx_area_norm
» c.get_idx_name

> Important class attributes:

» c.totnsegs
i = 0:
for sec in neuron.h.allsec():
for seg in sec:
i4=1
» c.+*start, c.xmid,
c.xend
*€ [x,y, 7]

LFPy class—objects:

LFPy.Cell
LFPy.TemplateCell



LFPy - Class overview

LFPy.Cell: LFPy class—objects:

> Tip on drawing cell:

LFPy.Cell

from matplotlib.collections import \
LFPy.TemplateCell

PolyCollection
import matplotlib.pyplot as plt

cell = LFPy.Cell('j4a.hoc')
zips = []
for x, z in cell.get_idx_polygons () :
zips.append(zip(x, z)
polycol = PolyCollection (zips,
edgecolors="none',
facecolors='gray')

fig, ax = plt.subplots(l)
ax.add_collection(polycol)
ax.axis (ax.axis('equal'))
plt.show()




LFPy - Class overview

LFPy.Cell:

> LFPy.Cell objects are transparent
to NEURON:

import LFPy
import neuron.h as nrn

cell = LFPy.Cell('j4a.hoc')
for sec in nrn.soma:
sec.insert ("hh")
for seg in sec:
seg.pas.g_pas = 0.

(only ‘HH" conductances in soma)

LFPyclass—objects:

/

\\[
|

LFPy.Cell
LFPy.TemplateCell




LFPy - Class overview

LFPy.Cell: Sections created in Python:

import neuron, LFPy

soma
dend

soma.
soma.
dend.
dend.
dend.
cell

cell.

= neuron.h.Section (name="'"soma')
= neuron.h.Section (name="'dend")
L = 30

diam = 30
L = 300
diam = 2

connect (soma, 1, 0)
= LFPy.Cell (morphology=None,
delete_sections=False,

rm = 30000,
cm = 1.0,
Ra = 150,

tstopms = 100)

simulate ()

plt.plot(cell.tvec, cell.somav)

LFPyclass—objects:

LFPy.Cell
LFPy.TemplateCell



LFPy - Class overview

LFPy.Synapse:

> Attach synapse-objects onto cell
> event-activated point currents

» Keyword arguments:

» cell-object

» compartment index (1dx)

» synapse type (ExpSyn,
Exp2syn, AlphaSynapse)

» mechanism arguments
(e, tau, weight,...)

» record synapse current
(record_current)

> Feed in activation times:
drawn offline or on the fly

LFPy class—objects:

G LFPy.Synapse
e LFPy.StimIntElectrode
b \

NON LFPy.Cell
N

N LFPy.TemplateCell




LFPy - Class overview

LFPy.Synapse:

> Define synapse parameters

synapse_parameters = dict (
idx = cell.get_closest_idx(
x=-200.,
y=0.,
z=800.),
syntype = 'ExpSyn',
e =0.,
tau = 5.,
weight = .001,
record_current = True,)

> Create synapse, set activation time

syn = LFPy.Synapse (cell,

**synapse_parameters) ’

LFPyclass—objects:
LFPy.Synapse
LFPy.StimIntElectrode

LFPy.Cell
LFPy.TemplateCell



LFPy - Class overview

LFPy.Synapse: LFPy class—objects:
> Create synapse, set activation time LFPy.Synapse
. LFPy.StimIntElectrode
syn = LFPy.Synapse (cell, L LFPy.Cell
**synapse_parameters) LFPy.TemplateCell

> set offline activation time(s)

syn.set_spike_times (np.array ([20.]))

> generate activation time(s) on the fly

syn.set_spike_times_w_netstim(
noise=1, # Poisson statistics
start=0, # likely time of 1lst spike
number=1E3, {# number of spikes
interval=20, # mean interspike-interwveg

) /




LFPy - Class overview

LFPy.StimIntElectrode: LFPy class—objects:

> Represents intracellular point 7 Vo LFPy.Synapse
electrode: N Ve LFPy.StimIntElectrode
° ) LFPy.Cell
LFPy.TemplateCell

» voltage clamp (VClamp)

» current clamp (IClamp)

» single-electrode V clamp
(SEClamp)

NN
o
\

» Not modeled as transmembrane
currents

» currents into intracellular medium

» Mimics experimental setups




LFPy - Class overview

LFPy.StimIntElectrode: LFPy class—objects:

LFPy.Synapse
LFPy.StimIntElectrode

LFPy.Cell
LFPy.TemplateCell

> Define point process parameters

# Define synapse parameters
pointproc_parameters = dict (
idx = 0,
record_current = True,
pptype = 'IClamp',
amp = 1,
dur = 20,
delay = 10)

> Create point process:

stim =
LFPy.StimIntElectrode (cell,
**xpointproc_parameters)




LFPy - Class overview

Plotting stimulus currents LFPy class_objects:

LFPy.Synapse
LFPy.StimIntElectrode
LFPy.Cell
LFPy.TemplateCell

> run

cell.simulate (rec_isyn=True,
rec_istim=True)

» draw LFPy.Synapse current

plt.subplot (211)
plt.plot (cell.tvec, syn.i)

» draw LFPy.StimIntElectrode
current

plt.subplot (212)
plt.plot (cell.tvec, stim.i)




Questions?



LFPy - Class overview

LFPy.RecExtElectrode: LFPy class—objects:
> Extracellular recording devices LN LFPy Synapse
. N NV LFPy.StimIntElectrode
> Main arguments: o LFPy.Cell
NN LFPy.TemplateCell
» cell ObJeCtS \“‘\\\ LFPy.RecExtElectrode

(geometry, currents)
» contact point coordinates x, vy, z
» extracellular conductivity sigma
» method (pointsource/linesource)

» Optional:

» radius and surface normal vectors
of contacts

» n-point surface area averaged
potential




LFPy - Class overview

LFPy.RecExtElectrode:

# Run simulation, record currents
cell.simulate (rec_imem=True,
rec_isyn=True)

# Define electrode parameters
electrode_parameters = {

'sigma' : 0.3,

'x' ¢ [-130., -220.7,

'yt [ 0., 0.1,
z' [ 0., 700.71,

}

# Create electrode object

electrode = LFPy.RecExtElectrode (
cell,
+*xelectrode_parameters)

# Calculate LFPs

electrode.calc_lfp()

plt.plot (cell.tvec, electrode.LFP.T)

plt.show()

LFPy class—objects:
LFPy.Synapse
LFPy.StimIntElectrode
LFPy.Cell
LFPy.TemplateCell

\\‘L\\

\
LFPy: \%
-Python.org

-numpy
-cython
-NEURON

LFPy.RecExtElectrode



Forward modeling of extracellular potentials

Biophysical background:

» Current balance intracellular node
point, compartment n:

dv, V,—E,
Iy= Cp =t — =
dt R,
gn,n+1(vn+1 - Vn)

_gn—l,n( Vn - Vn—l)

» Simulated using NEURON
(neuron.yale.edu)
Hines et al. (2009))

» Extracellular potentials are
computed from /,

I
W

Mo

A
|

intracellular
=)
L
2 s
LU ~ 1
:m i

= 1

I

Il
W

Lindén et al. (2014)

extracellular


neuron.yale.edu

Forward modeling of extracellular potentials

Biophysical background:
» Poisson's equation in electrostatics
V- (oVe)=-C

¢(r, t) - electric potential
C(r, t) - current source density
o(r) - conductivity

I
W

Mo
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|
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:m ’
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intracellular
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W

Lindén et al. (2014)

extracellular



Forward modeling of extracellular potentials

Biophysical background:

> Assumptions:

» Quasi-static approximation of
Maxwell's equations
» Extracellular medium:
> linear
> isotropic
> homogeneous
> ohmic

(scalar, real o)

> p(r =+ o00)=0

I
W

o

A
|

] '~ Y
=]
:m ’

extracellular

intracellular

t
@
L
I

= 1

[r—r,| .~

ot). -

I

Il
W

Lindén et al. (2014)



Forward modeling of extracellular potentials

Biophysical background:

» Quasi-static approximation of
Maxwell's equations:

v.E="
€0
0B
E=_2°
V x o 0
V-B=0

OE
B = — ) =
V x u(J+eoat) ud

> E - electric field; p - charge density;
€o - free space permittivity; B -
magnetic field; p - permeability; J - Lindén et al. (2014)
sum of ohmic and polarization currents

extracellular



Forward modeling of extracellular potentials

Biophysical background:

» Source current in conductive media

» Ohm'’s law in passive nonmagnetic i
media \
5! = C,
% 1,
J=0E+ P ~ oE g _w—'
ot £ 9in==
(P = (e — €)E : polarization) s -~ . —m—
VxE=0 T
—E=-V¢, thus
J=-0V¢
(C=v-))

» o - assumed scalar, real Lindén et al. (2014)

extracellular



Forward modeling of extracellular potentials

Biophysical background:
> Assuming a point current source

lo

J= m? , ¥ : radial unit vector
b . 09
—oVe =Lt Vo= g,
9% _ __h
or  4nor?

> integration w. respect to r yields

" Awor

¢(r)

.
o
E]
]
o}
©
4
=]
£

Lindén et al. (2014)



Forward modeling of extracellular potentials

Biophysical background:

» Point current source

o(r.t) = 1 Io(t)

4no|r—rg|

where r is measurement location,
ro source location

» Linear summation N point sources

I
W
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A
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intracellular
L
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Lindén et al. (2014)

extracellular



Forward modeling of extracellular potentials

Biophysical background:

> Line sources (homog. current density)

1 dr,
— In(
YU O'Z " Ir —rp

N
n=1
fiin VR, — hy
e I

> As, - segment length; h, - longitudal
distance to one end of segment;
- perpendicular distance to
segment axis; I, = ds, + hy,.

> see Holt & Koch. (1999), J Comput
Neurosci 6:169-184

Lindén et al. (2014)



LFPy - Class overview

LFPy.RecExtElectrode: )
LFPyclass—objects:
> class supports N Vi LFPy Synapse
o \ké////” LFPy.StimIntElectrode
» point sources S LFPy.Cell
» line sources \ﬂ\ LFPy.TemplateCell
» point soma - line dendrites N LFPy RecExtElectrode
» keyword argument LFPy:
-Python.org
method in ['pointsource',  .numpy
'linesource’, -cython
'som_as_point'] -NEURON
> Usage

# Create electrode object

electrode = LFPy.RecExtElectrode ( /L
cell, method='linesource', 7 (L.
x*xelectrode_parameters) ‘ N



LFPy - Class overview

LFPy.RecExtElectrode:
» So far - point electrodes
» Real electrodes have finite extent

> “disk” electrode approximation

(bdisc(ua t) = Ais //5 gb(u, t) d’r
%Z¢(u,-, t)
i=1

Q

> keyword arguments:

r = 10. #contact radius
= 50 #n-point average

ol

N = np.array([[0, 1, 0]]) #surface normal .

LFPyclass—objects:

RNV LFPy.Synapse
\// LFPy.StimIntElectrode
N x LFPy.Cell

\\’ LFPy.TemplateCell

|

\ \ LFPy.RecExtElectrode
LFPy: /

-Python.org
‘numpy
-cython
-NEURON

S
A ecsesscans

LTI




LFPy - Class overview

LFPy.Ifpcalc.calc_Ifp_*():

LFPy class—objects:

» Public methods S\ LFPy Synapse
) 4 LFPy.StimIntElectrode
> used by LFPy.RecExtElectrode NNy, l LFPy.Cell
\\\ LFPy.TemplateCell
. |
» calc_lfp_pointsource () ' f LFPy RecExtElectrode
» calc_1fp_linesource () \

LFPy: \

» calc_1fp_som_as_point () -Python.org
-numpy

> keyword arguments: -cython

-NEURON
cell: LFPy.Cell/LFPy.TemplateCell obj

cell.imem
cell.xstart, cell.xmid, cell.xend
cell.diam
x : double, extracellular position,
y : double, extracellular position,
z : double, extracellular position,
sigma : double, conductivity




Forward modeling of extracellular potentials
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Forward modeling of extracellular potentials

t=1.50ms
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Forward modeling of extracellular potentials

t=2.00ms
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Forward modeling of extracellular potentials

t=2.50ms
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Forward modeling of extracellular potentials

t=3.00ms
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Forward modeling of extracellular potentials

t=3.50ms
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Forward modeling of extracellular potentials

t=4.50ms
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Forward modeling of extracellular potentials

t=5.00ms
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Forward modeling of extracellular potentials

t=5.50ms
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Forward modeling of extracellular potentials

t=6.00ms
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Forward modeling of extracellular potentials

t=6.50ms
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LFPy - Class overview

Documentation and resources:
> LFPy homepage
(http://LFPy.github.io)
» autodoc w. sphinx:
cd /path/to/LFPy

sphinx-build -b html

documentation docs
see docs/index.html
» IPython magic
(numpy.sin?,
LFPy.Synapse??)
» NEURON homepage

(http://www.neuron.yale.edu/)

LFPy:
-Python.or,
‘numpy
-cython
-NEURON

\\

|

LFPy class—objects:
LFPy.Synapse
LFPy.StimIntElectrode
LFPy.Cell
LFPy.TemplateCell

LFPy RecExtElectrode


http://LFPy.github.io
http://www.neuron.yale.edu/

LFPy - Unit tests

unittest mOdUIe' LFPy class—objects:

> runs code RN VT LFPy.Synapse
. . N NV 4 LFPy.StimIntElectrode
» check if output is correct NN WIL LFPy.Cell
. \ \’ LFPy.TemplateCell
» LFPy tests validate model output (\ /
) . . N LFPy RecExtElectrode
against analytical expressions for Lep |
. . v \
equivalent ball&stick models ‘Python.org
“numpy

> run tests: -cython

, -NEURON
cd /path/to/LFPy/unittests

python test_LFPy.py

Ran 25 tests in 9.008s ! (4N

OK



LFPy - Ephaptic interactions

> Neuron dynamics independent of extracellular predictions!

» LFPy.Cell.insert_v_ext (v_ext, t_ext):

import LFPy, matplotlib.pyplot as plt, numpy as np

# create cell

cell = LFPy.Cell ('morphologies/example_morphology.hoc")

# time vector and extracellular potential for each segment:
dt = cell.timeres_python

t_ext = np.arange (100 / dt + 1) »* dt

v_ext = np.random.rand(cell.totnsegs, t_ext.size)-0.5

# insert potentials and record response:

cell.insert_v_ext (v_ext, t_ext)

cell.simulate (rec_imem=True, rec_vmem=True)

# plot

plt.matshow (v_ext); plt.axis('tight'); plt.colorbar()
plt.matshow(cell.imem); plt.axis('tight'); plt.colorbar ()
plt.matshow(cell.vmem); plt.axis('tight'); plt.colorbar ()

plt.show()



LFPy - Further reading and material

fromtiers in ORIGINAL RESEARCH ARTICLE
~ published: 16 January 2014
NEUROINFORMA“CS doi: 10.3389/fninf.2013.00041

LFPy: a tool for biophysical simulation of extracellular
potentials generated by detailed model neurons

Henrik Lindén'?', Espen Hagen'", Szymon teski'?, Eivind S. Norheim', Klas H. 4 and
Gaute T. Einevoll'*
" De of ical Sciences and Norwegian University of Life Sciences, As, Norway

2 Department of Computational Biology, School of Computer Science and Communication, Royal Institute of Technology (KTH), Stockholm, Sweden
2 Department of Neurophysiology, Nencki Institute of Experimental Biology, Warsaw, Poland
“ CIGENE, Norwegian University of Life Sciences, As, Norway

Edited by: Electrical extracellular recordings, i.e., recordings of the electrical potentials in the
Andrew R Davison, Centre National extracellular medium between cells, have been a main work-horse in electrophysiology
de a Recherche Scientifique, France 6 almost a century. The high-frequency part of the signal (2500 Hz), i.e., the multi-unit
Zz::,:’:‘;'z’;‘m%,e vale activity (MUA), contains information about the firing of action potentials in surrounding
University School of Medicine, USA neurons, while the Iovwfreguency part, the _lor_:a/ field potential (LFP), contains infomjat\'on
Shyam Diwakar, Amrita University, about how these neurons integrate synaptic inputs. As the recorded extracellular signals
India arise from multiple neural processes, their interpretation is typically ambiguous and

http://dx.doi.org/10.3389/fninf.2013.00041


http://dx.doi.org/10.3389/fninf.2013.00041

LFPy - Further reading and material

TFDy

Show Source LFPy is a Python package for of potentials from i neuron models. It relies on the
NEURON simulator and uses the Python interface it provides.

€« > C [@ Ifpy.github.io

LFPy 1.1.0 documentation » next | modules | index

Table Of Contents.

LFPy Homepage
= Tutorial slides on LFRy
= Related projects

Contents

Indices and tables.

Next topic Local Field Potentials in Python
Download LFPy
This Page LFPy Homepage

Quick search

o Clone LFPy on GitHub.com: git clone https://github.com/LFPy/LFPy.git

LFPy provides a set of easy-to-use Python classes for setting up your model, running your simulations and calculating the
extracellular potentials arising from activity in your model neuron. If you have a model working in NEURON already, it is
likely that it can be adapted to work with LFPy.

Enier search terms ora module, class
orfuncion name.

The potentials are calculated from currents in multi-compartment neuron models using the fine-
source method (Holt & Koch, J Comp Neurosci 1999), but a simpler point-source method is also available. The calculations
assume that the neuron are surrounded by an infinite medium with and frequency independent

conductivity, and compartments are assumed ta be at least at a minimal distance from the electrode (which can be specified
by the user). For more information on the biophysics underlying the numerical framework used see this coming book
chapter:

« KH. Pettersen, H. Linden, A.M. Dale and G.T. Einevoll: Extracellular spikes and current-source density, in Handbook
of Neural Activity Measurement, edited by R. Brette and A. Destexhe, Cambridge, to appear [preprint PDF, 5.7MB]

o)
?

u}
o)
I
i
it



LFPy - Further reading and material

[

Table Of Contents

Module zrey
= class cal1
= Class TemplateCell
= class Pointeroces

= class synapse

Class StinIntElectrode
class
RacExtElectrodeSetup
= class RecExtElectrode
submodule 1fpealc
submodule tools
submodule

inputgensrators
submodule

run_simulation
Previous topic
Notes on LFPy
This Page
Show Source
‘Quick search
Go

Enter search terms or a module, class

previous | modules | index

Module LFPy

Initialization of LFPy, a module for simulating extracellular potentials.

Group of C: i i (compneurc.umb.no), Department of Mathematical Sciences and Technology,
Norwegian University of Life Sciences.

Copyright (C) 2012 Computational Neuroscience Group, UMB

This program is free software: you can redistribute it and/or modify it under the terms of the GNU General Public License as
published by the Free Software Foundation, either version 3 of the License, or (at your option) any later version.

This program is distributed in the hope that it will be useful, but WITHOUT ANY WARRANTY; without even the implied
warranty of MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the GNU General Public License for
more details.

Classes: . Cell - The pythonic neuron object itself laying on top of NEURON

Synapse - Convenience class for inserting synapses onto Cell objects
StimintraElectrode - Convenience class for inserting electrodes onto Cell objects
RecExtElectrode - Class for performing simulations of extracellular potentials
Modules: . Ifpcalc - functions used by RecExtElectrode class

tools - some convenient functions

inputgenerators - functions for synaptic input time generation

class ce11

class 17y . CeLL(morphology, v_init=-65.0, passive=True, Ra=150, rm=30000, cm=1.0, o_pas=-65.0, extracellular=True,

u}
o)
I
i
it




LFPy - Further reading and material

« > ¢ [ 8 GitHub, Inc. [US] _github.com/LFPy/LFPy ]® @
O This repository Search Pull requests Issues Gist Q 4+ =~
LFPy/LFPy @Unwatch~ 1 s Star 0 YFork z
forked fom espenhghL FPy
Model in mt tment neurons — Edit
<2 Gode
398 commits 2 branches 8 releases 4 contributors.
1 Pull requests o
Q| Poranch:master~ | LFPy / +
Py EE Wiki
This branch is 4 commits ahead of espenhgn:master Pull Request Compare
Merge branch 'master’ of hitps /github.com/LFPy/LFPy 4 Pulss
Espen Hagen authored 2 days ago latest commit @2bed4s7do [ s Graphs
W LFPy minor update to method docstring for Cell.get_ptd_polygons and get .. 2daysago
M documentation  URL bug 16 days ago. ¥, Setlings
B oamples ‘added example script adapted from example6.py for the neuroscience ga.. 3 months ago
HTTPS clons URL
B LICENSE renamed README and LIGENSE files 3 months ago
https://github.con/i | [l
B MANIFESTin  line break 3MONS G0 vy can clone with HTTPS, SSH,
or Subversion. ®
[E) README.md documentation updates amonth ago
Cls iin Desktoy
B setup.py Fixed setup.py to work in clean environment 22 days ago | o Desich)

README.md

LFPy

LFPy is a Python-module for calculation of extracellular potentials from multicompartment neuron
models. It relies on the NEURON simulator (http:/www.neuron.yale.edu/neuron) and uses the Python

interface (http://www.fror
Drovidee

10.3389/neuro.11.001.200¢ it

&> Download ZIP

IS

V)

-~
P



LFPy - Examples

Example Python files
» /path/to/LFPy/examples
» Compute extracellular potentials

passive vs. active models

» single-synapse vs. multi-synapse
responses

» extracellular action potential
waveforms

» population signa

> All use LFPy.Cell,
LFPy.Synapse,
LFPy.RecExtElectrode,

LFPy class—objects:

Ny~ LFPy.Synapse
N N4 LFPy.StimIntElectrode
) ’4 LFPy.Cell
. ‘\\ LFPy.TemplateCell
4‘\ \ f LFPy RecExtElectrode
LFPy: \ /
-Python.org
-numpy
-cython
-NEURON



LFPy - Examples

/path/to/LFPy/examples/examplel.py
Apical synapse response, passive cable model
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i
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LFPy - Examples

/path/to/LFPy/examples/example2.py
Layer 5b action potential (Hay et al. 2011), LFPy.TemplateCell

p Ssomatic potential

¢ extracellular spike

—0.05¢

a(r,t) (MV)

—0.10}

—0.15f

\ / / \\‘
7.0.002 -0.005 -‘0.01' -0.02  -0.05 '-0.1
spike amplitude (mV)

1 2 3
t (ms)



LFPy - Examples

/path/to/LFPy/examples/example3.py

Extracellular potentials of small model population, shared input

1000 Presynapt!c spike times

800

train #

400

200 N

-

o N B O ® 5O
\

Rate (spike/s)

0 50 100 150 200 250 300
t (ms)

Electrode

'Single neuron extracellular potentials

Summed extracellular potentials
0.4]

02
5.0
N 02
/ ~0.4
: 0

50 100 150 200 250 300
t (ms)

100um



LFPy - Examples

/path/to/LFPy/examples/exampled.py
Extracellular potentials, single-synapse input current

example 1

LFP at t=30 ms 001 synaptic input current

0.00
-0.01
-0.02

< -0.03

" 004
~0.05
~0.06

-0.07
0 20 40 60 80

time (ms)

_64.70 somatic membrane potential

—64.75

—64.80

(mv)

—64.85

-64.90

—64.95

—65.00
0 20 40 60 80

time (ms)

N



LFPy - Examples

/path/to/LFPy/examples/example5.py
Extracellular potentials for action-potential of L5 pyramidal cell

Location-dependent extracellular spike shapes Somatic action-potential

Synaptic current

time (ms)



LFPy - Examples

/path/to/LFPy/examples/examplet.py
Extracellular potentials, synapse currents, somatic voltage, distributed
synapses, active model

50 100 150 200
Time [ms]

0 50 100 150 200
Time [ms]

100
Time [ms]



LFPy - Examples

/path/to/LFPy/examples/example7.py

Extracellular potentials, synapse currents, somatic voltage, distributed
synapses, passive model

50 100
Time [ms]

100
Time [ms]



Questions?



LFPy version 2

> Under active development
> Features:

simulation of network activity

concurrent EP predictions (no /,(t) storage)
connection-set algebra (CSA, M Djurfeldt 2012)
calculations of current-dipole moments

support for anisotropic and inhomogeneous media
4-sphere volume-conductor model

scalp EEG and MEG signal predictions

MPI parallelism for HPC facilities

Python 2.7, 3.4-3.6 support

vV vV vV vV VY VY VvV VY

» Check out poster #127!

» Development codes on GitHub:
git clone https://github.com/LFPy/LFPy.git
cd LFPy
git checkout master



LFPy v.2

extracellular potential current-dipole potential current-dipole magnetic field D 4-sphere volume conductor

I
0.0
-05 r

iiyn(t) (nA)

(k. 1) (uv)
e
—

.

H _—~—~—
S
s . A .
feenl S o 5 10 a8 ) 1n(0). o) EEG and MEG signal detection
e t(ms)

SQUID

EEG contacts

s
g
B3
| 0 5 10 | 0 5 10 |
10um t(ms) 100um t(ms) g Plla(t), ro)
) — — —
-10 0 =20 0 20 -5 0 5
oW # (V) Hey (nA/m)



LFPy v.2
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LFPy v.2
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Cerebral Cortex, December 2016;26: 4461-4496

doi: 10.1093/cercor/bhw237
Advance Access Publication Date: 20 October 2016
OXFORD Original Article

ORIGINAL ARTICLE
Hybrid Scheme for Modeling Local Field Potentials
from Point-Neuron Networks

Espen Hagen®.2t, David Dahmen?.f, Maria L. Stavrinou?-3, Henrik Lindén#*>,
Tom Tetzlaff!, Sacha J. van Albada?, Sonja Griin¢, Markus Diesmann?78,
and Gaute T. Einevoll22

Institute of Neuroscience and Medicine (INM-6) and Institute for Advanced Simulation (IAS-6) and JARA BRAIN
Institute I, Jiilich Research Centre, 52425 Jiilich, Germany, 2Department of Mathematical Sciences and Technology,
Norwegian University of Life Sciences, 1430 As, Norway, *Department of Psychology, University of Oslo, 0373
Oslo, Norway, *Department of Neuroscience and Pharmacology, University of Copenhagen, 2200 Copenhagen,
Denmark, *Department of Computational Biology, School of Computer Science and Communication, Royal
Institute of Technology, 100 44 Stockholm, Sweden, *Theoretical Systems Neurobiology, RWTH Aachen
University, 52056 Aachen, Germany, ’Department of Psychiatry, Psychotherapy and Psychosomatics, Medical
Faculty, RWTH Aachen University, 52074 Aachen, Germany, ®Department of Physics, Faculty 1, RWTH Aachen
University, 52062 Aachen, Germany, and °Department of Physics, University of Oslo, 0316 Oslo, Norway



Why hybrid model scheme? - hybridLFPy

Extracellular potentials in neural tissue
> Low-frequency part; the local field potential (LFP, f < 100 Hz)

Highly ambiguous, difficult to analyze

Large number of contributing sources

Reflect integration of synaptic inputs, synchrony, ...
Local and non-local network interactions

vV vy VvVyy

> High-frequency part (f = 500 Hz)

Contain information of spiking activity
Single-unit activity (spikes)

Multi-unit activity (MUA)

Fewer contributing sources

Easier to interpret

(channel noise ++)

vV vy vy VY VvYYy



Why hybrid model scheme? - hybridLFPy

Extracellular potentials in neural tissue
> Point-neuron network models:

» Accurate predictions of population spiking activity
» Efficient, easy to constrain models
» Poor predictors of extracellular signals

(e.g., rate != LFP)

> Biophysically detailed network models

Demanding to implement

Difficult to constrain
Computationally expensive
Extracellular signal predictions rare

vV vy VvVYyYy



Why hybrid model scheme? - hybridLFPy

Extracellular potentials in neural tissue
> Large-scale models necessary:

» LFP reflects synaptic input also generated by remote
populations (cortical & subcortical areas)
» Theoretical description of the LFP needs to account for:
» Anatomical and electrophysiological features of proximal
neurons
> Activity in the local microcircuitry
> Large-scale (O(brain)) neuronal circuitry generating synaptic
input
» Reducibility of asynchronous networks is fundamentally limited
(O1: Albada et al. (2015),
http://arxiv.org/abs/1411.4770v3):

» Methods to conserve 1st order statistics of network dynamics
exist

> Limitations arise if also 2nd-order statistics are to be
maintained

> Preserving correlations require preserving effective connectivity

> Adjust synapse strength j o 1/K and
background input mean & variance


http://arxiv.org/abs/1411.4770v3

Why hybrid model scheme? - hybridLFPy

Extracellular potentials in neural tissue

> Here:
Hybrid scheme interfacing point-neuron network models with
biophysically justified forward modelling scheme for extracellular
potentials

» LFP, CSD
» (EEG, MEG, VSDi, ...)

> Benefits of hybrid scheme:

Relate network spiking activity to LFPs

Introduce spatial features (morphology, connectivity)
Simplified, passive membrane model

Preserve network features (cell count, synapse model ...)
Massive parallelism not necessary

vV VY VY VvYYyYy



hybridLFPy - Python package overview

Our hybrid scheme for LFP predictions is public:
> Documentation: http://inm-6.github.io/hybridLFPy
> Sources: https://github.com/INM-6/hybridLFPy
> Preprint: http://arxiv.org/abs/1511.01681
» Main classes and functions:

hybridLFPy.CachedNetwork
hybridLFPy.Population
hybridLFPy.Postprocess
hybridLFPy.setup_file_dest

vV vy Vvyy

» Example files - /path/to/hybridLFPy/examples

» Network model: /brunel_alpha_nest.py
» Hybrid model application: /example_brunel.py

» Python dependencies: LFPy, nest, mpidpy, h5py,
sgqlite3, NeuroTools


http://inm-6.github.io/hybridLFPy
https://github.com/INM-6/hybridLFPy
http://arxiv.org/abs/1511.01681

hybridLFPy - Python package overview

« 3 c

[© inm-6.github.io/mybridlFPy/ (@@ q

documentation modules | index

hybridLFPy

Table Of Contents Welcome to the documentation of hybridLFPy!

Weicome to the documentation of

hybridLFPy!
= Module hybridLFPy :

o e Module hybridLFPy

+ License

= Warranty Python module implementating a hybrid model scheme for predictions of extracellular potentials (local field potentials, LFPs) of
= Installaion spiking neuron network simulations.

» examples foider

= docs folder

= documentation Development
Tolder

Module hybridLFpy

= hybridLFPy

The module hybridLFPy was mainly developed in the Gomputational Neuroscience Group (http://compneuro.umb.no), Department of
e T Sciences and Technols p: nmbu.nofimt), at the ian University of Life Sciences
s (nttp:/Awww.nmbu.no), Aas, Norway, in with Institute of and Medicine (INM-6) and Institute for Advanced
ocumentation Simulation (1AS-6), Juelich Research Gentre and JARA, Juelich, Germany (http://www fz-juelich.de/inm/inm-6/EN/).
- Available
classes
= Available License
utilities

= class This software is released under the General Public License (see LICENSE file).
CachedNetwork

- class
CachedsioiseNetwork Warranty
= clsss
CachedPixedSpikeshetwork
= class

http://inm-6.github.io/hybridLFPy

This software comes without any form of warranty.


http://inm-6.github.io/hybridLFPy

hybridLFPy - Application with E-l network

Network model

» Two-population E-I network (Brunel, J Comput Neurosci (2000))

vV vy vy

leaky integrate-and-fire (LIF) neurons

current based synapses

alpha-shaped PSCs

adapted from NEST (github.com/nest/nest-simulator)
example:
/pynest/examples/brunel_alpha_nest.py

» Modifications:

vV vy vy VY VvYY

Ng + N = 500 neurons

J=1mV

g = —b6.

External Poisson spike generators removed
DC current input (/pc & 300 nA)

All spike events dumped to disk


github.com/nest/nest-simulator

hybridLFPy - Application with E-l network

pike raster

500 L ¥ AR sl PO I : : A
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population firing rates (s7!)
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hybridLFPy - Application with E-l network

Model configuration
> “Layers”:

> upper z € [—300,0] um
> lower z € [-500, —300] pm

z=-300+

z=-500-+

100 pm)|

positions

upper

fower




hybridLFPy - Application with E-l network

Model configuration

> “Layers”:

> upper z € [—300,0] um
> lower z € [-500, —300] pm

z=0+
> Measurements:
» 6-channel laminar "electrode"
» 100 pm between contacts
> (laminar) current-source density
(CSD)
> local field potentials (LFP) 2=-3001
z=-500-

100 pum)

positions

upper

Tower




hybridLFPy - Application with E-l network

Model configuration

> “Layers”: positions
> upper z € [—300,0] um
> lower z € [-500, —300] pm

» Measurements:

» 6-channel laminar "electrode"

» 100 pm between contacts

> (laminar) current-source density
(CSD)

> local field potentials (LFP) 2=-3001

upper

» Random cell positions

> z € [—450,—350] pum
» R <100 um

Tower

z=-500-+

100 pum)




hybridLFPy - Application with E-l network

Model configuration

> Simplified morphologies: positions

"EX" - “pyramidal neuron”
“IN" - “interneuron”

passive cable models
membrane time constant of LIF
neurons

> spatially discretized into
compartments

vV vy Vvyy

upper

N




hybridLFPy - Application with E-l network

Model configuration

> Simplified morphologies: positions

"EX" - “pyramidal neuron”
“IN" - “interneuron”

passive cable models
membrane time constant of LIF
neurons

> spatially discretized into
compartments

vV vy Vvyy
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hybridLFPy - Application with E-l network

Model configuration

> Simplified morphologies: positions

“EX" - “pyramidal neuron”
“IN" - “interneuron”

passive cable models
membrane time constant of LIF
neurons

» spatially discretized into
compartments

vV vy VvYy

» IN - Random rotation around x, y, z-axis

> EX - Vertically aligned apical stick
random rotation around z-axis
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Model configuration

» Connectivity: positions

» Mean in-degree from the network
» EX—EX: 50/50% in upper/lower
layer

EX—IN: 100% in lower layer
IN—EX: 100% in lower layer
IN—IN: 100% in lower layer
Only IN inputs on soma

Within layers - conn.-prob.
normalized by surface area

vV vy vy VvYy

> Synapse model

> inherited from network
» NEURON NMODL language
examples/alphaisyn.mod
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example_brunel.py initialization:

#import necessary classes and functions

from hybridLFPy import PostProcess, Population, CachedNetwork
from hybridLFPy import setup_file_ dest

from NeuroTools.parameters import ParameterSet

from mpidpy import MPI

#MPI Initialization

COMM = MPI.COMM_WORLD
SIZE = COMM.Get_size()
RANK = COMM.Get_rank ()

#Parameters defined in pynest example script,
#brunel_alpha_nest.py, adapted from NEST v2.4.1 release:
import brunel_alpha_nest as BN

#note: will not execute model
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File hierarchy:

> simulation_output_example_brunel/

vV VY VY VYYy

simscripts/

cells/

populations/
spiking_output_path/
figures/
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example_brunel.py file hierarchy:

PS = ParameterSet (dict()) #initialize
savefolder = 'simulation_output_example_brunel'
PS.update (

#Main destination destination

savefolder = savefolder,

#copy of simulation files

sim_scripts_path = os.path.join (savefolder,

#single-cell output

'sim_scripts'),

cells_path = os.path.join(savefolder, 'cells'),

#destination compound signals
populations_path = os.path.join(savefolder,
#spike output from the network model
spike_output_path = BN.spike_output_path,
#figure destination

'populations'),

figures_path = os.path.join(savefolder, 'figures')

))
#set up file destination, clear old results
setup_file_dest (PS, clearDestination=True)
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example_brunel.py parameter setup:

#population (and cell type) specific parameters
PS.update (dict (
#population names
X = ["EX", "IN"],
#population-specific LFPy.Cell parameters
cellParams = dict (
#excitory cells

EX = dict(
morphology = 'morphologies/ex.hoc',
v_init = BN.neuron_params|['E_L'],

rm = BN.neuron_params|['tau_m']x1E3/1.,
cm = 1.0, Ra = 150,
e_pas = BN.neuron_params['E_L'],
timeres_NEURON = BN.dt,
timeres_python = BN.dt,
tstopms = BN.simtime,),

#inhibitory cells

IN = dict (morphology =

'morphologies/in.hoc', ...))
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example_brunel.py parameter setup:

#population (and cell type) specific parameters
PS.update (dict (
#cylindrical model populations

populationParams = dict (
EX = dict(
number = BN.NE,
radius = 100,
z_min = -450,
z_max = -350,
min_cell_interdist = 1.,),

IN = dict (number = BN.NI, ...),
) 4
#set the boundaries between the
#"upper" and "lower" layer:
layerBoundaries = [[O0., -3007,
[-300, -=-50011),
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example_brunel.py parameter setup:

#set the geometry of the virtual recording device
PS.update (dict (
electrodeParams = dict (
#contact locations:
x = [0]%6,
y [0]*6,
z [xx-100. for x in range(6)],
#extracellular conductivity:

sigma = 0.3,

#contact surface normals, radius, n-point averaging
N = [[1, 0, 0]]x6,

r =5,

n = 20,

seedvalue = None,
#dendrite line sources, soma as sphere source
method = 'som_as_point',

(Linden2014)

#no somas within the constraints of the "electrode shank":

r z = [[-1E199, -600, -550, 1E99],([0, 0O, 10,
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example_brunel.py parameter setup:

#layer— and population-specific
#connection parameters
PS.update (dict (
#number of connections per layer per cell
#from each presynaptic population
k_yXL = dict(
EX = [[int (0.5xBN.CE), 0],
[int (0.5%BN.CE), BN.CI]],
IN = [[O, 01,
[BN.CE, BN.CIl],),

#Connection weights (current amplitudes)
J_yX = dict(
EX = [BN.J_ex*1E-3, BN.J_inx1E-3],
IN = [BN.J_ex*1E-3, BN.J_inx1E-31,),



hybridLFPy - Application with E-l network

example_brunel.py parameter setup:

#set up synapse parameters as derived from the network
PS.update (dict (
synParams = dict (

EX = dict(
section = ['apic', 'dend'],
syntype = 'AlphalISyn'),
IN = dict (section = ['dend', 'soma'], ce))

#set up table of synapse time constants
tau_yX = dict(

EX [BN.tauSyn, BN.tauSyn],

IN = [BN.tauSyn, BN.tauSyn]),
#fixed delays of network
synDelayLoc = dict (

EX = [BN.delay, BN.delay],

IN = [BN.delay, BN.delayl]),
#no distribution of delays
synDelayScale = dict (

EX = [None, None],

IN = [None, None]),
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example_brunel.py network spikes:

fexecute network simulation
BN.simulate ()

#wait for the network simulation to finish, resync MPI threads
COMM.Barrier ()

#Create an object representation containing the spiking activity of
#the network simulation output that uses sglite3. Again, kwargs are
#derived from the brunel network instance.
networkSim = CachedNetwork (

simtime = BN.simtime,

dt = BN.dt,

spike_output_path = BN.spike_output_path,

label = BN.label,

ext = 'gdf',

GIDs = {'EX' : [1, BN.NE],

'"IN' : [BN.NE+1, BN.NI]},
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pike raster
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example_brunel.py running single-cell simulations:

for i, Y in enumerate (PS.X):

#create population:

pop = Population (
cellParams = PS.cellParams|[Y],
rand_rot_axis = PS.rand_rot_axis[Y],
simulationParams = PS.simulationParams,
populationParams = PS.populationParams[Y],
layerBoundaries = PS.layerBoundaries,
electrodeParams = PS.electrodeParams,

networkSim = networkSim,

k_yXL = PS.k_yXL[Y],
synParams = PS.synParams[Y],

synDelayLoc = PS.synDelayLoc[Y],
synDelayScale = PS.synDelayScalel[Y],
J_yX = PS.J_yX[Y], tau_yX = PS.tau_yX|[Y])
# run simulation, process
pop.run ()
pop.collect_data ()

single-cell data
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positions

r=100 um

ch.
ch.
ch.
ch.
ch.

ch.

ch.
ch.
ch.
ch.
ch.

ch.

with E-l network

CSD

1V“’V”’V"’V'VVWW‘NYW“‘”\N'\/,~,
I
£

2§ £
<

3y ©
—

4

5,

6

500 600 700 800 900 1000

time (ms)
LFP

1,

A KA L N

25 n
o~

3 o

4

oMl ool L

500 600 700 800 900 1000

time (ms)



hybridLFPy - Application

positions

with E-l network
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example_brunel.py creating compound signals:

#Postprocessing of population output,

# (superposition of population LFPs, CSDs)

postproc = PostProcess(y = PS.X,
dt_output = PS.dt_output,
savefolder = PS.savefolder,
mapping_Yy = PS.mapping_Yy,
)

#run procedure

postproc.run ()
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positions
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hybridLFPy - Application with microcircuit model

W
> microcircuit model:
> local circuitry under Imm? (cat e /2
VC) ’
» 80k LIF point neurons JARAN 4
» 300M current-based synapses ()
> 4 layers H f
» 2 populations (E,I) per layer ; [ ) 4
» equal dynamics of E-I neurons : \
» layer- and type-specific random E df\c '
connectivity . i

Potjans&Diesmann,
Cereb Cortex (2014)
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> point-neuron network, Potjans&Diesmann, Cereb Cortex (2014)
(http://www.opensourcebrain.org)
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> point-neuron network, Potjans&Diesmann, Cereb Cortex (2014)
(http://www.opensourcebrain.org)

» network spikes — synaptic activation times
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> point-neuron network, Potjans&Diesmann, Cereb Cortex (2014)
(http://www.opensourcebrain.org)

» network spikes — synaptic activation times
» cell-type and layer specific connectivity
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> point-neuron network, Potjans&Diesmann, Cereb Cortex (2014)
(http://www.opensourcebrain.org)

» network spikes — synaptic activation times
» cell-type and layer specific connectivity
» multi-compartment neurons: “antennas” for LFP generation
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A network connectivity
_ X
B cell-type specificity
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Population :  L23E
Pop. size 20683
Celltype y:  p23
Morphology p23
Segments n, 689
Occurrence F,:  26.8%
Rel. Occurr. Fy:  100.0%
Cell count N,: 20683

depth (um)

Morphologies

L231
5834
b23
i23
324
3.2%
42.5%
2477

nb23
i23
324
4.3%
57.5%
3356

L4E
21915
pa

pa
603
9.5%
333%
7305

554(L23)ss54(L4)|
ss4 554
339 339
9.5% 9.5%
33.3% 33.3%
7305 7305

Lal

5479

b4 nb4
i4 ia
230 230
5.6% 1.5%
78.2% 21.7%
4287 1191

and layer boundaries:

LSE
4850

p5(L23) p5(L56
pSvl  psv2
423 1078
4.9% 1.3%
78.7% 21.3%
3816 1033

L5l
1065
b5

i5
283
0.6%
42.8%
456

nb5

i5

283
0.8%
57.1%
608

L6E
14395
P6(L4,
6
456
14.0%
75.1%
10816

P6(LS6
p5v1
447
4.6%
24.9%
3578

L6l
2948
b6

i5
283
1.9%
50.0%
1474

with microcircuit model

nbé
i5

283
1.9%
50.0%
1474

[Stepanyants et al. Cereb Cortex (2008)]

> reconstructions from cat (visual/somatosensory cortices)

» limited data availability: reuse files across cell types
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Population ¥:
Pop. size
Cell type y
Morphology
Segments n,
Occurrence £,
Rel. Occurr. Fyy:
Cell count N,:

depth (um)
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Extrapolation from anatomical connectivity data:

> cell-type specific connectivity: 16 cell types

» layer specificity of connections
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[Binzegger et al. (2004)]
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Microcircuit model example

» Main example scripts:

example_microcircuit.py
example_microcircuit_params.py
binzegger_connectivity_table. json
morphologies/ballnsticks/*.hoc
expsyni.mod



hybridLFPy - Application with microcircuit model

Microcircuit model example

» Main example scripts:

example_microcircuit.py
example_microcircuit_params.py
binzegger_connectivity_table. json
morphologies/ballnsticks/*.hoc
expsyni.mod

» Execute model:

cd /PATH/TO/hybridLFPy/examples/
nrnivmodl
mpirun -np 128 python example_microcircuit.py
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Microcircuit model example - example_microcircuit_params.py

» Defines and derives parameter values
> Process anatomical connectivity
» Map network connectivity onto LFP model

> Defined through parameter class objects

class general_params (object) :
''"'class defining general model parameters'''
class point_neuron_network_params (general_params) :
'"'class defining point-neuron network parameters'''
class multicompartment_params (point_neuron_network_params) :
''"'class defining additional attributes needed by
hybridLFPy.Population and hybridLFPy.DummyNetwork'"''


example_microcircuit_params.py

hybridLFPy - Application with microcircuit model
Microcircuit model example - example_microcircuit.py

> Load parameter objects

networkParams = point_neuron_network_params ()
params = multicompartment_params () # all parameters

» Executes network simulation

sli_run (parameters=networkParams, fname='microcircuit.sli')
merge_gdf (networkParams, ...)
networkSim = CachedNetwork (x*params.networkSimParams)

» Calculate extracellular potentials

for i, y in enumerate (params.y):
pop = Population(cellParams=params.yCellParams[y], **args)
pop.run ()
pop.collect_datal()


example_microcircuit.py

hybridLFPy - Application with microcircuit model

Microcircuit model example

» 1mm? cortical surface
area

» Layer boundaries from
Stepanyants
et al. (2008)
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Microcircuit model example

> 1mm? cortical surface
area

» Layer boundaries from
Stepanyants
et al. (2008)

» Simplified morphologies
for each cell type
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Microcircuit model example

> 1mm? cortical surface
area

» Layer boundaries from
Stepanyants
et al. (2008)

» Simplified morphologies
for each cell type

» Random soma positions
within layers

soma positions

100 uml

r =564 um
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Microcircuit model example

» 1mm? cortical surface LFP generators
area

» Layer boundaries from
Stepanyants
et al. (2008)

» Simplified morphologies
for each cell type

» Random soma positions
within layers

» 78000
multicompartment
neurons generate LFP
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Summary & Outlook

> Forward modeling scheme:

» Derived using standard electrostatic theory
» Multicompartment neuron models

> LFPy; http://LFPy.github.io:

Extracellular potentials of single-neuron models
Anisotripic extracellular medium

Method of Images (Mol) for inhomogeneous media
Support parallel network implementations

vV vy VvYyy

> hybridLFPy; http://inm-6.github.com/hybridLFPy:

LFP predictions of point neuron network models

Main application: Potjans&Diesmann, Cereb Cortex (2014)
Multi-area model predictions

Network models with distance dependent connections
Verify simplified LFP prediction schemes

vV vy VY VvYyy


http://LFPy.github.io
http://inm-6.github.com/hybridLFPy
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Questions?

If not - feel free to try out
» iCSD and kCSD tools

» https://github.com/espenhgn /iCSD

» https://github.com/INCF/pykCSD

» (ElePhAnT ElectroPhysiology Analysis Toolkit
https://github.com/NeuralEnsemble/elephant,
https://github.com/ccluri/elephant)

» LFPy

» https://github.com/LFPy/LFPy
» http://LFPy.github.io

» hybridLFPy

» https://github.com/INM-6/hybridLFPy
» http://inm-6.github.io/hybridLFPy


https://github.com/espenhgn/iCSD
https://github.com/INCF/pykCSD
https://github.com/NeuralEnsemble/elephant
https://github.com/ccluri/elephant
https://github.com/LFPy/LFPy
http://LFPy.github.io
https://github.com/INM-6/hybridLFPy
http://inm-6.github.io/hybridLFPy
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