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state:
V_mmV = -65 mV
Act m, Act n, Inact h

bJEi+ k(+ (7f?é?‘() neuron hodgkin huxley:
Q

ml

000 000 ~000 end
| equations:
000 000 ‘I 000 shape syn_psc_kernel = exp(-t / tau_syn)
: inline I Na pA = g Na * Act m**3 * Inact h * (V.m - E_Na)
- inline I K pA = ...
inline I L pA=glL * (V.m - E_L)
Vm' = -(INa+IK+TIL)/ Cm
+ convolve(syn _psc_kernel, spikes)
®) Act n' = (alpha_n * (1 - Act_n) - beta_n * Act_ n) / ms
Act m'" = ...
Inact_h' = ... ‘J L,
<<::f::;7 end
parameters: Code
C m pF = 250 pF :
g&,\/aggl( % 9 — V_threshold mV = 40 mV generatlon
C;" end
To— E — E '____E update:
Na K L integrate _odes()
if V.m >= V_threshold:
O emit spike()
end The University AR"
end Al MaNChote’ e
end

Image credit: (c) S.B.C. Lehmann, FZ Jdilich, (m) C. Linssen



state:
w real =1
tr post real = 0
tr_pre real = 0
end

NMDA (Caz"') synapse stdp:

equations:
tr pre' = -tr_pre / tau_tr
tr_post' = -tr_post / tau_tr
end

input:
pre_spikes real <- spike

i I ost_spikes real <- spike
100 eng —F P

. so{ L | .
e i -— onReceive (pre_spikes):
< 60 At<0 w -= alpha * tr_post # depress synapse .
g% 1 tr_pre += 1 # update presynaptic trace
c 40 deliver spike(w, delay) # to postsynaptic partner
jg . " end
o 207
Q | onReceive (post_spikes):
ol 0 o © = w += alpha * tr _pre # potentiate synapse
© ] © o o) tr_post += 1 # update postsynaptic trace
§, 20 e end

- o
D 40- E

| parameters:

60 ; . ’ . . l i . . delay ms = 1 ms # dendritic delay
tau_tr ms = 50 ms # pre/post trace time const.
-80 -40 0 40 80 :
alpha real = .02 # learning rate
Spike timing (ms) end
end

Image crediit: (c) S.B.C. Lehmann, FZ Jiilich, (m) C. Linssen, Bi & Poo 2001



T = I kfl >>> nest.Install('nestmlmodule’)
yplca WOI’ OW >>> pre, post = nest.Create('hodgkin huxley', 100)
>>> nest.Connect(pre, post,

'all to all', syn spec={'synapse model': 'stdp'})
>>> nest.Simulate(1000)

PYNEST
. simulation script

nest: ml @

neuron model C++ NEST |:> NEST

| E> R— E> user module simulation
del

=3

synapse mo

$ 1s -1 models
hodgkin_huxley.nestml
stdp.nestml

$ nestml --input_path=models




New workflow (with JIT)

>>> pre, post = nest.Create('hodgkin huxley', 100)
>>> nest.Connect(pre, post,
'all to all', syn spec={'synapse model': ‘'stdp'})

(neuron, synapse) <
dyads

=3

neuron mod

>>> nest.Simulate(1000)
PyNEST
simulation script

{

1 8

=3

synapse mod

C++ NEST NEST
user module E> simulation

s PyNESTML [
|

$ 1s -1 models
hodgkin_huxley.nestm
stdp.nestml

1




synapse stdp: ;:::><i:ij
state:

neuron hodgkin huxley:

W nS_=.1.nS state:
tr_post real = 031 Vmmv=-65mVv
tr_pre~real ™= o Act_ m, Act n, Inact_h
end end
equations: equations:
tr_pre' =_tr pre / tau tr shape syn psc_kernel = exp(-t / tau_syn)
tr_post' = tr_post / tau_tr inline I Na pA = ...
end inline I K pA = ...
inline I L pA=glL * (Vm- EL)
input: Vm' = -(INa+IK+TIL)/ Cm
pre_spikes nS <- spike + convolve(syn_psc_kernel, spikes)
post spikes InS <- post spike [...]
end end
preReceive: parameters:
w -= alpha * tr _post # depress synapse C_m pF = 250 pF
tr_pre +=1 # update presynaptic trace V_threshold mV = 40 mV

deliver_spike(w, delay) # to postsynaptic par

end end

postReceive: update:
w +=.alpha_* tr pre # iate synapse integrate_odes()
tr post += 1 [— = — actounantic trace if V.m >= V_threshold:
end <::::::>’/‘:' _;> emit_spike()
end
# parameters:(tau_tr) alpha, delay end
end

end



PyNESTML toolchain:

modular and extensible

templates

Image credit: Rumpe & Hdlldobler 2017

Code,
Reports,
etc

control- Workflow Function
script | /"execution ' library
4
h 4
models . Model Input Output N Template
, loader AST AST Engine
7
Frontend: . Center: | Backend:
read . transform generate



Inputs can be formulated as kernels f(t) = ...

ODE-toolbox:

Automatic selection and generation of integration schemes
for systems of ordinary differential equations

or as differential equations of any order d"f/dt" = ...

Symbolic rewriting into system of first-order ODEs

Propagator matrices for dynamics that admits an analytic solution

Solver benchmarking and recommendation

ODEs/
functions

Analytlcally »
tractable?

Propagator
matrices

Generate — Update
» Jacobian expressions

»‘ bei(():lf\llrira rk l »

Solver
recommendatio

)




Models library
NESTML software

Source file:
development uses best
practices in software
125
englneerlng- h_ﬁgj- Emo
E ~70.0 4 E‘é 75
. :g 3
~70.5 4 - 751
* Unittests: language feature tests; physical units e N
consistency; etc. 0 10 200 300 400 O 200 400 600 800 1000
Time [ms] lij [pA]
* Integrationtests: models are behaviourally
validatedin one or more simulation runs
e Extensive documentationand automated HTML cource file-
documentation generation for models: '
https://nestml.readthedocs.org/ o
400
* Open development: 0.004 1 ~
https://github.com/nest/nestml 0002 £
> 2z
E  0.0001 ® 200
* GNUGPLV2.0 licensed SE £
e & 100
—0.004 -
0_

0 100 200 300 400 0 200 400 600 800 1000
Time [ms] Ty [PA]


https://nestml.readthedocs.org/
https://github.com/nest/nestml

neuron iaf psc_exp:

state: l
NESTML is a domain-specific modeling language Vm mV =0 mv m
end
for the dynamical simulation of point neurons
o equations:
(spiking and rate-based), as well as synapses and shape G = exp(-t / tau_syn)
. . . . . V.m' = -V_abs / taum
synaptic plasticity rules (in alpha version). + (Iext + convolve(G, spikes)) / C.m
end
* Lowon boilerplate; concise yet expressive syntax
parameters:
* Directlanguage support for dynamical equations C_m pF = 250 pF
tau m ms = 10 ms
tau_syn ms = 2 ms

* Imperative programming style specification of event
V_threshold mvV = 40 mVv # w.r.t. zerol!

handlingand generation end
input:
spikes pA <- spike
NESTML comes with a code generation toolbox. emlj—e"t PA <- current
* Code generation (model definition but not instantiation) update:
) ) integrate odes()
* Automated ODE analysisand solver selection if V_abs >= V_threshold:
V_abs = 0 mV
* Flexibleaddition of targets using Jinja2 templates emit_spike()
end
end

end



Post spikes  Pre spikes

VT spikes

1.

0.9

Neuromodulated STDP

1_
nestml
nest ref
0_ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
('\ 1 90 2 A E £ 7 © 01N1T110121A1E1A71719100MIADOMIIDIANENADTIHIONARN
nestml post tr
2 1 nestml
nest ref
O_ I I 1 I I 1 I.I I 1 I I ! I I 1 II I 1 I I 1 I I I 1 II I 1 II
1_('\ 1 90 2 A E £ 7 O O1N1T11D01214A1E1A17101 00 MIADIIIDIADNEDNADTHONAIN
O_ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
('\ 1. 02 2 A C £ 7 0 010111012141 I:151171910’)93"1-’*)”)’)3:)MA’)E’)R’)7’)Q’)030
Lo [ .
01 il i ]
—0— nestml %7Lﬂ
ref E_=
T T T T T T T T T T T T T T T T T T T T T T T T T T T T ;ﬂ;
01234567 89101112131415161718192021222324252627282930

Time [ms]

synapse stdp dopa:

input:

mod_spikes real <- spike
end

onReceive (mod_spikes):
n += 1. / tau_n
end

update:
# the sequence here matters:

# the "old" values of c and n
w-=c¢c¢* (n/ taus * expml(
- b * tau_c * expmil(
[...]
n = n * exp(-resolution() / tau_n)
end
[...]

end

# update from time t to t + resolution()
the update step for w requires

-tau_s * resolution() ) \
-resolution() / tau c ))



=

o

o

Post spikes Pre spikes
=

Postsynaptic dendritic current-modulated STDP

0.5 1

3rd factor

0.0

Aw

=z 20 A

0

Time [ms]

synapse stdp third factor:
state:
w real = .5
end

# assume 0O <= w <=1

input:

[...]

I post_dend pA <- continuous
end

onReceive (post spikes): # potentiate synapse
dw real = lambda * pre trace * ( 1 - w )**mu_plus

new w real = w + dw
I post dend = min(I_post dend, 1 pA) # clip to 1 pA
new w = (I_post_dend / pA) * new_w # "gating"
+ (1 - I post dend / pA) * w # of the weight update
w = min(1, new_w) # enforce w <=1

end

end
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