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How	does	a	neuron	respond	to	
oscillatory	current	input?	

•  Standard	(textbook	like)	electrophysiological	
studies	of	single	neurons	focus	on	their	
response	paRerns	to	step	current	pulses.	

•  But	neurons	live	in	networks	that	support	
many	different	rhythmic	oscilla)ons.	

•  So,	it	is	important	to	understand	how	single	
neurons	respond	to	oscillatory	current	inputs.				



Ques)ons	
•  What	types	of	oscillatory	voltage	output	do	
neurons	display	in	response	to	the	oscillatory	
current	inputs?		

•  In	par)cular,	is	there	resonance?	
–  If	so,	does	it	happen	at	the	level	of	subthreshold	
membrane	poten)al	oscilla)ons?	à	Lecture	1		

– How	does	such	subthreshold	resonance	translates	
into	cell	spiking?	à	Lecture	2	

– How	does	resonance	at	the	single	neuron	level	affect	
network	behavior?	à	Lecture	3		

•  Does	resonance	have	some	func)onal	role?		



Resonance	
•  “When	an	oscilla)ng	force	is	applied	at	a	
resonant	frequency	of	a	dynamical	system,	
the	system	will	oscillate	at	a	higher	amplitude	
than	when	the	same	force	is	applied	at	other,	
non-resonant	frequencies.”	(Wikipedia)			



Subthreshold	resonance	

•  A	neuron	held	at	subthreshold	membrane	
poten)als	exhibits	subthreshold	resonance	
when	its	voltage	responses	to	injected	
oscillatory	currents	are	largest	in	a	narrow	
frequency	band	(“bandpass	behavior”).		

Hutcheon,	Miura	and	Puil,	J.	Neurophysiol.,	76:683-697,	1996	



Equivalent	circuit	

•  Electrophysiological	proper)es	of	neurons	can	
be	described	in	terms	of	equivalent	circuits.	

•  So,	a	good	star)ng	point	is	to	study	frequency	
dependent	responses	in	electric	circuits.			

REVIEW

Modeling Single-Neuron Dynamics
and Computations: A Balance of
Detail and Abstraction
Andreas V. M. Herz,1* Tim Gollisch,2 Christian K. Machens,3 Dieter Jaeger4

The fundamental building block of every nervous system is the single neuron. Understanding how
these exquisitely structured elements operate is an integral part of the quest to solve the mysteries
of the brain. Quantitative mathematical models have proved to be an indispensable tool in
pursuing this goal. We review recent advances and examine how single-cell models on five levels of
complexity, from black-box approaches to detailed compartmental simulations, address key
questions about neural dynamics and signal processing.

A
hundred years ago, Lapicque (1) pro-
posed that action potentials are gen-
erated when the integrated sensory or

synaptic inputs to a neuron reach a threshold value.
This Bintegrate-and-fire[model remains one of the
most influential concepts in neurobiology because
it provides a simple mechanistic explanation for
basic neural operations, such as the encoding of
stimulus amplitude in spike frequency. However,
advances in experimental technique have shown
that the integrate-and-fire model is far from
accurate in describing real neurons. Their mor-
phology, composition of ionic conductances, and
distribution of synaptic inputs generate a plethora
of dynamical phenomena and support various fun-
damental computations (Table 1 and Table 2).

Understanding the dynamics and computa-
tions of single neurons and their role within
larger neural networks is therefore at the core of
neuroscience: How do single-cell properties
contribute to information processing and, ulti-
mately, behavior? Quantitative models address
these questions, summarize and organize the
rapidly growing amount and sophistication of
experimental data, and make testable predictions.
As single-cell models and experiments become
more closely interwoven, the development of data
analysis tools for efficient parameter estimation
and assessment of model performance constitutes
a central element of computational studies.

All these tasks require a delicate balance
between incorporating sufficient details to ac-
count for complex single-cell dynamics and
reducing this complexity to the essential charac-
teristics to make a model tractable. The appro-
priate level of description depends on the
particular goal of the model. Indeed, finding the

best abstraction level is often the key to success.
We highlight these aspects for five main levels
(Fig. 1) of single-cell modeling.

Level I: Detailed Compartmental Models

Morphologically realistic models are based on
anatomical reconstructions and focus on how the
spatial structure of a neuron contributes to its
dynamics and function. These models extend the
cable theory of Rall, who showedmathematically
that dendritic voltage attenuation spreads asym-
metrically (2). This phenomenon allows dendrites
to compute the direction of synaptic activation pat-
terns, and thus provides a mechanism for motion
detection (3). When voltage-dependent conduct-
ances are taken into account, numerical integration
over the spatially discretized dendrite—the ‘‘com-
partmental model’’ (3)—is needed to solve the
resulting high-dimensional system of equations.

For complex dendritic trees, more than 1000
compartments are required to capture the cell’s
specific electrotonic structure (e.g., to simulate
spike backpropagation in pyramidal neurons) (4).
Such detailed models also generate testable
mechanistic hypotheses. For instance, simula-
tions of Purkinje cells predicted that a net
inhibitory synaptic current underlies specific
spike patterns in vivo (5), in accordance with
later experimental findings (6). In turn, even
established models such as the thalamocortical
neuron (7) are constantly improved by adding
new biophysical details such as dendritic calci-
um currents responsible for fast oscillations (8).

A large body ofmorphologically realisticmod-
els demonstrates how spatial aspects of synaptic
integration in dendrites support specific computa-
tions (Table 1 and Table 2), as discussed in
various reviews (9, 10). In pyramidal cells, for ex-
ample, distal inputs are amplified via dendritic
spikes or plateau potentials, supporting local
coincidence detection and gain modulation. Den-
dritic inward currents play a major role in the
control of spiking (6) or the modulation of re-
sponses to synchronous inputs (11). Such inter-
actions among synaptic inputs, voltage-gated
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Fig. 1. Examples for five levels of single-cell
modeling. Level I: Detailed compartmental model
of a Purkinje cell. The dendritic tree is segmented
into electrically coupled Hodgkin-Huxley–type com-
partments (level III). Level II: Two-compartment
model as in (23). The dendrite receives synaptic
inputs and is coupled to the soma where the
neuron’s response is generated. Level III: Hodgkin-
Huxley model, the prototype of single-compartment
models. The cell’s inside and outside are separated
by a capacitance Cm and ionic conductances in
series with batteries describing ionic reversal
potentials. Sodium and potassium conductances
(gNa, gK) depend on voltage; the leak gleak is fixed.
Level IV: Linear-nonlinear cascade. Stimuli S(t) are
convolved with a filter and then fed through a
nonlinearity to generate responses R(t), typically
time-dependent firing rates. Level V: Black-box
model. Neglecting biophysical mechanisms, condi-
tional probabilities p(R|S) describe responses R for
given stimuli S.
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Impedance	
•  Impedance	(Z)	is	a	central	concept	in	
alterna)ng	current	(AC)	circuits.	

•  For	any	circuit	element,	the	ra)o	between	the	
()me-varying)	voltage	and	current	through	
the	element	is	defined	as	the	element’s	
impedance:	

•  Z	is	a	complex	number	and,	in	general,	is	a	
func)on	of	frequency.	Units	of	Z:	Ohms	(Ω).				

Credit	to	the	above	figure:	hRps://secure.wikimedia.org/
wikipedia/commons/wiki/File:General_AC_circuit.png	



The	Feynman	Lectures	on	Physics	Vol.	II	Ch.	22:	AC	Circuits	
hRps://www.feynmanlectures.caltech.edu/II_22.html	



How	to	measure	impedance	(1)	
•  The	impedance	of	a	circuit	(or	a	cell	membrane)	can	be	

determined	by	probing	it	with	a	sinusoidal	input	current,	
	
						
					and	measuring	the	voltage	response	at	each	frequency,		
	
					where											is	the	phase	difference	between	the	peaks	
					of	the	input	current	and	output	voltage.					
•  The	impedance	magnitude	func)on	is	defined	as	the	ra)o	

between	the	output	voltage	and	input	current	
amplitudes:				



•  A	convenient	way	of	probing	is	to	use	a	“ZAP	
func)on”	(ZAP	=	impedance	(Z)	amplitude	profile),	
which	is	an	oscillatory	current	with	constant	
amplitude	and	linearly	increasing	frequency:	

•  The	impedance	is	given	by	dividing	the	power	
spectrum	(calculated	using	the	Fast	Fourier	
Transform,	or	FFT)	of	the	output	by	that	of	the	input.	

How	to	measure	impedance	(2)	

Puil,	Gimbarzevsky	and	
Miura,	J.	Neurophysiol.,	
55:995-1016,	1986	



low-pass	
filter	

band-pass	
filter	

resonant	
neuron	

Hutcheon	and	Yarom,	TINS,	23:216-222,	2000	



Measures	used	to	characterize	the	
impedance	and	phase	profiles	

Rotstein,	J.	Comput.	Neurosci.	43:243-271,	2017		

Resonance:	f	=	fres																																																																																																																																			Phasonance:	f	=	fphas																																	
	
Resonance	amplitude:	QZ	=	Zmax	−	Z(0)	



Evidence	for	subthreshold	resonance	

•  Subthreshold	resonance	has	been	found	in	
peripheral	and	central	neurons.	

•  For	a	review,	see:		
– Hutcheon,	B.	and	Yarom,	Y.,	Resonance,	oscilla)on	
and	the	intrinsic	frequency	preferences	of	neurons.	
Trends	in	Neurosci.,	23:216-222,	2000.	

–  and	references	in:	Rotstein,	H.,	Spiking	resonances	in	
models	with	the	same	slow	resonant	and	fast	
amplifying	currents	but	different	subthreshold	
dynamic	proper)es.	J.	Comput.	Neurosci.,	43:243-271,	
2017.	



•  Trigeminal	ganglion	neurons	(Puil	et	al.,	J.	
Neurophysiol.	55:995-1016,	1986)	

•  Neocor)cal	neurons	(Hutcheon	et	al.,	J.	
Neurophysiol.	76:683-697,	1996)	

		
	
	



Basic	mechanism	of		
subthreshold	resonance	



One-slide	review	of	conductance-based	models	
•  m	=	ac)va)on	func)on	
•  h	=	inac)va)on	func)on	
•  Eion	=	reverse	poten)al	

Typical	voltage-dependent	
steady-state	ac)va)on	and	
inac)va)on	func)ons	with	their	
)me	constants		

Four	types	of	
ionic	channels	



Four	types	of	voltage-gated	currents	

•  Two	ga)ng	types:		
– m	type	(ac)va)on)	
– h	type	(inac)va)on)	

•  Two	possibili)es	for	Eion:		
– Eion	<	Vrest	à	Hyperpolarizing	(outward)	current	
– Eion	>	Vrest	à	Depolarizing	(inward)	current	

hyperpolariza)on	

depolariza)on	



Amplifying	and	resonant		
currents	



Recipe	for	subthreshold	resonance	(1)	
•  (a)a:	Passive	membrane	(RC	

circuit):	low-pass	filter	
•  (a)b:	Passive	membrane	plus	

slowly	ac)va)ng	IK	current	(m	
type,	EK	<	Vrest):	the	slow	kine)cs	
of	IK	turn	the	current	on	and	off	
with	a	lag	rela)ve	to	the	passive	
membrane	charging	(see	damped	
oscilla)ons	at	onset	and	offset	of	
injected	current	pulse).	Due	to	its	
slow	kine)cs,	the	nega)ve	
feedback	mechanism	of	IK	is	most	
effec)ve	in	opposing	low-
frequency	changes	in	membrane	
voltage.	Ik	acts	as	a	high-pass	
filter.				

Current	pulse	 ZAP	input	 Impedance	

sag	
rebound	

Hutcheon	and	Yarom,	TINS,	23:216-222,	2000	



Recipe	for	subthreshold	resonance	(2)	
•  (b):	Separate	contribu)ons	of	the	

resonant	current	and	passive	
membrane	proper)es	to	
resonance.	Broken	line:	
impedance	profile	of	IK;	the	
damping	of	oscilla)ons	is	reduced	
at	frequencies	above	1/τK	(τK	=	
)me	constant	of	IK	ac)va)on).	
Gray	line:	impedance	profile	of	
passive	membrane;	oscilla)ons	at	
frequencies	above	1/τm	are	
aRenuated	(τm	=	membrane	)me	
constant).	The	resonant	peak	
occurs	between	these	two	
frequencies	(band-pass	filter).			

Current	pulse	 ZAP	input	 Impedance	

sag	
rebound	

Hutcheon	and	Yarom,	TINS,	23:216-222,	2000	



Role	of	amplifying	current	
•  (a)c:	The	amplifying	persistent	Na	

current	(INaP)	enhances	voltage	
fluctua)ons	due	to	the	posi)ve	
feedback	mechanism.	The	INaP	
current	interacts	with	the	IK	
current	to	enhance	resonance	
without	greatly	altering	the	
resonant	frequency	(see	ZAP	
responses	in	b	and	c).	Band-pass	
amplifica)on.	

•  If	the	amplifying	current	is	
sufficiently	strong	the	neuron	can	
display	self-sustained	oscilla)ons,	
i.e.	the	membrane	voltage	
spontaneously	oscillates	even	
without	oscillatory	current	input.		

Current	pulse	 ZAP	input	 Impedance	

sag	
rebound	

Hutcheon	and	Yarom,	TINS,	23:216-222,	2000	



Classifica)on	of	voltage-gated	currents	
Currents	that	have	their	reversal	
poten)al	at	the	base	of	their	
(in)ac)va)on	curves	can	produce	
resonance.	Examples	are	the	slow	
outward	K+	(IM)	and	hyperpolariza)on-
ac)vated	inward	(Ih)	currents.	

Currents	that	have	their	reversal	
poten)al	at	the	top	of	their	
(in)ac)va)on	curves	are	amplifying.	
Examples	are	the	persistent	Na+	(INaP),	
the	L-type	Ca2+	(IL),	the	NMDA-
receptor	(INMDA)	and	the	inward	
rec)fying	K+	(Ikir)	currents.		

The	low-threshold	Ca2+	(IT)	current	
produces	amplified	resonance.	It	can	
be	understood	as	resul)ng	from	a	
combina)on	of	inac)va)ng	(broken	
line)	and	ac)va)ng	ga)ng	func)ons.	

Adapted	from	Hutcheon	and	Yarom,	TINS,	23:216-222,	2000	



Ac)va)on	curves	and	envelope	asymmetries		
Fischer	et	al.,	Front.	Cell	
Neurosci.	12:8,	2018	

Beraneck	et	al.,	J.	Neurosci.	
27:4283-4296,	2007	

Pena	et	al.,	Chaos	29:103135,	2019	

Upper	
envelope	

Lower	
envelope	



Further	studies	

•  Subthreshold	resonance	can	be	theore)cally	
studied	with	the	use	of	reduced	(to	2	or	3	variables)	
conductance-based	neuron	models.	

•  This	allows	the	use	of	stability	analysis	methods	in	
the	phase	space	to	understand	the	interplay	of	
amplifying	and	resonant	currents	and	their	)me	
constants	in	shaping	subthreshold	voltage	
responses	to	oscillatory	currents.		

•  These	dynamical	systems	methods	are	also	used	to	
inves)gate	suprathreshold	(i.e.	spiking)	responses	
to	oscillatory	inputs	and	network	effects.								



Thank	you	


