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			Dendrites:	a	bug	or	a	
feature? 																		



Overview	

•  Dendri+c	morphology	
•  Passive	dendri+c	proper+es	
•  Signal	integra+on	in	passive	dendrites	
•  Ac+ve	dendri+c	proper+es	
•  Func+onal	implica+ons	of	ac+ve	dendrites	
•  Dendri+c	plas+city	
•  Dendrites	as	fundamental	func+onal	units	



Dendrites	
•  From	the	Greek	‘Dendron’	=Tree	

•  First	detailed	descrip+on	by	Golgi	(1873)	
with	silver	staining.	He	called	them	
‘protoplasmic	prolonga+ons’	and	
believed	they	served	a	nutrient	role	

•  Cajal	(1888)	introduced	the	neuron	
doctrine:	
–  Neurons	are	units	in	which	dendrites	
serve	as	the	input	site,	and	the	axon	
as	the	output	to	other	neurons		

Golgi	1873	

Cajal	1905	



•  Cells	can	be	characterized	
by	the	number	of	
dendrites,	their	extent,	
their	radia+on	paUern	etc	

•  Enormous	varia+on	in	
dendri+c	shapes	makes	
them	difficult	to	classify	

•  Can	be	unipolar	or	bipolar	
based	on	the	orienta+on	
of	processes		

•  (par+al)	Spherical	
radia+on	is	a	common	
paUern	in	non-laminated	
nuclei	(e.g.	thalamus)	

Dendrites,	Stuart	2007	

Dendri+c	Morphology	



Lamina+on	
•  In	laminated	areas,	laminar	radia+on	allows	specific	input	sources	to	

target	specific	dendri+c	domains	

Dendrites,	Stuart	2007	



•  Cylindrical	radia+on	
allow	passing	
perpendicular	axons	to	
provide	a	broad	
distribu+on	of	inputs	
to	the	cell	in	globus	
pallidus.	

•  In	biconical	cells,	the	
apical	and	basal	
domains	are		
frequently	targeted	by	
different	afferents	e.g.	
CA1.	

Dendrites,	Stuart	2007	



Signal	Integra+on	–	classical	view	

•  Synap+c	inputs	generate	PSPs	in	
postsynap+c	dendrites	
	

•  Dendri+c	signals	are	integrated	in	the	axon	
to	generate	Ac+on	Poten+als	(APs)	

•  The	Ac+on	Poten+al	is	the	final	output	of	
neurons	



Passive	proper+es	of	dendrites	

•  Single	PSPs	are	usually	not	
sufficient	to	ini+ate	an	AP	

•  Ability	to	influence	the	soma	
depends	on	PSP	amplitude	
and	degree	of	aUenua+on	

•  Passive	proper+es:	
–  Rm:	membrane	resistance	
–  Cm:	membrane	capacitance	
–  Ri:	axial	resistance	



Stuart	,	Dendrites,	2007	

Passive	proper+es	and	signal	aUenua+on	

•  Low	Rm	->	increased	
aUenua+on.	

•  Low	Ri	->	decreased	
aUenua+on.	

•  AUenua+on	is	more	
pronounced	for	synapses	away	
from	the	soma.	

•  Integra+on	is	affected	by	the	
posi+on	of	synapses	in	
dendrites.		

•  Depolariza+on		by	a	synapse	
ac+va+on	causes	a	slight	
reduc+on	in	the	driving	force	
for	the	synap+c	current	of	
nearby	synapses.		



Passive	dendrites	influence	EPSP	
summa+on	

•  Integra+on	of	two	synap+c	
inputs	to	a	soma+c	
compartment	only	(A)	

•  Dendrites	accelerate	the	
decay	of	soma+c	EPSP	(B)	

•  Moving	synapses	from	soma	
to	dendrites	slows	down	
EPSPs	(C)	

•  Separa+ng	synapses	to	
different	dendrites	
maximizes	summa+on	

Stuart	,	Dendrites,	2007	



Excita+on-inhibi+on	interac+on	

•  Inhibi+on	limits	the	way	excitatory	synap+c	
inputs	summate	
–  Counters	the	depolarizing	effects	of	excita+on	
–  Cri+cally	determines	spike	+ming	
–  Can	synchronize	spiking	in	popula+on	of	neurons	
–  Limits	the	+me	window	for	temporal	summa+on		
–  Feed-forward	inhibi+on	can	limit	the	dura+on	of	
excitatory	inputs	

–  Feedback	inhibi+on	can	limit	the	dura+on	of	spiking	



•  Inhibi+on	counters	
soma+c	excita+on	(A)	

•  Reduces	dendri+c	signals	
differently	for	each	
dendrite	(B)	

•  Ga+ng	of	individual		
dendri+c	inputs	(C,	D)		

Stuart	,	Dendrites,	2007	

Excita+on-inhibi+on	example	



Dendri+c	signal	aUenua+on	
•  Synapses	located	further	

from	soma	may	aUenuate	
100-fold	before	they	are	
able	to	affect	the	soma+c	
output	of	the	cell	

•  Faster	EPSPs	are	aUenuated	
more	than	slower	EPSPs	

•  However:	
–  Small-diameter	dendrites	

increase	input	impendance	
and	thus	increase	EPSP	
amplitude	locally	

–  Synapses	compensate	for	
dendri+c	distance	by	scaling	
up	their	synap+c	
conductance.	

Spruston,	Nat.Rev.Neuro.,	2008	



Ac+ve	proper+es	of	dendrites	
•  Dendrites	contain	a	variety	of	voltage-

gated	ion	channels	and	support	localized	
regenera+ve	events	(dendri+c	spikes)	

•  Evidence	for	dendri+c	spike	genera+on	is	
provided	from	dendri+c	patch-recordings	

•  In	L5	cor+cal	&	hippocampal	pyramidal	
neurons	dendri+c	spikes	are	promoted	by	
strong	synap+c	excita+on	

•  Contribu+ons	from	Na+	and	Ca2+	channels	
•  Dendri+c	spikes	uncoupled	from	soma+c	

APs	have	been	observed	in	Purkinje	cells	&		
hippocampal	interneurons	

Ariav	2003	



Dendri+c	NMDA	spikes	

•  Local	regenera+ve	membrane	
poten+al	spikes	

•  Contributed	from	NMDA	
receptors		

•  When	relieved	from	Mg	block,	
and	bound	to	glutamate,	the	I-V	
rela+onship	of	NMDAr	current	
has	similar	form	to	the	sodium	
channel,	thus	able	to	fire	a	
regenera+ve		spike	

•  Each	neurite	(basal,	oblique,	tuj	
etc)	supports	a	characteris+c	
spike	

•  NMDA	spikes	characterized	by	
plateau	poten+al	of	50-100msec	

Ariav	2003	



Dendri+c	spike	propaga+on	

•  In	pyramidal	neurons,	dendri+c	spikes	propagate	unreliably	to	the	soma	
•  Propaga+on	depends	on	dendri+c	geometry,	channel	density,	inhibi+on,	previous	

ac+vity	and	neuromodula+on	
•  Spike	propaga+on	in	branch	points	depends	on	the	diameter	ra+o	of	parent/

daughter	dendrite	(1,2):	Spikes	aUenuate	as	they	pass	to	larger	branches	
•  Propaga+on	is	influenced	by	the	excitability	of	obliques:	short	obliques	provide	

return	current	to	promote	propaga+on	(3)	
•  Backpropaga+ng	ac+on	poten+al	may	limit	the	propaga+on	of	dspikes	
•  Non-uniform	K-channel	distribu+on	and	inhibi+on	also	affect	the	propaga+on	of	

dspikes	to	the	soma	
Stuart	,	Dendrites,	2007	



Back-propaga+ng(BPAP)	ac+on	
poten+als	

•  Dendri+c	geometry	also	affects	back-propaga+on	of	APs	into	the	dendrites	
•  Back-propaga+on	is	more	efficient	when	the	daughter	dendrites	are	

smaller-diameter		
•  Propaga+on	past	oblique	branches	depends	on	the	geometry	of	the	

oblique	branch	(3)	
Stuart	,	Dendrites,	2007	



Clustering	of	synap+c	inputs		

Kastellakis	et	al,	Progress	in	Neurobiology,	2015	



Evidence	for	synapse	clustering	

•  Synapses	are	co-
ac+vated	in	vivo	in	
barrel	cortex	
(Takahashi	2012)	

•  AMPA	enrichment	is	
correlated	in	nearby	
spines	(Makino	2011)	

•  Repeated	motor	
learning	induces	
increase	in	clustered	
synapses	(Fu,	2012)	

Takahashi,	2012	 Makino,	2011	

Fu,	2012	



Clustering	of	synapses	promotes	dendri+c	nonlinear	
responses	

•  Clustering	of	synapses	within	a	branch,	
as	well	as	temporal	synchrony	of	
synap+c	inputs	lead	to	dendri+c	spike	
genera+on	which	elicits	a	nonlinear	
response	in	the	EPSP	at	the	soma.	

•  This	suggests	that	dendrites	can	act	as	
nonlinear	computa+onal	units	

Losonczy	Neuron	2006	



Ac+ve	dendrites	and	func+onal	
implica+ons	

•  Ac+ve	dendrites	can	summate	incoming	
signals	nonlinearly,	thus	enabling	the	
implementa+on	of	complex	func+ons	
such	as	sequence	detec+on	(Branco	and	
Hausser,	2011),	informa+on	binding	
(Legenstein	et	al,	2011),	associa+ve	
learning	(Kastellakis	et	al,	2016),	
sharpening	or	orienta+on	tuning	
(Wilson	et	al,	2016)	etc	

•  Synapse	clustering	allows	neurons	to	
compartmentalize	func+on	and	
plas+city	
–  Func+onal	tuning	of	barrel	cortex	

neurons	
–  Enriched	environments	increase	

compartmentaliza+on	
	

Branco, Neuron 2010 

Lavzin, Nature 2012 



Dendri+c	nonlineari+es	increase	
storage	capacity	

•  Computa+onal	studies	show	that	
the	capacity	of	neurons	is	greatly	
increased	by	nonlinear	dendri+c	
units	

•  The	increase	in	capacity	is	linked	to	
the	grouping	of	afferent	inputs	to	
specific	dendri+c	branches,	i.e.	
synapse	clustering	of	func+onally	
related	synapses	increases	memory	
capacity	

Poirazi	Neuron	2001	



Dendrites	provide	addi+onal	layers	of	computa+on	

•  Modeling	shows	that	the	
firing	rate	of	CA1	neuron	can	
be	well	approximated	by	a	2-
layer	neural	network	

•  Bidirec+onal	communica+on	
between	dendrites,	as	well	as	
local	release	of	
neurotransmiUers	by	
dendrites	has	been	
suggested	to	lead	to	an	even	
more	elaborate	mul+-layer	
abstrac+on	

Poirazi	Neuron	2003	

Branco	Cur	Opin.	Neurobiol.	2003	



Dendri+c	Plas+city	

•  Dendrites	are	the	primary	sites	of	Hebbian	plas+city		
•  Dendrites	contain	machinery	for	the	produc+on	and	

confinement	of	PRPs	
•  Dendri+c	spines	are	able	to	display	rapid	ac+vity-related	

plas+city	
•  Coopera+vity	allows	the	forma+on	of	synap+c	clusters	
•  Plas+city	is	NMDA	dependent	
•  Dendri+c	spikes	alone	can	trigger	plas+city	even	without	soma+c	

depolariza+on	



Intrinsic	Plas+city	

•  Regula+on	of	dendri+c	
excitability	affects	neuronal	
output	

•  Dendri+c	spike	genera+on	
–  Prior	ac+vity	can	temporarily	

inhibit	dspikes	

•  Ion	channel	plas+city	may	be	
local	
–  Enriched	environment	
–  S+mula+on	

•  A-type	regula+on	ajer	LTP	
•  Regula+on	can	be	local	–	

Branch	Strength	Poten+a+on	 Papoutsi et.al., 2012 

Zhang, NN 2003 



Examples	-	Intrinsic	Plas+city	
•  S+mula+on	and	LTP	in	a	

dendri+c	region	can	alter	the	
excitability	of	the	branch	->	
dendri+c	excitability	can	be	
plas+c	(Frick	2004)	

•  The	coupling	between	
dendri+c	spikes	and	the	soma	
is	plas+c	(Branch	strength	
poten+a+on,	Losonczy	2008)	

•  Changes	are	mediated	via	
regula+on	of	A-type	K	
channels	

Harvey,	Science	2008	

Losonczy,	Nature	2008	



Examples	-	Intrinsic	and	Local	
Hebbian	Plas+city	

•  Experience	in	an	enriched	
environment	increased	
propaga+on	of	dendri+c	Na+	spikes	
in	a	subset	of	individual	dendri+c	
branches	in	CA1	pyramidal	neurons	
and	this	effect	is	mediated	by	
localized	down-regula+on	of	A-
type	K+	channel	func+on		
(Makara	2009)	

•  Local	dendri+c	s+mula+on	is	more	
effec+ve	in	elici+ng	LTP	in	
hippocampal	neurons	than	back-
propaga+ng	ac+on	poten+als.	
(Hardie	2009)	

Makara,	Nat.	Neuro	2009	

Hardie,	J.	Neuro	2009	



Dendrites	can	perform	
local,	nonlinear	computa+ons	
	
	
Rewiring	(structural	plas+city)	
can	occur	in	the	adult	brain	
	
	
Rewiring	is	ac+vity	dependent	

Can	ac+vity-dependent	synap+c	clustering	serve	as	an	alterna+ve	memory	storage	
mechanism?	
	

Wiring	Plas+city	



The	clustering	hypothesis	
	Neurons	that	are	co-ac+vated	and	project	to	the	same	target	neuron	tend	to	
form	synapses	on	the	same	dendri+c	branch.		

W.M.	DeBello,	TINS,	2008	



Clustered	Synap+c	Ac+va+on	

Correlated	ac+va+on	
of	neighboring	
spines		
in	vitro	
in	vivo	
ex	vivo	

Takahashi	et	al,	Science,	2012	

Kleindienst	et	al,	Neuron,	2011	



Local	transla+on	in	dendrites	
•  Dendrites	contain	the	en+re	

transla+onal	machinery	
necessary	for	protein	
synthesis	(polyribosomes,	
enzymes,	membranous	
cisterns)	

•  mRNAs	required	for	
plas+city	can	be	trafficked	to	
dendrites	

•  A	wide	range	of	mRNAs,	
including	mRNAs	required	
for	plas+city	and	ionic	
channels	have	been	found	to	
be	localized	in	synap+c	
regions	

Cajigas,	Neuron	2012	



Local	Chemical	Integra+on	
•  Local	biochemical	pathways	can	

be	ac+vated	with	Calcium	influx	
•  Calcium	provided	by	s+mulated	

synapses	or	second-messenger	
pathways	

•  Spread	of	calcium	signaling	
depends	on	geometry,	ac+vated	
pathways	and	buffering	

•  Example:	
–  CaMKII	transloca+on	is	

spreading	over	dendri+c	tree	
–  Calcium-dependent	Ras	ac+vity	

diffuses	locally	in	the	branch	
(Harvey,2008)	

Harvey,	Science	2008	



Synap+c	Tagging	and	Capture	

Govindarajan	,	Neuron	2011	

•  A	model	for	the	specificity	and	associa+vity	of	late-
LTP	in	synapses	

•  LTP	Consolida+on	requires	PRPs	
•  Synap+c	ac+vity	creates	synap+c	tag	
•  Strong	postsynap+c	ac+va+on	leads	to	synthesis	of	

PRPs	
•  Synapses	tagged	within	~hours	can	capture	PRPs	

from	any	plas+city-genera+ng	event	
•  Demonstrated	in	dis+nct	CA1	pathways	and	pairs	of	

spines	
•  Confined	to	distances	<	70nm	à	dendri+c	branches	
•  Suggested	compe++ve	nature	



Local	LTP	coopera+vity	enables	clustering	

Several	local	plas+city	mechanisms	can	establish	synapse	clustering:	
–  Synap+c	Tagging	and	Capture	
–  Spread	of	signaling,	e.g.	Ras	
–  Ac+va+on	of	nearby	silent	synapses	

Winnubst,	2012	



Homeostasis	
•  Hebbian	plas+city	is	a	posi+ve	feedback	

mechanism	à	unstable	
•  Stability-promo+ng	mechanismà	

homeostasis	
•  Both	slow-+me	course	and	fast-+me	

course	mechanisms	have	been	found	
•  Synap+c	scaling	has	been	found	in	

cultures	
•  Local	homeosta+c	regula+on	has	been	

found	in	single	synapses	as	well	
•  Plas+city	of	inhibi+on	runs	in	parallel	
•  Intrinsic	plas+city	mechanisms	also	

subserve	homeostasis	

Turrigiano , Cell 2008 



Dendrites	as	fundamental	func+onal	
units	

•  Dendri+c	branches	can	compartmentalize	func+on	on	many	levels	
•  Dendrites	can	compute	locally	and	also	perform	storage	
•  Compartmentaliza+on	of	neuronal	func+on	enables	higher	computa+onal	capacity	as	

well	as	higher	storage	capacity	
•  Single	dendrites	can	act	as	the	fundamental	func7onal	unit		in	the	nervous	system	

Branco,	Cur.	Opin.	Neurobiology	2010	
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