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Abstract	
	

Pedunculopontine	Glutamatergic	Input	to	Substantia	Nigra	Pars		
Compacta	Dopamine	Neurons	

	
Daniel	James	Galtieri	

	

In	vivo,	substantia	nigra	pars	compacta	(SNc)	dopaminergic	neurons	exhibit	three	

spiking	patterns	–	irregular,	regular,	and	bursting.	These	distinct	modes	of	activity	are	

thought	to	underlie	the	different	roles	that	dopamine	(DA)	plays	in	target	structures	within	

the	basal	ganglia.	In	particular,	burst	spiking	in	SNc	DA	neurons	is	thought	to	be	a	key	

signaling	event	in	the	circuitry	controlling	goal‐directed	behavior.	The	spontaneous	

transitions	from	single‐spike	mode	to	burst‐spiking	observed	in	vivo	are	lost,	however,	in	

ex	vivo	brain	slices.	Rather,	a	regular	1‐4	Hz	firing	modes	dominates	SNc	neuron	activity	in	

in	vitro	preparations.	This	change	has	been	attributed	to	the	loss	of	afferent	input	to	SNc	

cells	that	would	otherwise	be	present	in	an	intact	animal.	Synaptic	glutamatergic	activity	is	

thought	to	be	especially	important	for	burst	generation,	with	much	of	the	literature	

focusing	on	the	interaction	between	N‐methyl‐D‐aspartate	receptors	(NMDARs)	and	the	

intrinsic	oscillatory	activity	in	SNc	neurons	as	a	mechanism	that	promotes	burst	firing.		

To	date,	however,	the	role	of	specific	neural	networks	in	shaping	spike	patterning	in	

SNc	DA	neurons	has	gone	largely	unstudied,	due	in	part	to	the	inability	to	selectively	

activate	different	inputs	to	the	SNc.	To	begin	filling	this	gap,	SNc	glutamatergic	synapses	

arising	from	pedunculopotine	nucleus	(PPN)	neurons	were	characterized	using	a	mixture	
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of	optical	and	electrophysiological	approaches.	We	found	that	PPN	glutamatergic	synapses	

are	made	primarily	on	the	soma	and	proximal	dendritic	tree	of	these	cells,	placing	these	

inputs	in	an	ideal	location	to	influence	spike	generation.	Indeed,	optogenetic	stimulation	of	

PPN	axons	reliably	evoked	spiking	in	SNc	DA	neurons	that	was	dependent	upon	AMPA	

receptors	but	not	NMDA	receptors.	Moreover,	burst	stimulation	of	PPN	axons	was	faithfully	

followed	by	SNc	DA	neurons,	suggesting	that	PPN‐evoked	burst	spiking	of	SNc	neurons	in	

vivo	may	not	only	be	extrinsically	triggered	but	extrinsically	patterned	as	well.		
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Chapter	1:	Background	

	

Dopamine	(DA)	has	been	identified	as	a	critical	signal	for	a	range	of	behaviors,	

including	motor	control,	action	selection,	reward,	and	reinforcement	learning,	with	

pathology	in	the	DA	system	being	implicated	in	neuropsychiatric	and	neurodegenerative	

diseases	ranging	from	schizophrenia	to	Parkinson’s	disease.	As	such,	it	is	one	of	the	most	

widely	studied	neuromodulators	in	the	brain,	having	stimulated	tens	of	thousands	of	

studies	since	its	discovery	as	a	neurotransmitter	by	Arvid	Carlsson	in	the	1950s	(Carlsson,	

1959;	Benes,	2001).	Many	of	these	studies	are	concerned	with	elucidating	how	the	activity	

in	the	neural	systems	that	generate	this	signal	is	governed.	This	subsequently	necessitates	

both	an	understanding	of	the	circuitry	in	which	DA	transmission	plays	an	important	role	as	

well	as	an	examination	of	the	underlying	physiology	of	the	cells	that	produce	this	

important	messenger.	 

Anatomy	of	the	Basal	Ganglia	

General	Overview	

The	basal	ganglia	(BG)	are	composed	of	a	series	of	highly	interconnected	nuclei	

through	which	cortical	and	thalamic	information	is	filtered	in	order	to	generate	

appropriate,	task‐oriented	behavioral	responses	to	intrinsic	and	extrinsic	stimuli	(Albin	et	

al.,	1989;	Cisek	and	Kalaska,	2010;	Redgrave	et	al.,	2010;	Schultz,	2016a).	This	flow	of	

information	begins	at	the	striatum,	which	acts	as	the	primary	input	structure	for	the	BG	

circuit	(McGeer	et	al.,	1977;	Gerfen	and	Wilson,	1996;	Smith	et	al.,	1998;	Bolam	et	al.,	
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2000).	The	striatum	is	composed	almost	entirely	(~90%)	of	medium‐sized,	densely	spined	

GABAergic	cells	called	spiny	projection	neurons	(SPNs)	that	act	as	the	sole	output	of	the	

striatum	to	the	other	BG	nuclei	(Gerfen	and	Wilson,	1996;	Smith	et	al.,	1998;	Gerfen	and	

Surmeier,	2011).		 

SPNs	are	subdivided	in	to	two	main	groups	based,	in	part,	on	expression	of	either	

dopamine	D1	or	D2	receptors	(Gerfen	et	al.,	1990;	Le	Moine	et	al.,	1991;	Surmeier	et	al.,	

1996;	Gertler	et	al.,	2008).	In	the	canonical	model	of	the	BG	these	two	subpopulations	make	

up	distinct	pathways	based	upon	their	projection	targets:	The	D1‐class	SPNs,	forming	the	

direct	pathway,	send	projections	to	the	BG	output	structures	of	the	GPI	(globus	pallidus	

internal	segment)	and	SNr	(substantia	nigra	pars	compacta),	while	D2‐class	SPNs	project	to	

the	GPE	(globus	pallidus	external	segment)	as	part	of	the	indirect	pathway	(Albin	et	al.,	

1989;	Gerfen	and	Wilson,	1996;	Smith	et	al.,	1998;	Surmeier	et	al.,	2007).	As	the	name	

implies,	D1	SPNs	have	a	direct	influence	on	BG	output	by	inhibiting	GABAergic	projections	

from	the	GPI	and	SNr	to	the	thalamus,	thereby	disinhibiting	thalamic	projections	to	areas	of	

the	cortex,	particularly	motor	cortex	(Albin	et	al.,	1989;	Nakano,	2000;	Surmeier	et	al.,	

2007;	Kravitz	et	al.,	2010).	In	contrast,	information	passing	through	the	indirect	pathways	

requires	multiple	steps	before	reaching	the	BG	output	structures.	Activation	of	D2	SPNs	

results	in	inhibition	of	the	GABAergic	GPE,	which	projects	to	the	STN	(subthalamic	

nucleus).	This	subsequently	disinhibits	the	STN,	which	sends	glutamatergic	projections	to	

the	GPI	and	SNr	(Miller	and	DeLong,	1987;	Bergman	et	al.,	1994;	Bevan	et	al.,	2002).	The	

total	effect,	then,	of	indirect	pathway	activation	is	an	increase	in	BG	output,	resulting	in	a	

decrease	in	thalamic	input	to	cortical	motor	areas	(Albin	et	al.,	1989;	Nakano,	2000;	
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Surmeier	et	al.,	2007,	p.	200;	Kravitz	et	al.,	2010).	These	dichotomous	effects	have	coined	

the	terms	“Go”	and	“No‐go”	for	these	two	pathways,	as	the	direct	pathway	is	generally	

associated	with	the	production	of	appropriate	actions	while	the	indirect	pathway	is	

attributed	with	suppressing	unwanted	behaviors	(Albin	et	al.,	1989;	Nakano,	2000;	

Surmeier	et	al.,	2007).	 

Included	in	this	canonical	model	of	BG	circuitry	are	the	midbrain	DA	nuclei	of	the	

substantia	nigras	pars	compacta	(SNc)	and	ventral	tegmental	area	(VTA),	whose	activity	

serves	to	modulate	the	striatal	SPNs	(Albin	et	al.,	1989;	Nicola	et	al.,	2000;	Surmeier	et	al.,	

2007;	Gerfen	and	Surmeier,	2011).	While	the	VTA	primarily	projects	to	ventral	striatum	as	

well	as	portions	of	the	prefrontal	cortex,	the	SNc	provides	the	majority	of	DA	input	to	the	

dorsal	striatum	(Andén	et	al.,	1966;	Björklund	and	Dunnett,	2007),	and	is	subsequently	the	

primary	focus	for	the	work	discussed	here. 

The	substantia	nigras	pars	compacta	

The	SNc	exists	as	part	of	a	continuous	group	of	dopaminergic	nuclei	in	the	

mesencephalon	that	also	includes	the	retrorubral	field	(RRF)	and	ventral	tegmental	area	

(Dahlstroem	and	Fuxe,	1964;	German	and	Manaye,	1993;	Nelson	et	al.,	1996).	The	majority	

of	DA	signaling	in	the	brain	originates	from	this	relatively	small	region,	historically	referred	

to	as	the	mesotelencephalic	dopamine	system	(White,	1996;	Gardner	and	Ashby,	2000).	 

Anatomically	the	SNc	resides	along	the	dorsal	edge	of	the	SNr	(Hardman	et	al.,	

2002).	The	rostral	portion	of	the	SNc	is	bounded	by	the	STN,	while	caudally	it	is	bordered	

by	the	RRF.	Medially	the	SNc	is	bounded	by	the	VTA	and	the	medial	lemniscus.	In	rodents,	
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each	unilateral	SNc	is	composed	of	approximately	7,000	–	9,000	tyrosine	hydroxylase	(TH;	

rate	limiting	enzyme	in	DA	synthesis)	positive	neurons	(Oorschot,	1996;	Nair‐Roberts	et	al.,	

2008;	Baquet	et	al.,	2009).	The	SNc	also	has	a	sizable	population	of	GABAergic	neurons,	

which	account	for	approximately	29%	of	the	cell	population	in	the	nucleus	(Nair‐Roberts	et	

al.,	2008).	Studies	have	also	observed	the	presence	of	VGLUT2	(vesicular	glutamate	

transporter‐2)	positive	neurons	in	the	most	medial	and	caudal	portions	of	the	SNc	

(Yamaguchi	et	al.,	2013).	In	contrast	to	the	VTA,	where	a	subpopulation	of	TH+	neurons	

also	express	VGLUT2	(Kawano	et	al.,	2006;	Yamaguchi	et	al.,	2011;	Li	et	al.,	2013),	there	is	

virtually	no	overlap	of	TH+	and	VGLUT2+	cells	in	the	SNc	(Yamaguchi	et	al.,	2013).	 

The	SNc	can	be	subdivided	along	both	dorsal‐ventral	and	medial‐lateral	axes	based	

on	cellular	morphology	and	expression	patterns	of	various	proteins,	particularly	the	

calcium	binding	protein	calbindin‐D28k.	The	most	ventral	SNc	DA	neurons	tend	to	be	the	

largest,	with	soma	sizes	ranging	between	20	and	30	µm.	These	cells	generally	have	3‐5	

primary	dendrites,	at	least	one	of	which	extends	deeply	into	the	SNr	(Gerfen,	1984;	

González‐Hernández	and	Rodríguez,	2000;	Yetnikoff	et	al.,	2014).	Having	a	larger	portion	of	

their	dendritic	tree	within	the	SNr,	ventral	tier	SNc	DA	neurons	also	exhibit	a	higher	

percentage	of	GABAergic	to	glutamatergic	synapses	than	dorsal	tier	SNc	DA	neurons	

(Henny	et	al.,	2012).	Ventral	tier	cells	also	show	a	complete	lack	of	calbindin	expression,	

although	some	have	been	shown	to	express	the	calcium	binding	protein	parvalbumin	

(German	et	al.,	1992;	Fu	et	al.,	2012).		In	contrast,	dorsal	tier	SNc	neurons	are	somewhat	

smaller,	with	somas	ranging	between	15	and	20	µm	in	diameter	and	dendrites	that	largely	

remain	within	the	SNc	(Grace	and	Onn,	1989).	A	low	percentage	(~2%,	in	mouse)	of	dorsal	
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tier	neurons	are	calbindin	positive	(Fu	et	al.,	2012).	More	medial	portions	of	the	SNc	show	

a	much	higher	fraction	(~21%,	in	mouse)	of	calbindin	positive	neurons	(Gerfen	et	al.,	1985;	

Gerfen,	1992;	Barrot	et	al.,	2000;	Fu	et	al.,	2012).	 

The	axons	of	SNc	DA	neurons	are	unmyelinated,	with	a	diameter	of	<0.5	µm	(Grace	

and	Onn,	1989;	Smiley	et	al.,	1992;	Matsuda	et	al.,	2009).	They	are	found	to	originate	both	

from	the	soma	as	well	as	from	primary	dendrites,	sometimes	many	dozens	of	microns	away	

from	the	soma	(Grace	and	Onn,	1989;	Häusser	et	al.,	1995;	Blythe	et	al.,	2009;	Matsuda	et	

al.,	2009).	Projections	from	the	SNc	form	the	nigrostriatal	pathway,	through	which	the	SNc	

provides	the	bulk	of	the	dopaminergic	input	to	the	dorsal	striatum	(Lavoie	and	Parent,	

1991;	Gerfen	and	Wilson,	1996).	On	their	way	to	their	target	SNc	axons	follow	a	somewhat	

tortuous	path,	often	passing	through	portions	of	the	SNr	and	STN	before	finally	traveling	

through	the	internal	capsule	and	entering	the	striatum	(Grace	and	Onn,	1989;	Matsuda	et	

al.,	2009).	Along	this	path	SNc	axons	form	virtually	no	local	collaterals,	with	the	exception	

being	for	short	collaterals	formed	within	the	GPe	(Matsuda	et	al.,	2009).	Once	in	the	

striatum,	though,	SNc	axons	form	extensive	arborizations.	Analysis	of	the	axonal	arbors	of	

individual	SNc	has	found	the	total	axonal	length	for	these	cells	within	striatum	to	range	

between	approximately	40	to	60	cm,	with	the	arbor	of	a	single	cell	occupying	a	maximum	of	

5.7%	of	the	total	striatal	volume	(Matsuda	et	al.,	2009).	Estimates	place	the	number	of	

synapses	formed	by	these	collaterals	at	upwards	of	400,000,	with	an	individual	SNc	DA	

neuron	influencing,	on	average,	75,000	striatal	neurons	(Wickens	and	Arbuthnott,	2005;	

Matsuda	et	al.,	2009;	Moss	and	Bolam,	2009).	This	number	of	synapses	is	many	times	that	

of	other	individual	cells	in	the	BG,	including	even	neighboring	VTA	neurons,	which	each	
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form	an	estimated	12,000‐30,000	synapses	within	target	structures	(Moss	and	Bolam,	

2009;	Bolam	and	Pissadaki,	2012).	In	addition	to	this	massive	divergence	in	input	from	the	

SNc,	there	is	a	significant	amount	of	overlap	in	terms	of	the	number	of	DA	neurons,	

estimated	at	anywhere	between	90	and	200,	from	which	a	single	striatal	cell	may	receive	

input	(Matsuda	et	al.,	2009).	The	resulting	synaptic	architecture	is	one	in	which	every	

glutamatergic	synapse	in	the	striatum	is	in	a	position	to	be	influenced	by	a	site	of	DA	

release	(Moss	and	Bolam,	2008,	2009).	These	structural	properties	are	crucial	to	the	

important	modulatory	role	DA	plays	in	the	physiology	of	the	striatum.	 

The	role	of	dopamine	in	the	dorsal	striatum	

In	the	broadest	sense,	the	purpose	of	DA	signaling	in	the	striatum	is	to	facilitate	

action	selection	and	goal‐directed	behavior	(Schultz,	2007,	2016a).	This	is	accomplished	

through	bi‐directional	modulation	of	the	striatal	direct	and	indirect	pathways	(Nicola	et	al.,	

2000;	Surmeier	et	al.,	2007;	Gerfen	and	Surmeier,	2011).	Dopamine’s	dichotomous	role	in	

the	striatum	is	mediated	by	the	expression	of	different	DA	receptors,	which	have	opposing	

effects	on	both	the	intrinsic	excitability	and	synaptic	gain	in	D1‐class	and	D2‐class	SPNs.	 

In	contrast	to	neurotransmitters	that	directly	affect	the	activity	of	neurons	through	

the	opening	of	ion	channels	(ionotropic	receptors),	all	DA	receptors	are	metabotropic;	i.e.	

they	are	coupled	to	intracellular	signaling	cascades	that	subsequently	modulate	the	

excitability	of	the	cell	(Kebabian	and	Greengard,	1971;	Cools	and	Rossum,	1976;	Greengard,	

2001).	D1‐	and	D2‐family	receptors	couple	to	G‐proteins	(Gs/Golf	and	Gi,	respectively)	that	

have	opposing	effects	on	the	same	signaling	pathway:	D1	(and	D5)	receptors	increase	the	



20 
 

activity	of	adenylyl	cyclase	(AC),	thereby	increasing	cyclic	adenosine	monophosphate	

(cAMP)	levels	which	then	activates	protein	kinase	A	(PKA),	while	D2	(and	D3,	D4)	receptors	

decrease	PKA	activity	through	inhibiting	AC	and	subsequently	cAMP	production	(Kebabian,	

1978;	Onali	et	al.,	1985;	Monsma	et	al.,	1990;	Senogles,	1994;	Vallone	et	al.,	2000).	In	D1	

expressing	SPNs	the	consequence	of	DA	receptor	activation	is	an	increased	propensity	to	

fire	action	potentials	(APs)	due	to	an	increase	in	depolarizing	currents	through	L‐type	

calcium	channels	and	a	decrease	in	outward,	hyperpolarizing	potassium	currents	

(Surmeier	and	Kitai,	1993;	Surmeier	et	al.,	1995;	Galarraga	et	al.,	1997;	Vilchis	et	al.,	1999).	

In	contrast,	in	indirect	pathways	SPNs	D2	activation	results	in	a	suppression	of	firing	

through	inhibition	of	sodium	and	L‐type	Ca2+	channels	and	an	increase	in	outwards	K+	

currents	(Surmeier	and	Kitai,	1993;	Greif	et	al.,	1995;	Schiffmann	et	al.,	1998;	Hernández‐

López	et	al.,	2000;	Olson,	2005;	Day	et	al.,	2008;	Higley	and	Sabatini,	2010).	 

DA	signaling	also	plays	an	important	role	in	modulating	the	glutamatergic	cortical	

and	thalamic	input	to	striatal	SPNs.	The	elevation	of	cytosolic	PKA	levels	associated	with	D1	

receptor	activation	can	regulate	the	trafficking	of	glutamate	receptors	by	acting	on	proteins	

such	as	Fyn	(a	tyrosine	kinase),	STEP	(striatal‐enriched	phosphatase),	and	DARPP‐32	

(Snyder	et	al.,	2000;	Flores‐Hernández	et	al.,	2002;	Dunah	et	al.,	2004;	Sun	et	al.,	2005;	

Braithwaite	et	al.,	2006;	Hallett	et	al.,	2006).	D1	signaling	has	also	been	shown	to	enhance	

NMDA	currents	in	SPNs,	likely	through	enhancement	of	L‐type	calcium	channels	(Cepeda	et	

al.,	1993;	Nicola	and	Malenka,	1998).	Conversely,	D2	receptor	activation	has	been	shown	to	

decrease	the	amplitude	of	AMPA	currents,	and	reduces	presynaptic	release	of	glutamate	

(Cepeda	et	al.,	1993;	Bamford,	2004;	Hernández‐Echeagaray	et	al.,	2004).	 
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In	addition	to	this	acute	regulation	of	glutamatergic	input	to	SPNs,	DA	signaling	is	

also	critical	for	plasticity	at	these	synapses.	Antagonism	of	D1	receptors	has	been	shown	to	

occlude	long‐term	potentiation	(LTP;	i.e.	the	increase	in	strength	of	a	particular	synapse)	at	

corticostriatal	synapses	in	direct	pathway	SPNs,	although	the	particular	mechanisms	for	

this	are	not	well	understood	(Pawlak	and	Kerr,	2008;	Shen	et	al.,	2008).	Similarly,	D2	

receptors	are	thought	to	mediate	long‐term	depression	(LTD;	i.e.	the	decrease	in	strength	

of	a	particular	synapse)	in	indirect	pathway	SPNs	(Wang	et	al.,	2006;	Kreitzer	and	Malenka,	

2007;	Shen	et	al.,	2008).	This	LTD	is	dependent	upon	postsynaptic	production	of	

endocannabinoids	(EC),	which	then	bind	to	presynaptic	CB1	receptors	in	order	to	decrease	

glutamate	release	probability	(Kreitzer	and	Malenka,	2007;	Shen	et	al.,	2008).	D2	receptor	

activation	facilitates	this	EC	production,	potentially	through	suppression	of	adenosine	A2a	

receptor	signaling	(Fuxe	et	al.,	2007;	Shen	et	al.,	2008;	Higley	and	Sabatini,	2010;	Lerner	et	

al.,	2010).	This	dynamic	potentiation	and	depotentiation	of,	in	particular,	the	corticostriatal	

synapses	has	been	proposed	to	be	an	important	mechanism	underlying	the	types	of	motor	

learning	and	behavioral	conditioning	for	which	the	striatum	is	known	to	be	a	central	player	

(Balleine	et	al.,	2007;	Kreitzer	and	Malenka,	2008;	Cisek	and	Kalaska,	2010;	Gerfen	and	

Surmeier,	2011).	 

Tonic	vs.	phasic	dopamine	signaling	

In	order	to	both	ensure	proper	functioning	of	striatal	circuits	as	well	as	signal	

behaviorally	relevant	events,	DA	transmission	in	the	striatum	operates	on	two	relatively	

distinct	timescales.	There	exists	a	tonic	background	level	of	DA	(approximately	5‐20	nM)	

that	does	not	directly	correlate	with	movement	initiation	or	external	stimuli	(Dugast	et	al.,	
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1994;	Garris	and	Wightman,	1994;	Wightman	and	Robinson,	2002).	Despite	the	lack	of	

obvious	temporal	association	with	any	particular	behavior,	this	tonic	signal	is	crucial	to	

maintaining	normal	SPN	physiology	and	the	overall	integrity	of	the	BG,	a	point	that	is	best	

illustrated	in	cases	where	this	background	DA	activity	is	absent.	With	the	loss	of	striatal	DA	

associated	with	the	degeneration	of	SNc	DA	neurons	seen	in	Parkinson’s	disease	(PD)	

comes	a	bevy	of	pathologies	related	to	striatal	dysfunction	(Albin	et	al.,	1989;	DeLong,	

1990;	Redgrave	et	al.,	2010).	The	most	obvious	of	these	are	the	cardinal	motor	symptoms	

of	PD,	all	of	which	are	associated	with	an	inability	to	generate	movement	(Jankovic,	2008).	

This	hypokinesia	is	predictably	explained	by	a	bias	towards	activity	in	the	“No‐go”	pathway	

and	away	from	the	“Go”	pathway	resulting	from	the	loss	of	dopaminergic	tone	at	D2	and	D1	

SPNs	respectively	(Albin	et	al.,	1989;	DeLong,	1990;	Redgrave	et	al.,	2010).	 

Layered	on	top	of	this	background	DA	activity	are	transient	changes	in	striatal	DA	

concentrations	that	signal	the	occurrence	of	salient	events	of	either	positive	or	negative	

behavioral	value	(Schultz,	2002;	Bromberg‐Martin	et	al.,	2010).	DA	levels	in	the	striatum	

have	been	suggested	to	rise	as	high	as	1	µM	in	response	to	primary	rewards	and	

conditioned	stimuli	in	a	variety	of	sensory	modalities	(Gonon,	1988;	Dugast	et	al.,	1994;	

Garris	et	al.,	1997;	Dreyer	et	al.,	2010).	These	phasic	events	occur	in	close	temporal	

approximation	to	the	presentation	of	the	stimulus	and	are	graded	based	upon	the	salience	

of	the	reward	(Schultz,	1998,	2002,	2016a).	This	signal	subsequently	links,	likely	through	

the	induction	of	LTP	and	LTD	at	direct	and	indirect	pathway	corticostriatal	synapses	

respectively,	a	behavioral	response	to	the	outcome	of	the	action	taken,	thereby	either	
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increasing	or	decreasing	the	future	likelihood	of	repeating	that	response	(Reynolds	et	al.,	

2001;	Yin	et	al.,	2009;	Gerfen	and	Surmeier,	2011).	 

These	two	elements	of	DA	signaling	are	directly	tied	to	the	activity	of	the	cells	from	

which	it	originates	–	i.e.	the	DA	cells	of	the	SNc.	As	such,	a	great	deal	of	energy	has	been	

expended	on	elucidating	the	mechanisms	underlying	the	firing	patterns	of	these	neurons.		

Activity	patterns	in	dopamine	neurons	

Initially	described	in	a	series	of	papers	by	Grace	and	Bunney,	the	firing	patterns	of	

SNc	DA	neurons	in	vivo	can	be	roughly	categorized	in	to	one	of	two	groups:	a	low	

frequency,	regular	or	irregular,	single	spike	pattern	and	a	higher‐frequency	“burst”	pattern	

(Grace	and	Bunney,	1984a,	1984b;	Hyland	et	al.,	2002).	Broadly	speaking,	the	regular	single	

spike	pattern	is	derived	from	intrinsic	mechanisms,	involving	a	series	of	ion	channels	that	

work	in	concert	to	generate	the	necessary	oscillatory	activity	underlying	pacemaking	

behavior.	In	contrast,	while	the	exact	mechanisms	underlying	the	transient	high‐frequency	

spiking	observed	in	SNc	DA	neurons	is	less	clear,	it	is	generally	agreed	that	this	behavior	is	

derived	from	synaptic	input	to	these	cells,	as	disruption	of	that	input	occludes	the	

occurrence	of	these	events.	 

Intrinsically	derived,	low‐frequency	pacemaking	activity	

SNc	DA	neurons	are	autonomously	active	cells	capable	of	generating	action	

potentials	in	the	absence	of	any	synaptic	input	(Shepard	and	Bunney,	1991;	Chan	et	al.,	

2007;	Guzman	et	al.,	2009;	Kimm	et	al.,	2015).	This	pacemaking	activity	is	characterized	by	

broad	(>	2	ms)	spikes,	with	firing	rates	being	in	the	range	of	1‐9	Hz	(Grace	and	Bunney,	
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1984a;	Grace	and	Onn,	1989;	Nedergaard	et	al.,	1993).	In	vivo	single	spiking	tends	to	occur	

in	both		regular	and	irregular	patterns,	as	defined	by	the	shape	of	autocorrelograms	of	

spiking	data	(Lee	and	Tepper,	2009).	This	is	likely	due	to	the	influence	of	synaptic	input	on	

the	spike	generation	mechanism,	as	this	irregularity	is	mostly	absent	in	in	vitro	

preparations	where	the	microcircuits	of	synaptic	input	to	DA	neurons	have	been	disrupted	

(Puopolo	et	al.,	2007;	Guzman	et	al.,	2009;	Khaliq	and	Bean,	2010).	 

The	depolarizing	phase	of	the	pacemaking	mechanism	primarily	engages	sodium	

and	calcium	channels.	In	particular,	a	persistent	sodium	current	and	a	low‐voltage	

activated	L‐type	voltage‐gated	calcium	channel	(VGCC)	activated	in	subthreshold	voltage	

ranges	are	thought	to	be	the	primary	driver	of	the	cell	to	threshold	(Chan	et	al.,	2007;	

Puopolo	et	al.,	2007;	Ding	et	al.,	2011).	Hyperpolarization‐activated,	cyclic	nucleotide‐gated	

(HCN)	channels	have	also	been	identified	as	a	potential	depolarizing	drive,	in	likely	what	is	

a	form	of	redundancy	in	the	pacemaking	mechanism	(Neuhoff	et	al.,	2002;	Guzman	et	al.,	

2009;	Amendola	et	al.,	2012).	This	is	illustrated	by	the	fact	that	in	the	presence	of	

antagonists	for	the	L‐type	VGCC	pacemaking	persists	unless	HCN	channels	are	also	blocked	

(Guzman	et	al.,	2009).	Antagonism	of	HCN	channels	alone,	though,	also	fails	to	disrupt	DA	

neuron	spiking	(Chan	et	al.,	2007;	Puopolo	et	al.,	2007;	Guzman	et	al.,	2009).	 

The	repolarizing	phase	of	the	pacemaking	oscillation	involves	several	different	

potassium	channels.	Calcium	entry	through	VGCCs	during	spike	generation	results	in	the	

activation	of	small‐conductance,	calcium‐activated	potassium	(SK)	channels	that	act	to	both	

deepen	and	broaden	the	AP	afterhyperpolarization	(AHP).	SK	channels	have	also	been	

shown	to	play	an	important	role	in	the	regularity	of	SNc	DA	firing,	with	antagonism	of	SK	
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channels	promoting	irregular	and	burst	firing	(Ping	and	Shepard,	1996,	1999;	Wolfart	et	al.,	

2001;	Sarpal	et	al.,	2004;	Deignan	et	al.,	2012;	Ramírez‐Latorre,	2012).	The	A‐type	Kv4.3	

voltage‐gated	K+	channel	has	also	been	identified	as	an	important	regulator	of	firing	rate	in	

SNc	neurons,	with	antagonism	producing	higher	firing	rates	(Liss	and	Roeper,	2001;	Hahn	

et	al.,	2003;	Segev	and	Korngreen,	2007).	The	interaction	between	Kv2	and	large‐

conductance,	Ca2+	activated	K+	(BK)	channels	has	also	been	recently	identified	as	a	source	

of	regulation	for	AP	frequency	and	shape	in	SNc	neurons	(Kimm	et	al.,	2015).	 

Extrinsically	derived,	episodic	high‐frequency	“burst”	firing		

SNc	DA	neurons	have	been	observed	to	burst	both	spontaneously	and	in	response	to	

the	presentation	of	an	unexpected	reward	(Schultz,	1998,	2002,	2016a).	This	behavior	has	

been	observed	in	in	vivo	preparations	of	both	anaesthetized	and	awake‐behaving	mice,	

rats,	and	non‐human	primates	(Ljungberg	et	al.,	1992;	Schultz	et	al.,	1993;	Horvitz	et	al.,	

1997;	Hyland	et	al.,	2002;	Bayer	and	Glimcher,	2005;	Pan	et	al.,	2005;	Kobayashi	and	

Schultz,	2014).	Importantly,	though,	in	in	vitro	preparations	spontaneous	bursts	are	rarely	

observed,	indicating	the	need	for	intact	neural	circuitry	for	the	generation	of	these	events	

(Overton	and	Clark,	1992,	1997;	Paladini	and	Roeper,	2014).	These	bursts	are	composed	of,	

on	average,	2‐3	spikes,	although	as	many	as	10	spikes	within	a	burst	have	been	recorded	

(Grace	and	Bunney,	1984b;	Hyland	et	al.,	2002).	Intraburst	frequency	ranges	between	20‐

50	Hz,	with	bursts	associated	with	a	reward	generally	having	a	higher	average	frequency	

than	spontaneous	bursts	(Grace	and	Bunney,	1983a,	1984b;	Hyland	et	al.,	2002;	Pan	et	al.,	

2005).	While	initial	studies	in	anaesthetized	animals	observed	significant	spike	frequency	

adaptation	(i.e.	an	increase	in	interspike	interval,	ISI,	across	the	burst),	more	recent	work	
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in	awake	animals	suggests	this	may	be	less	common	than	originally	thought	(Grace	and	

Bunney,	1984b;	Hyland	et	al.,	2002).	 

The	mechanism	by	which	SNc	neurons	transition	from	single‐spike	mode	to	burst	

firing	is	still	poorly	understood.	It	has	been	suggested	that	N‐methy‐D‐aspartate	(NDMA)	

glutamate	receptors	play	a	critical	role	in	burst	induction	(Overton	and	Clark,	1992;	

Chergui	et	al.,	1993;	Lee	and	Tepper,	2009;	Zweifel	et	al.,	2009;	Morikawa	and	Paladini,	

2011).	In	vivo	studies	have	shown,	for	example,	that	blockade	or	knockout	of	NMDARs	

reduces	burst	firing	in	SNc	neurons	(Charlety	et	al.,	1991;	Overton	and	Clark,	1992;	Smith	

and	Grace,	1992;	Chergui	et	al.,	1993;	Zweifel	et	al.,	2009).	Similarly,	in	vitro	preparations	

have	shown	that	NMDAR	signaling	is	necessary	for	synaptically	evoked	bursts	in	SNc	

neurons	(Wilson	and	Callaway,	2000;	Kuznetsov,	2005;	Deister	et	al.,	2009;	Kuznetsova	et	

al.,	2010;	Ha	and	Kuznetsov,	2013).	The	proposed	mechanism	for	this	is	one	in	which	

oscillations	in	the	dendrites	of	SNc	neurons	are	the	primary	driver	of	spiking	irregularity	

and	burst	firing.	Several	papers	have	suggested	a	model	in	which	the	soma	and	dendrites	

oscillate	at	different	frequencies;	this	is	attributed	to	differences	in	clearance	of	

intracellular	calcium	due	to	a	smaller	vs.	larger	ratio	of	surface	area:	volume	in	somatic	vs.	

dendritic	compartments	(Wilson	and	Callaway,	2000;	Kuznetsov,	2005;	Deister	et	al.,	

2009).	Under	basal	conditions	the	somatic	oscillation	dominates	the	overall	pacemaking	

cycle	(Wilson	and	Callaway,	2000;	Kuznetsov,	2005;	Deister	et	al.,	2009;	Ha	and	Kuznetsov,	

2013).	This	balance,	however,	is	pushed	in	favor	of	the	dendritic	oscillator	upon	activation	

of	NMDARs	signaling,	which,	due	to	their	strong	voltage	dependence	associated	with	
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magnesium	block,	amplify	the	dendritic	oscillations,	subsequently	causing	the	transition	to	

burst	firing	(Wilson	and	Callaway,	2000;	Kuznetsov,	2005;	Deister	et	al.,	2009).	 

There	exists	several	pieces	of	experimental	data,	however,	that	contradict	these	

hypotheses.	In	contrast	with	the	proposition	that	the	locus	of	spike	generation	changes	in	

single	spiking	vs.	burst	spiking	mode,	it	has	been	repeatedly	shown	that	APs	are	initiated	

within	the	axon	initial	segment	(AIS)	of	DA	neurons	(Häusser	et	al.,	1995;	Blythe	et	al.,	

2009).	Recordings	from	somatic	and	dendritic	compartments	adjacent‐to	and	distal‐from	

the	AIS	have	consistently	observed	the	presence	of	the	spike	at	the	AIS	first,	followed	by	

some	delay	before	the	AP	propagates	in	to	the	other	regions	in	the	cell	(Häusser	et	al.,	

1995;	Blythe	et	al.,	2009).	Furthermore,	antagonism	of	the	calcium	oscillations	that	are	

proposed	to	underlie	the	dendritic	oscillations	does	not	occlude	burst	generation	(Blythe	et	

al.,	2009).	Finally,	it	has	been	shown	the	inhibition	of	α‐amino‐3‐hydroxy‐5‐methyl‐4‐

isoxazolepropionic	acid	(AMPA)	receptors,	which	lack	the	voltage	dependence	of	NMDARs,	

can	also	occlude	burst	firing	in	DA	neurons	(Georges	and	Aston‐Jones,	2002;	Blythe	et	al.,	

2007).	 

Reward	prediction	error	in	dopamine	neurons	

These	episodic	bursts	observed	in	SNc	DA	neurons	correspond	to	the	previously	

discussed	phasic	increase	in	striatal	DA	levels.	The	information	being	encoded	by	these	

events	is	referred	to	as	reward	prediction	error	(RPE)	–	i.e.	the	difference	between	the	

reward	received	and	the	reward	expected	from	a	particular	behavior	(Schultz,	1998,	2002,	

2016b).	Rewards	that	are	either	unexpected	or	are	better	than	expected	result	in	a	positive	
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prediction	error,	while	a	worse	or	absent	expected	reward	results	in	a	negative	prediction	

error.	A	reward	that	is	predicted	perfectly	(i.e.	the	received	reward	is	exactly	equal	to	the	

expected	reward)	produces	zero	prediction	error.	This	concept	of	prediction	error	is	

critical	to	learning,	as	it	provides	a	mechanism	by	which	an	animal	can	determine	whether	

the	performed	behavior	resulted	in	the	expected	outcome	or	not.	 

This	reward	prediction	error	has	been	found	to	be	directly	encoded	by	activity	

within	SNc	neurons	(Schultz	et	al.,	1997).	A	positive	prediction	error	results	in	a	burst	of	

activity	within	DA	neurons,	and	consequently	a	rise	in	striatal	DA	levels	that	promotes	both	

the	acute	and	future	performance	of	behavior	similar	to	what	just	produced	the	reward.	In	

contrast,	a	negative	prediction	error	produces	a	pause	in	SNc	neuron	firing	and	a	

concomitant	fall	in	striatal	DA,	thereby	disfavoring	the	associated	behavior.	Finally,	a	zero	

prediction	error	produces	no	change	in	SNc	neuron	firing,	as	would	expected	of	a	behavior	

of	no	putative	learning	value.		 

The	response	of	DA	neurons	to	a	stimulus	can	be	divided	into	two	temporal	

components.	The	first	component,	which	begins	within	60‐90	ms	of	stimulus	presentation	

and	lasts	between	50‐100	ms,	occurs	regardless	of	the	valence	(positive,	negative,	or	

neutral)	of	the	stimulus	(Steinfels	et	al.,	1983;	Romo	and	Schultz,	1990;	Horvitz	et	al.,	1997;	

Tobler	et	al.,	2003).	Rather,	the	degree	of	response	in	DA	cells	is	dependent	upon	the	

intensity	of	the	sensory	stimulus,	indicating	that	this	early	activation	phase	corresponds	to	

the	salience	of	the	stimulus	(Fiorillo	et	al.,	2013;	Kobayashi	and	Schultz,	2014).	The	second	

component	encodes	the	RPE	of	the	stimulus.	Depending	on	the	complexity	of	the	required	
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task	this	second	component	may	begin	during	the	first	component	or	may	directly	follow	it	

(Nomoto	et	al.,	2010;	Schultz,	2016a).	 

The	observation	that	burst	firing	in	DA	neurons	is	dependent	upon	synaptic	input	

raises	the	question	of	where	the	synaptic	drive	underlying	these	reward‐associated	bursts	

originates.	Given	that	these	two	distinct	aspects	of	the	DA	activation	in	response	to	a	

rewarding	stimulus	encode	different	pieces	of	information,	it	may	be	the	case	that	multiple	

synaptic	inputs	work	in	concert	to	shape	the	DA	response.		

Synaptic	connectivity	in	the	SNc	

SNc	DA	neurons	receive	GABAergic,	glutamatergic,	and	neuromodulatory	input	from	

a	variety	of	brain	areas	(Watabe‐Uchida	et	al.,	2012).	The	densest	of	these	connections	

arise	from	other	nuclei	within	the	BG	(Watabe‐Uchida	et	al.,	2012).	In	particular,	SNc	DA	

neurons	receive	substantial	GABAergic	input	from	both	the	dorsal	striatum	and	GPe,	

representing	reciprocal	connections	from	the	primary	projection	targets	for	the	SNc	

(Grofová,	1975;	Hattori	et	al.,	1975;	Bunney	and	Aghajanian,	1976;	Tulloch	et	al.,	1978;	

Ribak	et	al.,	1980;	Williams	and	Faull,	1985;	Chang,	1988;	Bolam	and	Smith,	1990;	Zahm	et	

al.,	2011;	Watabe‐Uchida	et	al.,	2012).	The	SNc	also	receives	GABAergic	input	from	the	SNr	

and,	to	a	lesser	extent,	the	GPi	(Grofova	et	al.,	1982;	Tepper	et	al.,	1995;	Paladini	et	al.,	

1999;	Lee	et	al.,	2004;	Watabe‐Uchida	et	al.,	2012).	All	of	these	nuclei	primarily	project	to	

the	ipsilateral	SNc,	where	they	form	symmetrical	synapses	on	both	the	dendrites	and	

somata	of	SNc	neurons	(Bolam	and	Smith,	1990;	Smith	et	al.,	1998).	In	addition	to	this	
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GABAergic	input,	the	SNc	receives	glutamatergic	input	from	the	BG	via	projections	from	the	

STN	(discussed	below).	 

While	generally	less	dense,	the	SNc	also	receives	input	from	a	number	of	nuclei	

outside	the	BG.	The	SNc	receives	limited	projections	from	both	the	hippocampus	and	the	

amygdala	(Zahm	et	al.,	2011;	Watabe‐Uchida	et	al.,	2012).	The	largest	of	these	is	a	

significant	projection	from	the	central	nucleus	of	the	amygdala	(Watabe‐Uchida	et	al.,	

2012).	While	the	neurochemical	identity	of	these	synapses	has	not	been	described,	they	are	

likely	GABAergic	afferents	given	that	the	majority	of	projections	from	the	central	nucleus	

are	GABAergic	(Sah	et	al.,	2003).	The	SNc	is	also	only	sparsely	connected	to	the	thalamus	

and	hypothalamus,	with	the	paraventricular	nucleus	representing	the	densest	projection	

from	these	two	regions	(Watabe‐Uchida	et	al.,	2012).	The	SNc	receives	input	from	a	

number	of	other	midbrain	nuclei	as	well.	In	particular,	the	dorsal	raphe	has	been	shown	to	

provide	a	prominent	serotoninergic	input	to	SNc	neurons	(Fibiger	and	Miller,	1977;	Dray	et	

al.,	1978;	Gervais	and	Rouillard,	2000),	while	the	pedunculopontine	nucleus	is	the	primary	

source	of	cholinergic	input	to	SNc	DA	cells	(Clarke	et	al.,	1987;	Lavoie	and	Parent,	1994a;	

Futami	et	al.,	1995;	Xiao	et	al.,	2016).	 

Glutamatergic	input	

While	overall	the	bulk	of	the	innervation	to	SNc	DA	neurons	is	GABAergic,	

comprising	between	40‐70%	of	the	synaptic	contacts	in	SNc	DA	neurons	(Henny	et	al.,	

2012),	SNc	neurons	also	receive	glutamatergic	input	from	several	brain	regions.		 
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Cortex	

The	SNc	receives	synaptic	input	from	rostral	portions	of	the	cortex,	particularly	

from	primary	motor	and	premotor	(M1	and	M2,	respectively)	cortex	as	well	as	primary	

somatosensory	cortex	(Watabe‐Uchida	et	al.,	2012).	To	a	lesser	extent,	the	SNc	also	

receives	input	from	prefrontal	areas	such	as	frontal	association	and	orbitofrontal	cortex	

(Carter,	1982;	Usunoff	et	al.,	1982;	Kornhuber	et	al.,	1984;	Naito	and	Kita,	1994;	Watabe‐

Uchida	et	al.,	2012).	There	are	virtually	no	projections	from	caudal	cortical	regions	to	the	

SNc	(Watabe‐Uchida	et	al.,	2012).	While	no	physiological	data	exists	for	these	connections,	

anatomical	studies	have	shown	these	synapses	are	asymmetrical	and	are	likely	

glutamatergic	(Carter,	1982;	Usunoff	et	al.,	1982).	 

Superior	Colliculus	

Both	anterograde	and	retrograde	tracing	studies	have	shown	a	significant	

projection	from	the	superior	colliculus	(SC)	to	SNc	DA	neurons	(Comoli	et	al.,	2003;	

McHaffie	et	al.,	2006;	May	et	al.,	2009).	Afferents	from	the	SC	have	been	shown	to	form	both	

symmetrical	and	asymmetrical	synapses	on	SNc	neurons,	with	the	latter	constituting	the	

majority	of	the	connections	(Comoli	et	al.,	2003).	This	connection	has	been	shown	to	be	

preserved	in	both	cats	and	non‐human	primates	as	well	(McHaffie	et	al.,	2006;	May	et	al.,	

2009).	 

Chemical	stimulation	of	the	SC	increases	firing	rate	and	burst	activity	within	

midbrain	DA	neurons	(Coizet	et	al.,	2003).	One	of	the	hallmark	features	of	RPE	in	SNc	

neurons	is	the	rapid	(<	100	ms)	response	to	the	presentation	of	the	stimulus	(Schultz,	
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1998,	2002).	It	has	been	argued	that	the	SC	represents	the	source	of	short‐latency	visual	

information	for	the	SNc,	as	the	SC	has	been	shown	to	respond	to	similar	stimuli	at	shorter	

latencies	than	the	SNc	(Comoli	et	al.,	2003;	Dommett	et	al.,	2005).	Furthermore,	Comoli	et	

al.	(2003)	showed	that	amplification	of	the	SC	response	to	visual	stimuli	produces	a	

concomitant	increase	in	the	SNc	response	to	those	same	stimuli,	while	inhibition	of	SC	

response	resulted	in	a	reduction	in	the	SNc	response.	 

Subthalamic	Nucleus	

As	part	of	the	indirect	pathway,	the	STN	sends	a	substantial	projection	to	the	

substantia	nigra	(Kanazawa	et	al.,	1976;	Deniau	et	al.,	1978;	Van	Der	Kooy	and	Hattori,	

1980;	Carpenter	et	al.,	1981;	Smith	et	al.,	1990).	While	the	majority	of	these	afferents	

terminate	within	the	SNr,	a	subset	have	been	shown	to	also	synapse	on	DA	neurons	in	the	

SNc	(Chang	et	al.,	1984;	Kita	and	Kitai,	1987;	Smith	et	al.,	1998).	The	STN	forms	

asymmetrical	glutamatergic	synapses	on	these	projection	targets,	with	afferents	

originating	primarily	from	the	ipsilateral	STN	(Chang	et	al.,	1984;	Kita	and	Kitai,	1987;	

Smith	et	al.,	1998).	Recent	retrograde	tracing	has	confirmed	monosynaptic	connections	

between	the	STN	and	SNc	DA	neurons	(Watabe‐Uchida	et	al.,	2012).	 

The	impact	of	the	STN	glutamatergic	input	to	SNc	DA	neurons	remains	largely	

unclear.	Studies	using	both	electrical	and	chemical	stimulation	of	the	STN	have	shown	

mixed	results	with	regards	to	the	effect	on	SNc	neuron	firing.	In	some	experiments,	both	

brief	electrical	stimulation	as	well	as	prolonged	chemical	stimulation	have	produced	

excitatory	responses,	including	increased	burst	activity,	in	SNc	neurons	(Hammond	et	al.,	
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1978;	Robledo	and	Féger,	1990;	Smith	and	Grace,	1992;	Chergui	et	al.,	1994).	These	effects	

were	shown	to	be	partially	attenuated	by	blockade	of	NMDARs	(Overton	and	Clark,	1992;	

Smith	and	Grace,	1992;	Chergui	et	al.,	1994).	Furthermore,	it	has	been	observed	that	

inhibition	of	the	STN	reduces	burst	activity	within	the	SNc	(Smith	and	Grace,	1992).	Other	

work,	however,	has	instead	observed	an	overall	inhibitory	effect	of	STN	stimulation	on	SNc	

firing	(Robledo	and	Féger,	1990;	Féger	and	Robledo,	1991;	Iribe	et	al.,	1999).	This	is	

explained	as	a	polysynaptic	effect	resulting	from	the	excitation	of	the	GABAergic	input	to	

the	SNc	from	the	SNr	(Robledo	and	Féger,	1990;	Iribe	et	al.,	1999).	 

Pedunculopontine	Nucleus	

In	addition	to	the	already	mentioned	cholinergic	projection,	the	PPN	also	sends	

glutamatergic	afferents	to	the	SNc	(Lavoie	and	Parent,	1994a;	Futami	et	al.,	1995;	Charara	

et	al.,	1996;	Smith	et	al.,	1996).	While	these	projections	primarily	originate	from	the	

ipsilateral	PPN,	some	contralateral	projections	have	been	observed	(Lavoie	and	Parent,	

1994a;	Charara	et	al.,	1996).	The	majority	of	projections	from	the	PPN	form	asymmetrical	

synapses	on	SNc	neurons,	with	roughly	40%	of	boutons	being	identified	as	glutamatergic	

(Charara	et	al.,	1996).	 

The	PPN	has	been	reliably	shown	to	be	able	to	elicit	excitatory	responses	in	SNc	DA	

neurons.	Electrical	stimulation	of	the	rostral	PPN	in	in	vitro	preparations	has	been	shown	

to	evoke	glutamate‐mediated	excitatory	post‐synaptic	potentials	(EPSPs)	in	SNc	neurons	

(Futami	et	al.,	1995).	In	vivo,	PPN	stimulation	produces	short	latency	responses	in	SNc	

neurons	that	are	largely	attenuated	by	non‐NMDAR	glutamatergic	antagonists	(Scarnati	et	
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al.,	1986,	1987;	Di	Loreto	et	al.,	1992).		This	stimulation	has	further	been	shown	to	elicit	

burst	firing	within	the	SNc	(Scarnati	et	al.,	1984;	Lokwan	et	al.,	1999;	Hong	and	Hikosaka,	

2014).	 

Like	the	SC,	the	PPN	responds	to	sensory	stimuli	at	latencies	that	precede	a	

response	in	the	SNc	(Pan	and	Hyland,	2005).	Furthermore,	the	PPN	has	been	shown	to	

encode	different	components	of	the	reward‐prediction	response	(Kobayashi	and	Okada,	

2007;	Okada	et	al.,	2009;	Norton	et	al.,	2011;	Hong	and	Hikosaka,	2014).	It	therefore	

represents	a	putative	source	of	information	for	the	generation	of	RPE	in	SNc	DA	neurons.	 

The	Pedunculopontine	Nucleus	

The	PPN	was	originally	described	as	one	of	the	brainstem	cholinergic	centers	that,	

as	part	of	the	reticular	activating	system	(RAS),	are	critical	for	the	maintenance	of	arousal	

and	the	sleep	to	wakefulness	transition	(Steriade,	1996).	With	time	and	further	

examination,	however,	the	PPN	was	found	to	contain	a	diverse	population	of	cells	and	has	

been	implicated	in	a	wide	array	of	behaviors.	In	particular,	the	PPN	has	dense	

interconnectivity	with	the	structures	of	the	BG,	to	the	point	that	some	have	argued	that	the	

PPN	should	be	included	in	the	list	of	BG	nuclei	(Mena‐Segovia	et	al.,	2004).	 

Cytoarchitecture	

As	mentioned,	the	PPN	was	initially	thought	to	be	composed	largely,	if	not	entirely,	

of	cholinergic	cells	(Mesulam	et	al.,	1983;	Rye	et	al.,	1987;	Mesulam	et	al.,	1989;	Côté	and	

Parent,	1992).	These	cells,	which	are	identified	by	their	strong	immunoreactivity	to	

antibodies	for	choline	acetyltransferase	(ChAt;	enzyme	response	to	catalyzes	formation	of	
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acetycholine	from	choline	and	acetyl‐CoA),	range	in	size	from	20	to	40	µm.	Larger	cells	

generally	have	a	fusiform	or	triangular	soma	with	3‐6	primary	dendrites,	while	more	

medium‐sized	cells	are	round	in	shape	and	give	rise	to	2‐3	primary	dendrites	(Rye	et	al.,	

1987;	Lavoie	and	Parent,	1994b;	Ford	et	al.,	1995;	Takakusaki	et	al.,	1997;	Wang	and	

Morales,	2009).	In	addition	to	these	cells,	however,	the	PPN	has	been	shown	to	contain	a	

large	population	of	GABAergic	and	glutamatergic	cells,	as	identified	by	the	expression	of	

glutamic	acid	decarboxylase	(GAD)	and	VGLUT2,	respectively	(Ford	et	al.,	1995;	Mena‐

Segovia	et	al.,	2009;	Wang	and	Morales,	2009;	Martinez‐Gonzalez	et	al.,	2012).	Both	

GABAergic	and	glutamatergic	cell	populations	tend	to	be	smaller,	with	round	somas	in	the	

range	of	10‐20	µm	in	diameter.	 

Due	to	the	historical	focus	on	its	cholinergic	cell	population,	the	PPN	borders	are	

defined	by	the	location	of	these	ChAt+	cells	(Mesulam	et	al.,	1983,	1984;	Rye	et	al.,	1987).	

Rostrally	it	is	bordered	by	the	substantia	nigra	and	RRF,	while	being	bounded	caudally	by	

the	parabrachial	nucleus	(Rye	1987).	Its	medial	border	is	formed	by	the	superior	cerebellar	

peduncle	and	midbrain	extrapyramidal	area,	while	the	lateral	border	is	formed	by	lateral	

lemniscus.	The	dorsal	and	ventral	borders	are	made	up	by	the	cuneiform	nucleus	and	

pontine	tegmental	field,	respectively.	The	PPN	is	further	subdivided	into	two	regions	–	pars	

dissipata,	located	rostrally,	and	the	pars	compacta,	located	caudally	–	based	on	the	density	

of	cholinergic	cells	within	these	areas	(Olszewski	and	Baxter,	1982;	Rye	et	al.,	1987).	This	

rostral	portion	receives	a	larger	portion	of	BG	input	than	the	caudal	region	(Charara	and	

Parent,	1994;	Lavoie	and	Parent,	1994c;	Oakman	et	al.,	1995;	Takakusaki	et	al.,	1996;	
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Oakman	et	al.,	1999;	Dautan	et	al.,	2014).	Furthermore,	the	majority	of	input	from	the	PPN	

to	the	SNc	arises	from	cells	within	the	pars	dissipata	(Takakusaki	et	al.,	1996).	 

More	recently	these	functionally	distinct	rostral	and	caudal	regions	have	been	

redefined	based	upon	the	GABAergic,	rather	than	cholinergic,	cell	population	within	the	

PPN	(Mena‐Segovia	et	al.,	2009).	GABAergic	neurons	are	most	abundant	in	the	rostral	PPN,	

representing	40‐45%	of	the	cells	in	this	area.	In	contrast,	GABAergic	cells	are	the	minority	

population	in	the	caudal	PPN,	being	outnumbered	by	cholinergic	cells	roughly	3:1	(Mena‐

Segovia	et	al.,	2009).	VGLUT2	positive	cells	also	follow	a	gradient	opposite	that	of	the	

GABAergic	population,	representing	approximately	50%	and	37%	of	the	cells	in	the	pars	

compacta	and	pars	dissipata,	respectively	(Wang	and	Morales,	2009).	Interestingly,	the	

most	recent	estimates	put	the	cholinergic	cells	as	the	least	populous	group	in	the	PPN,	

constituting	roughly	25‐30%	of	the	overall	cell	population	in	the	PPN	(Wang	and	Morales,	

2009).	Rather,	glutamatergic	cells	represent	the	majority	population,	making	up	between	

40‐45%	of	the	total	population	in	the	PPN,	while	GABAergic	cells	compose	between	30‐

34%	of	the	total	number	of	PPN	neurons	(Wang	and	Morales,	2009).	 

Cellular	physiology	

The	diversity	in	cell	types	in	the	PPN	is	paralleled	by	a	diversity	in	their	physiology.	

Early	groups	identified	different	subsets	of	PPN	neurons	based	on	properties	such	as	

spontaneous	activity,	spike	waveform,	and	the	presence	of	certain	currents.	Leonard	and	

Llinás	(1990,	1994)	identified	three	primary	subtypes,	two	of	which	were	observed	to	fire	

spontaneously	while	the	third	responded	to	current	injections	with	a	train	of	spikes.	Two	of	
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these	populations,	one	being	the	group	lacking	spontaneous	activity,	were	shown	to	have	a	

calcium‐mediated	low‐threshold	spike	(LTS),	while	the	other	spontaneous	population	

contained	an	A‐type	potassium	current	(IA)	(Leonard	and	Llinás,	1990,	1994).	Largely	in	

agreement	with	this	work,	Kang	and	Kitai	(1990)	classified	PPN	neurons	in	to	three	groups:	

Type	I,	II,	and	III.	Type	I	were	identified	based	on	the	presence	of	a	calcium‐dependent	LTS;	

Type	II	contained	an	A‐type	potassium	current;	and	Type	III	lacked	both	LTS	and	IA	(Kang	and	

Kitai,	1990).	Based	on	subsequent	work,	Type	II	neurons	likely	correspond	to	cholinergic	cells	

in	the	PPN	(Takakusaki	et	al.,	1997).		 

More	recently,	it	has	been	observed	that	cholinergic	and	GABAergic	cells	in	the	PPN	

can	be	largely	distinguished	based	on	the	presence	or	absence,	respectively,	of	the	M‐type	

potassium	current	(Bordas	et	al.,	2015).	Cholinergic	cells	were	further	shown	to	have	a	

slower	basal	firing	rate	and	a	larger	AHP	than	GABAergic	cells	in	the	PPN	(Bordas	et	al.,	

2015;	Petzold	et	al.,	2015).	The	presence	of	an	M‐current	is	also	tied	to	a	more	prominent	

spike‐frequency	adaption	in	cholinergic	neurons,	as	well	as	the	presence	of	a	tetrodotoxin	

(TTX)	sensitive,	high‐threshold	membrane	oscillation	observed	in	ch+olinergic	neurons	but	

not	GABAergic	neurons	(Bordas	et	al.,	2015).	While	not	directly	assessed,	glutamatergic	

neurons	in	the	PPN	also	likely	lack	this	M‐type	current.	 

A	number	of	in	vivo	studies	have	also	sought	to	classify	PPN	neurons	based	on	their	

activities	profiles	during	different	brain	states.	Cholinergic	cells	have	been	repeatedly	

shown	to	increase	their	activity	prior‐to,	and	during,	waking	and	REM‐sleep	state	

transitions	from	a	sleeping‐state	(Steriade	et	al.,	1990a,	1990b;	Mena‐Segovia	et	al.,	2008;	

Boucetta	and	Jones,	2009;	Boucetta	et	al.,	2014;	Cox	et	al.,	2016).	The	response	profiles	of	
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non‐cholinergic	cells	is	more	heterogenous,	with	some	showing	a	similar	increase	in	firing	

rate	in	response	to	arousal,	while	others	show	an	opposite	pattern	in	which	they	are	

primarily	active	in	the	sleeping‐state	and	are	inhibited	during	the	aroused	state	(Boucetta	

and	Jones,	2009;	Roš	et	al.,	2010;	Boucetta	et	al.,	2014;	Petzold	et	al.,	2015).	Within	the	non‐

cholinergic	group	of	cells	that	are	activated	in	the	aroused	state,	further	subpopulations	

have	been	described	showing	a	preferential	activation	during	waking	or	REM‐sleep	states	

(Boucetta	et	al.,	2014).	While	some	have	argued	that	the	cholinergic	population	can	be	

distinguished	from	non‐cholinergic	cells	based	on	a	phasic	vs.	tonic	or	inhibitory	response	

to	cortical	activation	(Petzold	et	al.,	2015),	others	indicate	too	great	of	an	overlap	in	activity	

profiles	to	reliably	separate	cholinergic,	glutamatergic,	and	GABAergic	populations	in	the	

PPN	from	physiology	data	alone	(Boucetta	et	al.,	2014).	 

Connectivity	

The	PPN	sends	cholinergic,	glutamatergic,	and	GABAeric	projections	to	a	number	of	

brain	areas.	The	longest	range	afferents	arise	from	the	cholinergic	cells,	which	on	average	

give	rise	to	five	collaterals	that	primarily	ascend	to	target	areas	of	the	BG	and	limbic	system	

(Semba	and	Fibiger,	1992;	Lavoie	and	Parent,	1994c;	Takakusaki	et	al.,	1996;	Mena‐Segovia	

et	al.,	2008;	Dautan	et	al.,	2014,	2016a).	GABAergic	and	glutamatergic	cells	in	the	PPN,	in	

contrast,	produce	on	average	two	axon	collaterals	that	primarily	project	to	more	local	

targets	within	the	midbrain	and	brainstem	(Bevan	and	Bolam,	1995;	Ford	et	al.,	1995;	

Mena‐Segovia	et	al.,	2008;	Roš	et	al.,	2010).	Ascending	projections	are	topographically	

organization,	with	projections	to	the	motor	structures	such	as	the	SNc	and	dorsal	striatum	

originating	in	the	rostral	PPN	while	afferents	from	the	caudal	PPN	primarily	project	to	
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limbic	structures	(Jackson	and	Crossman,	1983;	Lavoie	and	Parent,	1994c;	Oakman	et	al.,	

1995;	Martinez‐Gonzalez	et	al.,	2011;	Dautan	et	al.,	2014).	Overall	every	nuclei	within	the	

BG	receives	some	combination	of	input	from	cells	within	the	PPN.	The	thalamus	is	also	

heavily	innervated	by	the	PPN,	with	the	majority	of	the	projections	arising	from	cholinergic	

cells	in	the	caudal	PPN	(Sugimoto	and	Hattori,	1984;	Smith	et	al.,	1988;	Steriade	et	al.,	1988,	

1990a;	Kobayashi	and	Nakamura,	2003;	Kobayashi	et	al.,	2007;	Parent	and	Descarries,	

2008).	Both	the	superior	and	inferior	colliculus	also	receive	projections	from	the	PPN	

(Beninato	and	Spencer,	1986;	Hall	et	al.,	1989;	Mena‐Segovia	et	al.,	2008;	Motts	and	

Schofield,	2009).	 

The	PPN	also	sends	a	number	of	descending	projections	to	structures	within	the	

brainstem	and	spinal	cord.	The	descending	cholinergic	fibers	arise	as	collaterals	from	the	

ascending	axons,	while	the	descending	non‐cholinergic	fibers	exist	as	both	collaterals	from	

ascending	projections	as	well	as	single	descending	axons	(Mena‐Segovia	et	al.,	2008;	Roš	et	

al.,	2010;	Martinez‐Gonzalez	et	al.,	2014).The	brainstem	projection	targets	include	the	

pontine	reticular	formation,	gigantocellular	reticular	nucleus,	and	portions	of	the	medulla	

(Mitani	et	al.,	1988;	Rye	et	al.,	1988;	Nakamura	et	al.,	1989;	Skinner	et	al.,	1990b;	Grofova	

and	Keane,	1991;	Takakusaki	et	al.,	1996;	Garcia‐Rill	et	al.,	2001;	Martinez‐Gonzalez	et	al.,	

2014).	Projections	to	the	spinal	cord	arise	primarily	from	the	non‐cholinergic	cells	in	the	

PPN	(Rye	et	al.,	1988;	Spann	and	Grofova,	1989;	Skinner	et	al.,	1990a).	 

Afferent	input	to	the	PPN	has	been	less	well	described,	particularly	with	regards	to	

input	to	specific	neurochemical	subpopulations	within	the	PPN.	It	is	clear,	however,	that	

the	PPN	receives	reciprocal	connections	from	the	BG	output	nuclei	(GPi,	SNr)	as	well	as	the	
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STN	and	GPe	(Kita	and	Kitai,	1987;	Scarnati	et	al.,	1987;	Granata	and	Kitai,	1989;	Nakamura	

et	al.,	1989;	Spann	and	Grofova,	1991;	Semba	and	Fibiger,	1992;	Saitoh	et	al.,	2003;	Florio	

et	al.,	2007).	The	PPN	also	receives	DA	input	from	both	the	VTA	and	SNc	(Haber	et	al.,	1990;	

Semba	and	Fibiger,	1992;	Grofova	and	Zhou,	1998;	Rolland	et	al.,	2009).	Tracing	studies	

have	also	identified	afferents	from	cortical	areas	including	frontal	motor	regions,	medial	

prefrontal	cortex	and	primary	auditory	cortex	(Sesack	et	al.,	1989,	1989;	Semba	and	

Fibiger,	1992;	Schofield	and	Motts,	2009).	Both	the	inferior	and	superior	colliculus	send	

projections	to	the	PPN,	as	do	the	deep	cerebellar	nuclei	and	laterodorsal	tegmental	nucleus	

(LDT)	(Satoh	and	Fibiger,	1986;	Woolf	and	Butcher,	1986;	Redgrave	et	al.,	1987;	Hazrati	

and	Parent,	1992;	Semba	and	Fibiger,	1992;	Steininger	et	al.,	1992).	The	PPN	also	receives	

input	from	several	brainstem	nuclei	including	the	dorsal	raphe	and	locus	coeruleus	(Jones	

and	Yang,	1985;	Vertes,	1991;	Semba	and	Fibiger,	1992;	Steininger	et	al.,	1997).	 

Function	

Arousal	

The	cholinergic	neurons	in	the	PPN	and	neighboring	LDT	were	originally	described	

in	the	context	of	the	RAS,	which	had	been	identified	as	a	critical	structure	for	the	

transitioning	between	states	of	arousal	(Steriade	et	al.,	1991;	Steriade,	1996).	The	

abundant	projections	from	the	PPN	to	the	thalamus,	which	in	turn	projects	to	regions	

throughout	the	cortex,	were	suggested	to	provide	a	means	by	which	the	RAS	could	activate	

the	cortex	and	promote	wakefulness	(Smith	et	al.,	1988,	1988).	This	hypothesis	is	

supported	by	the	observation	that	cells	within	the	PPN	show	higher	average	activity	levels	
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during	waking	and	REM‐sleep	states	(Steriade	et	al.,	1990a;	Datta	and	Siwek,	2002;	Mena‐

Segovia	et	al.,	2008;	Boucetta	and	Jones,	2009).	Furthermore,	both	electrical	and	

pharmacological	stimulation	of	the	PPN	has	been	repeatedly	shown	to	induce	transitions	

from	the	sleep	to	the	waking	state	(Moruzzi	and	Magoun,	1949;	Jones,	1991;	Datta	and	

Siwek,	1997;	Datta,	2002,	2007).	 

Despite	this	work,	lesions	to	the	PPN	have	largely	failed	to	show	a	disruption	to	the	

overall	sleep‐wake	cycle	(Shouse	and	Siegel,	1992;	Deurveilher	and	Hennevin,	2001;	Lu	et	

al.,	2006).	Similarly,	studies	employing	techniques	to	selectively	activate	PPN	cholinergic	

cells	have	produced	mixed	results.	While	optogenetic	activation	of	these	cells	has	been	

shown	to	induce	the	transition	to	rapid‐eye	movement	(REM)‐sleep	(Van	Dort	et	al.,	2015),	

prolonged	chemogenetic	stimulation	of	PPN	cholinergic	cells	failed	to	increase	time	spent	

in	the	awake	state	(Kroeger	et	al.,	2017).	Furthermore,	in	vivo	recordings	of	PPN	

cholinergic	neurons	show	transient	increases	in	firing	rate	preceding	the	transition	from	a	

sleep	to	waking	state	(Mena‐Segovia	et	al.,	2008;	Boucetta	et	al.,	2014),	arguing	against	a	

role	for	these	cells	in	the	maintenance	of	arousal	(Mena‐Segovia	and	Bolam,	2017).	In	

contrast,	chemogenetic	activation	glutamatergic	PPN	neurons,	subpopulations	of	which	

show	prolonged	activation	following	state	transitions	(Roš	et	al.,	2010),	produces	

significant	increases	in	wakefulness	(Kroeger	et	al.,	2017).	 

Nevertheless,	cholinergic	activity	in	the	thalamus	has	been	shown	to	be	associated	

with	the	desynchronization	of	cortical	slow‐wave	activity	and	the	transition	to	high‐

frequency	gamma	oscillations	associated	with	wakefulness	(Steriade	et	al.,	1990a,	1991;	

Williams	et	al.,	1994;	Mena‐Segovia	et	al.,	2008).	Specific	activation	of	PPN	cholinergic	cells	



42 
 

has	similarly	been	shown	to	induce	cortical	gamma	oscillations	(Furman	et	al.,	2015).	By	

acting	upon	muscarinic	receptors	in	the	thalamus,	even	transient	activation	of	cholinergic	

PPN	neurons	may	exert	long‐lasting	effects	on	the	activity	of	thalamocortical	neurons	

(Dossi	et	al.,	1991;	McCormick,	1993;	Steriade,	1993).	The	role	that	non‐cholinergic	PPN	

neurons	play	in	regulating	thalamocortical	projections	remains	largely	unclear,	however.	 

Movement	

The	PPN	has	also	long	been	included	as	a	part	of	the	mesencephalic	locomotor	

region	(MLR),	which,	upon	repeated	stimulation,	is	capable	of	generating	spontaneous	

movement,	particularly	stepping	behavior	(Shik	et	al.,	1966;	Mori	et	al.,	1978;	Garcia‐Rill	et	

al.,	1987;	Lai	and	Siegel,	1990;	Skinner	et	al.,	1990a).	In	contrast,	other	stimulation	patterns	

within	reticular	structures	such	as	the	PPN	have	been	shown	to	induce	atonia,	as	

experienced	during	REM	sleep,	through	inhibition	of	spinal	motoneurons	(Chase	et	al.,	

1986;	Chase	and	Morales,	1990;	Takakusaki	et	al.,	2016).	Furthermore,	degeneration	of	

PPN	cholinergic	neurons	has	been	suggested	to	play	a	particularly	important	role	in	falls	

associated	with	postural	instability	seen	in	PD	(Rinne	et	al.,	2008;	Weinberger	et	al.,	2008;	

Bohnen	et	al.,	2009),	which	has	led	to	the	targeting	of	PPN	for	deep‐brain	stimulation	(DBS)	

in	PD	patients	(Pahapill	and	Lozano,	2000;	Hamani	et	al.,	2011;	Garcia‐Rill	et	al.,	2015).	 

Recent	work	in	decerebrate	cats	by	Takakusaki	et	al.	(2016)	has	demonstrated	

dichotomous	roles	for	cholinergic	and	non‐cholinergic	(presumed	glutamatergic)	signaling	

originating	from	the	PPN	with	regards	to	movement.	Stimulation	of	the	PPN	was	shown	to	

produce	inhibition	of	brainstem	motor	regions	and	spinal	motoneurons,	as	well	as	a	
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concomitant	decrease	in	muscle	tone,	all	of	which	were	sensitive	to	block	by	muscarinic	

antagonist	atropine.	In	contrast,	a	non‐atropine	sensitive	excitatory	response	in	these	same	

areas	was	also	observed	(Takakusaki	et	al.,	2016).	Selective	stimulation	of	glutamatergic	

PPN	neurons	in	mice	has	also	been	shown	to	more	robustly	induce	locomotion	than	

selective	stimulation	of	the	cholinergic	cells	in	PPN	(Roseberry	et	al.,	2016).	 

These	findings	contrast	with	other	reports	that	activation	of	PPN	cholinergic	

neurons	increases	motor	activity	in	mice	(Dautan	et	al.,	2016b;	Xiao	et	al.,	2016).	An	

important	distinction	between	these	studies	and	the	work	by	Takakusaki	et	al.	(2016),	

however,	is	the	preservation	of	forebrain	connections,	particularly	to	midbrain	DA	

structures.	It	is	therefore	possible	that	the	observed	increased	in	locomotor	activity	upon	

PPN	cholinergic	stimulation	can	be	attributed	to	increased	activity	in	BG	motor	circuits	

(Mena‐Segovia	and	Bolam,	2017).	Overall,	the	current	literature	suggests	that	the	inclusion	

of	PPN	in	the	MLR	can	most	likely	be	attributed	to	activity	of	the	glutamatergic	population	

of	PPN	neurons,	while	PPN	cholinergic	neurons	likely	underlie	the	role	of	PPN	in	postural	

muscle	tone	(Mena‐Segovia	and	Bolam,	2017).	 

Reinforcement	Learning	

In	addition	to	its	canonical	role	in	arousal	and	movement,	the	PPN	has	more	

recently	been	suggested	to	play	a	significant	part	in	a	variety	of	learning	paradigms.	

Lesions	of	the	PPN	disrupt	learning	acquisition	for	both	classical	and	operant	conditioning	

tasks	(Inglis	et	al.,	2000;	Alderson	et	al.,	2001,	2002,	2003,	2004,	2006,	2008;	Bortolanza	et	

al.,	2010;	Syed	et	al.,	2016).	More	selective	lesions	targeting	either	the	anterior	or	posterior	
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PPN,	which	preferentially	target	the	SNc	and	VTA	respectively,	have	also	been	shown	to	

affect	different	aspects	of	a	reinforcement	learning	task,	with	the	latter	primarily	impairing	

learning	the	task	(lever	pressing)	while	the	former	disrupted	response	control	(Wilson	et	

al.,	2009).	In	agreement	with	these	studies,	stimulation	of	the	PPN	in	vivo	produces	a	

significant,	transient	increase	in	DA	levels	in	the	nucleus	accumbens	(NAc;	structure	within	

the	ventral	striatum	primarily	targeted	by	VTA	DA	neurons)	due	to	increased	burst	activity	

within	the	VTA	(Floresco	et	al.,	2003).	Moreover,	recent	work	employing	techniques	to	

selectively	stimulate	neuron	sub‐populations	within	the	PPN	has	found	that	activation	of	

the	PPN	glutamatergic	cells	is	reinforcing	in	a	self‐administration	paradigm	(Yoo	et	al.,	

2016).	Similarly,	bidirectional	control	(activation	or	inhibition)	of	the	cholinergic	PPN	

population	is	capable	of	conditioning	an	animal	to	prefer	one	chamber	over	another	in	a	

conditioned	placed‐preference	task	(Xiao	et	al.,	2016).	 

Despite	this	evidence,	the	specific	information	encoded	by	the	PPN	with	regards	to	

these	learning	tasks	remains	largely	unclear.	Studies	have	found	significant	heterogeneity	

within	the	response	profiles	of	PPN	neurons	to	different	behavioral	cues.	Some	cells,	for	

example,	have	been	shown	to	respond	to	sensory	stimuli	independent	of	any	reward	value	

associated	with	the	stimulus	(Pan	and	Hyland,	2005).	The	responses	of	these	cells	were	

themselves	heterogeneous	with	regards	to	preference	for	sensory	modality	and	overall	

structure	(i.e.	duration	and	direction	of	response).	In	contrast,	a	number	of	studies	have	

observed	PPN	neurons	that	show	differential	responses	based	on	a	presented	reward	or	

reward‐predicting	stimulus	(Dormont	et	al.,	1998;	Okada	et	al.,	2009;	Okada	and	

Kobayashi,	2013;	Hong	and	Hikosaka,	2014).	These	studies	have	largely	identified	two	
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separate	populations	that	respond	either	to	the	onset	of	the	reward‐predicting	stimulus	or	

to	the	delivery	of	the	reward	(Okada	et	al.,	2009).	The	responses	were	generally	observed	

as	an	increase	in	the	tonic	firing	rate	of	the	cells,	with	the	response	duration	and	amplitude	

(firing	rate)	being	graded	by	the	magnitude	of	the	reward	(Okada	et	al.,	2009;	Norton	et	al.,	

2011).	While	some	cells	show	some	aspect	of	prediction	error	based	on	the	grading	of	the	

response,	overall	the	response	profiles	of	PPN	neurons	do	not	resemble	the	direct	encoding	

of	RPE	observed	in	DA	neurons	(Okada	et	al.,	2009;	Norton	et	al.,	2011;	Okada	and	

Kobayashi,	2013;	Hong	and	Hikosaka,	2014).	In	all	of	these	examples,	the	response	within	

the	PPN	generally	occurred	at	shorter	latency	to	the	expected	(or	observed)	DA	neuron	

response	latency,	indicating	that	PPN	neurons	are	a	potential	driver	of	the	subsequent	

activity	observed	in	the	DA	cells.	Lacking	from	this	work,	however,	is	any	neurochemical	

identification	of	the	cells	involved	in	these	signals.	 

Summary	

Overall	the	physiological	and	anatomical	characteristics	of	the	PPN,	particularly	its	

dense	connectivity	with	the	BG,	place	it	in	a	position	to	influence	a	variety	of	behaviors.	It	

has	recently	been	suggested	that	the	primary	purpose	of	the	PPN	is	to	provide	the	BG	with	

information	about	changing	behavioral	states	in	response	to	environmental	events	(Mena‐

Segovia	and	Bolam,	2017).	This	perspective	primarily	focuses	on	the	role	of	cholinergic	

neurons	within	the	PPN,	noting	that	the	role	of	the	non‐cholinergic	population	is	still	

largely	unclear	(Mena‐Segovia	and	Bolam,	2017).	With	regards	to	the	SNc,	the	PPN	likely	

represents	an	important	input	structure,	particularly	as	a	source	of	excitatory	signaling.	

Despite	the	neurochemical	heterogeneity	within	the	PPN,	the	majority	of	the	literature	that	
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has	examined	PPN‐SNc	connectivity	has	done	so	largely	with	respect	to	the	cholinergic	

innervation	of	SNc	neurons	by	the	PPN.	The	work	presented	here	therefore	aims	to	expand	

this	literature	with	a	detailed	neurophysiological	examination	of	the	PPN	glutamatergic	

input	to	SNc	DA	neurons.	 
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Chapter	2:	Pedunculopontine	glutamatergic	neurons	control	

spike	patterning	in	substantia	nigra	dopaminergic	neurons		

	

Introduction	

SNc	dopaminergic	(DA)	neurons	play	a	central	role	in	modulating	goal	directed	actions	

and	habits,	which	are	under	the	control	of	the	basal	ganglia.	As	such,	a	great	deal	of	effort	

has	been	devoted	to	understanding	what	governs	the	activity	of	SNc	DA	neurons.	The	

spiking	behavior	of	these	cells	can	be	placed	into	one	of	two	broad	categories	–	a	single	

spiking,	low‐frequency	(<	10Hz)	mode	and	a	multi‐spike,	higher	frequency,	“burst”	mode	

(Grace	and	Bunney,	1984a,	1984b;	Hyland	et	al.,	2002).	The	single	spike	mode	is	critical	for	

maintaining	ambient	levels	of	DA	in	target	structures,	while	the	burst	mode	is	thought	to	be	

a	fundamental	signal	for	action	selection	and	reward‐based	learning	(Schultz,	2007;	Tsai	et	

al.,	2009;	Schultz,	2016a).		 

The	single	spiking	mode	of	SNc	neurons	is	generated	by	an	intrinsic	pacemaking	

mechanisms	involving	the	cooperation	of	a	number	of	Na+,	K+,	and	Ca2+	ion	channels	

(Shepard	and	Bunney,	1988;	Nedergaard	et	al.,	1993;	Chan	et	al.,	2007;	Puopolo	et	al.,	2007;	

Guzman	et	al.,	2009;	Ding	et	al.,	2011;	Kimm	et	al.,	2015).	This	behavior	is	preserved	in	the	

absence	of	synaptic	input,	and	is	observed	in	both	dissociated	and	ex	vivo	brain	slice	

preparations	(Chan	et	al.,	2007;	Puopolo	et	al.,	2007;	Guzman	et	al.,	2009;	Ding	et	al.,	2011).	

In	contrast,	burst	spiking	is	lost	in	preparations	lacking	functionally	intact	synaptic	

connectivity	(Shepard	and	Bunney,	1991;	Johnson	and	Wu,	2004;	Blythe	et	al.,	2007)	and	is	
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disrupted	in	vivo	by	local	application	of	glutamatergic	receptor	antagonists	(Grace	and	

Bunney,	1984b;	Charlety	et	al.,	1991;	Overton	and	Clark,	1992;	Smith	and	Grace,	1992;	

Chergui	et	al.,	1993),	demonstrating	the	necessity	of	synaptic	activity	for	the	production	of	

these	events.	 

Because	local	infusion	of	NMDAR	antagonists	in	vivo	reduced	burst	activity	in	

anesthetized	rodents	(Overton	and	Clark,	1992;	Chergui	et	al.,	1993),	subsequent	studies	

have	focused	on	the	potential	mechanisms	by	which	NMDARs	might	generate	naturally	

occurring	bursts.	Indeed,	NMDARs	can	amplify	intrinsic	oscillatory	activity	and	promote	

the	transition	from	slow,	single	spike	pacemaking	to	a	burst	pattern	(Wilson	and	Callaway,	

2000;	Kuznetsov,	2005;	Deister	et	al.,	2009;	Kuznetsova	et	al.,	2010;	Ha	and	Kuznetsov,	

2013).	In	contrast,	α‐amino‐3‐hydroxy‐5‐methyl‐4‐isoxazolepropionic	acid	(AMPA)	

receptors	(AMPARs),	the	other	ionotropic	glutamate	receptor	found	at	SNc	glutamatergic	

synapses,	appear	unable	to	produce	burst	activity	like	that	observed	in	vivo	(Shepard	and	

Bunney,	1991;	Johnson	and	Wu,	2004;	Deister	et	al.,	2009).	However,	local	electrical	

stimulation	of	glutamatergic	axons	can	induce	burst‐like	spiking	in	SNc	DA	neurons	that	is	

dependent	upon	AMPARs	(Georges	and	Aston‐Jones,	2002;	Blythe	et	al.,	2007).	 

One	of	the	missing	pieces	in	this	story	is	an	interrogation	of	specific	glutamatergic	

inputs	to	SNc	DA	neurons.	Rabies	virus	tracing	studies	have	identified	a	handful	of	

glutamatergic	neurons	that	synapse	on	SNc	DA	neurons,	including	those	in	the	subthalamic	

nucleus	(STN),	cerebral	cortex,	the	superior	colliculus	and	the	pedunculopontine	nucleus	

(PPN)	(Watabe‐Uchida	et	al.,	2012).	Of	these,	the	PPN	is	of	particular	interest	because	of	

the	strength	of	its	projection	to	SNc	and	its	connectivity	with	the	rest	of	the	basal	ganglia	
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(Clarke	et	al.,	1987;	Lavoie	and	Parent,	1994c,	1994a;	Charara	et	al.,	1996;	Mena‐Segovia	et	

al.,	2004;	Martinez‐Gonzalez	et	al.,	2011).	Interestingly,	PPN	neurons	respond	to	

environmental	events	in	a	way	that	resembles	SNc	DA	neurons,	including	burst	spiking	in	

response	to	salient	and	rewarding	stimuli	(Condé	et	al.,	1998;	Kobayashi	et	al.,	2002;	Pan	

and	Hyland,	2005;	Norton	et	al.,	2011;	Thompson	and	Felsen,	2013;	Hong	and	Hikosaka,	

2014).	Moreover,	activation	of	the	PPN	in	vivo	can	evoke	repetitive	spiking	in	SNc	DA	

neurons	(Scarnati	et	al.,	1984;	Lokwan	et	al.,	1999;	Floresco	et	al.,	2003;	Hong	and	

Hikosaka,	2014),	and	ablation	of	the	PPN	disrupts	learning	operant	tasks	(Inglis	et	al.,	

2000;	Wilson	et	al.,	2009;	Bortolanza	et	al.,	2010;	Syed	et	al.,	2016).	 

Taken	together,	these	observations	suggest	that	PPN	glutamatergic	neurons	might	be	

able	to	generate	patterned	activity	in	SNc	DA	neurons,	particularly	bursts.	To	isolate	the	

influence	of	PPN	glutamatergic	neurons	on	SNc,	a	combination	of	optogenetic	and	

pharmacological	tools	were	used.	Subcellular	optogenetic	mapping	revealed	that	PPN	

glutamatergic	synapses	were	focused	on	the	soma	and	proximal	dendrites,	near	the	axon	

initial	segment.	Indeed,	stimulation	of	PPN	axons	reliably	evoked	spikes	within	SNc	

neurons	at	a	variety	of	firing	rates,	including	those	observed	in	in	vivo	bursts.	The	ability	of	

PPN	axons	to	drive	burst	firing	was	dependent	solely	upon	AMPARs,	not	NMDARs.	Thus,	in	

addition	to	NMDAR‐dependent	forms	of	burst	spiking,	where	the	pattern	of	activity	is	

dependent	upon	an	interaction	between	synaptic	and	intrinsic	mechanisms,	the	pattern	of	

PPN‐evoked	burst	spiking	may	be	extrinsically	determined.	
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Results	

PPN‐SNc	glutamatergic	synapses	had	Ca2+	impermeable	AMPARs	and	GluN2D	containing	

NMDARs	

Injections	of	adeno‐associated	virus	serotype	9	(AAV9)	ChR2‐eYFP	driven	by	the	

human	Synapsin	I	(hSyn)	promoter	were	made	in	to	the	PPN	of	wildtype	or	DAT‐Cre/Ai14‐

tdTomato	mice	(Figure	1A).	Projections	from	the	PPN	to	SNc	were	visualized	ten	days	after	

injection	(Figure	1B‐C).	To	confirm	functional	expression	of	ChR2	in	PPN	neurons,	whole‐

cell	patch	clamp	recordings	were	performed	on	ChR2	expressing	cells	in	the	PPN	(Figure	

2).	Photo‐stimulation	of	these	cells	with	full‐field	(~360	µm	diameter)	blue	light	(473	nm)	

LED	illumination	reliably	evoked	photocurrents	and	associated	action	potentials	(Figure	1	

B‐C).		
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SNc	neurons	were	identified	in	coronal	or	parasagittal	ex	vivo	brain	slices	based	on	their	

morphology,	location	within	the	slice,	and	regular	pacemaking	activity	(Lacey	et	al.,	1989;	

Mercuri	et	al.,	1994;	Chan	et	al.,	2007;	Guzman	et	al.,	2009).	Glutamatergic	responses	were	

isolated	by	antagonizing	GABAA	(10	µM	gabazine)	and	nicotinic	cholinergic	receptors	(10	

µM	mecamylamine).	Synaptic	responses	evoked	with	1	ms	full‐field	photo‐stimulation	of	

PPN	ChR2	expressing	afferents	were	recorded	in	SNc	neurons	held	at	‐70	mV	in	the	whole‐

cell	patch‐clamp	configuration	(Figure	1D).	Paired‐pulse	stimulation	(20	Hz)	evoked	

responses	with	amplitude	ratios	less	than	one	(Figure	1E;	PPR	=	0.83	±	0.13,	n=10),	

indicating	that	the	PPN	glutamatergic	synapse	had	a	high	release	probability.	This	was	

confirmed	with	electrical	stimulation	of	PPN	afferents	using	a	bipolar	electrode	placed	in	

the	rostral	portion	of	PPN	(Figure	3;	PPR	=	0.70	±	0.16,	n=19).	To	determine	the	

Figure 1. Optogenetic stimulation of PPN afferents evokes glutamatergic responses in SNc 
DA neurons 

(A) Stereotaxic injections of AAV9.hSyn.hChR2 were made in to the PPN of DAT-
Cre/Ai14-tdTomato or wildtype mice. (B) Representative images taken from four sagittal 
sections from one DAT-Cre/Ai14-tdTomato mouse 10 days following injection of hSyn-
ChR2-eYFP in to PPN. Scale bars represent 100 µm.  (C) Expanded view of section (gray 
box) from (B3) showing ChR2-expressing PPN fibers (green) intermingled with SNc DA 
neurons (red). (D) Blue light LED stimulation produced an inward current in SNc DA 
neurons held at -70 mV that was abolished by the AMPAR antagonist NBQX (10 µM) (E) A 
20 Hz paired-pulse stimulation protocol produced a depressing synaptic response in SNc DA 
neurons. (Right) Summary of PPR responses (0.83 +/- 0.13, n=10) (F) To determine 
AMPA:NMDA ratio cells were initially held at -70 mV to determine the timing of the AMPA 
peak (bottom trace), after which cells were depolarized to +40 mV to relieve Mg2+ block of 
the NMDA receptor. The NMDA peak was calculated 40 ms after the AMPA peak. (Right) 
Summary of AMPA peak current vs. NMDA peak current (1.43 +/- 0.42, n=13) 
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AMPA/NMDA	ratio	at	these	synapses,	cells	were	first	held	at	‐70	mV	to	determine	the	time	

of	the	AMPA	peak,	and	then	held	at	+40	mV	to	relieve	NMDAR	Mg2+	block.	The	NMDA	

current	was	measured	40	ms	after	the	AMPA	peak	(Figure	1F).	Measured	in	this	way,	the		

NMDAR	current	was	roughly	half	that	of	the	AMPAR	current	(peak	AMPAR	current/peak	

NMDAR	current	=	1.43	±	0.42,	n=13).		
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Figure	2.	ChR2	is	functionally	expressed	in	PPN	neurons	

(A)	Representative	image	of	PPN	cells	expressing	ChR2‐eYFP.	(B)	Example	of	a	
prototypical	photocurrent,	produced	by	a	150	ms	continuous	pulse	of	blue	LED	light.	(C)	
Evoked	action	potentials	(Top)	and	associated	currents	(Bottom)	from	a	train	of	5	
stimuli	at	20	Hz.	The	cell	reliably	follows	the	stimulation	pattern 
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Next,	the	receptor	subunit	composition	of	the	AMPARs	and	NMDARs	was	assessed.	The	

majority	of	AMPARs	in	the	brain	contain	edited	GluA2	subunits,	making	them	essentially	

impermeable	to	Ca2+	(Kawahara	et	al.,	2003;	Wright	and	Vissel,	2012;	Henley	and	

Wilkinson,	2016).	In	contrast	to	AMPARs	lacking	edited	GluA2	subunits,	these	AMPARs	do	

not	rectify	at	depolarized	membrane	potentials	(Koike	et	al.,	1997;	Washburn	et	al.,	1997).	

At	PPN	synapses	on	SNc	dopaminergic	neurons,	there	was	no	discernible	rectification	at	

depolarized	membrane	potentials	(Figure	4A),	suggesting	AMPARs	at	this	synapse	had	

Figure	3.	Electrical	stimulation	of	PPN	glutamatergic	afferents	to	SNc	

Example	traces	of	(Top)	electrical	stimulation	with	SNc	DA	neuron	held	at	+40	mV	to	
alleviate	Mg2+	block	and	(Bottom)	20	Hz	PPR	stimulation	of	SNc	DA	neuron	held	at	‐70	
mV.	The	AMPA	component	of	the	current	measured	at	+40	mV	is	determined	based	on	
the	peak	of	the	first	current	in	the	pair	measured	at	‐70	mV	(left‐most	red	dashed	line).	
The	NMDA	component	is	then	measured	40	ms	after	the	AMPA	component.	Both	PPR	
(0.70	±	0.16,	n=19)	and	AMPA:NMDA	ratio	(2.13	±	0.78,	n=10)	determined	with	
electrical	stimulation	are	similar	to	those	established	with	optogenetic	stimulation	of	
PPN	afferents.		
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edited	GluA2	subunits.	Furthermore,	the	polyamine	toxin	philanthotoxin‐74,	which	

preferentially	antagonizes	GluA2‐lacking	(GluA1	and	GluA3	homomeric)	AMPARs	(Poulsen	

et	al.,	2014),	failed	to	significantly	reduce	the	AMPAR	currents	(Figure	4B),	again	indicating	

the	presence	of	the	GluA2	receptor	subunit.	 

NMDARs	are	obligate	heteromers	composed	of	two	GluN1	and	two	GluN2	subunits.	The	

identity	of	the	two	GluN2	subunits	significantly	impacts	properties	of	the	receptor,	such	as	

sensitivity	to	Mg2+	block	and	relative	Ca2+	permeability.	While	the	majority	of	NMDARs	in	

the	brain	contain	a	combination	of	GluN2A	and	GluN2B	subunits	(Monyer	et	al.,	1994;	

Wyllie	et	al.,	2013),	previous	work	has	shown	that	NMDARs	in	SNc	DA	neurons	contain	

GluN2B	and	GluN2D	subunits	(Jones	and	Gibb,	2005;	Brothwell	et	al.,	2007;	Suárez	et	al.,	

2010;	Huang	and	Gibb,	2014),	with	the	latter	conferring	reduced	Mg2+	sensitivity	and	Ca2+	

permeability	(Retchless	et	al.,	2012;	Huang	and	Gibb,	2014).	However,	none	of	this	work	

was	done	at	identified	synapses.	To	determine	the	subunit	composition	of	the	NMDARs	at	

PPN	synapses,	currents	were	evoked	by	a	single	1	ms	full‐field	LED	pulse	with	SNc	cells	

held	at	‐60	mV	in	the	nominal	absence	of	extracellular	Mg2+.	In	agreement	with	previous	

work,	both	the	GluN2B	specific	antagonist	ifenprodil	(Williams,	1993)	and	the	GluN2C/D	

specific	potentiator	CIQ	(Mullasseril	et	al.,	2010)	altered	the	amplitude	of	the	evoked	

NMDAR	currents	(Figure	4C‐D;	ifenprodil	%	change:	‐43.31	±	16.89,	n=6,	p	=	0.0313;	CIQ	%	

change:	86.22	±	56.54,	n=6,	p	=	0.0313).	In	contrast,	the	GluN2A	specific	antagonist	TCN	

201	(Edman	et	al.,	2012)	had	no	effect	on	NMDAR	currents	(Figure	4C‐D;	%	change:	7.76	±	

18.40,	n=6,	p	=	0.4375).		 
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	Figure 4. Glutamatergic receptors at the PPN-SNc synapse are composed of GluA2-
containing AMPARs and GluN2B/D-containing NMDARs 

(A) Example traces of isolated AMPA currents evoked with the cell held at different 
membrane potentials. (Right) Summary current-voltage (IV) relationship, where the currents 
at the different membrane potentials for each cell have been normalized to the current 
measured at -80 mV for that cell. A linear fit was applied to the data points (represented as 
mean ± standard deviation). No obvious rectification is observed at positive membrane 
potentials. (B) Example traces of AMPA currents recorded from a DA neuron held at -70 mV 
before and after pharmacological manipulation. Application of philanthotoxin-74 (5 µM; red) 
did not attenuate the measured current as compared to control (black). NBQX (10 µM; blue) 
was applied to confirm the identity of the current. (Right) Summary of the effect of 
philanthotoxin-74 application (-13.17% ± 14.67%, n=6). Summary data represented as mean 
± standard deviation. No significant effect was observed (p = 0.1563). (C) Example traces of 
isolated NMDA currents measured from DA neurons held at -60 mV in aCSF containing 0 
Mg2+ before and after application of receptor-subunit specific pharmacological agents. (Left) 
The Glu2NB-selective antagonist ifenprodil attenuated the observed NMDA current, while 
(Middle) the Glu2NC/D-selective potentiator CIQ increased the peak of the measured 
current. (Right) The GluN2A-selective antagonist TCN 201 failed to attenuate the measured 
current. In all examples the nonspecific NMDAR antagonist CPP (5 µM) abolished the 
current, confirming its identity. (D) Summary of the effect, relative to control, on isolated 
NMDA currents of the GluN2B-selective antagonist ifenprodil (-43.31 ± 16.89%, n=6), the 
GluN2C/D-selective potentiator CIQ (86.22 ± 56.54%, n=6), and the GluN2A selective 
antagonist TCN201 (7.76 ± 18.40%, n=6). Summarized data shown as mean ± standard 
deviation. Statistical tests were two-tailed Wilcoxon signed rank tests. * p < 0.05 (E) 2PLSM 
calcium imaging of a PPN-evoked NMDA current and the associated calcium transient 
produced by that current. (Top) Example trace of a somatically recorded NMDA current 
produced by blue laser stimulation of a region of dendrite, visualized after filling the cell with 
a red indicator dye. (Right) Reconstructed cell generated, with a blue dot indicating both the 
point of stimulation and the general region where imaging data was acquired. (Bottom) 
Normalized (Δf/f0) calcium transient associated with somatic NMDA current. Shaded blue 
area represents region where green PMT was shuttered. Application of CPP (5 µM; red) 
abolished both the somatically recorded NMDA current (top) and the associated calcium 
transient (bottom). (F) Similar to (E), with the primary difference being that the evoked 
response is produced by the uncaging of focally applied RuBi-glutamate (2 mM) by blue 
laser light. (G) Summary of calcium transient areas from PPN-evoked (139.26 ± 56.40 Δf/f0 * 
sec, n=5) and uncaged RuBi-glutamate mediated (165.94 ± 40.27 Δf/f0 * sec, n=5) NMDA 
currents. No significance difference was found between the two data sets (p = 0.4206). 
Summary data presented as mean ± standard deviation. Statistical test used was a two-tailed 
Mann-Whitney test. 
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To	determine	whether	Ca2+	entry	through	synaptic	NMDARs	differed	from	those	

that	could	be	activated	at	neighboring	dendritic	regions,	two‐photon‐excitation	laser‐

scanning	microscopy	was	used	to	image	SNc	dopaminergic	neurons	loaded	with	either	100	

µm	Fura‐2	or	Fluo‐4	calcium	indicator	dye.	The	fluorescent	transient	evoked	by	focal,	

dendritic	optogenetic	stimulation	of	PPN	axons	was	compared	to	the	transient	evoked	by	

uncaging	of	RuBi‐glutamate	in	the	same	dendritic	region	(Figure	4E,	F).	The	Ca2+	signal	

evoked	by	these	two	stimuli	were	not	significantly	different	(Figure	2G).		

PPN	glutamatergic	synapses	preferentially	targeted	proximal	dendrites	

To	determine	the	dendritic	location	of	PPN	synapses,	the	sCRACM	approach	was	used	

(Petreanu	et	al.,	2009;	Fieblinger	et	al.,	2014).	Briefly,	in	ex	vivo	brain	slices	from	mice	in	

which	ChR2	was	expressed	in	PPN	and	where	conducted	activity	was	blocked	by	

tetrodotoxin	(1	µM),	a	focused	laser	(473	nm)	spot	was	moved	in	8‐10	µm	increments	

along	dendrites	while	using	the	somatic	electrode	to	monitor	for	synaptically	evoked	

currents	(Figure	5A‐C).	Spatial	resolution	was	assessed	by	walking	the	stimulation	spot	

away	from	dendrite	(Figure	6).	Neurons	with	dendrites	above	or	below	the	focal	plane	

were	excluded	from	study	to	minimize	the	chances	that	synaptically	evoked	activity	

originated	from	a	site	other	than	the	one	visualized.	In	these	experiments,	photo‐

stimulation	of	proximal	dendrites	(within	~70	µm	of	the	soma)	reliably	evoked	responses	

from	PPN	ChR2‐expressing	terminals,	whereas	photo‐stimulation	of	more	distal	dendrites	

almost	always	failed	to	evoke	a	response	(Figure	5A,	E).	 
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Figure 5. PPN glutamatergic synapses preferentially target proximal portions of the SNc 
dendritic tree 

(A) Schematic of the experimental procedure. Spots along a section of dendrite, visualized 
with 2PLSM imaging of dye-filled cells, were assessed for responses to focal spot-laser 
stimulation using the sCRACM technique. (B) Example reconstructed SNc DA neuron (top) 
with stimulation spots placed in approximately 10 µm along a section of dendrite that was 
wholly visualized in the same focal plane. (Bottom) Somatically recorded currents produced 
by focal stimulation of PPN synapses at the spots displayed above.  Responses were elicited 
in the first 9 spots (~ 0 to 80 µm from soma), while more distal spots (> 100 µm) failed to 
elicit responses. (C) Similar to (B), with the primary being that the afferents expressing ChR2 
in this example originated from the STN, rather than the PPN. In contrast to (B) responses 
were reliably elicited at both proximal and distal locations. (D) Similar to (B) and (C), with 
the primary difference being that evoked responses were produced by uncaging of focally 
applied RuBi-glutamate (2 mM). Similar to (C), and in contrast to (B), response were elicited 
at in both proximal and distal dendritic regions. (E) Summary response frequency at points 
along the dendrite, measured as the fraction of cells that showed a synaptic response at a 
particular distance from the soma. Responses recorded from DA neurons in slices expressing 
ChR2 in PPN afferents (n=11) showed a location-dependent decrement in response frequency 
that was not observed in STN-ChR2 evoked responses (n=5) or RuBi-glutamate mediated 
responses (n=4).  
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Two	additional	experiments	were	performed	to	provide	positive	controls.	First,	

glutamatergic	synapses	formed	by	STN	neurons	were	mapped	using	the	sCRACm	approach.	

In	contrast	to	PPN	synapses,	STN	synapses	were	found	in	both	proximal	and	distal	

dendrites	(Figure	3C,	E).	Next,	RuBi‐glutamate	was	uncaged	(single‐photon	photolysis)	

along	the	dendrite	using	a	focused	laser	(473	nm)	spot.	Robust	responses	were	evoked	in	

both	proximal	and	distal	dendrites	(Figure	3D,‐E),	arguing	that	there	was	a	relatively	

uniform	distribution	of	glutamatergic	synapses	throughout	the	SNc	dendritic	tree,	in	

agreement	with	previous	anatomical	work	(Henny	et	al.,	2012).	Thus,	the	apparent	

 

Figure 6. Validation of the spatial resolution for sCRACM functional mapping.  

(A) Example reconstructed cell (Top). Five stimulation points were placed approximately 2 
µm apart, starting next to and then moving away from (perpendicular to) the dendrite. 
Example recording (Bottom) of somatically recorded currents associated with each 
stimulation point. As the site of stimulation moved away from the dendrite, the amplitude of 
the response diminished. (B) Summary of normalized current amplitudes (normalized to 
amplitude of the current produced by the stimulus point closest to the dendrite) as a function 
of distance from the dendrite. As the point of stimulation moves away from the dendrite, 
response amplitude decays to zero. Data points are represented as mean ± standard deviation 
(n=4).  
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preferential	localization	of	PPN	synapses	on	proximal	dendrites	does	not	reflect	a	

limitation	of	the	sCRACm	approach	or	the	inability	to	detect	activation	of	glutamatergic	

synapses	at	distal	dendritic	locations.	 

PPN	glutamatergic	synapses	were	capable	of	spike	patterning	

Previous	work	has	shown	that	proximal	glutamatergic	synapses	onto	SNc	dopaminergic	

neurons	are	better	able	to	drive	spiking	than	more	distal	ones	(Blythe	et	al.,	2009).	To	

determine	the	ability	of	proximal	PPN	synapses	to	drive	patterned	spiking,	SNc	

dopaminergic	neurons	were	recorded	in	the	perforated	patch	mode	and	PPN	axons	

stimulated	optogenetically.	The	probability	of	evoking	a	spike	in	a	SNc	DA	neuron	rose	

rapidly	with	stimulus	intensity	(Figure	7).	Using	the	lowest	LED	power	that	reliably	evoked	

a	spike	(typically	6‐10%	of	the	LED	maximum	power),	stimulus	trains	of	varying	length	and	

frequency	were	delivered.	In	addition	to	regular	trains,	burst	patterns	recorded	from	SNc	

dopaminergic	neurons	in	vivo	were	included	(Grace	and	Bunney,	1984b).	To	ensure	

response	fidelity	for	the	higher‐frequency	(>	10	Hz)	stimulation	protocols,	the	opsin	

Chronos	was	used	in	a	subset	of	these	experiments	(Klapoetke	et	al.,	2014).	Regardless	of	

the	protocol	used,	optical	stimulation	of	PPN	axons	reliably	evoked	spikes	throughout	the	

stimulus	train	(Figure	8A‐B),	with	the	average	spike	frequency	within	the	stimulus	period	

being	linearly	related	(with	a	slope	of	1)	to	the	stimulus	frequency	(Figure	8C).	 

To	determine	whether	NMDARs	contributed	to	the	ability	of	PPN	axons	to	drive	burst	

spiking,	a	pharmacological	approach	was	used.	Surprisingly,	application	of	the	NMDAR	

antagonist	CPP	did	not	significantly	alter	the	response	to	PPN	stimulation	at	any	frequency	
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(Figure	8D‐F).	In	contrast,	application	of	the	AMPAR	antagonist	NBQX	completely	abolished	

responses	(Figure	8D‐F),	indicating	a	dependence	on	AMPARs,	but	not	NMDARs.			

Frequently,	PPN‐evoked	spikes	were	truncated	in	amplitude	and	had	a	more	

hyperpolarized	threshold	than	spikes	that	were	spontaneously	generated	(e.g.,	Fig	8B).	

These	likely	represent	initial	segment	axonal	(AIS)	spikes	that	fail	to	invade	the	rest	of	the	

Figure	7.	Evoked‐spike	probability	is	related	to	stimulus	intensity	

(A)	Example	traces	from	two	cells.	(Left)	Showed	no	response	to	2%	LED	stimulation,	
but	higher	stimulation	intensities	produced	full	spikes.	(Right)	In	contrast,	2%	and	4%	
LED	stimulation	produced	graded	excitatory	post‐synaptic	potentials	(EPSPS),	while	
higher	intensities	produced	full	spikes.	(B)	Summary	showing	the	probability	of	evoking	
a	spike	as	a	function	of	stimulus	intensity,	quantified	as	the	fraction	of	cells	(n=5)	that	
responded	with	a	full	spike	at	a	particular	intensity.	At	intensities	>=	6%	all	cells	
reliably	responded	with	a	full	spike	upon	stimulation.			
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somato‐dendritic	(SD)	region	where	the	electrode	was	positioned	(Grace	and	Bunney,	

1980,	1983a,	1983b).	Indeed,	previous	work	has	shown	that	antidromically‐evoked	AIS	

spikes	often	fail	to	generate	full	SD	spikes	in	SNc	DA	neurons	(Grace	and	Bunney,	1983b).	   

The	ability	of	AIS	spikes	to	evoked	full	SD	spikes	should	be	dependent	upon	the	excitability	

of	the	SD	region,	which	should	be	determined	by	ongoing	pacemaking. To	test	this	

Figure	8.	PPN	glutamatergic	input	is	capable	of	generating	burst	firing	in	SNc	DA	
neurons 

(A)	Full	field	blue‐LED	stimulation	of	ChR2‐expressing	PPN	afferents	was	performed	
while	recording	spiking	activity	in	SNc	DA	neurons	using	the	perforated‐patch	
configuration.	(B)	Example	traces	of	different	stimulation	patterns:	(Top)	10,	1ms	
stimuli	with	an	inter‐stimulus	interval	of	100	ms,	(Middle)	5,	1	ms	stimuli	with	an	inter‐
stimulus	interval	of	50	ms,	and	(Bottom)	5,	1ms	stimuli	with	inter‐stimulus	intervals	of	
20	ms,	50	ms,	100	ms,	and	120	ms.	In	all	cases	spikes	were	reliably	generated	by	the	
stimulation	protocols.	(C)	Summary	of	the	mean	intra‐stimulus	spike	frequency	
(spikes/s)	as	a	function	of	the	frequency	of	stimulation.	The	measured	spike	frequency	
was	linearly	related	to	the	stimulation	frequency	in	a	near	1:1	relationship.	(D)	Example	
traces	from	a	SNc	DA	neuron	responding	to	the	10	stimuli,	10	Hz	PPN	ChR2	stimulation	
protocol	before	and	after	pharmacological	manipulation.	Application	of	the	NMDAR	
antagonist,	CPP	(5	µM),	did	not	significantly	attenuate	the	response	to	PPN	stimulation,	
while	application	of	the	AMPA	receptor	antagonist,	NBQX	(10	µM)	completely	abolished	
the	evoked	response.	(E)	Similar	to	(D),	with	the	primary	difference	being	the	usage	of	
the	5	stimuli,	20	Hz	PPN	stimulation	protocol.	As	with	(D),	application	of	CPP	failed	to	
attenuate	the	response,	while	NBQX	completely	abolished	the	response.	(F)	Summary	of	
pharmacological	manipulation	of	SNc	DA	neuron	firing	pattern	response	to	PPN	
stimulation.	Both	10	Hz	(9.03	±	1.19	spikes/s,	n=9)	and	20Hz	(19.53	±	0.25	spikes/s,	
n=5)	stimulation	significantly	increased	firing	rate	in	comparison	to	control	(10	Hz	
stim:	2.40	±	0.82	spikes/s,	n=9,	p=0.0001;	20	Hz	stim:	3.43±	1.90	spikes/s,	n=5,	
p=0.0117).	CPP	application	failed	to	significantly	decrease	the	response	to	stimulation	
(10	Hz	stim:	8.81	±	1.55	spikes/s,	n=5,	p=0.8413;	2	0Hz	stim:	19.49	±	0.19	spikes/s,	n=5,	
p=1.0).	In	contrast,	NBQX	application	significantly	attenuated	the	PPN	evoked	response	
(10	Hz	stim:	2.71	±	1.10	spikes/s,	n=6,	p=0.0008;	20	Hz	stim:	2.73	±	2.25	spikes/s,	n=5,	
p=0.0234).	Summaries	are	presented	as	mean	±	standard	deviation.	Statistical	tests	
used	were	two‐tailed	Mann‐Whitney	tests	with	Holm‐Bonferroni	corrections	for	
multiple	comparisons.	***	p	<	0.001,	*	p	<	0.05.	 
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hypothesis,	individual	spikes	were	evoked	by	optical	stimulation	of	PPN	axons	at	different	

points	in	the	pacemaking	cycle	(Figure	9A).	When	the	stimulus	occurred	towards	the	end	of	

normal	pacemaking	cycle,	the	evoked	spikes	were	indistinguishable	from	spontaneously	

occurring	spikes	(Fig	9A‐B).	In	contrast,	when	spikes	were	evoked	early	in	the	oscillation,	
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just	after	a	spontaneously	occurring	spike,	they	exhibit	more	hyperpolarized	spike	

thresholds	and	reduced	amplitudes,	as	evident	in	plots	of	the	first	derivative	of	membrane	

voltage	(dV/dt)	as	a	function	of	membrane	voltage	(mV)	(Figure	9A,	C).	Plots	of	PPN‐

evoked	spike	threshold	and	amplitude	as	a	function	of	the	time	from	the	preceding	spike,	

normalized	by	the	average	interspike‐interval	(ISI)	of	the	spikes	preceding	the	stimulus	(4	

s	worth	of	recording)	revealed	this	relationship	more	clearly	(Figure	9D‐E).	PPN‐evoked	

spikes	early	in	pacemaking	cycle	(i.e.	near	time	=	0)	had	hyperpolarized	thresholds	and	

reduced	amplitudes,	whereas	spikes	evoked	near	the	end	of	the	pacemaking	cycle	were	

identical	to	spontaneously	occurring	spikes.	Also,	in	agreement	with	previous	work	

(Guzman	et	al.,	2009),	PPN‐evoked	spikes	reset	the	pacemaking	cycle,	as	indicated	by	a	

clustering	of	points	around	1	when	comparing	the	ISI	between	the	evoked	spike	and	the	

next	spontaneously	occurring	spike	to	the	mean	ISI	for	the	cell	(Fig	9F).	 

Although	PPN‐evoked	spikes	were	not	strongly	influenced	by	somatic	conductances,	

they	should	be	regulated	by	dendritic	conductances	because	of	the	common	dendritic	

location	of	the	AIS	(Blythe	et	al.,	2009;	Matsuda	et	al.,	2009).	One	well	described	dendritic	

channel	that	slows	repetitive	spiking	in	SNc	DA	neurons	is	the	small	conductance,	Ca2+‐

activated	K+	channel	(SK)	(Ping	and	Shepard,	1996;	Wolfart	et	al.,	2001).	Indeed,	in	

addition	to	accelerating	pacemaking	rate,	blocking	SK	channels	with	apamin	increased	the	

ability	of	PPN	terminals	expressing	ChR2	to	evoke	faithful,	repetitive	(10	Hz)	spiking	at	low	

stimulus	intensities	(Figure	10).	Interestingly,	PPN	stimulation	in	the	presence	of	apamin	

delayed	the	next	spontaneously	occurring	spike,	rather	than	simply	resetting	the	

pacemaking	rhythm	(Figure	10).	 
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Figure	9.	Features	of	PPN‐evoked	spikes	depend	on	the	phase	of	SNc	DA	neuron	
pacemaking	cycle	

(A)	Schematic	representation	of	two	points	in	the	pacemaking	cycle.	As	the	cell	nears	
threshold	towards	the	end	of	pacemaking	cycle	it	“tightens	up”	in	preparation	of	
spiking.	This	manifests	as	an	apparent	shortening	of	the	distance	between	the	source	of	
AP	generation,	the	AIS,	and	the	somatic	recording	electrode	due	to	a	longer	length	
constant.	Consequently,	the	evoked	spike	(Top)	appears	qualitatively	similar	to	the	
spontaneously	generated	APs.	In	contrast,	early	in	the	oscillation	cycle	the	cell	is	
particularly	“leaky”,	resulting	in	a	small	length	constant	and	consequently	a	spike	that	
appears	qualitatively	different	when	recorded	at	the	soma	(Bottom).	(B)	Comparison	of	
the	PPN	evoked	spike	(red)	to	the	spike	preceding	the	evoked	spike	(green).	
Representative	spikes	are	expanded	from	the	shaded	region	in	A.	Phase	plots	(Right),	
generated	from	respective	green	and	red	shaded	regions	(left),	for	the	two	spikes	
appear	similar,	with	nearly	identical	thresholds	(determined	at	the	point	when	the	
dV/dt	exceeds	5	V/S	–	i.e.	the	gray	dashed	line	in	the	phase	plot).	(C)	Similar	to	(B),	with	
the	primary	difference	being	the	point	in	the	pacemaking	cycle	where	the	stimulus	
occurred.	There	is	a	significant	shift	in	the	threshold	of	the	evoked	spike,	as	observed	by	
a	leftward	shift	in	its	associated	phase	plot	(Right,	red).	(D‐F)	Summaries	of	three	
properties	of	the	evoked	spike:	threshold	difference	(in	comparison	to	the	preceding	
spike),	peak	difference	(in	comparison	to	the	preceding	spike),	and	inter‐spike	interval	
between	evoked	spike	and	the	next	spontaneously	generated	AP.	Oscillation	phase	is	
represented	as	time	to	the	stimulus	from	the	preceding	spike,	normalized	by	the	mean	
ISI	for	all	the	spikes	preceding	the	stimulus	(averaging	window	=	4	s).	In	(D)	and	(E)	
during	the	early	phase	of	the	oscillation	(near	t=0)	there	is	a	large	deviation	in	
measured	spike	threshold	and	spike	peak	in	comparison	to	the	preceding	spike.	This	
difference	diminishes	at	t	approach	1.	In	(F),	except	for	at	the	earliest	time	points	the	
normalized	ISI	values	largely	cluster	around	1,	indicating	a	resetting	of	the	pacemaking	
cycle.	Fit	lines	are	second‐order	polynomials,	with	shaded	areas	representing	95%	
confidence	intervals.		
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Figure 10. Effect of SK inhibition on PPN stimulation of SNc DA neurons 

(A) Example traces of a stimulus train of 10 stimuli at 10 Hz with a low (5%) LED intensity 
before (black) and after (red) treatment with apamin (200 nM). Apamin treatment increased 
both the firing rate of the cell as well as the response to PPN stimulation. Apamin treatment 
also increased the pause between the last stimulus in the stimulus train and the next 
spontaneously occurring spike. (B) Enhanced example of a spontaneous spike before (black) 
and after (red) apamin treatment. As expected, apamin treatment produced an increase spike 
frequency and a decrease in the medium afterhyperpolarization (mAPH). (C) Enhanced 
example of an evoked spike before and after apamin treatment, again showing a decreased 
mAHP. (D) Summary after percent-change in spike probability as a result of apamin 
treatment at a 5% LED intensity. Spike probability was quantified as the number of full 
spikes divided by the total number of stimuli (10). Apamin significant increased the 
probability of evoking a spike (78.34 ± 41.50%; n=5; p=0.0079). Summary presented as 
mean ± standard deviation. Statistical test used was a two-tailed Mann-Whitney test. ** p < 
0.01. (E) Summary of percent-change in the duration of the pause in spiking between the last 
stimulus in the stimulus train and the next spontaneously occurring spike before and after 
apamin treatment. Apamin significant increased the duration of the pause (104.29 ± 79.29%; 
n=5; p=0.0317). Summary presented as mean ± standard deviation. Statistical test used was a 
two-tailed Mann-Whitney test. * p < 0.05 
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PPN‐evoked	spikes	propagated	down	the	axon	

As	mentioned	above,	the	AIS	typically	arises	from	a	proximal	dendrite	in	SNc	DA	

neurons	(Blythe	et	al.,	2009;	Matsuda	et	al.,	2009),	in	the	region	where	PPN	synapses	were	

found.	Thus,	it	was	possible	that	PPN‐evoked	spikes,	even	though	they	often	appeared	

truncated	at	the	soma,	would	be	faithfully	propagated	down	the	axon.	To	test	this	

hypothesis,	paired	recordings	were	performed	from	the	soma	and	from	the	axon.	First,	a	

somatic	whole	cell	recording	was	established	and	the	cell	filled	with	dye	to	allow	

visualization	of	the	dendrites	and	axon.	The	axon	was	identified	by	the	presence	of	a	

retraction	ball	(Atherton	et	al.,	2008;	Blythe	et	al.,	2009).	Once	identified,	a	second	pipette	

was	used	to	record	from	the	axon	in	a	loose‐seal	configuration.	Recordings	were	then	

simultaneously	made	of	both	spontaneous	and	evoked	spikes	from	the	soma	and	axon	

(Figure	11B‐C).	Spontaneously	recorded	somatic	spikes	invariably	propagated	into	the	

axon,	as	expected.	More	importantly,	PPN‐evoked	spikes	were	also	invariably	seen	in	the	

axon,	regardless	of	the	phase	of	the	pacemaking	cycle	and	the	somatic	appearance	of	the	

spike	(Figure	11B‐C).	Plotting	the	instantaneous	spike	frequency	within	the	axon	as	a	

function	of	the	instantaneous	spike	frequency	in	the	soma	confirmed	this	relationship	

(Figure	11D‐E).	Failure	of	the	somatically	recorded	spikes	to	invade	the	axon	would	lead	to	

points	below	the	linear	trend	line,	but	this	was	not	seen	as	all	somatic	spikes	showed	

corresponding	axonal	spikes	(Figure	11D‐E).	This	finding	is	in	agreement	with	previous	

work	showing	that	IS	spikes	alone	are	capable	of	triggering	axonal	firing	(Grace	and	

Bunney,	1983b).	 
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Discussion	

Burst spiking in SNc DA neurons is a critical signal for goal-directed behavior (Schultz, 

2007; Tsai et al., 2009; Bromberg-Martin et al., 2010; Schultz, 2016a). While dependent upon 

synaptic activity (Grace and Bunney, 1984b; Overton and Clark, 1992; Smith and Grace, 1992), 

the cellular mechanisms dictating the temporal structure of the burst are poorly understood. The 

most widely held view is that bursts are produced by intrinsic oscillatory mechanisms engaged 

by activation of dendritic NMDARs (Lee and Tepper, 2009; Morikawa and Paladini, 2011; 

Paladini and Roeper, 2014). Our results expand this landscape to include an additional 

mechanism by which bursts can be generated. In particular, they show that bursts could be 

produced by patterned stimulation of PPN synapses formed on proximal dendrites near the AIS. 

Engagement of NMDARs was not necessary for burst generation in this case. Moreover, in 

contrast to the conventional model, this mechanism allows bursts to be generated and structured 

Figure 11. PPN-evoked spikes reliably invade the axon 

(A) Reconstruction of an example cell where two recording electrodes are clearly visible. 
Paired recording were made in order to simultaneously measure evoked spikes at the soma 
and at the axon. Axons (yellow dashed line) were identified based upon the presence of a 
retraction ball (yellow arrow) following the filling of the cell with dye via the somatic 
electrode. After identification, loose-seal recordings were made of spike activity in the axon. 
(B) Example recording of somatic whole-cell (Top) and axonal loose-seal (Bottom) 
recordings of spontaneous and stimulated (5, 1 ms stimuli with variable inter-stimulus 
interval protocol) action potentials. Spikes recorded at the soma are mirrored by events in the 
axon. (C) Similar to (B), except for the application of a different stimulation protocol (10,     
1 ms stimuli with an inter-stimulus interval of 100 ms) (D-E) Plot of the instantaneous spike 
rate (spikes/s) of APs recorded in the axon as a function of the instantaneous spike rate 
(spikes/s) of APs recorded in the soma. Points fall along a linear, 1:1 relationship (gray 
dashed lines), indicating reliable representation in the axonal recordings of spike events also 
recorded in the soma. (D) are data points from the variable inter-stimulus interval protocol; 
(E) are data points from the 10 Hz stimulation protocol. Different colors represent different 
cells (n=4).  
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independently of ongoing pacemaking activity or synaptic input to more distal dendrites, like that 

arising from tonic activity in pallidal and nigral GABAergic neurons. Being able to precisely 

control the timing and duration of bursts could prove to be important to movement control, 

particularly that triggered by external events.  

PPN glutamatergic synapses target proximal dendrites 

Our experiments provide the first characterization of the receptor complement at PPN 

glutamatergic and the sub-cellular distribution of these synapses on SNc DA neurons. 

Optogenetic approaches allowed the selective activation of axons originating in the PPN. 

Pharmacological tools allowed the receptor subtypes at these synapses to be determined. As in 

most adult glutamatergic synapses, the AMPARs at PPN synapses were Ca2+-impermeable, as 

judged by their lack of rectification and insensitivity to philanthotoxin-74. Moreover, as expected 

from previous work examining NMDARs at unidentified synapses (Jones and Gibb, 2005; 

Brothwell et al., 2007; Suárez et al., 2010), the NMDARs at PPN synapses were GluN2B/D 

containing. More specifically, the magnitude of the NMDAR block achieved by ifenprodil was 

that expected of a triheteromeric, GluN2B/D containing receptor (Hatton and Paoletti, 2005; 

Huang and Gibb, 2014). The ability of the GluN2C/D potentiator (CIQ) to increase NMDAR 

currents further supports the proposition that triheteromic GluNB/D containing receptors are 

present at this synapse (Jones and Gibb, 2005; Huang and Gibb, 2014). 

Although the composition of ionotropic glutamate receptors at PPN synapses was expected, 

their sub-cellular distribution, as revealed by the sCRACM technique (Petreanu et al., 2009; 

Fieblinger et al., 2014), was not. In contrast to the broad distribution of postsynaptic glutamate 

receptors and STN synapses, PPN glutamatergic synapses were found only on proximal 
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dendrites. This location specificity places these synapses near the AIS, which typically arises 

from proximal portions of a primary dendrite (Blythe et al., 2009; Matsuda et al., 2009). It 

remains to be determined whether synapses made by other glutamatergic regions innervating the 

SNc (e.g., superior colliculus) have a similar distribution.  

An alternative mechanism for burst generation   

The positioning of PPN glutamatergic synapses on proximal dendrites near the AIS should 

maximize their ability to control spike generation. Indeed, at low optical stimulation intensities, 

SNc DA neurons faithfully followed the pattern of PPN stimulation, even at high frequencies. 

This behavior suggests that PPN synapses near the AIS are capable of driving spike generation 

independently of NMDARs. The AIS origin of the PPN evoked spikes was consistent with 

several features of the somatic recordings, including the dependence of the nominal spike 

threshold and amplitude on the phase of the pacemaking cycle and the faithful propagation of 

evoked spikes down the axon. Although focal optical stimulation of dendrites that did not bear 

the AIS might have evoked dendritic spikes that would have manifested greater dependence on 

the pacemaking cycle, it remains to be determined whether individual PPN axons have terminal 

fields that are restricted to a single dendrite or diverge to contact several dendrites, including the 

AIS bearing one.  

The degree of PPN convergence on individual SNc DA neurons also is uncertain. 

Optogenetic stimulation artificially synchronizes spiking in PPN axons, producing a temporal 

summation of synaptic inputs that may not occur in vivo. This could lead to an over-estimation of 

the ability of PPN to control the patterning of SNc DA neuron spiking, particularly bursting. 

However, it is possible that individual SNc DA neurons are innervated by a small number of 
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PPN axons; in this case, synchronization of inputs becomes much less of a concern. The steep 

relationship between optical stimulus intensity and SNc DA neuron spike probability is 

consistent with this possibility. This kind of mapping between PPN and SNc would provide an 

explanation for the variability in SNc burst patterns observed in vivo (Grace and Bunney, 1984b; 

Hyland et al., 2002). However, to definitively answer this question, anatomical approaches will 

be needed. One possibility is single cell mapping experiments using tracer fills of individual PPN 

axons. Alternatively, a rabies-based retrograde tracing could be employed by generating a sparse 

starter populations within the SNc (Wickersham et al., 2013). 

Regardless, these experiments demonstrate that PPN glutamatergic synapses are capable of 

determining the precise timing of SNc DA neuron spikes that are propagated down the axon to 

target structures, like the striatum. Moreover, PPN synapses were capable of driving precisely 

structured bursts, like those recorded in vivo (Grace and Bunney, 1984b). This result is 

consistent with previous studies showing that focal application of glutamate to proximal 

dendrites, as well as local electrical stimulation of glutamatergic axons, was capable of 

producing spike bursts (Blythe et al., 2007, 2009). 

Thus, there appear to be two general mechanisms by which spike bursts can be generated in 

SNc DA neurons. In contrast to the PPN-driven mechanism, previous studies have shown that 

local application of glutamate can evoke bursts that depend upon activation of NMDARs 

(Johnson and Wu, 2004; Deister et al., 2009). In vivo, SNc DA neuron burst spiking can be 

attenuated by NMDAR antagonists (Charlety et al., 1991; Overton and Clark, 1992; Smith and 

Grace, 1992; Chergui et al., 1993) or genetic deletion of NMDARs (Zweifel et al., 2009). 

Similarly, stimulation of the STN in vivo increases burst firing in SNc DA in an NMDA-

dependent (Smith and Grace, 1992; Chergui et al., 1994). The bursts generated in this way 
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harness the intrinsic oscillatory mechanisms of dendrites (Deister et al., 2009; Kuznetsova et al., 

2010; Ha and Kuznetsov, 2013). The dependence upon intrinsic oscillatory mechanisms will 

undoubtedly allow pacemaking and ongoing synaptic input, particularly GABAergic synaptic 

activity, to influence the timing of bursts, contrasting it with the ‘short-circuiting’ of these 

processes by PPN synapses. Another interesting feature of the NMDAR-dependent burst is its 

dependence upon the voltage-dependence of Mg2+ block. Using the dynamic clamp technique, 

Deister et al. (2009) showed that removal of NMDAR voltage sensitivity associated with Mg2+ 

block abolished burst firing. Given that tri-heteromeric GluN1-GluN2B-GluN2D NMDARs 

found at PPN synapses have lower Mg2+ sensitivity (Huang and Gibb, 2014), it could be that 

more distally located NMDARs have a different subunit composition that enhance their ability to 

promote bursts. Lastly, it is unclear to what extent extra-synaptic NMDARs play a role in burst 

generation. Given the differences in postsynaptic signaling by synaptic and extrasynaptic 

NMDARs (Hardingham and Bading, 2010; Paoletti et al., 2013), the differential engagement by 

the two different modes of burst generation could have important long-term consequences.  

Functional consequences of PPN control of SNc 

There are several lines of evidence suggesting that the PPN exerts a strong control over DA 

neuron spiking in vivo. For example, stimulation of the PPN in vivo produces a significant 

increase in bursting in ventral tegmental area (VTA) DA neurons and dopamine release in the 

nucleus accumbens (Floresco et al., 2003). Moreover, lesioning the PPN disrupts dopamine-

dependent learning in a variety of behavioral tasks (Inglis et al., 2000; Alderson et al., 2008; 

Bortolanza et al., 2010; Jimenez-Martin et al., 2015; Syed et al., 2016). Recordings in behaving 

animals have shown that PPN neurons code for predicted reward value, reward magnitude and 
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stimulus salience (Pan and Hyland, 2005; Kobayashi and Okada, 2007; Okada et al., 2009; 

Norton et al., 2011; Okada and Kobayashi, 2013). Often, the activity in PPN precedes that in 

SNc (Pan and Hyland, 2005; Kobayashi and Okada, 2007; Okada et al., 2009), raising the 

possibility that signals from the PPN are critical for the computations performed by DA neurons. 

In addition to reward signaling, recent work has implicated PPN glutamatergic neurons in the 

control of movement gated by the striatum (Roseberry et al., 2016). Our results show that this 

activity provides a potent excitation of SNc DA neurons that may be important to modulating 

striatal circuits controlling movement sequences. This inference is consistent with the 

observation that phasic activity in SNc DA neurons is temporally correlated not only with the 

outcomes of actions, but action itself (Howe and Dombeck, 2016). Precisely what is being coded 

by PPN activity influencing SNc and how this translates into the pattern of SNc spiking remains 

to be determined by in vivo experiments (Hong and Hikosaka, 2014). Nevertheless, it is tempting 

to speculate that the basal ganglia control of PPN glutamatergic neurons described by Roseberry 

et al. (2016) is fed back to the SNc and broadcast to the striatum, allowing complex movement 

sequences to be executed – a capacity that is lost in PD patients with degeneration of SNc DA 

neurons (Hernández et al., 2015).    

Summary 

Our studies identify a novel mechanism for burst generation in SNc DA neurons. 

Glutamatergic innervation of the SNc by the PPN was found to preferentially target proximal 

regions of the SNc dendritic tree, near where the AIS of these cells generally originates, placing 

these synapses in a favorable location to drive spiking. In contrast to the previously described 

mechanism involving the cooperation of intrinsic oscillatory activity with NMDAR activation to 
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generate bursts in SNc neurons, activation of PPN fibers was capable of directly patterning SNc 

neuron spiking independently of regular pacemaking activity and without the need to engage 

NMDARs. Further examination is required to determine whether this mechanism generalizes to 

other sources of glutamatergic input to SNc neurons. Nevertheless, this work indicates the PPN 

is a likely source of extrinsic control of SNc neuron firing during goal-directed behavior.  

Future	Directions 

The	work	discussed	here	provides	novel	insight	in	to	potential	mechanisms	for	

burst	generation	in	SNc	DA	neurons.	These	findings	raise	a	number	of	addition	questions,	

however,	regarding	the	interaction	between	PPN	glutamatergic	neurons	and	the	SNc.		

Does	inhibition	of	PPN	glutamatergic	neuron	firing	attenuate	spontaneous	and	reward‐based	

bursting	in	SNc	DA	neurons?			

A	next	logical	step	from	the	work	presented	here	is	an	examination	of	how	activity	

in	PPN	glutamatergic	neurons	affects	SNc	DA	neurons	in	vivo.	Several	studies	have	shown	

that	electrical	stimulation	of	PPN	in	vivo	is	capable	of	eliciting	burst	firing	in	SNc	neurons,	

which	has	been	attributed	at	least	in	part	in	glutamatergic	activity	(Scarnati	et	al.,	1984;	Di	

Loreto	et	al.,	1992;	Lokwan	et	al.,	1999;	Hong	and	Hikosaka,	2014).	These	studies,	however,	

fail	to	capture	naturally	occurring	activity	patterns	within	PPN	glutamatergic	neurons,	

therefore	limiting	the	conclusions	that	can	be	drawn	with	regard	to	how	PPN	may	govern	

SNc	firing	patterns.	Furthermore,	there	is	undoubtedly	stimulation	of	not	only	

glutamatergic	but	also	cholinergic	and	potentially	GABAergic	input	from	the	PPN	to	SNc	

neurons	in	these	experimental	paradigms,	also	making	interpretation	difficult.	Similarly,	
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while	studies	have	correlated	activity	patterns	in	the	PPN	with	responses	in	the	SNc,	this	

work	has	not	been	able	to	distinguish	between	neurochemical	subpopulations	within	the	

PPN	(Pan	and	Hyland,	2005;	Hong	and	Hikosaka,	2014).	 

One	prediction	from	the	data	shown	here	is	that	disrupting	PPN	glutamatergic	input	

to	the	SNc	should	produce	a	concomitant	reduction	in	burst	firing	in	the	SNc.	While	lesions	

of	the	STN	have	been	shown	to	reduce	burst	firing	in	the	SNc	(Smith	and	Grace,	1992),	

similar	studies	have	not	been	performed	for	the	PPN	input	to	these	cells.	Lesioning	the	

PPN,	however,	would	not	be	an	ideal	choice	given	the	mixed	input	from	the	PPN	to	the	SNc.	

Rather,	a	more	targeted	strategy	by	which	the	input	solely	from	PPN	glutamatergic	cells	

could	be	disrupted	would	be	preferred.	Chemogenetic	approaches	offer	such	an	

opportunity	(Roth,	2016).	Designer	receptors	exclusively	activated	by	designer	drugs	

(DREADD)‐based	methods	could	be	employed,	whereby	inhibitory	muscarinic	G‐protein	

coupled	receptors	(GPCRs)	that	have	been	mutated	to	only	respond	to	an	exogenous	ligand	

(CNO:	clozapine‐N‐oxide)	allow	for	dynamic	control	of	neuronal	activity	through	

administration	of	said	ligand	(Krashes	et	al.,	2011;	Roth,	2016;	Koga	et	al.,	2017).	Using	a	

VGLUT2+	Cre	line	these	DREADDs	could	exclusively	expressed	in	PPN	glutamatergic	cells	

via	intracranial	injections	in	to	the	PPN	of	a	Cre‐dependent	virus.	Attenuation	of	firing	

within	these	cells	could	then	be	assessed	in	in	vivo	preparations	monitoring	firing	patterns	

within	the	SNc	in	different	behavioral	contexts.	 

Does	inhibition	of	PPN	glutamatergic	neurons	disrupt	learning?		
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	 Were	inhibition	of	PPN	glutamatergic	neurons	to	lead	to	a	reduction	in	burst	activity	

in	SNc	DA	neurons	in	vivo,	the	subsequent	expectation	would	be	a	similar	disruption	in	

learning	acquisition.	A	number	of	lesion	studies	have	tested	this	hypothesis,	with	the	

general	observation	being	that,	indeed,	lesioning	the	PPN	impairs	learning	in	classical	and	

operant	conditioning	paradigms	(Inglis	et	al.,	2000;	Alderson	et	al.,	2008;	Bortolanza	et	al.,	

2010;	Jimenez‐Martin	et	al.,	2015;	Syed	et	al.,	2016).	As	discussed,	though,	lesions	fail	to	

provide	information	on	how	specific	subpopulations	in	the	PPN	are	involved	in	outcome	

measures.	 

	 Recent	work	using	in	vivo	optogenetics	has	demonstrated	that	specific	activation	of	

PPN	glutamatergic	neurons	is	reinforcing	(Yoo	et	al.,	2016).	PPN	stimulation	was	shown	to	

excite	VTA	DA	neurons.	Furthermore,	when	given	the	choice	between	two	options	(e.g.	two	

nosepoke	holes),	animals	preferred	that	which	was	paired	with	stimulation	of	PPN	

glutamatergic	neurons	(Yoo	et	al.,	2016).	The	converse,	however,	has	not	been	tested.	In	

addition	to	the	excitatory	ChR2,	optogenetic	techniques	allow	for	the	silencing	of	neurons	

using	archaerhodopsin	or	halorhodopsin	(Han,	2012).	In	vivo	recordings	of	the	PPN	has	

shown	that	they	respond	to	behavior	cues	at	shorter	latency	than	DA	neurons	(Pan	and	

Hyland,	2005).	Cre‐dependent	expression	of	an	inhibitory	opsin	in	VGLUT2+	PPN	neurons,	

using	similar	techniques	described	above,	would	allow	for	a	directly	inhibiting	that	

response	with	high	temporal	precision.	If	firing	in	these	cells	is	crucial	to	reinforcement	

learning,	attenuation	of	their	response	to	behavioral	cues	should	block	learning	acquisition.	 

What	learning‐signals	do	PPN	glutamatergic	neurons	encode?		
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	 Even	if	PPN	glutamatergic	neurons	are	shown	to	be	a	critical	input	to	DA	neurons	

for	goal‐directed	behavior,	it	remains	largely	unclear	what	information	these	cells	are	

providing	to	the	SNc.	As	discussed,	a	number	of	studies	have	observed	cells	within	the	PPN	

that	appear	to	encode	signals	corresponding	to	different	components	of	reward	signaling	

(Pan	and	Hyland,	2005;	Kobayashi	and	Okada,	2007;	Okada	et	al.,	2009;	Norton	et	al.,	2011;	

Okada	and	Kobayashi,	2013);	however,	there	exists	substantia	heterogeneity	in	the	

response	profiles	of	PPN	neurons	with	regards	to	sensory	cues	associated	with	reward.	

Unlike	work	characterizing	different	activity	patterns	in	PPN	subpopulations	in	response	to	

changes	in	arousal	state	(Mena‐Segovia	et	al.,	2008;	Boucetta	and	Jones,	2009;	Roš	et	al.,	

2010),	the	reward‐learning	literature	in	PPN	has	largely	studied	the	area	without	delving	in	

to	specifics	about	different	populations	within	the	PPN.	It	is	likely,	though,	that	the	

heterogeneity	in	observed	in	these	cells	is	partly	attributable	to	the	neurochemical	

heterogeneity	in	cell	populations	in	the	PPN.	 

	 This	could	be	attacked	in	multiple	ways.	One	strategy	would	be	to	employ	the	

techniques	used	in	the	PPN‐arousal	literature	–	namely,	in	vivo	extracellular	recording	

followed	by	juxtacellular	labeling,	allowing	for	post‐hoc	identification	of	cell	type	(Mena‐

Segovia	et	al.,	2008;	Boucetta	and	Jones,	2009;	Roš	et	al.,	2010).	While	this	is	likely	the	

preferred	method	for	studying	the	activity	of	single	cells,	an	examination	of	the	PPN	

glutamatergic	population	as	a	whole	would	also	prove	to	be	informative.	In	vivo	imaging	of	

large	populations	of	neurons	has	been	achieved	using	genetically‐encoded	calcium	

indicators	(GECIs),	particularly	GCaMP	(Chen	et	al.,	2012;	Zariwala	et	al.,	2012;	Dana	et	al.,	

2014).	These	can	be	targeted	to	specific	populations	of	neurons	using	the	Cre‐driver	
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methods	already	described.	In	vivo	imaging	techniques	have	historically	been	limited	to	

more	superficial	structures;	recently,	however,	deeper	brain	areas	have	been	imaged	using	

implantable	microendoscopes	(Grewe	et	al.,	2017).	This	technology	has	been	paired	with	

miniaturized,	head‐mounted	fluorescent	microscopy	to	allow	for	the	recording	of	the	

activity	in	neural	ensembles	in	awake	behaving	mice	(Ghosh	et	al.,	2011;	Ziv	et	al.,	2013;	

Grewe	et	al.,	2017).	Applied	to	the	PPN,	these	techniques	would	allow	for	directly	assessing	

how	glutamatergic	neurons	respond	when	presented	with	salient	stimuli,	as	well	as	how	

those	responses	change	over	the	course	of	learning.	The	findings	from	this	would	have	

important	implications	for	our	understanding	of	how	PPN	neurons	may	be	driving	the	

activity	of	SNc	DA	neurons	in	vivo.		 

What	implications	do	these	findings	have	for	other	sources	of	glutamate	to	SNc	DA	neurons?		

	 Our	work	indicates	that	synapses	from	the	PPN	and	the	STN	have	different	spatial	

distributions	in	the	dendritic	tree	of	SNc	neurons.	This	is	potentially	one	explanation	as	to	

why	previous	work	has	shown	that	NMDAR	activity	is	critical	for	STN‐evoked	burst	firing	

in	the	SNc	(Smith	and	Grace,	1992;	Chergui	et	al.,	1994),	while	our	work,	in	agreement	with	

others	(Scarnati	et	al.,	1984;	Di	Loreto	et	al.,	1992;	Lokwan	et	al.,	1999),	indicates	that	

NMDAR	activity	is	not	a	requirement	for	PPN	glutmatergic	input	to	drive	SNc	firing.	Rather,	

it	appears	that	preferential	targeting	of	PPN	input	to	proximal	dendritic	regions	allows	this	

input	to	directly	pattern	SNc	DA	neuron	activity.	An	obvious	question,	then,	is	whether	or	

not	any	of	the	other	sources	of	glutamate	to	DA	neurons	have	properties	similar	to	that	of	

PPN.	 
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	 One	potential	candidate	is	the	superior	colliculus.		Although	preferentially	activated	

by	visual	information,	the	SC,	like	the	PPN,	has	been	shown	to	respond	to	salient	sensory	

cues	(Comoli	et	al.,	2003).	Also	like	the	PPN,	the	SC	responds	to	these	stimuli	before	the	

SNc,	leading	some	to	suggest	that	the	SC	is	the	source	for	short‐latency	visual	information	

for	the	SNc	(Comoli	et	al.,	2003;	Dommett	et	al.,	2005).	Finally,	in	vivo	stimulation	of	the	SC	

has	been	show	to	increase	burst	firing	in	the	SNc	(Coizet	et	al.,	2003).	Despite	these	

observations,	in	vitro	studies	have	yet	to	be	performed	to	assess	the	properties	of	this	

synapse.	 

	 Ultimately	each	of	the	major	glutamatergic	inputs	to	the	SNc	needs	to	be	examined	

in	greater	detail.	While	a	number	of	in	vivo	studies	have	been	performed,	many	of	the	

results	provide	a	conflicting	image	on	how	glutamatergic	input	influences	SNc	neurons.	

Furthermore,	in	vitro	data	is	largely	lacking	from	this	literature,	as	techniques	allowing	for	

the	selective	activation	of	specific	inputs	has	only	recently	become	available.	More	studies	

like	the	one	completed	here	would	aid	in	providing	a	more	complete	picture	of	what	

governs	the	activity	of	SNc	DA	neurons	during	action	selection	and	reward‐based	learning.		
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Materials	and	Methods	

	

Animals:	Male	and	female	C57Bl/6	or	DAT‐Cre/Ai14‐tdTomato	(on	a	C57Bl/6	

background)	mice	were	used.	All	experiments	were	performed	in	accordance	with	

protocols	reviewed	and	approved	by	the	Northwestern	Institutional	Animal	Care	and	Use	

Committee	and	NIH	guidelines.		

Stereotaxic	Injections:	Stereotaxic	injections	were	performed	when	animals	were	

between	P16	and	P25	days	old.	Animals	were	anesthetized	with	an	isoflurane	precision	

vaporizer	(Smiths	Medical	PM,	Inc.,	Norwell,	MA)	and	placed	in	a	stereotaxic	frame	(David	

Kopf	Instruments,	Tujunga,	CA).		The	distance	between	bregma	and	lambda	was	measured	

and	used	to	adjust	the	following	stereotaxic	coordinates:	PPN	–	AP:	‐4.4,	ML:	1.25,	DV:	3.5;	

STN	–	AP:	‐1.8,	ML:	1.4,	DV:	4.5.	A	small	hole	was	drilled	using	a	micro	drill	bit	(Fine	Science	

Tools,	Foster	City,	CA)	and	a	calibrated	glass	pipette	pulled	on	a	P‐97	Sutter	Instruments	

(Novato,	CA)	puller	was	used	to	inject	40‐60	nL	of	either	AAV9.CAG.hChR2,	

AAV9.hSyn.hChR2,	or	AAV9.Syn.Chronos	(Addgene	20938M,	Addgene	26973P,	or	Addgene	

62726,	respectively,	supplied	by	University	of	Pennsylvania	Vector	Core)	at	one	of	these	

locations.	Animals	were	sacrificed	10‐20	days	post	injection.		

Slice	preparation:	Mice	were	anaesthetized	with	a	mixture	of	ketamine	(50	mg/kg)	and	

xylazine	(4.5	mg/kg)	and	intracardially	perfused	with	ice‐cold	high‐sucrose,	high‐

magnesium	artificial	cerebrospinal	fluid	(aCSF)	containing	(in	mM):	50	NaCl,	2.5	KCl,	25	

NaHCO3,	1.25	NaH2PO4,	1	CaCl2,	10	MgCl2,	25	glucose,	pH	7.3	(~310	mOsm/L).	The	brain	
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was	then	removed,	sectioned	in	to	220‐275	µm	coronal	or	parasagittal	slices	using	a	Leica	

VT1200	S	vibratome	(Wetzlar,	Germany),	and	allowed	to	recover	at	room	temperature	for	

at	least	30	minutes	in	aCSF	containing	(in	mM):	82.5	NaCl,	2.5	KCl,	25	NaHCO3,	1.25	

NaH2PO4,	1.5	CaCl2,	5.5	MgCl2,	25	glucose,	pH	7.3	(~310	mOsm/L).	All	solutions	were	

oxygenated	with	a	mixture	of	95%	O2/5%	CO2.		

Electrophysiology:	Slices	were	transferred	to	a	recording	chamber	continuously	perfused	

with	warm	(33‐35	C),	oxygenated	aCSF	containing	(in	mM):	125	NaCl,	2.5	KCl,	25	NaHCO3,	

1.25	NaH2PO4,	2	CaCl2,	1	MgCl2,	25	glucose,	pH	7.3	(~310	mOsm/L).	Cells	were	visualized	

on	an	Olympus	BX51	upright	microscope	equipped	with	an	Olympus	LUMPFL	60x1.0	NA	

water‐dipping	objective	lens	using	a	Thorlabs	1545M	CMOS	USB	camera	and	Micro‐

Manager	open	source	microscopy	software	(Edelstein	et	al.,	2001).	Stage	movement,	

objective	lens	focus,	and	manipulator	XYZ	movement	was	controlled,	respectively,	by:	FM‐

380	shifting	stage,	Olympus	axial	focus	module,	and	manipulators	(Luigs	and	Nuemann	

GmbH;	Ratingen,	Germany) 

Patch	pipettes	were	pulled	from	thick‐walled	borosilicate	glass	on	a	Sutter	P‐1000	

puller.	Pipette	resistance	was	typically	3‐4	MΩ,	except	for	whole	cell	pacemaking	and	cell‐

attached	axon	recordings	where	pipette	resistance	typically	was	8‐15	MΩ.	Several	different	

internal	solutions	were	used,	depending	on	the	experiment	being	performed.	For	whole‐

cell	voltage‐clamp	experiments	pipettes	were	filled	with	a	cesium‐based	internal	

containing	(in	mM):	120	CsMeSO3,	15	CsCl,	10	HEPES,	0.2	EGTA,	3	ATP‐Mg,	0.3	GTP‐Na,	10	

TEA‐Cl,	1.9	QX314‐Cl.	For	whole‐cell	voltage‐clamp	calcium	imaging	experiments	the	same	

internal,	absent	EGTA,	was	supplemented	with	100	µM	Fluo‐4	or	Fura‐2	and	25	µM	Alexa	
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568.	For	whole‐cell	current‐clamp	experiments	pipettes	were	filled	with	a	potassium‐based	

internal	containing	(in	mM):	135	KMeSO4,	5	KCl,	5	HEPES,	0.05	EGTA,	10	phosphocreatine‐

di(tris),	2	ATP‐Mg,	0.5	GTP‐Na	as	well	as	25	µM	Alexa	568.	Perforated‐patch	experiments	

were	performed	with	pipettes	front‐filled	with	a	solution	containing	(in	mM):	126	KMeSO4,	

14	KCl,	10	HEPES,	1	EGTA,	0.5	CaCl2,	3MgCl2	and	then	back	filled	with	the	same	solution	

containing	20	µg/mL	gramicidin‐D.	Loose‐seal	cell‐attached	recordings	were	made	with	

pipettes	filled	with	145	mM	NaCl,	10mM	HEPES,	and	25	µM	Alexa	568	(ThermoFischer	

Scientific,	Waltham,	MA).	All	internals	had	a	pH	of	7.25‐7.3	(with	either	1	M	CsOH,	KOH,	or	

NaOH)	and	an	osmolarity	of	280‐300	mOsm/L.		

Electrophysiological	recordings	were	obtained	using	a	Multiclamp	700B	amplifier.	

Signals	were	filtered	at	4‐20	kHz	and	digitized	at	10‐50	kHz.		For	voltage	clamp	

experiments	access	resistance	was	monitored	throughout	the	experiment.	Cells	in	which	

access	deviated	from	baseline	by	more	than	20%	were	discarded.	For	perforate	patch	

experiments,	cells	were	left	to	perforate	until	the	spike	height	reached	roughly	0	mV	before	

data	collection	began.	Rapid	jumps	in	the	observed	voltage	to	positive	(>	0mV)	values	were	

used	as	exclusion	criterion	due	to	break‐in.	The	liquid	junction	potential	for	the	cesium,	

potassium,	and	perforated	internals	in	recording	aCSF	were	5.9	mV,	7	mV,	and	5.1	mV	

respectively,	and	were	corrected	for	during	data	analysis.		

Pharmacology:	A	number	of	different	pharmacological	agents	were	used.	Unless	

otherwise	noted,	drugs	were	purchased	from	R&D	Systems	(Minneapolis,	MN)	or	Abcam	

(Cambridge,	MA)	and	were	prepared	according	to	manufacturer	instructions.	They	are	

listed	here,	along	with	their	working	concentration:	NBQX	(5	µM),	(R)‐CPP	(5	µM),	
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SR95531	(10	µM),	mecamylamine	hydrochloride	(10	µM),	tetrodotoxin	(1	µM),	4‐

aminopyridine	(100	µM),	apamin	(200	nM),	ifenprodil	(5	µM),	TCN	201	(10	µM),	A	841720	

(0.1	µM),	MTEP	hydrochloride	(0.5	µM),	philanthotoxin	74	(5	µM),	glycine	(250	µM),	D‐

serine	(250	µM),	CIQ	(10	µM;	provided	the	Traynelis	lab	and	Brandt	Labs,	Atlanta,	GA).		

2PLSM	Imaging	and	photostimulation:	Two‐photon	laser‐scanning	microscopy	(2PLSM)	

was	performed	using	an	Ultima	LSM	system	(Prairie	Technologies,	Middleton,	WI).	The	2P	

excitation	source	was	a	Chameleon‐Ultra	series	tunable	(690‐1040	nm)	Ti:sapphire	laser	

system	(Coherent	Laser	Group,	Santa	Clara,	CA).	Alexa	and	Fluo‐4	dyes	were	excited	using	

820	nm	(80	MHz	pulse	repetition	frequency	and	~140	fs	pulse	duration)	excitation,	while	

Fura‐2	was	imaged	at	780nm.	Laser	power	attenuation	was	achieved	with	two	Pockels'	cell	

electro‐optic	modulators	(models	M350‐80‐02‐BK	and	M350‐50‐02‐BK,	Con	Optics,	

Danbury,	CT)	controlled	by	PrairieView	5.0‐5.3	software.	The	two	cells	were	aligned	in	

series	to	provide	enhanced	modulation	range	for	fine	control	of	the	excitation	dose	(0.1%	

steps	over	five	decades),	to	limit	maximum	power,	and	to	serve	as	a	rapid	shutter	during	

line	scan	acquisitions.	The	fluorescence	emission	was	collected	by	non–de‐scanned	

photomultiplier	tubes	(PMTs).	Green	channel	(490‐560	nm)	signals	were	detected	by	a	

Hamamatsu	H7422P‐40	select	GaAsP	PMT,	which	was	protected	during	blue	laser	

exposures	with	a	Uniblitz	DSS10B‐1‐T‐0	shutter	(Vincent	Associates).		Red	channel	(580‐

630	nm)	signals	were	detected	by	a	Hamamatsu	R3982	side	on	PMT.	Cell	visualization	

during	laser	scanning	was	made	possible	by	a	Dodt‐tube‐based	transmission	detector	with	

a	mirror	routing	the	laser	to	a	Hamamatsu	R3982	side	on	PMT	(Prairie	Technologies;	

Middleton,	WI).		Scanning	signals	were	sent	and	received	by	the	PCI‐NI6110	analog‐to‐
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digital	converter	card	in	the	system	computer	(National	Instruments,	Austin,	TX).	Scanned	

images	were	built	up	pixel	by	pixel	(dwell	time:	10‐12	µs),	with	PMT	anode	current	to	

voltage	conversion	and	sampling	fixed	in	0.4	µs	increments.	For	calcium	imaging,	line	scans	

were	performed	along	5‐10	µm	sections	of	dendrite	(6	ms	and	512	pixels	per	line).	Cells	

were	allowed	to	fill	for	a	minimum	of	30	minutes	to	allow	for	dye	equilibration.	Calcium	

fluorescence	signals	were	background‐subtracted	and	normalized	by	a	baseline	

fluorescence	(f0).	Calcium	transients	were	quantified	as	the	area	under	the	transient.	

One‐photon	(1P)	photostimulation	was	performed	using	either	a	Prairie	Aurora	Launch	

(473	nm,	50	mW	rated	laser	with	AOTF	intensity	control)	or	a	Prairie	Helios	laser	launch	

(Coherent	OBIS	473	nm	laser).	The	launch	was	coupled	to	the	Ultima	scan	head	via	a	metal	

clad	fiber	optic	cable.	The	launch	optics	were	designed	to	provide	~1	µm	spot	stimulation	

at	the	focal	plan	of	the	60x/1.0NA	objective	lens;	additional	optics	allowed	for	this	spot	size	

to	be	increased	to	~10	µm.	Generally,	a	1.0ND	filter	was	employed	to	reduce	the	maximal	

power	at	the	sample	from	~18	mW	to	~1.8	mW.	Laser	power	was	further	controlled	by	the	

PrairieView	software.	A	second	pair	of	galvanometer	mirrors	within	the	Ultima	scan	head	

allowed	for	multiple	stimulation	points	within	the	focal	plane	of	interest.	Full‐field	

photostimulation	was	provided	by	either	a	pE‐100	470	nm	LED	(CoolLED	via	Tek5	

Systems,	Yorktown	Heights,	NY)	or	an	Excelitas	Excite	LED110	four‐LED,	coupled	to	

scanning	system	via	a	Lumatec	3	mm	liquid	light	guide	via	the	Olympus	BX‐51	WIF	rear	

epi‐fluorescence	port.	For	blue‐light	stimulation,	a	Chroma	39002	ET	eGFP	large	(BX2)	

Olympus	filter	cube	was	used.	The	LED	was	remotely	synchronized	and	activated	by	a	TTL	
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signal	from	the	PrairieView	software.	The	maximum	exposure	field	of	view	with	the	

60x/1.0NA	objective	lens	was	~415	µm.		

For	sCRACM	experiments,	the	point	spread	function	of	the	blue	laser	was	estimated	by	

moving	the	nominal	site	of	stimulation	away	from	the	dendrite	(Figure	6).	Laser	power	was	

calibrated	based	on	this	same	procedure.	For	RuBi‐glutamate	uncaging	experiments,	RuBi‐

glutamate	(2	mM)	was	superfused	(0.4	ml/hr)	using	a	system	of	syringe	pumps	(World	

Precision	Instruments,	Sarasota,	FL)	and	a	multi‐barreled	perfusion	manifold	fitted	with	a	

small‐volume	mixing	tip	that	allowed	rapid	switching	between	solutions	(Cell	

MicroControls,	Norfolk,	VA).	In	all	photostimulation	experiments,	light	pulses	were	limited	

to	1	ms,	with	the	power	calibrated	based	on	achieving	physiological	responses	within	the	

scope	of	the	respective	experiment.		

Fixed	Tissue	Preparation	and	Imaging:	Fixed	tissue	was	prepared	by	first	perfusing	

anaesthetized	animals	with	phosphate	buffered	saline	(PBS,	Sigma‐Aldrich,	St.	Louis,	MO)	

followed	by	4%	paraformaldehyde	(PFA,	diluted	with	PBS	from	16%	stock;	Electron	

Microscopy	Sciences,	Hatfield,	PA).	The	brain	was	then	removed	and	allowed	to	further	fix	

in	PFA	overnight,	and	then	washed	and	stored	in	PBS.	Brains	were	sectioned	in	to	100	µm	

parasagittal	slices	on	a	Leica	VT1200	S	vibratome.	Sections	were	mounted	on	with	ProLong	

Diamond	(ThermoFischer	Scientific,	Waltham,	MA)	and	imaged	with	an	Olympus	FV10i	

confocal	laser	scanning	microscope.		

Data	Analysis	and	Statistics:	Both	electrophysiological	and	imaging	data	were	analyzed	

using	either	GraphPad	Prism	(version	5.0,	GraphPad	Software),	Fiji	(Schindelin	et	al.,	

2012),	or	custom	written	python	analysis	scripts	using	a	number	of	numerical	python	
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packages:	pandas	(McKinney,	2010),	SciPy	(Jones	et	al.,	2001),	and	statsmodels	(Seabold	

and	Perktold,	2010).	Figures	were	created	with	matplotlib	(Hunter,	2007)	or	GraphPad	

Prism	and	Adobe	Illustrator.	Data	were	summarized	using	box	plots	showing	median	

values,	first	and	third	quartiles,	and	whiskers	at	10th	and	90th	percentiles.	Summary	

statistics	are	presented	as	mean	±	standard	deviation.	Sample	n	represents	the	number	of	

neurons	collected	from	brain	slices	from	a	minimum	of	three	animals.	Sample	size	was	

based	on	prior	studies	published	from	our	lab	and	others	using	similar	techniques	(Blythe	

et	al.,	2009;	Sanchez‐Padilla	et	al.,	2014).	Statistical	analysis	was	performed	with	either	

SciPy,	statsmodels,	or	GraphPad	Prism	using	non‐parametric	tests	(Mann‐Whitney	U‐test	of	

significance	or	Wilcoxon	signed	rank	test	for	between	or	within‐subject	design	

experiments,	respectively)	except	where	otherwise	noted.	To	correct	for	multiple	

comparisons	the	Holm‐Bonferroni	method	was	used,	with	the	reported	p‐values	

representing	the	adjusted	p‐value.	Probability	threshold	for	statistical	significance	was	P	<	

0.05.	 
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Appendix	A:	Additional	Projects	

	

Transient	Activation	of	GABAB	Receptors	Suppresses	SK	Channel	Currents	in	
Substantia	Nigra	Pars	Compacta	Dopaminergic	Neurons	

Authors:	Estep,	C.M.,	Galtieri,	D.J.,	Zampese,	E.,	Goldberg,	J.A.,	Brichta,	L.,	Greengard,	P.,	
Surmeier	

Status:	Published	(2016),	PLOS	ONE	11,	e0169044.	doi:10.1371/journal.pone.0169044	

Summary:		

This	project	examined	the	effect	of	transient	GABAB	receptor	activation	on	pacemaking	

activity	in	SNc	DA	neurons.	In	contrast	to	prolonged	GABAB	activation,	which	produces	a	

well	described	suppression	of	firing	through	Kir3	channel	activity,	transient	stimulation	of	

GABAB	receptors,	achieved	through	photolysis	of	RuBi‐GABA,	increased	spike	rate	and	

irregularity.	This	was	found	to	be	mediated	by	suppression	of	SK	channels,	likely	through	

inhibition	of	adenylate‐cyclase	and	the	subsequent	reduction	in	PKA	activity.		

Contribution:		

My	primary	contribution	to	this	work	was	validation	of	the	experimental	findings,	

particularly	of	the	observation	that	transient	GABAB	receptor	activation	increased	spike	

rate	and	irregularity.	Perforated‐patch	recordings	were	performed	before	and	after	

photolysis	of	RuBi‐GABA,	and	the	subsequent	changes	in	firing	pattern	were	analyzed.	I	

also	performed	pilot	studies	with	focal	1P	excitation	of	RuBi‐GABA	in	different	portions	of	

the	SNc	dendritic	tree	to	assess	any	potential	differences	in	regional	expression	of	GABAB	

receptors.	Additionally,	the	software	packages	discussed	in	Appendix	B	were	critical	for	the	
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data	analysis	performed	in	in	this	paper.	I	also	contributed	to	the	writing	and	revising	of	

the	manuscript.			

Calcium	Entry	and	α‐Synuclein	Inclusions	Elevate	Dendritic	Mitochondrial	Oxidant	
Stress	in	Dopaminergic	Neurons	

Authors:	Dryanovski,	D.I.,	Guzman,	J.N.,	Xie,	Z.,	Galtieri,	D.J.,	Volpicelli‐Daley,	L.A.,	Lee,	V.M.‐
Y.,	Miller,	R.J.,	Schumacker,	P.T.,	Surmeier,	D.J.	

Status:	Published	(2013),	The	Journal	of	Neuroscience	33,	10154–10164.	
doi:10.1523/JNEUROSCI.5311‐12.2013	

Summary:	

This	study	examined	the	interaction	between	mitochondrial	oxidant	stress,	calcium	entry,	

and	Lewy‐body	aggregates	in	cultured	SNc	DA	neurons.	Prior	work	from	our	lab	had	shown	

that	calcium	entry	through	L‐type	VGCCs	significantly	contributed	to	oxidant	stress	in	SNc	

DA	neurons	(Guzman	et	al.,	2010).	This	study	extended	those	findings	by	showing	that	

dendritic	compartments	showed	higher	mitochondrial	stress	than	somatic	compartments,	

with	mitochondrial	stress	in	dendritic	compartments	increasing	with	distance	from	the	

soma.	Furthermore,	it	was	shown	that	α‐synuclein	Lewy‐body	aggregates	increased	

mitochondrial	stress	in	these	same	compartments	by	elevating	cytosolic	reactive‐oxidant	

species	formation.	 

Contribution:		

I	contributed	both	2PLSM	calcium	imaging	data	and	2P	mitochondrial	roGFP	imaging	data	

to	this	study.	I	performed	2PLSM	imaging	to	validate	the	presence	of	calcium	oscillations	in	

the	cultured	DA	neurons	and	to	compare	them	to	those	observed	in	SNc	DA	neurons	

recorded	in	ev	vivo	brain	slices.	I	also	collected	the	2P	roGFP	data	from	different	
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compartments	(somatic	vs.	dendritic)	in	SNc	and	VTA	DA	neurons	in	ev	vivo	brain	slices,	

showing	elevated	stress	in	SNc	dendrites	in	comparison	to	the	somatic	region.		

	

Mitochondrial	oxidant	stress	in	locus	coeruleus	is	regulated	by	activity	and	nitric	oxide	
synthase	

Authors:	Sanchez‐Padilla,	J.,	Guzman,	J.N.,	Ilijic,	E.,	Kondapalli,	J.,	Galtieri,	D.J.,	Yang,	B.,	
Schieber,	S.,	Oertel,	W.,	Wokosin,	D.,	Schumacker,	P.T.,	Surmeier,	D.J.	

Status:	Published	(2014),	Nature	Neuroscience	17,	832–840.	doi:10.1038/nn.3717	

Summary:	

This	study	assessed	mechanisms	of	vulnerability	in	locus	coeruleus	(LC)	neurons.	Like	the	

SNc,	the	LC	is	known	to	degenerate	in	PD.	This	study	examined	the	basic	physiology	of	

these	cells	and	found	that,	like	the	SNc,	they	possess	L‐type	VGCCs	that	significantly	

contribute	to	mitochondrial	oxidant	stress.	It	was	also	shown	that	nitric	oxide	production	

through	a	mitochondrial	form	of	nitric	oxide	synthase	(NOS)	contributed	to	mitochondrial	

stress.	This	NOS	was	further	shown	to	be	stimulated	by	calcium	entry	through	L‐type	

channels.		

Contribution:	

I	contributed	data	measuring	the	effect	of	the	NOS	inhibitor	L‐NG‐nitroarginine	methyl	

ester	(L‐NAME)	on	mitochondrial	stress	in	SNc	DA	neurons,	which	was	used	as	a	

comparison	to	the	effect	of	L‐NAME	application	on	mitochondrial	stress	in	LC	neurons.	I	

also	contributed	to	the	2PLSM	calcium	imaging	data	used	to	calculate	intrinsic	calcium	

buffering	capacity	in	LC	neurons	described	in	this	study.		
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Chronic	isradipine	treatment	lowers	calcium‐dependent	mitochondrial	stress	and	
damage	in	dopaminergic	neurons	at	risk	in	Parkinson’s	disease	

Authors:	Guzman,	J.,	Ilijic,	E.,	Yang,	B.,	Sanchez‐Padilla,	J.,	Wokosin,	D.,	Galtieri,	D.J.,	
Kondapalli,	J.,	Schumacker,	P.T.,	Surmeier,	D.J.	

Status:	Being	revised,	The	Journal	of	Clinical	Investigation 

Summary:	

This	study	examined	the	effect	of	chronic	treatment	of	the	L‐type	calcium	channel	inhibitor,	

isradipine,	on	calcium	transients	and	mitochondrial	stress	in	SNc	DA	neurons.	Previous	

work	has	shown	that	inhibition	of	L‐type	channels	abolishes	dendritic	calcium	oscillations	

and	reduces	mitochondrial	oxidant	stress	in	SNc	neurons	(Guzman	et	al.,	2009,	2010).	The	

present	study	extends	this	finding	by	chronically	administering	isradipine	via	osmotic	

pumps	for	7‐10	days.	Fura‐2	2PLSM	calcium	imaging	was	used	to	quantify	the	amplitude	of	

the	observed	calcium	oscillations	in	units	of	nanomolars	of	calcium.	It	was	observed	that	

sub‐micromolar	levels	of	isradipine	reduced	the	calcium	oscillations,	particularly	the	sub‐

threshold	component.	Mitochondrial	oxidant	stress	as	well	as	mitochondrial	turner	were	

also	shown	to	be	lowered	by	chronic	isradipine	treatment. 

Contribution:	

I	primarily	contributed	validation	data	showing	that	chronic	isradipine	treatment	did	not	

alter	the	intrinsic	properties	of	SNc	DA	neurons.	Animals	were	implanted	with	osmotic	

pumps	to	continuously	deliver	either	saline	or	isradipine	for	7‐10	days.	Perforated	patch	

recordings	were	then	performed	to	assess	changes	in	basal	firing	rate,	current‐frequency	

relationship,	and	IH.	No	significant	effects	on	these	intrinsic	properties	were	found	as	a	
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result	of	the	isradipine	treatment.	I	also	contributed	to	the	validation	of	the	Fura‐2	imaging	

technique	used	throughout	this	study.	
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Appendix	B:	Development	of	Analysis	Tools	

	

In	addition	to	the	experimental	work	completed	over	the	course	of	my	dissertation,	

a	significant	portion	of	my	time	in	the	Surmeier	lab	has	been	devoted	to	developing	

analysis	tools	for	the	lab.	The	overarching	goals	driving	this	have	been	twofold:	addressing	

both	points	of	inefficiency	as	well	as	outright	gaps	in	the	data	workflows	of	lab	members	

and	increasing	transparency	in	the	process	of	data	being	transformed	from	a	raw	form	to	

that	of	a	finished	figure.	Over	time,	in	collaboration	with	Drs.	Chad	Estep	and	David	

Wokosin,	a	library	of	both	general	and	task‐specific	tools	has	been	generated.	These	were	

all	created	in	Python,	using	a	variety	of	libraries	within	the	PyData	ecosystem	and	have	

been	made	publicly	available	through	the	Surmeier	lab	Github	repository	

(github.com/surmeierlab).	The	major	projects	are	outlined	below,	along	with	a	description	

of	the	needs	they	were	meant	to	fill.		

Why	Python?		

	 A	conscious	decision	was	made	at	the	start	of	this	process	to	develop	these	tools	in	

Python	rather	other	available	options,	particularly	MATLAB.	While	both	Python	and	

MATLAB	offer	similar	capabilities	for	mathematical	operations,	including	data	structures	

allowing	for	vectorized	operations	(inherent	to	MATLAB;	through	the	numpy	package	in	

Python),	Python	is	a	far	more	mature	language	from	a	software	development	standpoint.	

This	becomes	a	non‐trivial	point	when	developing	tools	that	extend	beyond	simple	analysis	

scripts.	For	example,	MATLAB	limits	any	individual	function	file	to	only	one	external	
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callable	function,	resulting	in	many	small	files,	each	corresponding	to	a	single	function,	that	

would	more	ideally	be	organized	into	a	single	unit.	This	becomes	incredibly	cumbersome	

when	a	project	grows	beyond	a	few	files,	especially	when	multiple	users	are	involved.	The	

Python	package	system	is	far	more	streamlined,	allowing	for	the	logical	organization	of	

functions	into	modules	that	are	easy	to	distribute	amongst	users.	Individual	functions,	

whole	modules,	or	whole	packages	can	then	be	imported	as	needed.		The	fact	that	all	

MATLAB	functions	share	the	same	global	namespace	further	complicates	large	projects.		

	 Python,	being	first	and	foremost	a	general	purpose	programming	language,	also	has	

a	broad	array	of	tools	beyond	numerical	operations.	For	example,	Python	offers	far	more	

capabilities	for	working	with	non‐numerical	data	types	(such	as	strings),	which	was	an	

important	consideration	for	parsing	the	metadata	files	generated	by	our	2PLSM	systems.	It	

also	provides	access	to	a	number	of	graphical	interface	and	data	visualization	libraries,	

both	of	which	proved	incredibly	useful	for	the	tools	developed	here.		Python	itself,	as	well	

as	the	various	libraries	written	in	Python	that	we	ultimately	ended	up	using	in	building	

these	packages,	are	all	also	open	source,	meaning	that	the	underlying	code	is	freely	

available	for	examination.	This	is	not	true	for	MATLAB,	where	much	of	the	code,	including	

many	of	the	built‐in	algorithms,	are	proprietary.	Ultimately	all	of	these	factors	contributed	

to	the	decision	to	develop	these	tools	in	Python.		

Neurphys	

Neurphys	is	a	general	purpose	analysis	package	for	working	with	data	generated	

either	with	pClamp	(Molecular	Devices)	or	Praire	View	5.0+	(Bruker,	formerly	Prairie	

Technologies)	acquisition	software.	It	implements	separate	import	modules,	read_abf	and	
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read_pv,	for	*.abf	files	(pClamp)	and	Praire	View	data	folders.	The	former	utilizes	the	neo	

Python	package	(https://pythonhosted.org/neo/io.html)	for	interfacing	with	*.abf	files.	

The	latter	parses	the	metadata	contained	within	the	configuration	XML	files	in	the	specified	

folders	to	identify	the	data	files	within	the	folder	that	need	to	be	read.	Ultimately	both	

import	functions	collapse	the	data	in	to	a	standard	format	–	a	multidimensional	pandas	

DataFrame,	where	repetitions	(sweeps)	are	the	additional	dimension.	For	example,	a	data	

file	containing	ten	sweeps,	with	data	columns	from	voltage,	current,	and	stimulus	channels	

will	be	produce	a	DataFrame	with	columns	time,	primary	(voltage),	secondary	(current),	

and	channel_1	(unless	given	a	specified	name	in	the	acquisition	software),	and	indexes	of	

sweep001	through	sweep010	as	an	additional	index	level.	The	logic	behind	this	is	that	once	

data	from	different	sources	(i.e.	pClamp	vs.	Prairie	View)	are	standardized,	a	single	set	of	

analysis	functions	can	be	written	that	can	be	used	regardless	of	the	data	source.		

Data	generated	on	the	2PLSM	systems	have	two	added	layers	of	complexity	that	

have	to	be	dealt	with	during	import	step.	One	is	that	there	are	potentially	multiple	

transforms	to	the	data	that	need	to	be	done	to	organize	the	data	and	convert	it	to	

meaningful	values.	Unlike	pClamp,	Prairie	View	saves	each	individual	sweep	as	a	separate	

*.csv	file.	Each	of	these	has	to	be	read	in	to	generate	the	final	DataFrame.	Furthermore,	the	

values	stored	in	these	files	represent	raw	voltages	read	from	the	National	Instruments	

6052	card.	These	must	be	converted	t 

o	the	appropriate	voltage	or	current	values	based	on	information	in	the	associated	

metadata	files.	Second,	the	Prairie	View	systems	generate	both	neurophysiological	as	well	

as	2PLSM	imaging	data.	In	particularly,	line	scan	data	generates	a	second	set	of	*.csv	files	
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that	also	need	to	be	read	in	to	their	own	DataFrame.	The	read_pv	module	handles	this	by	

returning	a	dictionary	with	corresponding	“voltage	recording”	and	“linescan”	keys,	which	

can	be	used	to	access	the	respective	DataFrames.	The	dictionary	also	contains	a	“file	

attributes”	key	that	contains	all	of	the	read‐in	metadata	for	each	respective	file,	should	it	

need	to	be	referenced	at	some	point	during	analysis.	 

As	mentioned,	the	benefit	of	having	a	standardized	data	structure	is	that	a	single	set	

of	analysis	functions	can	then	be	written	for	data	generated	by	pClamp	or	Praire	View.	In	

addition	to	the	data	import	modules,	Neurphys	contains	several	analysis	modules	that	

cover	many	of	the	typical	experiments	performed	by	our	lab.	They	are,	briefly:		

utilities:	contains	a	number	of	helper	functions	that	cover	baselining	traces,	finding	a	peak,	

calculating	the	decay	of	a	transient,	and	smoothing	(simple	running	average)	

synaptics:	contains	functions	to	analyze	synaptic	currents	(amplitude,	decay)	and	PPR	data		

membrane:	calculates	membrane	properties	(tau,	membrane	capacitance,	membrane	and	

access	resistance),	based	on	fits	performed	on	the	transients	from	a	square	voltage	step	

pacemaking:	contains	functions	for	detecting	a	series	of	peaks,	baselining	cell‐attached	/	

loose‐seal	current‐clamp	recordings,	calculating	either	instantaneous	frequency	or	ISI,	and	

generating	a	phase	plot.		

oscillation:	contains	functions	for	evaluating	oscillatory	activity	(power	spectrum,	kernel‐

density	estimates)	

calcium:	functions	for	converting	2PLSM	calcium	imaging	data	to	calcium	concentration,	

based	on	methods	developed	in	the	Surmeier	lab	



135 
 

nuplot:	contains	series	of	functions	for	plotting	raw	neurophysiological	data	and	summary	

data	(e.g.	boxplots)	in	the	styles	standard	to	the	Surmeier	lab.	

PVDataTools	

	 In	2013	Prairie	View	5.0	was	released.	This	greatly	expanded	the	Prairie	View	

imaging	suite	to	include	both	modules	for	photostimulation	as	well	as	for	recording	

neurophysiological	data.	Prior	to	this,	Prairie	View	only	handled	the	imaging	acquisition	

portion	of	our	2PLSM	systems.	The	neurophysiological	and	photostimulation	capabilities	

were	provided	through	integration	of	the	Prairie	View	software	with	WinFluor	(John	

Dempster,	Strathclyde	University,	Scotland).	WinFluor	provided	the	necessary	means	by	

which	to	control	the	MultiClamp	amplifier	(e.g.	seal	test,	voltage	and	current	protocols)	and	

synchronize	the	acquisition	of	electrophysiological	data	with	imaging	data.	In	addition	to	

the	acquisition	tools	WinFluor	provided,	it	also	came	with	a	series	of	basic	data	

visualization	and	analysis	tools	that	were	crucial	to	performing	experiments	on	the	2PLSM	

systems.	With	the	transition	to	5.0,	however,	these	tools	were	lost,	as	WinFluor	does	not	

support	the	data	generated	by	the	new	modules.		While	Prairie	View	5.0	offered	new	

acquisition	tools,	it	did	not	provide	any	associated	analysis	functionality.	Nor	were	the	

visualization	tools	it	provided	adequate,	as	they	were	both	tied	directly	to	the	2PLSM	

systems	and,	while	in	use,	occluded	data	acquisition	(i.e.	while	viewing	collected	data,	new	

data	could	not	be	acquired	in	parallel).		

PVDataTools	was	therefore	developed	to	meet	the	experimental	needs	of	the	2PLSM	

users.	In	particular,	its	main	purpose	is	to	provide	a	way	to	easily	import	and	visualize	

newly	acquired	data	(Figure	A1).	The	interface,	built	with	the	Python	bindings	for	the	Qt	
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application	framework,	organizes	folders	based	on	recording	channels,	with	the	ability	to	

plot	individual	sweeps	or	a	series	of	sweeps.	Plotting	is	accomplished	through	the	

PyQtGraph	library	(http://www.pyqtgraph.org/).	Both	neurophysiological	and	2PLSM	

imaging	data	is	supported	(Figure	A1).	The	Data	Viewer	module	provides	some	simple	

tools,	such	as	the	ability	to	baseline,	average,	and	smooth	traces	as	well	as	calculate	values	

over	a	region.	The	interface	is	designed	to	be	similar	to	that	of	pClamp,	with	markers	

indexing	in	to	plotted	traces	and	providing	a	means	to	select	regions	to	analyze	(Figure	A1).		

Figure	A1.	Data	visualization	with	PVDataTools	

Imported	data	is	organized	in	to	a	tree	structure.	Multiple	Data	Viewer	windows	can	be	
opened,	with	the	interface	changing	to	match	the	currently	selected	window.	(Left)	Data	
Viewer	shows	sweeps	of	voltage‐clamp	recordings	of	an	evoked	current	that	have	been	
baselined	using	the	region	between	the	green	markers.	The	red	trace	on	the	bottom	is	
the	average	of	the	traces	above.	(Right)	Data	Viewer	shows	current	and	2PLSM	calcium‐
imaging	data	plotted	separately	and	then,	on	the	bottom,	plotted	on	the	same	plot.	 
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Traces	with	dissimilar	axes,	such	as	current	and	imaging	data,	can	also	be	visualized	on	the	

same	plot	by	creating	an	addition	axis.		

	 Secondary	to	its	main	purpose	as	a	visualization	tool,	PVDataTools	also	provides	a	

number	of	analysis	modules	covering	many	of	the	functions	provided	by	Neurphys.	In	

particular,	analysis	modules	exist	for	analyzing	membrane	properties,	evoked	synaptic	

events	(both	single	events	and	trains,	including	PPR),	and	pacemaking	(phase	plot	and	

frequency	analysis;	Figure	A2).		

Figure	A2.	Pacemaking	analysis	with	PVDataTools	

Two	different	analysis	modules	are	provided	that	cover	pacemaking	activity.	(Left)	
Phase	plots	were	generated	from	the	selected	region	between	the	two	markers	(top	
phase	plot)	and	from	the	region	of	stimulated	spikes	(bottom	phase	plot).	(Right)	
Detected	spikes,	based	on	a	minimum	threshold,	and	plotted	and	marked	with	a	red	
marker	(top	plot).	The	instantaneous	firing	rate	is	shown	in	the	lower	plot.	The	Output	
tab	(not	shown)	provides	the	actual	column	of	analyzed	values,	along	with	the	
calculated	average	firing	rate.	 
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PyMinis	

	 One	of	the	standard	experiments	performed	by	the	lab	is	the	collection	of	either	

spontaneous	miniature	synaptic	currents	(minis)	or	asynchronously	evoked	(through	

strontium	replacement	of	calcium	in	the	aCSF)	minis.	While	software	packages,	such	as	

Mini	Analysis	(Synaptosoft,	Fort	Lee,	NJ),	for	the	identification	and	analysis	of	these	events	

exists,	few	offer	a	simple,	intuitive	interface	for	both	automatically	and	manually	

identifying	minis.	Furthermore,	a	desired	feature	that	was	lacking	was	the	ability	to	fit	and	

subtract	the	large,	synchronous	release	event	present	in	the	evoked‐minis	experiment	(e.g.	

Figure	A3,	left).		PyMinis	was	therefore	created	with	these	needs	in	mind.	It	supports	data	

collected	by	both	pClamp	and	Prairie	View.	The	user	can	optionally	perform	a	bi‐

exponential	fit	on	a	particular	region	of	the	recorded	data	and	have	the	fit	subtracted	prior	

Figure	A3.	PyMinis	workflow		

(Left)	A	trace	from	an	evoked‐minis	experiment	is	shown.	The	red	line	represents	the	
calculated	fit	for	the	transient.	An	initial	fit	is	generated	automatically,	and	then	the	
parameters	–	amplitude	1	(a1),	tau	1,	amplitude	2	(a2),	tau	2,	and	offset	(c)	–	are	
modified	by	the	user	to	more	accurately	fit	the	transient.	(Right)	The	transient	is	then	
subtracted	from	the	original	trace	(top).	The	trace	is	filtered	and	miniature	events	
detected	based	on	the	user‐defined	parameters.	Detected	events	are	marked	by	red	
marked	(bottom).	Incorrect	markers	can	be	removed,	while	missed	events	can	be	
marked	by	the	user.	The	amplitudes	of	the	events	are	then	reported.	 
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to	running	event	detection.	The	parameters	of	this	fit	are	made	available	for	manual	

tweaking	through	a	series	of	sliders	(Figure	A3,	left).	Events	are	detected	based	on	user‐

defined	parameters	relating	to	event	amplitude	with	respect	to	the	root	mean	square	

(RMS)	of	the	noise.	Additionally,	single	peaks	can	be	selected	or	de‐selected	by	the	user	by	

simply	right	or	double‐left	clicking	on	the	either	unmarked	or	marked	event	(Figure	A3,	

right).	Once	the	correct	events	have	been	marked,	their	amplitudes	are	calculated	and	

displayed.		

Miscellaneous	

On	several	occasions,	smaller	applications	were	built	with	the	intention	of	providing	

a	more	efficient	means	by	which	to	analyze	a	regularly‐performed	experiment.	Two	

examples	of	these	are	presented	below.		

Calcium	Oscillation	Analysis	

	 One	of	the	major	areas	of	studies	for	the	lab	is	the	enhanced	vulnerability	of	neuron	

populations	in	PD.	As	part	of	this,	experiments	examining	calcium	oscillations	in	the	

dendrites	of	pacemaking	cells	are	often	performed.	Recently	the	lab	has	developed	

techniques	using	Fura‐2	to	quantify,	in	units	of	calcium	concentration,	the	magnitude	of	

these	events.	This	is	done	by	first	hyperpolarizing	cells	to	generate	a	maximum	

fluorescence	value,	and	then	converting	the	raw	fluorescence	values	of	the	recording	of	

interest	in	to	a	calcium	concentration	with	nanomolars	as	the	unit	using	the	equation:		

[Ca2+]	=	௄೏∗ଵି௙ ௙೘ೌೣ⁄

௙ ௙೘ೌೣ⁄ ‐	1/ோ೑
	

An	application	was	built	to	first	perform	this	conversation	based	on	the	user	specifying	a	

calibration	file,	followed	by	analysis	of	each	of	the	individual	oscillations	in	an	associated	
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recording	file.	The	steps	in	the	analysis	are	plotted,	and	a	data	table	with	the	output	

measures	for	each	oscillation	is	generated	(Figure	A4).		

Frequency‐Current	and	Current‐Voltage	Analysis	

	 Another	often	performed	experiment	in	the	lab	is	to	apply	a	series	of	

hyperpolarizing	and	depolarizing	current	steps	to	a	cell	in	order	to	generate,	respectively,	

current‐voltage	(IV)	and	frequency‐current	(FI)	plots.	This	provides	information	about	the	

intrinsic	properties	of	the	cell.	Additionally,	the	first	spike	produced	is	often	analyzed	to	

determine	spike	waveform	properties	such	as	half‐width	and	threshold.	An	application	was	

built	to	generate	the	IV,	FI,	and	action	potential	metrics	from	a	file	containing	a	series	of	

current	steps.	The	user	provides	information	about	the	current	step	protocol	(i.e.	number	

Figure	A4.	Application	for	calcium	oscillation	analysis	

(Left	panels)	A	stimulus	file	containing	a	square	pulse	is	analyzed	to	determine	fmax.	The	
step	is	automatically	detected,	and	fmax	calculated	as	the	last	500	ms	of	the	step.	(Right	
panels).	A	second	file	containing	the	associated	oscillation	data	is	then	analyzed.	
Individual	oscillations	are	identified	and	then	broken	in	to	separate	events	based	on	the	
minimums	preceding	and	following	each	individual	peak.	This	is	indicated	by	the	
differently	colored	oscillations	in	the	bottom	of	the	three	panels.	The	Output	tab	
(bottom	section)	provides	the	calculated	values	for	each	oscillation:	average	area,	total	
area,	peak,	baseline,	and	average.		 

Figure	A5.	Application	for	FI	and	IV	analysis	

(Top)(Left)	The	first	detected	spike	is	analyzed	for	spike	threshold	(red	marker),	AHP	
amplitude	(pink	marker),	AP	height,	and	half‐width	(green	markers).	(Middle)	An	FI	
curve	is	plotted,	where	the	first	step	is	defined	as	the	step	where	the	first	spike	occurs.	
(Right).	All	other	steps	are	used	to	generate	an	IV.	(Bottom)	The	values	for	the	FI,	IV,	
and	action	potential	metrics	are	provided	in	a	table.	 



141 
 

of	steps,	initial	step	amplitude,	current	delta	between	steps),	along	with	the	desired	

voltage‐change	per	unit	time	(dV/dt)	for	determining	threshold.	The	application	uses	the	

negative	steps	preceding	the	detection	of	the	first	spike	for	generating	the	IV,	while	any	

steps	after	a	spike	is	detected	(including	that	step)	are	used	for	the	FI.		Action	potential	

height	is	defined	as	the	difference	between	the	peak	of	the	AP	and	threshold,	while	the	AHP	

height	is	defined	as	the	difference	between	the	peak	of	the	AHP	and	threshold.	The	half‐

width	is	calculated	from	the	nearest	points	to	the	half‐height	(i.e.	half	the	AP	height)	on	the	

rising	and	falling	phases	of	the	action	potential.		

 


