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Abstract	

While	olfactory	sensory	neurons	expressing	the	same	receptor	in	the	nose	converge	

to	 the	 same	 location	 in	 olfactory	 bulb,	 projections	 from	 the	 olfactory	 bulb	 to	 the	 cortex	

exhibit	no	recognizable	spatial	topography.	This	lack	of	topography	is	thought	to	carry	over	

for	interhemispheric	connectivity,	which	originates	cortically.	If	connections	to	and	within	

the	 cortex	are	 random,	 information	 reaching	a	 cortical	neuron	 from	both	nostrils	will	be	

uncorrelated.	Instead,	we	found	that	the	odor	responses	of	individual	neurons	to	stimulation	

of	both	nostrils	 are	highly	matched.	More	 surprisingly,	odor	 identity	decoding	optimized	

with	 information	 arriving	 from	 one	 nostril	 transfers	 very	 well	 to	 the	 other	 side.	

Computational	analysis	shows	that	such	matched	odor	tuning	is	incompatible	with	random	

connections,	but	is	explained	readily	by	local	Hebbian	plasticity.	Our	data	reveal	that	despite	

the	distributed	nature	of	the	sensory	representation	in	the	olfactory	cortex,	odor	information	

across	the	two	hemispheres	is	highly	coordinated.	 	
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Chapter	1:	

Introduction	

From	Phrenology	to	Seizures:	The	First	Brain	Map	

	 At	 the	 end	 of	 the	 18th	 century,	 German	neurologists	 Franz	 Joseph	Gall	 and	

Johann	 Gaspar	 Spurzheim	 invented	 phrenology,	 which	 quickly	 gained	 popularity	

throughout	Western	 Europe.	 Phrenology	was	 based	 on	 the	 idea	 that	 the	 brain	 is	

organized	in	modules,	each	with	their	own	function,	and	these	modules	we	theorized	

to	predict	the	moral	traits	of	a	person	through	the	bumps	on	their	skull.	While	based	

on	a	 limited	set	of	real	empirical	observations,	phrenology	 is	now	recognized	as	a	

textbook	case	of	pseudoscience	(Simpson,	2005).	

Gall’s	 approach	 quickly	 polarized	 the	 scientific	 community.	 Starting	 in	 the	

1820’s,	 French	 physiologist	 Marie-Jean-Pierre	 Flourens	 conducted	 a	 series	 of	

experiments	aimed	at	challenging	the	basis	of	phrenology.	Flourens	ablated	pieces	of	

cortex	 from	various	 animals	 (most	 notably:	 pigeons	 and	 dogs).	He	 noted	 that	 the	

success	of	their	recovery	depended	on	the	size	of	the	piece	of	cortex	removed	rather	

than	the	location	of	the	surgery	in	the	brain.	Flourens	concluded	that	the	cortex	works	
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as	one	unit	rather	than	in	modules,	and	named	his	theory	“cerebral	equipotentiality”	

(Pearce,	2009).	In	1824	he	wrote:	

“All	sensations,	all	perceptions,	and	all	volition	occupy	concurrently	the	same	seat	[in	

the	 brain].	 The	 faculty	 of	 sensation,	 perception,	 and	 volition	 is	 then	 essentially	 one	

faculty.”	(Flourens,	1824)	

	 The	main	caveat	in	Flourens’	experimental	approach	was	the	way	in	which	he	

performed	his	ablations:	Flourens	would	usually	cut	away	cortex	tangentially	to	the	

surface	of	the	brain	and	would	principally	vary	the	depth	of	his	ablations	(Flourens,	

1824).	Nonetheless,	Flourens’	cerebral	equipotentiality	quickly	gained	attraction	and	

became	 the	 leading	 theory	 against	 phrenology	 until	 the	 end	 of	 the	 19th	 century	

(Pearce,	2009).	

The	debate	between	Gall’s	phrenology	and	Flourens’	cerebral	equipotentiality	

raged	among	19th	century’s	neurosurgeons	(Pearce,	2009).	One	of	the	most	famous	

opponents	to	Flourens	was	British	neurologist	John	Hughlings	Jackson.	In	1868,	he	

reported	on	a	series	of	focal	seizures	with	common	symptoms,	later	named	after	him:	

Jacksonian	march,	

“I	think	the	mode	of	beginning	makes	a	great	difference	as	to	the	march	of	the	fit1.	When	

the	fit	begins	in	the	face,	the	convulsion	in	involving	the	arm	may	go	down	the	limb	…	

When	the	fit	begins	in	the	leg,	the	convulsion	marches	up;	when	the	leg	is	affected	after	

the	arm,	the	convulsion	marches	down	the	leg.”	(Jackson,	1868)	

																																																								
1	The	“march	of	the	fit”	refers	to	the	progression	of	seizure	symptoms	on	the	body.	
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From	 his	 clinical	 observations,	 Jackson	 concluded	 that	 the	 brain	 area	

responsible	for	moving	the	feet	is	anatomically	close	to	the	region	that	codes	for	leg	

movements,	which	itself	resides	next	to	the	brain	representation	of	the	trunk,	and	so	

on.	In	other	words,	groups	of	muscles	close	to	each	other	in	the	body	are	commanded	

by	 brain	 regions	 that	 are	 likewise	 close	 to	 each	 other	 (Trimble,	 2006).	 In	 radical	

opposition	with	Flourens’	ideas,	Jackson	proposed	the	first	ever	brain	map.	

(Lack	of)	Topography	in	the	Olfactory	Cortex	

Since	Jackson’s	first	observations,	the	definition	of	a	brain	map	has	changed	

little:	 A	 brain	 regions	 forms	 a	 map	 when	 neurons	 physically	 close	 to	 each	 other	

respond	to	cues	that	are	also	close	to	each	other	 in	 their	sensory	space,	 leading	to	

topographic	representations	(Kaas,	1997).		

While	 this	 ordering	 principle	 is	 common	 in	 most	 senses	 such	 as	 vision,	

audition,	 and	 somatosensation	 (Brewer	 and	 Barton,	 2016;	 Harding-Forrester	 and	

Feldman,	2018;	Nauhaus	and	Nielsen,	2014),	olfaction	appears	to	be	an	exception,	

with	seemingly	unstructured	representations	(Caron	et	al.,	2013;	Giessel	and	Datta,	

2014).	How	a	coherent	representation	of	odorants	arises	in	the	olfactory	cortex	in	the	

face	of	disorder,	remains	an	open	question.	

Odors	are	detected	by	sensory	neurons	embedded	in	the	olfactory	epithelium	

within	the	nose.	The	odor	information,	converted	into	action	potentials,	then	reaches	

the	olfactory	bulbs	(OB),	which	send	information	to	the	olfactory	cortex	(OC).	The	OC	
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Figure	1:	Bilateral	Olfactory	Circuitry	and	Projection	Pattern.	

(A)	Projection	between	the	different	olfactory	regions.	

(B)	Topographic	organization	of	the	olfactory	system,	diagram.	Glomeruli	at	the	surface	of	the	OB	are	

found	at	predictable	locations.	Glomerular	maps	appear	to	be	largely	lost	in	the	OC.	

(C)	Hypotheses	tested	in	the	present	study.	If	the	OB	projections	arriving	to	the	OC	are	truly	random	

(left),	 we	 expect	 to	 see	 little	 match	 between	 the	 ipsi-	 and	 contralateral	 odor	 tunings	 of	 cortical	

neurons.	Alternatively,	if	bilateral	OC	projections	are	structured	(right),	we	expect	matched	bilateral	

odor	tuning.	Further	description	of	panel	(B)	can	be	found	in	Figure	4A.	
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includes	the	anterior	olfactory	nucleus	(AON)	and	the	anterior	and	posterior	piriform	

cortices	(APC	and	PPC,	respectively)	(Giessel	and	Datta,	2014;	Mori,	1999;	Nagayama	

et	al.,	2014;	Wilson	and	Sullivan,	2011)	(Figure	1A).	

The	different	regions	of	the	OC	are	strongly	interconnected.	Notably,	a	single	

OB	glomerulus	projects	to	the	entire	OC	in	a	parallel	manner	(Bekkers	and	Suzuki,	

2013;	Wilson	and	Sullivan,	2011).	These	OB	projections,	found	in	the	lateral	olfactory	

tract,	are	the	afferent	fibers.	Furthermore,	the	OC	receives	numerous	inputs	from	the	

other	olfactory	cortical	regions:	these	are	the	association	fibers	(Bekkers	and	Suzuki,	

2013;	Wilson	and	Sullivan,	2011).	

Some	 of	 these	 projections	 reach	 the	 other	 brain	 hemisphere	 through	 the	

anterior	 commissure.	 The	 inter-hemispheric	 (or	 commissural)	 projections	 mostly	

originate	from	the	AON	and	the	APC.	While	the	AON	sends	axons	to	the	contralateral	

OB,	AON,	and	APC,	 the	APC	projects	 to	 the	 contralateral	APC,	 PPC,	 and	 entorhinal	

cortex	(Bekkers	and	Suzuki,	2013;	Boyd	et	al.,	2012;	Brunjes	et	al.,	2005;	Haberly	and	

Price,	1978b,	1978a;	Markopoulos	et	al.,	2012;	Mori,	1999;	Scott	et	al.,	1980)	(Figure	

1A).	

Projections	 from	 the	 olfactory	 epithelium	 to	 the	 OB	 preserve	 coarse	

information	about	spatial	position,	and	their	destinations	on	the	surface	of	the	OB,	

the	glomeruli,	 are	 found	 in	predictable	 locations	 (Ressler	et	 al.,	1994;	Soucy	et	 al.,	

2009;	Strotmann	et	al.,	2000;	Vassar	et	al.,	1994).	While	there	may	be	some	functional	

organization	 in	 the	 glomerular	 layer	 (Mori,	 1999;	Murthy,	 2011;	 Strotmann	 et	 al.,	

2000),	whatever	order	present	in	the	OB	appears	to	be	largely	lost	in	the	OC	(Bekkers	



6	

	

and	Suzuki,	2013;	Ghosh	et	 al.,	 2011;	Miyamichi	 et	 al.,	 2011;	Sosulski	 et	 al.,	 2011;	

Wilson	and	Sullivan,	2011)	 (Figure	1B).	This	 lack	of	 apparent	 structure	 led	 to	 the	

prevalent	view	that	OC	projections	are	structurally	random,	each	OC	neuron	receiving	

an	arbitrary	set	of	OB	inputs	(Bekkers	and	Suzuki,	2013;	Choi	et	al.,	2011;	Davison	

and	Ehlers,	2011;	Ghosh	et	al.,	2011;	Kay,	2011;	Miyamichi	et	al.,	2011;	Schaffer	et	al.,	

2018;	Sosulski	et	al.,	2011;	Wilson	and	Sullivan,	2011).	

Organization	of	the	Olfactory	Cortex	

The	 piriform	 cortex	 (PC),	 sometimes	 referred	 to	 as	 the	 primary	 OC,	 is	

paleocortical,	 which	 means	 it	 can	 be	 divided	 in	 three	 layers	 (I	 to	 III	 from	 most	

superficial	to	deepest)	(Bekkers	and	Suzuki,	2013;	Wilson	and	Sullivan,	2011).	

Layer	I	can	be	divided	into	two	sub-layers:	superficial	layer	Ia	and	deeper	layer	

Ib.	Axons	from	the	principal	neurons	of	the	OB	converge	to	the	ipsilateral	layer	Ia	of	

the	PC	via	the	LOT,	where	they	synapse	on	the	principal	neurons	of	the	PC,	namely	

the	pyramidal	cells	(PyC)	and	semilunar	cells	(SlC).	The	deeper	half	of	layer	I,	layer	

Ib,	 contains	association	and	commissural	 fibers	 that	 synapse	on	PyC	 (but	not	SlC)	

(Bekkers	and	Suzuki,	2013;	Hagiwara	et	al.,	2012).	

Layer	II	contains	the	cell	body	of	the	SlC	and	PyC.	SlC	are	concentrated	in	the	

superficial	part	of	layer	II:	layer	IIa.	SlC	lack	basal	dendrites.	They	are	more	likely	to	

get	 inputs	 from	 mitral	 and	 tufted	 cells	 than	 association	 or	 commissural	 fibers.	

Additionally,	the	OC	sends	strong	outputs	back	to	the	OB;	it	has	recently	been	proven	
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that	the	majority	of	these	back	projections	come	from	PyC	and	not	SlC.	Superficial	PyC	

are	 found	 in	 layer	 IIb	 (Bekkers	 and	 Suzuki,	 2013;	 Mazo	 et	 al.,	 2017;	Wilson	 and	

Sullivan,	2011).	

Layer	III	contains	the	basal	dendrite	of	superficial	PyC,	cell	bodies	of	deep	PyC,	

and	the	large	majority	of	inhibitory	neurons	of	the	PC.	It	should	be	noted	that	all	the	

layers	of	the	PC	contain	inhibitory	interneurons:	those	from	layer	I	give	feedfoward	

inhibition	while	 those	 from	layer	 II	and	III	are	responsible	 for	 feedback	 inhibition.	

Below	layer	III,	neurons	of	the	endopiriform	cortex	form	reciprocal	connections	with	

layer	II	and	layer	III	neurons	(Bekkers	and	Suzuki,	2013;	Wilson	and	Sullivan,	2011).	

Whether	the	AON	should	be	categorized	as	a	cortex	is	still	debated,	because	of	its	

nucleus-like	shape	and	the	 fact	 that	 it	comprises	of	only	two	layers	(Brunjes	et	al.,	

2005).	Nonetheless,	 the	AON	shares	many	aspects	of	paleocortices	such	as	 the	PC.	

Notably,	its	superficial	layer,	layer	I,	is	a	plexiform	layer,	while	its	inner	layer,	layer	II,	

is	densely	packed	with	principal	and	inhibitory	neurons	(Brunjes	et	al.,	2005;	Wilson	

and	Sullivan,	2011).	However,	there	are	numerous	differences	between	the	AON	and	

the	PC.	Most	notably:	

- AON	 layers	 are	 organized	 in	 “rings”	 rather	 than	 flat	 sheets.	 (hence	 the	 term	

“nucleus”	in	its	name)	(Brunjes	et	al.,	2005).	

- The	AON	has	no	visible	layer	III.	Some	authors	have	suggested	that	the	AON	is	a	

continuity	of	the	PC	with	layers	II	and	III	fused	together	(Brunjes	et	al.,	2005).	

- The	AON	contains	no	semilunar	cells	(Brunjes	et	al.,	2005).	
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The	AON	is	usually	divided	into	two	segments:	“pars	externa”,	a	thin	ring	around	

the	 rostral	 part	 of	 the	 olfactory	 peduncle,	 and	 “pars	 principalis”,	 which	 includes	

everything	else.	Pars	principalis	 is	 further	divided	radially,	although	precise	radial	

divisions	vary	depending	on	the	authors,	mostly	because	they	are	not	based	on	clear	

cytoarchitectural	features	(Brunjes	et	al.,	2005).	

Pars	externa,	but	not	pars	principalis,	sends	axons	to	the	contralateral	OB.	More	

precisely,	principal	neurons	in	pars	externa	project	to	the	GABAergic	granule	cells	of	

the	contralateral	OB	(Schoenfeld	and	Macrides,	1984;	Yan	et	al.,	2008).	

Bilateral	Properties	of	the	Olfactory	System	

In	many	species,	including	rodents,	the	two	nares	are	separated	by	a	septum	

that	prevents	inhaled	odors	to	go	from	one	nostril	to	the	other	(Kikuta,	2008).	Hence	

the	 crossover	 between	 both	 sides	 of	 the	 olfactory	 system	 is	 exclusively	 neural	

(Bekkers	and	Suzuki,	2013;	Wilson	and	Sullivan,	2011).	Additionally,	 since	 the	OB	

does	 not	 send	 contralateral	 projections,	 inter-hemispheric	 projections	 originate	

exclusively	from	the	OC	(Boyd	et	al.,	2012;	Haberly	and	Price,	1978b;	Kikuta	et	al.,	

2008;	Scott	et	al.,	1980).	Consequently,	the	lack	of	apparent	structure	in	the	OC	should	

propagate	across	hemispheres	(Schaffer	et	al.,	2018)	(Figure	1B).	In	other	words,	the	

prevalent	view	of	OC	connectivity	being	random	applies	to	bilateral	projections.	

The	seemingly	random	pattern	of	connectivity	may	preclude	precise	matching	

of	 connections	 from	 the	 right	 and	 the	 left	 sides	 of	 the	olfactory	 system.	However,	
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several	 studies	 suggest	 at	 least	 some	 level	of	 coordination	between	 the	 two	brain	

hemispheres.	 First,	 airflow	 coming	 into	 the	 two	 nostrils	 is	 usually	 asymmetrical	

because	of	the	variations	in	nasal	mucus	and	the	odor	source,	as	well	as	the	septum	

separating	 the	 two	 nares	 (Bojsen-Moller	 and	 Fahrenkrug,	 1971;	 Eccles,	 2000).	

Therefore,	the	two	hemispheres	of	the	brain	rarely	receive	the	same	odor	information	

(Kikuta	et	al.,	2008).	Rodents	are	known	to	take	advantage	of	these	“stereo”	features	

of	olfaction	to	localize	odor	sources	(Esquivelzeta	Rabell	et	al.,	2017;	Rajan,	2006).	

Furthermore,	several	studies	illustrate	the	bilateral	properties	of	the	receptive	

field	of	the	olfactory	cortex.	One	example	has	been	described	by	Mori’s	team	(Kikuta	

et	al.,	2008,	2010).	 In	rats,	 they	demonstrated	that,	on	average,	 the	response	to	an	

odor	 is	 stronger	 in	 the	 ipsilateral	 AON.	 However,	 occluding	 one	 nostril	 leads	 to	

stronger	odor	responses	in	the	contralateral	AON.	This	effect	occurs	after	only	a	few	

minutes	of	occlusion	and	is	reversible.	Another	example	of	such	bilateral	properties	

can	be	found	in	the	APC.	It	has	been	shown	that,	for	a	given	odor,	some	PC	neurons	

respond	to	the	stimulation	of	only	one	nostril,	or	the	other	(Wilson,	1997).	It	should	

be	mentioned	that	both	studies	share	the	same	limitations:	the	recordings,	performed	

on	anesthetized	rats,	consisted	of	at	most	a	few	tens	of	neurons,	and	only	a	limited	

amount	of	quantitative	analysis	was	performed	on	each	dataset.	

More	recently,	it	was	shown	that	despite	the	apparent	randomness	of	the	OB-

OC	projections,	the	PC	could	partially	retain	the	olfactory	map	overlap	present	in	the	

OB,	 allowing	 the	 OC	 in	 each	 hemisphere	 to	 perform	 similar	 odor	 generalization	

operations	(Babadi	and	Sompolinsky,	2014;	Schaffer	et	al.,	2018).	
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In	 this	 study,	 we	 challenged	 the	 prevalent	 view	 of	 OC	 connectivity	 by	

comparing	the	bilateral	odor	tuning	of	individual	neurons	in	the	OC	of	mice.	If	inter-

hemispheric	projections	were	truly	random,	one	would	expect	little	to	no	relationship	

between	the	way	the	OC	responds	to	ipsilateral	and	contralateral	odor	presentations	

(Figure	1C,	left).	Alternatively,	bilaterally	matched	odor	responses	in	the	OC	(Figure	

1C,	right)	would	point	non-random	connectivity.	 	
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Chapter	2:	

Findings	

A	New	Method	for	Unilateral	Odor	Delivery	

A	main	goal	of	this	study	was	to	compare	the	bilateral	odor	receptive	fields	of	

OC	neurons	of	awake	mice.	To	do	so,	we	needed	a	way	to	reliably	deliver	odor	puffs	

to	 one	 nostril	 at	 a	 time.	 Previous	 studies	 have	 used	 two	 different	 techniques	 to	

achieve	 such	unilateral	odor	 stimulations.	Either	a	piece	of	 tubing	was	 inserted	 in	

each	nostril	(Wilson,	1997),	or	the	two	nostrils	were	separated	by	a	plastic	septum	

(Kikuta	et	al.,	2008,	2010).	Since	mice	have	a	very	sensitive	muzzle,	neither	of	these	

approaches	is	applicable	to	awake	animals.	

We	developed	a	new	facial	mask	 for	unilateral	odor	delivery	 in	awake	mice	

(Figure	 2A).	 On	 each	 side	 of	 the	mask,	 close	 to	 the	 nostrils,	we	 used	 a	 computer-

controlled	olfactometer	to	deliver	15	monomolecular	odors,	one	at	the	time,	to	the	

left	or	the	right	nostril	(Figures	3A-3B).	The	mask	was	connected	to	an	airflow	sensor	

for	 respiration	monitoring	 (Figures	 3C-3F).	 We	 aligned	 all	 neuronal	 odor-evoked	

activity	to	the	first	sniff	after	odor	onset	(see	Methods).	
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Figure	2:	A	New	Method	for	Unilateral	Odor	Delivery.	

(A)	Diagram	of	the	odor	mask.	From	left	to	right:	front,	rotated,	and	side	view.	

(B)	Calcium	imaging	setup.	

(C)	Exemplar	glomerular	activity.	Example:	all	glomeruli	from	OB1,	isopropyl	tiglate.	Arrows:	see	

below.	

(D)	Exemplar	glomerular	activity	over	time.	Grey:	odor	on	(here:	isopropyl	tiglate).	Blue:	odor	on	

the	 left	nostril.	Red:	odor	on	 the	right	nostril.	Average	±	SEM.	Glomeruli	1	and	2	correspond	 to	

arrows	1	and	2	in	panel	1C.	

(E)	Glomerular	responses.	Each	dot	is	the	response	of	one	glomerulus	to	one	odor	(glom-od	pair).	

Histogram:	contralateral	responses.	Red:	Gaussian	fit.	

	

(continues	on	next	page)	
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(continued)	

	

	(F)	Tetrode	recording	setup.	

(G)	Unilateral	response	profile	of	M/T	cells.	NOP:	neuron-odor	pair.	

(H)	Magnitude	of	glomerular	response.	Red:	average	for	each	side.	

(I)	Magnitude	of	M/T	cell	response.	Only	the	ipsilaterally	responding	NOPs	are	shown.	Red:	average	

for	each	side.	
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Figure	3:	Various	Tests	of	the	Experimental	Setup.	

(A)	Odorants	used	in	this	study.	

(B)	Control	of	the	symmetry	of	the	olfactometer.	A	PID	measured	the	changes	of	odor	concentration	

over	time	at	the	end	of	the	right	or	the	left	end	of	the	facial	mask.	Each	measurement	was	repeated	

three	times;	therefore,	each	graph	shows	six	over-imposed	traces,	three	with	the	PID	on	the	right,	three	

on	the	left.	Note	the	similarity	between	the	traces	obtained	on	the	left	and	right	of	the	mask,	and	the	

absence	of	odor	detected	on	the	contralateral	side.	Grey:	odor	presentation	(here:	isopropyl	tiglate).	

All	15	odors	were	tested	and	showed	similar	results.	

(C)	Diagram	of	the	setup	used	for	assessing	the	reliability	of	the	face	mask	for	respiration	monitoring.	

The	breathing	of	awake	mice	was	monitored	simultaneously	with	 the	mask	and	a	pressure	sensor	

connected	to	a	chronic	intranasal	cannula	(n	=	3	animals,	15	min	of	continuous	recording	per	mouse).		

	

(continues	on	next	page)	

	

Figure	S1:	A	New	Method	for	Unilateral	Odor	Delivery.	

(A)	Odorants	used	in	this	study.	

(B)	Control	of	the	symmetry	of	the	olfactometer.	A	PID	measured	the	changes	of	odor	concentration	
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(continued)	

	

(D)	Exemplar	breathing	traces,	simultaneously	recorded	from	the	intranasal	cannula	(green)	and	the	

face	mask	(purple).	Note	the	synchrony	of	both	signals	and	the	apparent	absence	of	phase	shift.	

(E)	 Histogram	 of	 instantaneous	 breathing	 rates,	 calculated	 with	 the	 exhalation	 (top	 panel)	 or	

inhalation	(bottom	panel)	onsets.	The	data	shown	here	comes	from	the	full	monitoring	session	of	one	

exemplar	mouse.	The	distributions	obtained	from	the	intranasal	cannula	(light	bars)	or	the	face	mask	

(dark	bars)	are	almost	identical.	

(F)	Delay	from	cannula	to	mask,	calculated	with	the	exhalation	(blue)	or	inhalation	(red)	onsets.	The	

data	 from	the	 three	mice	were	combined	here.	Values:	median	±	SD.	The	phase	shift	between	 the	

intranasal	cannula	and	the	face	mask	is	small	and	reliable.	

(G)	Example	of	tetrode	recording.	The	four	electrodes	belong	to	the	same	tetrode.	Grey:	odor	delivery.	

Green:	 unsorted	 electrode	 traces.	 Blue	 and	 red:	 two	 single	 units.	 Purple:	 sniffing	 acquired	

simultaneously	(up:	inhalation).	These	exemplar	traces	were	recorded	in	mouse	APC1.	

(H)	Example	of	single	unit	clustering.	The	red	and	blue	units	are	the	same	as	in	(G).	

(I)	Example	of	clustered	single	units.	The	red	and	blue	units	are	the	same	as	in	(G).	Lighter	traces:	all	

the	peaks	from	the	recording	session	were	over-imposed.	Darker	traces:	average	peaks.	

(J)	Spike	count	versus	inter-spike	interval	(ISI)	for	the	two	units	shown	in	(G)	(blue	and	red).	Note	the	

presence	of	a	refractory	period.	
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We	 tested	 the	 side	 selectivity	 of	 the	mask	 through	 two	methods.	 First,	 we	

simultaneously	monitored	the	glomerular	activity	at	the	surface	of	the	OBs	of	OMP-

GCaMP3	mice	(Isogai	et	al.,	2011)	through	calcium	imaging,	while	delivering	odors	to	

either	 nostril	 (Figure	 2B)	 (n=155	 glomeruli,	 6	 OBs,	 3	 mice).	 When	 odors	 were	

presented	 on	 the	 contralateral	 nostril,	 glomeruli	 showed	 little	 to	 no	 response	

(Figures	2C-2E).	

We	also	performed	extracellular	recordings	of	mitral/tufted	cells	(M/T)	in	the	

OB	of	awake	mice	using	chronically-implanted	tetrodes	(n=42	single	units	 isolated	

from	4	mice)	 (Figure	2F,	3G-3J,	 and	Table	1).	We	observed	 little	M/T	response	 to	

contralateral	 presentations:	 out	 of	 the	 42	 isolated	 neurons,	 32	 responded	 to	

ipsilateral	stimulations,	while	10	showed	significant	contralateral	responses	(Figure	

2G).	Furthermore,	while	the	ipsilateral	M/T	cell	responses	were	largely	positive,	the	

few	contralateral	responses	were	always	negative	(Figure	2G).	

Finally,	we	 quantified	 the	 ratio	 of	 ipsi	 to	 contralateral	 response	magnitude	

elicited	by	the	mask.	This	ratio	was	0.12	in	our	glomerular	imaging	data	(Figure	2H)	

and	0.10	in	our	M/T	recordings	(Figure	2I).	Therefore,	on	average,	odor	responses	

were	 8	 to	 10	 times	 stronger	 on	 the	 ipsilateral	 side	 of	 the	mask,	 compared	 to	 the	

contralateral	 side.	 These	observations	 probably	 overestimate	 the	 crossover	of	 the	

mask,	since	the	weaker	responses	we	reported	may	be	due	to	changes	in	spontaneous	

activity	rather	than	odor-evoked	responses.	Previous	work	has	 indicated	that	M/T	

cell	responses	to	0.1%	odors	were	quite	similar	 to	1%	odors	(Bolding	and	Franks,	

2017,	 2018).	 Since	 M/T	 cell	 responses	 are	 substantially	 smaller	 to	 contralateral		
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Table	1:	Mice	Recorded	in	this	Study.	

All	tetrode	recordings	were	performed	in	awake,	head-restrained	mice,	except	APCa	and	APCb,	which	

were	recorded	while	anesthetized.	

Recordings	from	mice	OB1	to	4	were	used	to	generate	Figure	2.	

Recordings	from	mice	AON1	to	3,	APC1	to	4,	and	PPC1	to	3	were	used	to	generate	all	Figures	from	4	to	

14,,	except	Figures	7I-J	and	9.	

Recordings	from	mice	AONα	and	β	were	used	to	generate	Figure	7I-J.	

Recordings	from	mice	APCa	and	b	were	used	to	generate	Figure	9.	

	

Table	S1:	Mice	Recorded	in	this	Study.	

All	tetrode	recordings	were	performed	in	awake,	head-restrained	mice,	except	APCa	and	APCb,	which	

were	recorded	while	anesthetized.	

Recordings	from	mice	OB1	to	4	were	used	to	generate	Figure	2.	

Recordings	from	mice	AON1	to	3,	APC1	to	4,	and	PPC1	to	3	were	used	to	generate	Figures	3	to	6,	as	

well	as	all	Supplementary	Figures,	except	Figures	S3I-J	and	S5.	

Recordings	from	mice	AONα	and	β	were	used	to	generate	Figure	S3I-J.	

Recordings	from	mice	APCa	and	b	were	used	to	generate	Figure	S5.	
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presentation,	the	effective	odor	concentration	in	the	ipsilateral	nostril,	when	odors	

are	presented	contralaterally,	is	likely	to	be	much	less	than	10%.	

Together,	 these	results	confirmed	that	odors,	when	delivered	to	one	nostril	

through	our	custom-built	mask,	activate	sensory	neurons	in	the	other	nostril	at	least	

an	order	of	magnitude	less	than	ipsilateral	activation.	

Unilateral	Odor	Tuning	of	the	Olfactory	Cortex	

We	next	used	our	unilateral	odor	delivery	system	to	characterize	how	the	OC	

responds	to	unilateral	odor	presentations.	To	do	so,	we	monitored	the	activity	of	the	

OC	through	extracellular	recordings	in	awake	mice	(n=10	mice,	1830	neurons	total;	

AON:	 3	mice,	 384	 neurons;	 APC:	 4	mice,	 931	neurons;	 PPC:	 3	mice,	 505	neurons)	

(Figures	4A,	5A,	and	Table	1).	

Overall,	 neurons	 in	 the	 OC	 had	 weak	 spontaneous	 activity	 (Figure	 4B),	 in	

accordance	with	previous	studies	(Bolding	and	Franks,	2017;	Litaudon	et	al.,	2003;	

Zhan	and	Luo,	2010).	Spontaneous	activity	in	the	AON	was	significantly	higher	than	

in	the	PC	(Kruskal-Wallis	test:	p<0.0001;	post-hoc	rank-sum	test:	AON	versus	APC,	

p<0.0001;	AON	versus	PPC,	p=6.3e-3;	APC	versus	PPC,	p=0.33).	

We	 found	 a	 diversity	 of	 responses	 to	 ipsi-	 as	 well	 as	 contralateral	 odor	

stimulation	 in	 all	 three	 OC	 areas,	 including	 neurons	 that	 responded	 to	 odors	

presented	 to	 either	 one	 or	 the	 other	 nostril,	 or	 to	 both	 nostrils	 (Figures	 4C-4D).	

	



19	

	

	 	

Figure	4:	Odor	Receptive	Fields	of	Neurons	in	the	Olfactory	Cortex.	

(A)	Experimental	setup.	

(B)	Basal	activity	per	region.	Circle	and	value	next	to	it:	median.	Thick	bar:	quartiles.	Thin	bar:	range	

of	values.	

(C)	Exemplar	odor	responses	over	time.	Purple:	odor	delivery.	Responses	were	aligned	to	the	first	sniff	

following	odor	onset	(dotted	line).	PSTH:	average	±	SEM.	Examples	taken	from	APC1.	

	

(continues	on	next	page)	
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(continued)	

	

	(D)	Odor	responses,	illustration.	Neurons	randomly	picked	from	AON1	(left)	and	APC2	(right).	For	

each	neuron,	odors	were	ranked	based	on	the	response	magnitude	to	ipsilateral	presentations,	which	

are	shown	in	the	left	half	of	each	plot.	The	contralateral	responses	are	then	shown	with	the	same	rank	

order	of	odors	for	each	neuron.		Each	dot	gives	the	average	response	±	SEM	across	the	7	trials,	and	

significant	 responses	 are	 colored	 red.	 Asterisk:	 the	 ipsi-	 and	 contralateral	 tuning	 curves	 of	 these	

neurons	 are	 visually	 similar.	 Further	 analysis	 shows	 that	 their	 odor	 responses	 are	 bilaterally	

correlated.	See	Figure	6A	for	details.	

(E)	Distribution	of	the	number	of	odors	eliciting	a	response	in	a	given	neuron,	shown	for	three	regions	

and	for	ispi-	and	contra-	lateral	stimulation.	

(F)	Distribution	of	 response	magnitudes	 (only	significant	ones)	 for	all	neurons	and	odors	 in	 three	

regions	and	for	both	sides.	

(G)	 Positive-negative	 balance	 per	 region	 and	 side.	 0	 =	 all	 negative	 significant	 responses;	 1	 =	 all	

positive.	
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Figure	5:	Post-Mortem	Verification	of	Tetrode	Location	and	Breath-Locking	Analysis.	

(A)	Sagittal	sections	of	three	exemplar	animals,	implanted	in	the	AON	(left),	APC	(center),	or	

PPC	(right).	The	round	shape	on	 the	ventral	end	of	 the	 tetrode	scar	 in	 the	 left	panel	was…	

	

(continues	on	next	page)	

	

Figure	S2:	Odor	Response	Properties	of	Neurons	in	the	Olfactory	Cortex.	

(A)	Sagittal	sections	of	three	exemplar	animals,	implanted	in	the	AON	(left),	APC	(center),	or	

PPC	(right).	The	round	shape	on	the	ventral	end	of	the	tetrode	scar	in	the	left	panel	was…	
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(continued)	

	

…caused	by	post-mortem	electrolesion.	For	animals	recorded	in	the	APC	and	PPC,	the	tetrodes	went	

all	the	way	through	the	brain,	until	they	reached	the	ventral	part	of	the	skull.	As	a	consequence,	it	was	

not	possible	to	save	the	most	anterior	part	of	the	section	in	the	central	panel.	For	the	same	reason,	the	

most	anterior	part	of	the	section	in	the	right	panel	is	presented	upside	down.	A:	anterior.	P:	posterior.	

D:	dorsal.	V:	ventral.	CC:	corpus	callosum.	LV:	lateral	ventricle.	LOT:	lateral	olfactory	tract.	Scale	bar:	

0.25mm	(left)	or	1mm	(center,	right).	DAPI	staining.	We	did	not	trace	the	border	between	striatum	

and	amygdala	as	we	could	not	confidently	determine	it.	

(B)	 Example	 of	 breath-locking	 changes	 around	 odor	 presentation.	 The	 top	 left	 panel	 shows	 an	

example	 of	 breathing	 cycle.	 The	 length	 of	 all	 breathing	 cycles	 were	 normalized	 to	 2π,	 with	 0	

corresponding	to	the	initiation	of	inhalation.	The	three	other	panels	show	the	breath-locking	of	an	

exemplar	neuron	from	mouse	AON2	before	(-2s	to	0s	relative	to	odor	onset),	during	(0s	to	2s	relative	

to	odor	onset),	and	after	(2s	to	4s	relative	to	odor	onset)	the	delivery	of	isopropyl	tiglate.	For	each	

diagram,	the	mean	angle	of	breath-locking	θ	and	the	resultant	vector	length	R	are	reported	in	red	(red	

bar:	θ).	R	value	closer	to	1	means	a	stronger	breath-locking.	

(C)	Variation	of	R	around	odor	presentation,	example.	This	example	shows	all	the	neurons	recorded	

from	mouse	 AON1,	 responding	 to	 isopropyl	 tiglate	 presented	 on	 the	 ipsilateral	 nostril.	 For	 each	

neuron,	each	time	bin	(-4s	to	6s	relative	to	odor	onset,	2s	time	windows),	R	was	calculated	over	the	

breathing	cycles.	Left	panel:	Each	line	corresponds	one	neuron,	one	trial.	Right	panel:	Same	as	the	left	

panel,	except	each	column	was	sorted	separately.	

(D)	Variation	of	R	around	odor	presentation.	For	each	region,	each	time	point,	the	mean	±	SEM	was	

calculated	across	all	neuron-odor	pairs.	Grey:	odor	delivery.	

(E)	Variation	of	θ	around	odor	delivery.	For	each	region,	each	neuron-odor	pair	(NOP),	the	angle	of	

phase	locking	θ	was	computed	before	(-2s	to	0s	relative	to	odor	onset),	during	(0s	to	2s	relative	to	

odor	onset),	and	after	(2s	to	4s	relative	to	odor	onset)	odor	presentation.	Red	line:	equal	angles.	Black	

line:	 mean	 angle.	 The	 p-value	 is	 obtained	 from	Watson-Williams	 test,	 which	 tests	 the	 difference	

between	the	means	of	two	circular	distributions	(null	hypothesis:	the	two	means	are	similar).	
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Importantly,	in	all	three	OC	regions,	a	sizeable	fraction	of	neurons	responded	

to	contralateral	odor	presentations	(Fraction	of	neurons	significantly	responding	to	

at	least	one	odor	presented	on	the	ipsilateral	nostril,	AON:	86%;	APC:	81%;	PPC:	80%;	

contralateral	side,	AON:	87%;	APC:	83%;	PPC:	80%),	expanding	earlier	anesthetized	

observations	to	the	awake	OC	(Kikuta	et	al.,	2008,	2010;	Wilson,	1997).	

OC	neurons	typically	responded	to	at	most	a	few	odors	from	our	odor	panel	

(Figure	 4E),	 as	 previously	 reported	with	 bilateral	 odor	 stimulations	 (Bolding	 and	

Franks,	2017;	Iurilli	and	Datta,	2017).	We	found	a	wide	range	of	response	magnitudes	

across	the	OC,	and	contralateral	responses	were	largely	as	strong	as	ipsilateral	ones	

(Figure	4F;	Wilcoxon	signed-rank	test,	ipsi	versus	contra	distribution,	AON:	p=8.2e-

3;	APC:	p=0.94;	PPC:	p=0.40).	

An	idiosyncratic	feature	of	olfactory	cortical	responses	is	that	a	neuron	that	

responds	to	a	particular	odor	with	an	increase	in	firing	rate,	tends	to	exhibit	increases	

in	firing	rates	for	any	other	odor	it	responds	to;	similarly,	a	neuron	having	inhibitory	

response	to	an	odor	is	also	inhibited	by	any	other	odor	it	responds	to	(Bolding	and	

Franks,	2017;	Hu	et	al.,	2017;	Kikuta	et	al.,	2008;	Otazu	et	al.,	2015;	Zhan	and	Luo,	

2010).	We	 find	 that	 this	 feature	 applies	 to	 all	 three	 cortical	 regions	we	 examined	

(Figure	4G).	

Finally,	 we	 took	 advantage	 of	 the	 simultaneous	 breathing	 and	 neuronal	

recordings	to	investigate	breath	locking	in	our	neurons.	Both	ipsi-	and	contralateral	

odor	presentations	weakened	the	OC	neurons’	breath	 locking	(Figures	5B-5D)	and	

shifted	 their	phase	of	breath	 locking	 closer	 to	 the	 inhalation	onset	 (Figure	5E),	 in	
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accordance	 with	 previous	 observations	 made	 with	 bilateral	 odor	 stimulations	

(Litaudon	et	al.,	2003).	

Overall,	in	all	OC	regions	recorded,	we	found	reliable	unilateral	odor	responses	

to	both	the	ipsi-	and	contralateral	nostrils.	

Strong	Bilateral	Correlations	in	the	Olfactory	Cortex	

	

Our	data	indicate	that	the	OC	receives	robust	contralateral	odor	information,	

but	it	is	unclear	whether	this	information	is	similar	to	that	arriving	ipsilaterally.	To	

examine	 this	 issue,	 we	 related	 the	 average	 odor-evoked	 responses	 to	 ipsilateral	

against	contralateral	presentations.	

First,	we	plotted	the	ipsi-	versus	contralateral	odor	responses	for	each	neuron	

individually.	Given	the	prevalent	view	of	OC	connectivity,	we	expected	OC	neurons	to	

show	little	to	no	match	between	their	ipsi-	and	contralateral	odor	response	profiles.	

To	our	surprise,	we	found	many	neurons	with	bilaterally-correlated	odor	responses	

(Figure	6A)	(F-test,	significance	of	the	linear	model,	from	left	to	right	neuron,	top	row:	

p=0.41;	p=0.84;	p=0.54;	p=0.59;	bottom	row:	p=5.3e-6;	p=5.5e-4;	p=6.6e-3;	p=2.2e-

4)	(see	also	Figure	6D,	neurons	with	an	asterisk).	We	used	a	bootstrap	strategy	to	

determine	that	the	percentages	of	bilaterally-correlated	neurons	were	significantly	

higher	than	what	one	would	expect	 from	chance	 in	 the	AON	and	APC,	but	not	PPC		
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Figure	6:	Side-Invariant	Odor	Responses	in	the	Olfactory	Cortex.	

For	panels	(A)	and	(G),	red	line:	linear	regression	(contra	=	a	x	ipsi	+	b).	Solid	lines	show	significant	

regressions	(F-test,	p	<	5%).	

(A)	Exemplar	ipsi-	versus	contralateral	responses	per	neuron.	Examples	picked	from	AON1.	Each	dot	

is	a	different	odor.	The	neurons	in	the	bottom	panels	are	bilaterally-correlated.	Asterisk:	same	neuron	

as	in	Figure	4D,	left	panel,	red	asterisk.	

(B)	Percentage	of	bilaterally-correlated	neurons	(BCNs)	per	mouse.	Each	dot	is	a	mouse.	Fractions	

next	to	each	dot:	number	of	BCNs	/	total	number	of	neurons.	Full	circle:	the	fraction	is	significantly	

higher	than	chance.	The	mice	with	lower	percentage	of	BNCs	were	usually	the	ones	in	which	neurons	

responded	to	fewer	odors	on	average	(Figure	11).	

(C)	Significance	of	the	percentages	of	BCNs.	Here	we	show	the	distribution	of	chance	percentages	for	

AON1,	obtained	with	a	bootstrapping	procedure.	

(D)	to	(F)	Coefficients	of	determination,	slopes,	and	intercepts	of	the	BCNs	in	the	AON	and	APC	(Nb:	

number).	

(G)	Ipsi-	versus	contralateral	responses	per	region	for	odor	1	(isopropyl	tiglate).	Each	dot	represents	

one	neuron.	For	the	equivalent	graphs	across	all	odors,	see	Figure	8.	
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(Figures	 6B,	 6C,	 and	 7A-7D).	 Bilateral	 correlations	were	 strong	 (Figure	 6D),	 with	

mostly	positive	slopes	(Figure	6E),	and	a	distribution	of	intercepts	centered	on	zero	

(Figure	6F).		

We	wondered	if	the	bilaterally	matched	responses	occurred	preferentially	in	

a	particular	neuron	type.	We	used	a	classic	method	for	identifying	putative	excitatory	

and	 inhibitory	neurons	–	 the	width	of	 extracellular	action	potentials	 (Frank	et	 al.,	

2001;	Gur	et	al.,	1999;	Hassani	et	al.,	2009;	Povysheva	et	al.,	2006;	Suzuki	and	Smith,	

1985;	Swadlow,	2003;	Weir	et	al.,	2015).	Most	of	the	bilaterally-correlated	neurons	

in	the	AON	and	APC	had	a	broad	spike	with	lower	spontaneous	activity	(Figure	7E-

7H),	suggesting	their	putative	excitatory	nature.	

We	compared	the	 ipsilateral	and	contralateral	population	representation	 in	

the	three	OC	regions	recorded	for	each	odor	(Figures	6G	and	8A-8C).	Consistent	with	

our	 analysis	 of	 individual	 bilaterally-correlated	 neurons,	 we	 found	 that		

unilateral	population	representations	were	significantly	and	strongly	correlated	for	

all	odors	tested	in	the	AON	and	APC,	but	not	PPC	(Figures	8A-8E)	(see	Table	S1	for	

detailed	statistics).	When	considering	each	mouse	separately,	our	conclusions	held	

true	for	most	odors	(Figure	8F).	

While	previous	studies	have	reported	contralateral	odor	responses	in	the	OC,	

none	 of	 them	 has	 described	 side-invariant	 responses	 (Kikuta	 et	 al.,	 2008,	 2010;	

Wilson,	1997).	All	of	these	previous	studies	were	performed	on	anesthetized	rats.	We	

wondered	 whether	 anesthesia	 could	 at	 least	 partially	 explain	 the	 absence	 side-	
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Figure	7:	Bilaterally-Correlated	Neurons.	

	(A)	to	(D)	Percentage	of	Bilaterally-Correlated	Neurons	per	Mouse.	(A)	Identical	to	Figure	4B.	(B)	

Same	as	Figure	4B,	except	we	kept	only	the	neurons	responding	to	at	least	one	odor	on	one	side	for	

this	analysis.	(C)	Same	as	Figure	4B,	except	we	kept	only	the	neurons	responding	to	at	least	one	odor	

on	each	side	for	this	analysis	(note	that	the	odors	eliciting	responses	can	be	different	on	each	side).	

Panels	 (B)	 and	 (C)	 suggest	 that	 the	 presence	 of	 significant	 percentages	 of	 bilaterally-correlated	

neurons	 is	 independent	 of	 the	criterion	we	 chose	 to	 define	 “responding	 neurons”.	 (D)	Correlation	

across	artificially-generated	trials.	For	each	mouse,	each	side,	each	neuron,	each	odor,	two	sets	of	7	

artificial	trials	were	generated	using	a	Poisson	process.	Then	for	each	side,	an	analysis	similar	to	Figure	

4B	was	performed,	except	we	looked	for	correlations	between	the	first	and	second	sets	of	7	artificial	

trials,	instead	of	correlations	between	ipsi	and	contralateral	trials.	A	full	circle	means	the	percentage…	

	

(continues	on	next	page)	

	

Figure	S3:	Bilaterally-Correlated	Neurons.	

	(A)	to	(D)	Percentage	of	Bilaterally-Correlated	Neurons	per	Mouse.	(A)	Identical	to	Figure	4B.	(B)	

Same	as	Figure	4B,	except	we	kept	only	the	neurons	responding	to	at	least	one	odor	on	one	side	for	
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(continued)	

	

…is	higher	than	chance	(significance	is	determined	with	a	bootstrapping	method	similar	to	Figure	6C).	

Panel	(D)	allows	us	to	estimate	the	apparent	percentage	of	bilaterally-correlated	neurons	one	would	

expect	if	all	neurons	were	bilaterally-correlated.	

(E)	 Spike	 traces	 from	mouse	PPC1.	The	average	spike	of	all	 the	neurons	recorded	 from	PPC1	are	

shown.	The	spike	amplitudes	were	normalized	for	display.	Note	the	apparent	bimodal	distribution	of	

spike	widths.	

(F)	Histograms	of	the	spike	widths	at	half-maximum	amplitude,	per	OC	region.	For	each	histogram	

(AON,	APC,	or	PPC),	a	Hartigan’s	dip	 test	was	performed	 to	confirm	 that	 the	distribution	of	 spike	

widths	was	not	unimodal	(AON	p	=	0.020,	APC	p	=	0.016,	PPC	p	=	0.002).	The	corresponding	p-values	

are	reported	next	to	each	graph.	We	also	used	a	maximum	likelihood	estimate	approach	to	fit	a	mixture	

of	two	Gaussian	distributions	to	each	distributions	(AON:	weight	of	the	1st	Gaussian	relative	to	the	

mixture	w	=	0.07,	μ1	=	85.6,	σ1	=	4.5,	μ2	=	130.1,	σ2	=	22.9;	APC:	w	=	0.11,	μ1	=	94.2,	σ1	=	8.1,	μ2	=	

146.3,	σ2	=	26.2;	PPC:	w	=	0.44,	μ1	=	86.6,	σ1	=	9.1,	μ2	=	142.7,	σ2	=	29.3).	For	each	distribution,	the	

vertical	bar	indicates	spike	width	at	which	the	Gaussian	mixture	reaches	its	minimum	between	the	

two	peaks:	we	chose	 this	value	as	 the	definition	 for	 “narrow”	and	 “broad”	spikes	 (AON	95μs;	APC	

110μs;	PPC	110μs).	Using	this	criterion,	we	found	85%	of	broad	spikes	in	the	AON,	89%	in	the	APC,	

and	56%	in	the	PPC.	

(G)	Basal	firing	rate	of	the	neurons	with	narrow	versus	broad	spikes.	Based	on	the	histograms	in	(F),	

spikes	were	categorized	as	narrow	or	broad.	White	circle	and	value	next	 to	 it:	median.	Thick	bar:	

quartiles.	Thin	bar:	range	of	values.	The	neurons	with	narrow	spikes	showed	a	significantly	higher	

basal	activity	 than	 the	broad	ones.	This	finding,	along	with	 the	presence	of	a	bimodal	 spike	width	

distribution,	suggests	that	the	neurons	with	narrow	spikes	are	mostly	inhibitory,	while	the	neurons	

with	larger	spikes	are	mostly	excitatory.	The	purple	bar	shows	the	same	analysis	performed	on	the	

bilaterally-correlated	 (noted	 “cor”)	 neurons	 of	 the	 AON	 (Kruskal-Wallis	 test	 across	 the	 “narrow”,	

“broad’,	and	“cor”	categories:	p	=	3.2e-6;	post-hoc	Wilcoxon	rank-sum	test,	“narrow”	versus	“broad”	p	

<	0.0001,	“narrow”	versus	“cor”	p	=	0.0008,	“broad”	versus	“cor”	p	=	0.60).	

(H)	 Comparison	 of	 the	 spike	 width	 distribution	 of	 all	 AON	 and	 APC	 neurons	 versus	 bilaterally-

correlated	neurons.	Unlike	the	overall	distribution	in	the	AON	and	APC,	the	spike	width	distribution	

for	 the	 bilaterally-correlated	 neurons	 is	 not	 significantly	 different	 from	 a	 unimodal	 distribution	

(Hartigan’s	dip	test,	p	=	0.06)	Almost	all	the	bilaterally-correlated	neurons	have	a	broad	spike	(97%	

neurons	have	a	broad	spike),	suggesting	they	are	putative	excitatory	neurons.	

	

(continues	on	next	page)	
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(continued)	

	

	(I)	 PID	 signal	 amplitude	 at	 different	 odor	 dilutions.	 All	 amplitudes	 are	 reported	 relative	 to	 the	

amplitude	of	the	dilution	used	for	the	rest	of	this	study	(5%).	Each	grey	dot	is	one	PID	measurement	

(10	repeats	per	condition),	 the	black	dots	are	 the	average	amplitudes.	For	each	odor,	 the	 red	dot	

indicates	the	dilutions	at	which	the	PID	signal	is	about	10	times	weaker	than	the	initial	5%	dilution.	

(J)	Response	magnitude	of	the	initial	versus	weaker	dilutions.	Each	graph	is	one	side	of	the	mask.	Each	

dot	is	one	neuron-odor	pair	(n	=	2	mice	recorded	in	the	AON,	120	neurons).	We	only	tested	the	6	odors	

shown	 in	panel	 I	 (initial	dilution:	5%;	new	dilution:	 see	 red	dot	 in	 I).	Only	 the	neuron-odor	 pairs	

significantly	responding	to	the	initial	5%	concentration	are	shown.	Red:	average	for	each	side.	When	

we	stimulated	the	same	side	of	the	mask	with	10	times	less	odorant,	we	obtained	neuronal	responses	

about	6	to	7	times	weaker	than	with	our	initial	5%	concentration.	Therefore,	cross-contamination	in	

the	mask,	if	any,	cannot	explain	the	presence	of	side-invariant	odor	responses.	

	

	

(continued)	

…(10	repeats	per	condition),	the	black	dots	are	the	average	amplitudes.	For	each	odor,	the	red	dot	

indicates	the	dilutions	at	which	the	PID	signal	is	about	10	times	weaker	than	the	initial	5%	dilution.	

(J)	Response	magnitude	of	the	initial	versus	weaker	dilutions.	Each	graph	is	one	side	of	the	mask.	Each	

dot	is	one	neuron-odor	pair	(n	=	2	mice	recorded	in	the	AON,	120	neurons).	We	only	tested	the	6	odors	

shown	 in	panel	 I	 (initial	dilution:	5%;	new	dilution:	 see	 red	dot	 in	 I).	Only	 the	neuron-odor	 pairs	

significantly	responding	to	the	initial	5%	concentration	are	shown.	Red:	average	for	each	side.	When	

we	stimulated	the	same	side	of	the	mask	with	10	times	less	odorant,	we	obtained	neuronal	responses	

about	6	to	7	times	weaker	than	with	our	initial	5%	concentration.	Therefore,	cross-contamination	in	

the	mask,	if	any,	cannot	explain	the	presence	of	side-invariant	odor	responses.	
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Figure	8:	Correlation	of	Population	Odor	Representations.	

	

(continues	on	next	page)	

	

Figure	S4:	Correlation	of	Population	Odor	Representations.	

	

(continues	on	next	page)	
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(continued)	

	

(A)	to	(C)	Ipsi-	versus	contralateral	responses	per	odor	in	all	OC	regions	tested.	(A)	AON,	(B)	APC,	and	

(C)	PPC.	Red	line:	linear	regression	(contra	=	a	x	ipsi	+	b).	Solid	lines	show	significant	regressions	(F-

test,	p	<	5%).	Odor	#	is	the	same	as	Figure	3A.	Each	dot	is	one	neuron.	The	top	left	graph	for	each	

region	is	also	shown	in	Figure	6G.	

(D)	Same	as	panel	(A),	odor	1,	except	neuron	identity	has	been	randomly	shuffled	on	each	side.	Note	

the	absence	of	significant	correlation.	

(E)	 Significance	 of	 the	 regression	 slope	 for	 panel	 (A),	 odor	 1.	 We	 built	 a	 chance	 distribution	 by	

repeating	the	shuffling	shown	in	panel	(D)	1000	times.	We	then	compared	the	actual	value	of	the	slope	

to	this	distribution	to	determine	its	significance.	Here	we	show	the	distribution	of	chance	slopes	for	

the	AON,	odor	1.	The	results	of	our	bootstrap	strategy	matched	the	results	of	the	F-test	mentioned	

above.	

(F)	We	performed	the	same	analysis	as	panels	(A)	to	(C),	but	we	looked	at	each	mouse	separately.	

Here	we	report	the	R2	value	of	each	regression,	as	well	as	whether	the	correlation	was	significant	(F-

test).	N.s.	means	that	the	correlation	was	not	statistically	significant	(p	≥	5%).	
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invariant	responses	in	earlier	studies.	We	performed	neuronal	recordings	in	the	APC	

of	anesthetized	mice	(n	=	2	mice,	167	neurons),	while	delivering	odors	to	the	right	or	

left	nostril	(Figures	9A,	9B,	and	Table	1).	In	both	recorded	mice,	we	failed	at	detecting	

a	 significant	 fraction	 of	 bilaterally-correlated	 neurons	 (Figure	 9C).	 The	 seemingly	

absence	of	bilateral	correlations	in	the	anesthetized	APC	is	likely	due	to	the	overall	

drop	in	basal	activity	and	excitability	caused	by	anesthesia	(Figures	9D-9G).	

Finally,	 when	 testing	 our	 mask	 for	 cross-contamination	 (Figure	 2)	 we	

estimated	that	at	most	10%	of	odors	puffed	on	one	side	of	the	mask	could	leak	to	the	

other	side.	Can	this	cross-contamination	alone	explain	the	side-invariant	responses	

we	observed	in	the	OC?	To	test	this	hypothesis,	we	first	determined	how	much	each	

odor	needed	to	be	diluted	 in	order	to	elicit	a	PID	signal	10	times	weaker	than	our	

initial	 dilution	 (5%	 volume/volume)	 (Figure	 7I).	 We	 then	 recorded	 individual	

neurons	in	the	AON	of	awake	mice	(n	=	2	mice,	120	neurons)	while	delivering	odors	

on	either	side	of	the	mask,	both	at	initial	(5%)	and	new	(PID	signal	10	times	weaker)	

dilutions	(Figure	7J,	Table	1).	On	average,	for	a	given	side	of	the	mask,	new	dilutions	

elicited	neuronal	responses	6	to	7	times	weaker	than	our	 initial	dilutions.	 In	other	

words,	 contralateral	 cross-contamination	 in	 the	 mask,	 if	 any,	 is	 not	 sufficient	 to	

explain	the	presence	of	side-invariant	odor	responses.	

Together,	 these	 data	 indicate	 that	 the	 odor	 information	 arriving	

contralaterally	to	the	OC	strongly	match	that	arriving	(more	directly)	ipsilaterally,	at	

least	in	the	first	stages	of	odor	processing	(AON	and	APC).	
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Figure	9:	Bilaterally-Correlated	Neurons	Are	Not	Detectable	in	Anesthetized	Animals.	

(A)	Diagram	of	the	odor	delivery	setup	for	recordings	on	anesthetized	mice.	The	mice	are	head-fixed.	

A	plastic	septum	separates	the	two	nostrils.	On	each	side	of	the	septum,	a	vacuum	ensures	proper	air	

cleaning.	This	setup	is	similar	to	(Kikuta,	2008,	2010).	

(B)	Control	of	the	reliability	of	the	unilateral	delivery	setup	shown	in	(A).	A	PID	measured	the	changes	

of	odor	concentration	over	time	on	the	right	or	the	left	side	of	the	plastic	septum,	in	the	absence	of	

mouse.	Each	measurement	was	repeated	three	times,	therefore	each	graph	shows	six	over-imposed	

traces,	three	with	the	PID	on	the	right,	three	on	the	left.	Note	the	similarity	between	the	traces	obtained	

on	the	left	and	right	of	the	mask,	and	the	absence	of	odor	detected	on	the	contralateral	side.	Grey:	odor	

presentation	(here:	isopropyl	tiglate).	All	15	odors	were	tested	and	showed	similar	results.	

(C)	 Percentage	 of	 bilaterally-correlated	 neurons	 in	 awake	 and	 anesthetized	 APC.	 Full	 circle:	 the	

percentage	 is	 significantly	 higher	 than	 chance.	 In	 the	 anesthetized	 recordings,	 the	 percentage	 of	

bilaterally-correlated	neurons	was	not	higher	than	chance.	

(D)	Comparison	of	the	basal	firing	rate	in	anesthetized	versus	awake	APC.	White	circle	and	value	next	

to	it:	median.	Thick	bar:	quartiles.	Thin	bar:	range	of	values.	Spontaneous	activity	in	the	anesthetized	

animals	was	greatly	reduced,	compared	to	awake	recordings.	

(E)	Percentage	of	neurons	versus	number	of	odors	eliciting	responses	in	anesthetized	APC.	All	the	odor	

responses	were	taken	to	make	this	histogram.	

(F)	Percentage	of	responding	neurons	versus	magnitude	of	response	in	anesthetized	APC.	Only	the	

significant	responses	were	taken	to	make	this	histogram.	

(G)	 Percentage	 of	 neurons	 versus	 positive-negative	 balance	 in	anesthetized	APC.	 For	each	 neuron	

significantly	responding	to	at	least	one	odor,	the	positive-negative	balance	corresponds	to	the	fraction	

of	significant	responses	that	are	positive	(0	=	all	the	significant	odor	responses	are	negative;	1	=	all	the	

significant	responses	are	positive).	

	

Figure	S5:	Bilaterally-Correlated	Neurons	Are	Not	Detectable	in	Anesthetized	Animals.	

(A)	Diagram	of	the	odor	delivery	setup	for	recordings	on	anesthetized	mice.	The	mice	are	head-fixed.	

A	plastic	septum	separates	the	two	nostrils.	On	each	side	of	the	septum,	a	vacuum	ensures	proper	air	

cleaning.	This	setup	is	similar	to	(Kikuta,	2008,	2010).	
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Accurate	Decoding	of	Odor	Identity	from	
Contralateral	Activity	

Odor	selectivity	in	the	OC	allows	a	population	representation	of	odor	identity,	

and	odor	identity	can	be	decoded	from	the	activity	of	a	sufficient	number	of	neurons	

(Bolding	and	Franks,	2017).	If	odor	responses	are	similar	for	ipsi-	and	contralateral	

presentations,	decoding	of	identity	should	be	transferrable.	To	formally	test	this,	we	

asked	a	 linear	 classifier	 to	decode	odor	 identity	 from	OC	responses	 to	one	nostril,	

after	we	trained	it	with	OC	responses	to	the	opposite	nostril.	

In	brief,	at	each	instance	we	created	a	training	set	by	randomly	removing	one	

trial	per	odor	(Bolding	and	Franks,	2017).	If	we	were	testing	on	the	same	side	as	we	

trained	(e.g.	train	ipsilaterally,	test	ipsilaterally),	then	we	tested	the	classifier	on	the	

trials	outside	of	 the	training	set.	 If	we	were	testing	on	the	opposite	side	(e.g.	 train	

ipsilaterally,	test	contralaterally),	then	one	trial	per	odor	from	the	opposite	side	was	

randomly	chosen	to	form	the	test	set	(Figure	10A).	We	performed	all	our	decoding	

analyses	over	an	odor	response	window	of	2s,	as	it	maximized	performance	of	odor	

decoding	on	the	same	side	(Figure	11A).	

	 In	all	 three	 cortical	 regions	assessed,	 the	decoder	performed	with	similarly	

high	 levels	 of	 accuracy	 when	 tested	 on	 data	 from	 the	 same	 or	 the	 opposite	 side	

(Figures	10B-10C).	In	other	words,	odor	identity	decoding	optimized	with	responses	

to	stimulation	from	one	nostril	transfers	very	well	to	stimulation	of	the	other	side.	

Note	that	the	seemingly	decrease	of	decoding	performance	in	more	posterior	cortical	
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Figure	10:	Decoding	Contralateral	Odor	Identity.		

(A)	Diagram	of	the	odor	decoding	process.	

(B)	and	(C)	Odor	 identity	decoding	per	 region.	Mean	±	SEM	over	200	repetitions	of	 the	decoding	

process.	For	(B),	the	decoder	was	trained	with	data	from	ipsilateral	presentations.	For	(C),	the	decoder	

was	trained	on	contralateral	odor	responses.	

(D)	Side	identity	decoding	per	region.	Mean	±	SEM	over	200	repetitions	of	the	decoding	process.	For	

(B)	to	(D),	grey	dotted	line:	chance.	
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Figure	11:	Ipsi-	and	Contralateral	Odor	Decoding	in	Detail.		

(A)	 Decoding	 accuracy	with	 varying	 odor	 response	 time	windows.	 For	 each	 data	 point,	 response	

vectors	were	built	by	summing	spikes	from	0s	to	the	time	indicated	on	the	x-axis	(responses	aligned	

to	the	first	sniff	after	odor	onset,	see	Methods	for	details).	This	example	shows	the	odor	decoding	for	

all	neurons	in	the	AON,	train	ipsi,	 test	 ipsi.	Odor	decoding	accuracy	is	maximal	at	2s,	therefore	we	

decided	to	perform	all	our	decoding	analysis	over	an	odor	response	window	of	2s.	

(B)	 Same	as	Figures	10B-10C,	except	 the	decoding	process	was	applied	 to	each	mouse	separately.	

Accuracy	at	n	=	50	neurons	is	significantly	higher	than	chance	for	all	mice,	except	PPC1	and	PPC3.	The	

mice	with	poor	decoding	accuracy	were	usually	the	ones	in	which	neurons	showed	fewer	/	weaker	

responses	on	average	(see	Figure	12).	

	

Figure	S6:	Ipsi-	and	Contralateral	Odor	Decoding.		

(A)	 Decoding	 accuracy	with	 varying	 odor	 response	 time	windows.	 For	 each	 data	 point,	 response	

vectors	were	built	by	summing	spikes	from	0s	to	the	time	indicated	on	the	x-axis	(responses	aligned	

to	the	first	sniff	after	odor	onset,	see	Methods	for	details).	This	example	shows	the	odor	decoding	for	

all	neurons	in	the	AON,	train	ipsi,	 test	 ipsi.	Odor	decoding	accuracy	is	maximal	at	2s,	therefore	we	
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regions	 is	 due	 to	 variability	 across	 mice	 (Figure	 11B).	 More	 precisely,	mice	 with	

overall	 weaker	 and	 fewer	 odor-evoked	 responses	 showed	 lower	 odor	 decoding	

performances,	no	matter	the	side	tested	(Figure	12).	

Rodents	are	able	to	determine	the	direction	of	the	odor	stimulation	at	short	

distances	 (Esquivelzeta	 Rabell	 et	 al.,	 2017;	 Rajan,	 2006).	 We	 asked	 whether	

population	activity	in	a	single	hemisphere	differs	sufficiently	for	stimulation	of	ipsi-	

and	contralateral	nostril	to	allow	decoding	of	intensity	differences	between	the	two	

sides.	Side	identity	could	indeed	be	decoded	with	high	accuracy	(Figure	10D),	which	

confirms	 that	 odor	 representations	 from	 both	 sides,	 despite	 similarities,	 remain	

distinct	and	separable.		

Together,	our	data	indicate	that	odor	decoding	is	transferrable	across	sides.	

Ipsi-	 and	contralateral	odor	 representations,	while	distinct,	 share	a	high	degree	of	

similarity.	

A	Computational	Model	of	Bilateral	Matching	in	the	
Olfactory	Cortex	

A	prevalent	view	is	that	the	projections	to	the	OC	is	distributed	and	random.	

Can	this	apparent	randomness	explain	the	high	degree	of	bilateral	matching	we	found	

in	 the	 OC?	 Previous	 work	 has	 shown	 that,	 if	 two	 correlated	 representations	 are	

projected	 through	 the	 same	 random	matrix,	 the	 resulting	 representations	 remain	

correlated	 (Babadi	 and	 Sompolinsky,	 2014;	 Schaffer	 et	 al.,	 2018).	 However,	 this	
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Figure	12:	Variability	Across	Mice.	

In	this	figure	we	point	at	factors	that	may	explain	the	variability	we	observed	across	mice	in	terms	of	

percentage	of	bilaterally-correlated	neurons,	as	well	as	odor	decoding	accuracy.	

(A)	Mean	number	of	odors	eliciting	response	(related	to	Figure	4E).	

(B)	Mean	response	magnitude	(related	to	Figure	4F).	

(C)	 Percentage	 of	 bilaterally-correlated	 neurons	 (related	 to	 Figure	 6B).	 Solid	 dot:	 significant	

percentage.	

(D)	 Mean	 accuracy	 of	 the	 odor	 decoding	 process	 with	 model	 trained	 on	 responses	 to	 ipsilateral	

presentations	(related	to	Figure	11B).	

(E)	Similar	to	(D)	with	training	on	contralateral	presentations.	
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model	 does	 not	 fully	 recapitulate	 bilateral	 olfactory	 circuitry,	 as	 the	 information	

coming	 from	 each	 nostril	 passes	 through	 a	 different	 set	 of	 seemingly	 random	

projections	(Figure	1A).	

To	 address	 this	 limitation,	 we	 implemented	 a	 computational	 model	 of	 the	

olfactory	system	to	test	matching	of	ipsilateral	and	contralateral	odor	tuning	in	the	

OC	 as	 a	 function	 of	 structure	 in	 bilateral	 projections	 (Figure	 13A).	 In	 brief,	 we	

simulated	two	odor-evoked	cortical	representations	(one	for	each	brain	hemisphere)	

and	 linked	them	with	a	cross-cortical	connectivity	matrix	G.	This	matrix	was	part-

random,	 with	 elements	 drawn	 from	 a	 Gaussian	 distribution	 (GRandom),	 and	 part-

Hebbian,	 linking	 the	 same-odor	 representations	 in	 each	 hemisphere	 together	

(GStructured).	Explicitly:	

! = α!Structured + (1 − α)!Random	

Parameter	5	took	values	between	0	and	1	with	5 = 0	corresponding	to	purely	

random	connectivity	and	5 = 1	to	purely	structured	connectivity.	The	random	and	

Hebbian	components	were	scaled	appropriately	to	have	5	represent	the	proportion	

of	contralateral	input	magnitude	that	is	formed	by	structured	connectivity.	

We	first	validated	our	model	by	comparing	the	ipsilateral	(Figures	14A-14C)	

and	 contralateral	 (Figures	 13B-13D)	 simulated	 odor	 responses	 with	 the	 actual	

neuronal	 responses.	 Our	 model	 appears	 to	 replicate	 the	 statistics	 of	 neuronal	

responses	remarkably	well,	with	minimal	adjustments	of	the	model	parameters	(see	

Methods).	
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Figure	13:	Modeling	Olfactory	Cross	Cortical	Connections.		

(A)	Diagram	of	the	model.	(B)	to	(D)	Model	validation.	Contralateral	odor	responses	from	the	model	

are	overlaid	with	actual	contralateral	AON	responses	(Figures	4E-4G).	(E)	to	(J)	Various	measurements	

of	cross-cortical	alignment	from	the	model.	(E)	Contra-	vs	ipsilateral	responses	for	random	(alpha	=	

0)	and	semi-structured	 (alpha	=	0.42)	projections.	(F)	Contra-	vs	 ipsilateral	 responses	 for	various	

alpha	 values.	 (G)	Percentage	 of	 bilaterally-correlated	 neurons	 for	 various	 alpha	 values.	 (H)	 Odor	

decoding	accuracy	for	random	(alpha	=	0)	and	semi-structured	(alpha	=	0.42)	projections.	Red:	same	

as	Figure	6B,	AON,	“test	contra”.	(I)	Odor	decoding	accuracy	for	various	alpha	values.	(J)	Side	decoding	

accuracy	for	various	alpha	values.	For	(E)	to	(H),	measurements	from	the	model	were	calculated	by	

sampling	385	neurons	200	times.	The	best	fit	alpha	(0.42)	was	found	by	comparing	to	AON	data	(n	=	

385	neurons	from	3	mice).	
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Figure	14:	Modeling	Olfactory	Cross	Cortical	Connections,	Complementary	Analysis.	

(A)	 to	 (C)	 Same	 as	 Figures	 13B-13D,	 except	 for	 we	 are	 comparing	 the	 distributions	 of	 mouse	

ipsilateral	data	and	our	simulations	of	ipsilateral	responses	with	optimal	alpha	(0.42).	Mouse	data	

is	identical	to	the	contralateral	lines	from	Figures	4E-4G,	top	panels.	

(D)	Same	as	Figure	13I,	except	we	decoded	ipsilateral	odors	using	the	contralateral	presentations.	

(Left)	Using	closest	Euclidean	neighbor	decoding	is	markedly	worse	in	simulations	than	mice,	due	

mainly	 to	 the	 difference	 in	 magnitude	 of	 responses	 that	 results	 as	 you	 increase	 the	 structure	

parameter.	(Right)	Using	closest	angular	neighbors	instead	recaptures	better	performance,	and	the	

best	alpha	overlaps	with	the	AON	performance.	This	suggests	that,	 in	the	left	panel,	 the	decoder	

limited	performance	rather	than	lack	of	information.	

(E)	to	(H)	Same	as	Figures	13F,	13G,	13I,	and	13J	respectively,	except	each	OC	layer	contains	25,000	

neurons	(instead	of	50,000	neurons	in	Figure	13,	see	Methods).	These	show	that	the	optimal	alpha	

level	(0.42)	is	robust	to	changes	in	the	number	of	cortical	neurons	simulated.	
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Then	we	computed	four	measurements	from	our	modeled	OC	while	varying	5,	

the	parameter	that	controls	cross-hemispheric	structured	connectivity:	 the	overall	

correlation	of	odor	population	representation	across	sides	(Figures	13E-13F;	similar	

to	Figure	6G),	 the	 fraction	of	bilaterally-correlated	neurons	(Figure	13G;	similar	 to	

Figure	6B),	the	accuracy	of	odor	identity	decoding	(Figures	13H-13I	and	14D;	similar	

to	Figures	10B-10C),	and	the	accuracy	of	side	identity	decoding	(Figure	13J;	similar	

to	Figure	10D).	

The	 four	 computed	 measurements	 best	 match	 our	 actual	 AON	 neuronal	

recordings	with	a	non-zero	5	(approximately	0.4).	This	result	does	not	vary	when	we	

change	the	size	of	the	modeled	OC	population	(Figures	14E-14H).	Further,	we	provide	

an	 analytical	 derivation	 showing	 that	 interhemispheric	 correlations	 cannot	 arise	

from	a	null	5	(Note	S1).	

Together,	these	results	suggest	that	random	projections	alone	cannot	explain	

our	OC	results.	The	bilateral	projections	must	be	structured.	
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Chapter	3:	

Conclusion	

In	 many	 animals,	 odor	 information	 collected	 by	 the	 two	 nostrils	 remains	

separate	until	it	reaches	secondary	brain	areas	(Bojsen-Moller	and	Fahrenkrug,	1971;	

Eccles,	2000;	Kikuta	et	al.,	2008).	How	the	two	streams	of	information	are	integrated,	

as	well	as	the	functional	role	of	this	integration,	remain	unclear.	Because	projections	

from	 the	 OB	 to	 the	 OC	 are	 sparse	 and	 lack	 apparent	 topography,	 it	 has	 been	 a	

prevalent	view	that	the	projections	coming	from	and	going	out	of	the	OC	are	random	

(Bekkers	and	Suzuki,	2013;	Choi	et	al.,	2011;	Giessel	and	Datta,	2014;	Haberly,	2001;	

Illig	 and	 Haberly,	 2003;	 Kay,	 2011;	 Rennaker	 et	 al.,	 2007;	 Schaffer	 et	 al.,	 2018).	

Contrary	 to	 this	 expectation,	 we	 observed	 that	 the	 OC	 integrates	 bilateral	 odor	

information	in	a	highly	non-random	way,	suggesting	a	significant	degree	of	order	in	

cortical	microcircuits.	This	suggests	that	similar	information	about	odor	identity	is	

present	in	each	hemisphere	of	the	OC,	independent	of	the	nostril	sampling	the	odor.	
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Importance	of	the	Integration	of	Bilateral	
Information	

In	 vision	 and	 audition,	 information	 from	 paired	 sensors	 (eyes	 or	 ears)	 are	

combined	 in	 the	 brain	 to	 perform	 specific	 computations	 that	 are	 behaviorally	

relevant	–	 for	example,	estimating	distance	to	or	 the	direction	of	 the	source	of	 the	

stimuli.	The	existence	of	two	sensors	for	olfaction	has	prompted	hypotheses	about	

their	function	(Catania,	2013;	Esquivelzeta	Rabell	et	al.,	2017;	Mainland	et	al.,	2002;	

Porter	 et	 al.,	 2005;	 Rajan,	 2006).	 Since	 the	 two	 nostrils	may	 sample	 independent	

pockets	 of	 air	 (Eccles,	 2000;	 Kikuta	 et	 al.,	 2008;	Wilson	 and	 Sullivan,	 1999),	 can	

bilateral	 information	be	used	to	discover	 features	of	 the	odor	stimulus	not	readily	

available	to	single	nostrils?	Comparison	of	odor	concentration	across	the	two	nostrils	

may	 aid	 foraging	 animals	 to	 locate	 odor	 sources	 under	 conditions	where	 smooth	

gradients	exist	(short	distances	or	very	still	atmospheric	conditions)	(Catania,	2013;	

Esquivelzeta	Rabell	et	al.,	2017;	Gire	et	al.,	2016).	This	computation	requires	neurons	

to	be	differentially	responsive	to	stimulation	of	 the	nostrils,	and	two	brain	regions	

that	 seem	 to	 fulfil	 this	 criterion	 are	 the	 AON	 and	 APC	 (Kikuta	 et	 al.,	 2008,	 2010;	

Wilson,	1997).	Recent	studies	have	 indicated	that	 the	AON	may	be	sensitive	to	 the	

differential	activation	of	left	and	right	nostrils,	therefore	computing	the	direction	of	

the	stimulus	in	front	of	the	animal	(Esquivelzeta	Rabell	et	al.,	2017).	Our	own	data	

shows	that	side	identity	can	be	decoded	from	odor	responses,	which	provides	further	

evidence	for	differential	processing	(Figure	10D).	

In	 contrast	 to	 computations	 emphasizing	 the	 differences	 between	 the	 two	

sides,	many	behaviors	 require	 common	 inferences	 to	be	made	 independent	of	 the	
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nostril	 that	 is	 stimulated.	 One	 simple	 example	 can	 be	 found	 in	 our	 everyday	 life:	

during	a	cold,	both	nostrils	are	not	congested	equally.	Rather,	one	nostril	is	usually	

more	blocked	than	the	other,	and	which	nostril	gets	clogged	changes	several	times	a	

day	 (Eccles,	 2000).	 Despite	 that,	 we	 are	 (fortunately)	 still	 able	 to	 identify	 the	

comforting	smell	of	a	chicken	soup.	In	the	same	fashion,	animals	need	to	be	able	to	

identify	relevant	smells	like	food	or	a	predator,	no	matter	where	the	odor	source	is	

relative	to	their	nose.	Indeed,	there	is	evidence	for	nostril-independent	recognition	of	

odors:	rats	trained	to	associate	odors	with	reward	using	only	one	naris	can	generalize	

to	stimuli	delivered	through	the	other	nostril	(Kucharski	and	Hall,	1987,	1988).	This	

behavior	 requires	 interhemispheric	 communication,	 suggesting	 a	 convergence	 of	

ipsilateral	and	contralateral	representations	in	higher	brain	areas.	

Bilateral	Integration	in	the	Olfactory	Cortex	is	not	
Random	

Here,	 we	 developed	 and	 tested	 a	 new	 method	 to	 deliver	 odor	 stimuli	

selectively	to	individual	nostrils	in	awake,	freely	breathing	mice	(Figures	2,	7I-J).	We	

performed	several	experiments	to	confirm	selective	stimulation.	First,	PID	recordings	

indicated	that	odors	were	delivered	at	the	same	concentration	on	either	side	and	are	

not	detectable	on	the	side	contralateral	to	the	stimulus.	Second,	direct	measurements	

of	 sensory	 input	 to	 the	 olfactory	 bulb	 indicated	 that	 glomerular	 responses	 to	

contralateral	 stimulation	were	 below	detection	 threshold.	 It	 is	 possible	 that	 some	

low-level	 cross	 contamination	 went	 undetected	 by	 the	 PID	 and	 glomerular	
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recordings,	but	it	is	unlikely	that	such	weak	inputs	could	contribute	to	contralateral	

responses	that	are	as	strong	as	those	to	ipsilateral	stimulation.	Third,	recordings	from	

putative	M/T	 cells	 in	 the	OB	using	 tetrodes	 revealed	 few	detectable	 responses	 to	

contralateral	 nares	 stimulation.	 Finally,	 we	 performed	 AON	 recordings	 to	

demonstrate	that,	even	if	cross-contamination	happens	in	our	mask,	it	is	not	sufficient	

to	explain	the	high	degree	of	bilateral	matching	we	observe	when	comparing	ipsi	and	

contralateral	responses.	Note	that	we	were	unable	to	replicate	the	results	of	a	recent	

publication	 showing	 the	 existence	 of	 a	 large	 proportion	 of	 mirror-symmetric	

isofunctional	M/T	cells	in	the	two	OBs	of	the	mouse	(Grobman	et	al.,	2018).	However	

our	 observations	 confirm	 former	 work	 from	 various	 teams	 regarding	 the	 near	

absence	of	contralateral	M/T	response	in	the	OB	(Kikuta	et	al.,	2008,	2010;	Wilson,	

1997).	Our	results	are	also	consistent	with	the	known	projections	from	the	AON	pars	

externa	 to	 the	 GABAergic	 granule	 cells	 of	 the	 contralateral	 OB	 (Schoenfeld	 and	

Macrides,	 1984;	 Yan	 et	 al.,	 2008),	 since	 any	 response	 we	 saw	 in	 M/T	 cells	 to	

contralateral	nostril	stimulation	was	inhibitory.	The	minimal	responses	in	glomeruli	

and	 M/T	 cells	 also	 argues	 strongly	 against	 bilateral	 return	 of	 odors	 from	 the	

respiratory	system	during	exhalation.	

Our	first	key	finding	is	that	responses	to	the	stimulation	of	the	contralateral	

nostril	could	readily	be	detected	in	all	three	cortical	regions	tested	(Figure	4).	This	is	

not	entirely	surprising,	since	crossed	projections	already	occur	at	the	level	of	the	AON	

and	 APC,	 the	 effects	 of	 which	 can	 then	 cascade	 downstream.	 Previous	 studies	

indicated	that	contralateral	stimulation	evoked	fewer	and	weaker	responses	in	the	

AON	(Kikuta	et	al.,	2008).	However,	these	studies	recorded	from	a	small	number	of	
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neurons	 in	anesthetized	animals.	While	we	confirmed	the	presence	of	weaker	and	

fewer	responses	to	contralateral	stimulations	in	the	AON,	the	differences	were	much	

smaller	 than	 previously	 reported.	 Another	 recent	 study	 implicated	 AON	 in	

interhemispheric	 communication	using	a	variety	of	methods,	but	 the	 responses	of	

neurons	in	this	area	were	not	measured	(Yan	et	al.,	2008).	Finally,	one	previous	study	

reported	the	presence	of	neurons	responsive	to	contralateral	naris	stimulations	 in	

the	APC	of	anesthetized	rats,	but	did	not	test	the	correlation	of	the	responses	between	

the	two	nares	(Wilson,	1997).		

We	 then	 found	 that	 the	 odor	 information	 arriving	 ipsilaterally	 to	 the	 OC	

strongly	matches	that	arriving	contralaterally	(Figure	6).	In	particular,	we	revealed	

the	presence	of	a	sizeable	fraction	of	bilaterally-correlated	neurons	in	the	OC.	 	Our	

results	suggest	that	the	bilaterally-correlated	neurons	are	restricted	to	the	AON	and	

APC,	which	is	consistent	with	the	absence	of	direct	bilateral	connectivity	between	the	

PPCs	from	both	hemispheres	(Figure	3A).	However,	we	cannot	rule	out	the	possibility	

that	we	failed	to	detect	bilaterally-correlated	neuron	in	the	PPC	because	of	our	limited	

odor	panel	 and	number	of	 repeats.	Note	 that,	 for	 the	 same	reasons,	our	data	may	

underestimate	the	actual	proportion	of	bilaterally-correlated	neurons	in	the	AON	and	

APC.	Furthermore,	our	data	offer	strong	hints	that	principal	neurons	are	a	major	part	

of	the	ensemble	of	neurons	that	have	matched	responses	to	stimuli	from	both	nostrils	

(Figure	7).	This	feature	would	allow	downstream	areas	receiving	olfactory	cortical	

inputs	to	readily	have	access	to	side-stable	odor	responses.	
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	 We	also	showed	that	odor	decoding	is	transferrable	across	sides	(Figure	10).	

This	result	by	itself	was	expected,	given	the	presence	of	matched	responses	in	the	OC.	

However,	 the	 fact	 that	a	decoder	trained	with	the	same	set	of	unilateral	responses	

could	 decode	 odor	 identity	 from	 ipsi-	 and	 contralateral	 data	 with	 similarly	 high	

accuracies	was	a	surprise.	It	further	demonstrated	that	ipsi-	and	contralateral	odor	

representations,	share	a	high	degree	of	similarity.	

Finally,	 we	 considered	 how	 the	 prevalent	 view	 of	 OC	 connectivity	 could	

explain	our	data	(Figure	13).	Recent	studies	have	shown	that	two	readouts	projected	

through	the	same	random	matrix	remain	correlated	(Babadi	and	Sompolinsky,	2014;	

Schaffer	 et	 al.,	 2018).	 However,	 these	 studies	 do	 not	 address	 alignment	 due	 to	

projections	between	cortices.	Here	we	 implemented	a	 computational	model	of	 the	

olfactory	system	to	test	matching	of	ipsilateral	and	contralateral	odor	tuning	in	the	

OC	as	a	function	of	structure	in	bilateral	projections.	We	showed	that,	in	our	model,	

purely	random	projections	cannot	explain	our	OC	results.	

Reconciling	Our	Results	with	Known	Connectivity	
Schemes	

How	can	the	responses	of	cortical	neurons	to	selective	stimulations	of	the	two	

nostrils	be	matched?	First,	there	may	be	topographically	matched	crossed	projection	

somewhere	 in	 the	olfactory	system	allowing	bilateral	response	matching.	The	only	

known	candidate	for	such	matching	is	the	projection	from	AON	pars	externa	to	OB	

(Schoenfeld	and	Macrides,	1984;	Yan	et	al.,	2008).	This	projection,	however,	should	
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result	in	net	inhibition	of	M/T	cells	since	its	major	target	are	the	GABAergic	granule	

cells	(Schoenfeld	and	Macrides,	1984;	Yan	et	al.,	2008).	Furthermore,	previous	studies	

(Kikuta	et	al.,	2008,	2010;	Wilson,	1997)	and	our	own	data	(Figure	2)	suggest	that	this	

projection	is	too	weak	to	support	the	widespread	bilateral	matching	we	observed.	

A	 second	way	 in	which	matched	 responses	may	 arise	 is	 through	 fine-scale	

order	in	anatomical	connectivity	that	somehow	allows	the	same	glomerular	output	

channels	 from	both	OBs	 to	 converge	 on	 individual	 neurons.	 Such	 structure	 seems	

implausible	and	has	no	precedent	but	remains	formally	possible.	

A	third	explanation	that	seems	likely	because	of	its	simplicity	and	local	nature	

is	that	synaptic	connectivity	in	cortical	regions	is	refined	by	Hebbian	plasticity	(Best	

and	 Wilson,	 2003;	 Franks	 and	 Isaacson,	 2005;	 Johenning	 et	 al.,	 2009)	 to	 allow	

matched	 responses	 from	 both	 sides.	 During	 their	 normal	 experience,	 mice	 will	

frequently	 inhale	 similar	 odors	 through	 both	 nostrils.	 This	 can	 allow	 associative	

plasticity	in	cortical	areas	to	select	for	matched	inputs	from	both	hemispheres,	similar	

to,	for	example,	the	well-studied	map	development	in	the	visual	system	(Bednar	and	

Wilson,	 2016;	 Gu	 and	 Cang,	 2016;	 Hubel	 and	 Wiesel,	 1962).	 This	 hypothesis	 of	

experience-dependent	matching	of	bilateral	inputs	to	individual	cortical	neurons	is	

open	to	experimental	testing.	
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Concluding	Remarks:	Is	There	a	Topographic	
Representation	of	Odors	in	the	Cortex?		

	 From	his	experiments	in	the	1810’s	and	1820’s,	Flourens	concluded	that	the	

cortex	 worked	 as	 one	 homogenous	 unit,	 a	 concept	 he	 called	 “cerebral	

equipotentiality”.	 Flourens	 found	 no	 discrete	 cortical	 modules,	 therefore	 he	

concluded	that	they	must	not	exist	(Pearce,	2009).	

A	reasoning	of	the	same	nature	led	to	the	misconception	that	OC	projections	

are	 random.	 While	 most	 primary	 sensory	 cortices	 are	 organized	 topographically	

(Brewer	 and	 Barton,	 2016;	 Harding-Forrester	 and	 Feldman,	 2018;	 Nauhaus	 and	

Nielsen,	2014),	olfaction	appears	to	be	a	notable	exception	to	this	rule,	with	seemingly	

unstructured	representations	(Caron	et	al.,	2013;	Giessel	and	Datta,	2014).	Because	

of	this	lack	of	apparent	topography,	many	authors	concluded	that	olfactory	cortical	

projections	 are	 random	 (Bekkers	 and	 Suzuki,	 2013;	 Choi	 et	 al.,	 2011;	 Giessel	 and	

Datta,	2014;	Haberly,	2001;	Illig	and	Haberly,	2003;	Kay,	2011;	Rennaker	et	al.,	2007;	

Schaffer	et	al.,	2018).	In	other	words:	there	is	no	visible	order	in	the	OC,	therefore	

there	must	be	no	order	at	all.	Here	we	were	able	to	show	that,	despite	the	apparent	

lack	of	topography,	bilateral	odor	representations	are	highly	ordered	in	the	OC.	

Nevertheless,	 it	 is	 not	 clear	 what	 “topography”	 means	 in	 olfaction.	

Topographic	maps	form	when	two	stimuli	close	to	one	another	in	their	sensory	space	

are	 represented	 by	 neurons	 physically	 close	 to	 one	 another	 (Bednar	 and	Wilson,	

2016).		Deciphering	a	brain	map	requires	a	solid	understanding	of	its	sensory	space.	

In	most	senses,	the	sensory	space	is	well	described.	For	example,	two	visual	stimuli	
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can	be	compared	in	terms	of	position	in	the	visual	field,	intensity,	hue,	contrast	etc.	

While	the	limits	of	our	odor	space	(what	odors	we	can	perceive)	are	relatively	well	

described,	there	is	little	consensus	regarding	which	axes	should	be	used	within	the	

odor	space	to	compare	odors	(Grabe	and	Sachse,	2018;	Kaeppler	and	Mueller,	2013).	

In	other	words,	we	cannot	unambiguously	quantify	the	distance	between	two	odors.	

For	that	reason,	it	is	wrong	to	say	that	there	is	no	topographic	representation	in	the	

OC:	if	any,	we	simply	do	not	know	how	to	measure	it.	 	
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Chapter	4:	

Methods	

Experimental	Model	and	Subject	Details	

Male	C57Bl/6J	and	OMP-GCaMP3	(Isogai	et	al.,	2011)	mice	were	used	in	this	

study.	All	the	mice	were	3	to	8	months	old	at	the	time	of	the	experiments.	Mice	were	

singly	housed	after	 chronic	 tetrode	 implantation.	A	 summary	of	 the	mice	used	 for	

tetrode	 recording	 can	 be	 found	 in	 Table	 1.	 All	 experiments	 were	 performed	 in	

accordance	with	the	guidelines	set	by	the	National	Institutes	of	Health	and	approved	

by	the	Institutional	Animal	Care	and	Use	Committee	at	Harvard	University.	

Bilateral	Odor	Stimulation	

The	odor	panel	was	composed	of	15	monomolecular	odors,	purchased	from	

Millipore	Sigma:	isopropyl	tiglate,	ethyl	tiglate,	propyl	acetate,	isoamyl	acetate,	ethyl	

valerate,	 hexanal,	 heptanal,	 allyl	 butyrate,	 citronellal,	 hexyl	 tiglate,	 4-allyl	 anisole,	

isobutyl	propionate,	2-heptanone,	ethyl	propionate,	and	eucalyptol	(Figure	3A).	The	
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odors	were	diluted	in	diethyl	phthalate,	also	purchased	from	Millipore	Sigma	(final	

odor	dilution:	5%	volume/volume).	In	addition	to	these	15	odors,	we	also	tested	the	

response	 to	 diethyl	 phthalate	 alone,	 referred	 as	 the	 “blank”	 trials	 (Methods,	

“Neuronal	 Recording”	 section).	 The	 olfactometer	 was	 controlled	 by	 a	 custom	

LabVIEW	script	(National	Instruments).	

Odors	were	 delivered	 through	 a	 custom-built	 facial	mask	 (Figure	 2A).	 The	

mask	was	made	of	a	large	piece	of	tubing	surrounding	the	mouse’s	muzzle.	On	each	

side	of	the	mask,	close	to	each	nostril,	a	piece	of	tubing	delivered	odors	at	a	small	flow	

rate	(50	standard	cubic	centimeters	per	minute).	Also	on	the	mask,	right	below	each	

odor	delivery	 tube,	 a	vacuum	ensured	proper	air	 cleaning.	We	confirmed	 that	 the	

mask	 could	 deliver	 similar	 amounts	 of	 odor	 on	 each	 side	 of	 the	 mask	 with	 a	

photoionization	detector	(miniPID	200B,	Aurora	Scientific,	Canada)	(Figure	3B).	We	

confirmed	the	absence	of	contralateral	stimulations	through	calcium	imaging	at	the	

surface	of	the	OB	and	M/T	cell	recordings	(Figures	1A	and	1E).	

Odors	were	delivered	for	2s	for	each	trial.	To	avoid	odor	habituation,	a	period	

of	15s	separated	consecutive	trials	(i.e.	15s	from	the	end	of	a	trial	to	the	beginning	of	

the	 next	 trial).	 Each	 odor	 was	 delivered	 in	 two	 configurations:	 ipsilateral	 and	

contralateral	 to	 the	 implantation.	 Each	 odor	 delivery	 was	 repeated	 7	 times.	

Therefore,	each	recording	session	contained	(15	9:9;< + 1	=>?@A	B;C?>) × 2	<C:F< ×

7	;FHFBCBC9@< = 224	 odor	 presentations.	 The	 order	 of	 odor	 presentations	 was	

randomly	shuffled	for	each	recording	session.	
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Breathing	Monitoring	

The	face	mask	was	connected	to	an	airflow	sensor	(Honeywell	AWM3300V,	

Morris	Plains,	NJ)	to	monitor	the	animal’s	respiration	during	the	experiments	(Figure	

3C)	and	later	align	neuronal	activity	with	the	sniffs	(Figure	3C)	(Bolding	and	Franks,	

2017).	The	accuracy	of	the	 face	mask	 in	monitoring	respiration	was	tested	against	

intranasal	pressure	transients	(Figures	3E-3H)	as	described	previously	(Reisert	et	al.,	

2014).	

Chronic	Tetrode	Implantation	

Mice	 were	 anesthetized	 with	 an	 intraperitoneal	 injection	 of	 ketamine	 and	

xylazine	 (100	 mg/kg	 and	 10	 mg/kg,	 respectively),	 then	 placed	 in	 a	 stereotaxic	

apparatus.	After	the	skull	was	cleaned	and	gently	scratched,	a	custom-made	titanium	

head	bar	was	glued	to	it.	A	small	craniotomy	was	performed	above	the	implantation	

site,	before	custom-built	tetrodes	(Chang	et	al.,	2013)	were	lowered	together	into	the	

brain	(coordinates	for	the	AON	pars	principalis:	antero-posterior	3mm,	medio-lateral	

1.5mm,	dorso-ventral	2.3mm	-	APC:	antero-posterior	1.6mm,	medio-lateral	-2.8mm,	

dorso-ventral	 3.4mm	-	 PPC:	 antero-posterior	0.3mm,	medio-lateral	 3.9mm,	dorso-

ventral	3.5mm	-	OB:	antero-posterior	1.2	mm,	medio-lateral	1.1	mm,	dorso-ventral	

0.3mm;	 all	 antero-posterior	 and	 medio-lateral	 coordinates	 are	 given	 relative	 to	

Bregma,	except	for	the	OB,	for	which	they	are	given	relative	to	the	junction	of	inferior	

cerebral	 vein	 and	 superior	 sagittal	 sinus;	 all	 dorso-ventral	 coordinates	 are	 given	
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relative	to	the	brain	surface).	All	mice	were	impanted	with	8	tetrodes,	except	mice	

AONα	and	AONβ,	which	were	implanted	with	16	tetrodes.	A	reference	electrode	was	

implanted	on	the	occipital	crest.	All	the	mice	were	implanted	in	the	right	hemisphere,	

except	mouse	APC2,	which	was	implanted	in	the	left	hemisphere.	We	did	not	find	any	

difference	between	APC2	and	the	other	mice.	The	whole	system	was	stabilized	with	

dental	cement.	Mice	were	given	a	week	of	recovery	before	any	new	manipulation.	

Neuronal	Recording	

A	 week	 after	 chronic	 tetrode	 implantation,	 mice	 were	 progressively	

habituated	 to	 stay	 calm	while	 head-fixed	 on	 the	 recording	 setup.	 The	 habituation	

process	typically	took	a	week.	Brain	activity	was	then	recorded	once	a	day,	always	at	

the	same	period	of	the	day,	while	delivering	odors	to	the	ipsilateral	or	contralateral	

nostril	 (Figures	 2F	 and	 4A).	 The	 mice	 were	 awake,	 head-restrained,	 and	 freely-

breathing	 during	 all	 the	 recordings,	 except	 for	mice	 APCa	 and	 APCb,	which	were	

recorded	 under	 ketamine	 /	 xylazine	 anesthesia	 (same	 injection	 protocol	 as	 for	

chronic	tetrode	implantation)	(see	Table	1).	

Since	the	tetrode	headstage	allowed	for	the	tetrodes	to	be	finely	adjusted	up	

or	down,	the	tetrodes	were	slightly	lowered	in	the	brain	after	each	recording	session	

(around	40µm	deep),	ensuring	that	different	neurons	were	recorded	each	day.	

Electrical	 activity	was	amplified,	 filtered	 (0.3-6kHz),	 and	digitized	at	30kHz	

(Intan	Technologies,	RHD2132,	connected	to	an	Open	Ephys	board).	Single	units	were	
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sorted	offline	manually	using	MClust	script	(Schmitzer-Torbert	et	al.,	2005)	written	

for	MATLAB	 (MathWorks).	Units	with	more	 than	1%	of	 their	 inter	spike	 intervals	

below	 2ms	 refractory	 period	 were	 discarded.	 Units	 displaying	 large	 changes	 of	

amplitude	or	waveform	during	the	recording	were	also	discarded	(Rey	et	al.,	2015)	

(Figures	3G-3I).	The	position	of	the	tetrodes	in	the	brain	was	confirmed	post-mortem	

through	electrolesion	(200μA	for	4s	per	channel)	(Figure	5).	

The	average	response	R	to	an	odor	o	(in	Hz)	over	the	7	trials	t	was	calculated	

as	followed:	

J =K(LM;NO − PFQNO)/7
S

OTU

−K(LM;VO − PFQVO)/7
S

OTU

	

where,	 for	 each	 trial	 t,	LM;NO	 (resp.	LM;VO)	 is	 the	 firing	 rate	 during	 the	 odor	 (resp.	

“blank”)	delivery,	while	PFQNO 	 (resp.	PFQVO)	 is	 the	 firing	 rate	before	 the	odor	 (resp.	

“blank”)	delivery.	

LM;NO	(resp.	LM;VO)	was	calculated	for	the	first	2s	following	the	first	sniff	after	odor	

(resp.	 “blank”)	 onset.	PFQNO 	 (resp.	PFQVO)	was	 calculated	 for	 the	 4s	 preceding	 odor	

(resp.	“blank”)	onset.	

To	determine	the	significance	of	a	response	to	an	odor	o	over	the	7	trials	t,	we	

compared	 the	 activity	 evoked	 by	 the	 odor	 (LM;NO − PFQNO)	 to	 the	 “blank”	 activity	

(LM;VO − PFQVO)	 (Wilcoxon	 signed-rank	 test,	 critical	 value	 set	 to	 5%)	 (Bolding	 and	

Franks,	2017).	
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Acute	Calcium	Imaging	

Mice	 were	 anesthetized	 with	 an	 intraperitoneal	 injection	 of	

ketamine/xylazine	mixture	(100	mg/kg	and	10	mg/kg,	respectively).	After	the	skull	

was	cleaned	and	gently	scratched,	a	custom-made	titanium	head	bar	was	glued	to	it.	

A	 large	 craniotomy	was	 performed	 above	 the	 two	OBs	 and	 covered	with	 1%	 low	

melting	 point	 agarose	 (Thermo	 Fisher).	 While	 the	 mouse	 was	 still	 anesthetized,	

calcium	 activity	 was	 imaged	 above	 the	 craniotomies	 with	 a	 custom-made	

epifluorescence	microscope	 (10X	 objective,	 Olympus,	NA	0.3;	 blue	 excitation	 LED,	

Thorlabs;	emission	filter,	500–550nm,	Thorlabs;	CMOS	camera,	The	Imaging	Source)	

at	4	frames/s,	while	presenting	odors	with	the	custom-built	facial	mask	(Figures	2A	

and	2B).	

The	acquired	sequences	of	images	were	converted	to	ΔF/F	images	(change	in	

fluorescence	over	resting	fluorescence).	Then	the	maximal	response	at	each	pixel	was	

calculated	 for	 each	 of	 the	 15	 odors,	 for	 each	 stimulus	 configuration	 (right	 or	 left	

nostrils),	 and	 these	 maximum	 response	 maps	 were	 used	 to	 manually	 identify	

glomeruli	for	further	analysis.	Finally,	for	each	odor,	for	each	stimulus	configuration,	

the	response	at	each	glomerulus	was	quantified	by	integrating	the	ΔF/F	signal	4s	after	

odor	onset	(which	corresponds	to	the	2s	of	odor	presentation,	and	the	2s	immediately	

following).	
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Decoding	Task	

Neuronal	Decoding	

For	each	neuron	we	created	a	feature	vector	by	calculating	the	summed	spike	

count	in	a	2s	window	after	the	mouse	first	sniffs	the	odor	and	subtracting	from	it	the	

same	sum	from	the	‘blank’	odor	averaged	across	seven	trials.		

Odor	identity	decoding	ability	was	assessed	using	linear	classifiers	and	leave-

out	 cross	 validation	 on	 a	 pseudopopulation	made	 up	 of	 all	 neurons	 recorded	 in	 a	

particular	 cortical	 area	 -	 AON,	 APC	 or	 PPC	 (Bolding	 and	 Franks,	 2017).	 At	 each	

instance	 we	 chose	 a	 particular	 dataset	 (either	 ipsilateral	 or	 contralateral	 odor	

presentation)	and	formed	from	it	a	training	set	by	randomly	removing	one	trial	per	

odor.	We	calculated	mean	responses	for	each	odor	by	averaging	across	the	training	

set.	We	then	chose	our	test	set	in	two	related	ways.	If	we	were	testing	on	the	same	

side	as	we	trained	(e.g.	train	ipsilaterally,	test	ipsilaterally),	then	the	15	trials	(one	per	

odor)	outside	 the	 training	set	were	used	as	 the	 test	 set.	 If	we	were	 testing	on	 the	

opposite	side	(e.g.	train	ipsilaterally,	test	contralaterally),	then	one	trial	per	odor	from	

the	opposite	side	was	randomly	chosen	to	form	the	test	set.	Classification	accuracy	

was	 measured	 by	 assigning	 each	 test	 trial	 to	 the	 closest	 Euclidean	 mean	 odor	

response	 and	 calculating	 the	 percentage	 of	 trials	 correctly	 assigned	 (Bolding	 and	

Franks,	2017).	This	process	was	repeated	200	times	using	different	random	test	and	

train	trial	choices.		

In	order	to	examine	the	effect	of	changing	number	of	neurons	on	classification	

accuracy,	we	randomly	selected	neurons	from	the	pseudopopulation	and	performed	
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classification	using	only	 the	selected	 cells.	This	process	 is	 repeated	200	 times.	We	

then	report	the	average	accuracy	and	standard	deviation	over	those	200	selections	of	

neurons	and,	for	each	set	of	neurons,	200	sets	of	train/test	trials	in	Figures	10	and	11.	

A	very	similar	process	is	employed	for	side	decoding.	One	trial	per	side	was	

removed,	the	remaining	trials	are	averaged	to	 form	a	mean	side	response	for	both	

ipsilateral	and	contralateral	presentations.	The	removed	trials	are	then	classified	to	

the	nearer	mean	side	 response	and	accuracy	 is	 the	percentage	 correctly	assigned.	

This	is	repeated	200	times	for	different	random	removed	trial	choices.	

Comparisons	to	the	Theoretical	Model	

Our	 model	 predicts	 the	 trial-averaged	 neural	 responses.	 In	 order	 to	 make	

comparisons	 to	 the	 neuronal	 data,	 we	 designed	 a	 new	 classification	 task.	 For	

simulations	and	trial	averaged	neuronal	data	we	performed	odor	decoding	as	follows:	

we	assigned	each	of	the	15	odor	centroids	from	one	side	(contralateral	or	ipsilateral)	

to	their	closest	neighbor	on	the	other	side.	This	classification	was	correct	if	an	odor	

from	one	side	was	classified	to	the	same	odor	on	the	other	side.	The	accuracy	is	then	

the	 proportion	 of	 odors	 correctly	 assigned.	 Again,	 average	 accuracy	 and	 standard	

deviation	over	200	randomly	chosen	neurons	are	reported	in	Figures	10	and	11.	One	

exception	 to	 the	 procedure	 above	 is	 Figure	 8G,	 right	 panel,	 where	 we	 classify	

centroids	to	their	nearest	angular	neighbor.		

For	 side	 classification	 comparisons,	 the	 two	 centroids	 corresponding	 to	 a	

given	odor	presented	on	both	sides	are	removed.	From	the	remaining	28	centroids,	

two	points	representing	ipsilateral	and	contralateral	cortex	are	made	by	averaging	
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over	all	remaining	centroids	from	a	particular	side.	The	two	points	we	removed	are	

then	 classified	 as	 ipsilateral	 or	 contralateral	 depending	 on	 which	 mean	 they	 are	

nearest	to.	This	procedure	is	repeated	15	times,	removing	a	different	odor	each	time.	

We	report	the	average	accuracy	and	standard	deviation	over	200	randomly	chosen	

pseudopopulations	in	Figures	10	and	11.	

Computational	Modeling	

We	built	a	feed-forward	neural	network	model	to	explore	the	implications	of	

a	random	or	structured	connection	between	the	olfactory	cortex	in	each	hemisphere.	

We	effectively	model	one	cortical	region	in	each	hemisphere,	based	on	the	AON.		

To	begin,	we	considered	the	cortical	response	to	odors	presented	ipsilaterally,	

later	we	will	 link	 these	 to	explore	 interhemispheric	effects.	Each	cortical	neuron’s	

activity	 to	 an	 ipsilateral	 odor	o	 is	 a	weighted	 sum	of	 glomerular	 activities	 passed	

through	an	activation	function:	

WN,Y = f[Σ]TU
^_

Ỳ]aN,]b  =  f[he,fb	,	

where	J	 is	the	glomerular	to	cortical	connectivity	matrix,	aN,]	?@:	WN,Y	are	the	firing	

rates	of	glomerulus	j	and	cortical	neuron	i	respectively	to	odor	o,	he,f	is	the	input	to	

cortical	neuron	 i,	 j	 runs	 from	1	 to	gh	 (the	 total	number	of	glomeruli),	 and	 f	 is	 the	

activation	function.	
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The	zero	point	of	these	neurons	is	set	to	be	basal	firing	rate	plus	response	to	a	

blank	odor.	Therefore,	we	modeled	only	odor	related	perturbations	from	the	blank	

and	base	to	match	all	comparisons	to	the	blank	and	base	subtracted	data.	

The	nonlinearity,	Q,	was	chosen	to	recreate	features	of	the	electrophysiological	

recordings.	First,	it	was	found	that	the	odor	related	perturbations	are	equally	likely	

to	be	positive	or	negative	(Of	all	the	significant	neuron-odor	pairs,	46%	are	positive	

in	the	AON,	48%	in	the	APC,	and	48%	in	the	PPC)	therefore	we	chose	a	nonlinearity	

that	was	symmetric	around	zero.	Negative	activity	does	not	mean	the	neurons	have	a	

negative	firing	rate,	but	that	their	firing	rate	is	inhibited	relative	to	their	response	to	

base	plus	blank.	Second,	consistent	with	previous	findings	(Bolding	and	Franks,	2017;	

Iurilli	and	Datta,	2017;	Poo	and	Isaacson,	2009),	the	cortical	response	to	odors	was	

relatively	sparse.	Therefore,	we	chose	the	shrink	function:	

Q[ℎN,Yb = k
ℎN,Y − l							CQ							ℎN,Y ≥ l
0																			CQ				nℎN,Yn < l
ℎN,Y + l						CQ							ℎN,Y ≤ l

,	

where	φ	is	a	threshold	that	controls	sparseness.		

Based	on	previous	work	we	then	modelled	the	connectivity	matrix	between	

the	bulb	and	the	cortex	to	be	completely	random	(Schaffer	et	al.,	2018)	with	elements	

either	equal	to	0,	with	probability	1 − ξ,	or	drawn	independently	from	a	zero	mean	

distribution	 with	 finite	 variance	
rs

^_
,	 with	 probability	 ξ.	 ξ,	 therefore,	 controls	 the	
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sparseness	 of	 the	matrix2.	 Now	 by	 Central	 Limit	 Theorem	ho,i	 	 is	 distributed	 in	 a	

Gaussian	manner	and	with	zero	mean.		

Since	input	to	each	cortical	neuron	is	statistically	independent,	to	fully	specify	

its	distribution,	we	must	simply	set	the	odor-odor	covariance	matrix	of	the	Gaussian.	

Under	the	assumption	that	 the	size	of	the	OB	output	response	 is	 identical	 for	each	

odor	 (|uv|w = |uvx|w		∀	odors	 o	 and	 o’),	 which	 can	 be	 justified	 by	 the	 divisive	

normalization	 that	 appears	 to	happen	 in	 the	OB	 (Banerjee	 et	 al.,	 2015;	 Zhu	 et	 al.,	

2013),	the	elements	of	the	covariance	matrix	can	be	found	as	follows:	

zY{ℎN,Y| } = ξσ|
1
gh
|uv|w =  γ| 	

zY{ℎN,YℎNx,Y} = ξσ|
1
gh
uv. uvx =  γ|cos[θN,NÇb	,	

where	zY 	refers	to	an	expectation	over	the	cortical	population	and	we	defined	a	new	

variable	γ|:= ξσ| U
^_
|uv|w		that	controls	the	variance,	and	θN,NÇ	is	the	angle	between	

two	 glomerular	 representations.	 	 For	 the	 15	 odors	 under	 consideration	 we	 used	

calcium	 imaging	 to	 extract	 the	 cosine	 similarity	 which	 serves	 as	 the	 Gaussian	

covariance.		To	complete	our	ipsilateral	specification	we	must,	therefore,	only	choose	

γ	and	a	threshold	φ	–	we	shall	rationalize	these	terms	in	two	ways.	

	 The	threshold	controls	sparseness	of	cortical	response,	this	we	match	to	the	

AON	recordings.	The	sparseness	of	the	recordings	is	measured	as	the	proportion	of	

																																																								
2	Note	that	negative	weights	do	not	mean	that	OB	inputs	are	directly	inhibitory;	they	rather	model	OB	

inputs	projecting	to	inhibitory	OC	neurons,	which	in	turn	project	to	our	OC	neurons	of	interest.	
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neuron-odor	pairs	for	which	the	Wilcoxon	signed	rank	test	p	value	comparing	the	set	

of	seven	trials	to	mean	blank	odor	response	is	below	5%	(22.4%	Ipsilateral,	25.2%	

Contralateral).	Labeling	the	sparseness	as	S,	because	of	the	assumed	Gaussianity	of	

cortical	inputs,	we	get:	

S = U
Ñ|ÖÜs

á∫ eâ
äs

sãs
å
ç dh + ∫ eâ

äs

sãs
âç
âå dhé = erfc è ç

Ü√|
ë,	

where	erfc	is	the	cumulative	error	function.	Therefore,	the	sparseness	sets	the	ratio	

of	threshold	to	variance:	

ϕ
γ
= √2erfcâU[î].	

	 Finally,	we	use	the	ipsilateral	distribution	of	significant	response	magnitudes	

in	the	AON	(Figure	4E,	top	panel)	to	fit	the	conversion	of	numbers	to	firing	rate	(Hz),	

γ.	Our	model	predicts	the	significant	response	magnitude	distribution	to	be	the	tail	of	

a	Gaussian,	by	changing	γ	we	are	simply	rescaling	the	x	axis	of	this	distribution,	we	

choose	the	γ	that	permits	the	best	model-data	fit.	This	fully	specified	the	ipsilateral	

simulations,	and	fit	the	data	remarkably	well	(see	Figures	13	and	14).	

	 To	 compare	 ipsilateral	 to	 contralateral	 responses	we	 create	 two	 ipsilateral	

responses	according	 to	 the	 scheme	above.	One	of	 these	 is	 then	mapped	through	a	

cross	 cortical	 connectivity	 matrix	 to	 create	 a	 contralateral	 response.	We	 use	 this	

contralateral	 response	 and	 the	 second	 ipsilateral	 creation	 for	 our	 comparisons	 to	

mice.	
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	 Our	 final	 task,	 therefore,	 is	 to	design	a	cross	cortical	connectivity	matrix.	 In	

order	to	explore	the	implications	of	random	and	structured	connections	we	combined	

two	different	cross	cortical	connectivity	matrices.		

There	is	a	random	component	whose	elements	are	drawn	from	a	zero	mean	

normal	distribution	with	variance	1	 (this	 choice	of	 variance	 is	unimportant	as	 the	

matrix	will	be	rescaled	in	future):	

GfóRand ∼ ô(0,1)		with	probability	ξ,	else	0.	

And	there	is	a	structured	Hebbian	component	from	contralateral	to	ipsilateral	

(Dayan	and	Abbott,	2001):	

!öOõúùOûü†ù°¢£§   =  K[•¶
ß®©™ − ´ß®©™b[•¶

¨®® − ´¨®®b
≠

Æ

eTU

,	

where	•¶
ß®©™
	is	the	response	vector	to	odor	o	presented	ipsilaterally	in	the	ipsilateral	

cortex,	́ ß®©™	is	response	in	the	ipsilateral	cortex	averaged	over	odors,	P=15	is	the	total	

number	of	odors,	and	•¶
¨®®	is	the	response	in	the	opposite	cortex	to	an	odor	presented	

in	the	opposite	nostril.		

These	two	matrices	currently	have	outputs	that	are	of	arbitrary	magnitudes.	

To	ensure	each	contribution	has	a	roughly	similar	sized	output,	the	structured	section	

is	rescaled	by	a	factor:	

GØ∞±≤≥∞  = χ GØ∞±≤≥∞µ∂∑≥∏π∫ª	where	χ =
ºΩæø
¿ ¡¬√ƒ≈∆«Ω

»……¡

ºΩæø
¿ ¡¬ ÀÃÕŒÀ

œ≈–Œƒ—“∆«Ω
»……¡

,	
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before	 being	 combined	 using	 the	 parameter	 α	 to	 create	 a	 cross	 cortical	 link	with	

varying	levels	of	randomness/structure:	

!	 = 	5GØ∞±≤≥∞ 	+ 	 (1 − 5)G”∏∂ª .	

Since	the	size	of	the	outputs	of	each	matrix	are	equal,	we	can	now	interpret	

alpha	as	the	proportion	of	contralateral	input	magnitude	that	is	formed	by	structured	

connectivity.	

The	magnitude	of	the	elements	of	this	matrix	are	then	scaled	again	such	that	

the	resulting	contralateral	representation	has	the	desired	sparseness	when	the	same	

piriform	threshold	is	applied	as	was	used	to	create	the	ipsilateral	sparseness.	Finally,	

the	conversion	to	Hz,	γ,	is	used	to	compare	to	data.	

We	varied	alpha	and	looked	at	how	four	measures	of	cross-cortical	alignment	

changed	(Figures	13-13;	see	main	text	for	details)	and	how	simulations	compared	to	

our	actual	AON	data.	We	chose	the	optimal	alpha	to	be	the	point	with	the	minimum	

z2-score	across	the	four	–	the	smallest	squared	sum	of	sigmas	(error	bars)	between	

the	point	and	the	AON	data	line	in	all	four	plots.	

We	modeled	 our	 AON	with	 50,000	 neurons,	 this	 is	 a	 rough	 underestimate	

based	on	other	paleocortical	neuronal	densities	(Srinivasan	and	Stevens,	2017)	and	

measurements	 of	 AON	 size	 from	 the	 Allen	 Brain	 Atlas.	 Our	model,	 however,	 was	

robust	 to	 changes	 in	 number	 of	 neurons,	 for	 example	 we	 tried	 a	 25,000	 neuron	

version	(Figures	14E-14H)	and	the	optimal	alpha	did	not	change.	



66	

	

Quantification	and	Statistical	Analysis	

All	 quantifications	 and	 statistical	 analyses	 were	 performed	 using	 custom	

scripts	 in	MATLAB	(MathWorks),	except	(1)	the	circular	statistical	analyses,	which	

were	performed	with	the	CircStat	toolbox	written	by	Philipp	Berens	(Berens,	2009),	

and	 (2)	 the	Hartigan’s	 dip	 tests,	which	were	 performed	with	 the	 code	written	 by	

Ferenc	Mechler	(Mechler	and	Ringach,	2002).	The	linear	regressions	were	obtained	

with	the	least	square	method.	The	data	is	given	as	median	±	standard	deviation	(SD),	

unless	specified	otherwise.	For	all	statistical	tests,	the	critical	value	was	set	to	5%.	All	

statistical	tests	were	two-sided,	with	the	exception	of	the	bootstrap	strategies	(where	

we	asked	whether	the	measurements	were	significantly	higher	than	chance).	

Additionally,	the	significance	of	the	linear	regressions	was	tested	using	either	

an	 F-test	 (Figures	 6,	 7,	 and	 8).	 The	 significance	 of	 the	 percentage	 of	 bilaterally-

correlated	 neurons	 was	 tested	 using	 a	 bootstrap	 strategy	 (see	 figure	 caption	 for	

details).	

Table	S1	summarizes	all	the	statistical	tests	performed	in	this	study.	

Data	and	Code	Availability	

All	 data	 and	 code	 used	 to	 compute	 quantities	 presented	 in	 this	 study	 is	

available	on	the	Murthy	lab	GitHub	page:	https://github.com/VNMurthyLab.	
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Supplemental	Material	
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Note	S1:	Random	Connections	Produce	Zero	Correlations	–	a	Derivation.	

We	will	 prove	 that	 if	 the	 same	 response	 is	 mapped	 through	 two	 different	

random	matrices	the	resulting	representations	will	be	uncorrelated.	Let	‘	be	our	g-

dimensional	 input	 pattern,	 for	 example	 the	 bulb	 response	 to	 an	 odor.	 Project	 it	

through	two	different	random	matrices	to	the	same	set	of	cortical	neurons.	The	two	

matrices,	’	and	÷,	each	have	 independently	 identically	distributed	elements	drawn	

from	 a	 mean	 zero	 distribution	 with	 finite	 variance.	 This	 creates	 two	 further	

representations	 which	 we	 shall	 later	 pass	 through	 an	 activation	 function.	 First,	

however,	we	shall	consider	the	pre-thresholded	representations:	

hf = ∑ Ỳ]
^
]TU a]								and								gf = ∑ !Y]^

]TU a].	

We	can	use	the	Multivariate	Central	Limit	Theorem	to	argue	that	 these	two	

representations	are	jointly	normally	distributed	with	zero	mean:	

Ÿ
ℎY
⁄Y
¤ =KŸ Ỳ]a]

!Y]a]
¤

^

]TU

∼ ô(0, Σ)	

		 The	correlation	matrix	can	be	derived	and	shown	to	be	diagonal:	

Σ‹‹ = zY ›K Ỳ]
]

a]K Ỳfiafi
fi

fl ≠ 0	

Σ·‚ = zY ›KJfó
ó

xóKGfÂ
Â

xÂfl = 0,	
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where	the	last	equality	follows	from	the	independent,	zero	mean,	nature	of	elements	

of	G	and	J.	

Now,	since	hf	and	gf	are	jointly	normally	distributed	random	variables	with	a	

diagonal	 covariance	 matrix,	 they	 are	 also	 independent.	 We	 then	 pass	 these	

representations	through	a	nonlinearity.	Using	the	fact	that	functions	of	independent	

variables	are	independent,	the	resulting	output	representations	are	also	independent	

and	hence	uncorrelated.	

This	demonstration	can	be	extended	to	many	cases	of	direct	interest.	If	we	let	

ℎ	and	⁄	depend	on	different	odors	they	are	still	independent	and	uncorrelated	by	a	

simple	generalization	of	the	previous	argument:	

hf = ∑ Ỳ]] aU,]								and								gf = ∑ !Y]] a|,] .	

The	 experiments	 consider	 another	 similar	 case.	 Interpret	 h	 (g)	 as	 the	

unthresholded	 representation	 in	 the	 ipsilateral	 (contralateral)	 AON	 to	 an	 odor	

presented	ipsilaterally	(contralaterally).	If	the	cross	cortical	matrix	is	random	then	

thresholding	these	responses	and	mapping	them	cross	cortically	will	not	change	their	

independence	from	one	and	other.	

Previous	work	has	shown	that,	if	two	correlated	representations	are	projected	

through	a	random	matrix,	 the	resulting	representations	remain	correlated	(Babadi	

and	Sompolinsky,	2014;	Schaffer	et	al.,	2018).	The	key	difference	in	our	work	is	that	

we	are	considering	two	different	random	matrices,	one	in	each	hemisphere.	Hence,	

this	derivation	has	shown	that	projecting	a	pair	of	correlated	representations	through	

two	different	random	matrices	eliminates	the	correlations	between	resulting	outputs.	
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		 Therefore,	since	observed	correlations	between	odors	presented	ipsilaterally	

and	contralaterally	are	not	zero,	the	cross	cortical	connectivity	must	be	structured	in	

some	way.	
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(caption	on	next	page)	 	
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Table	S1:	Statistical	Tests	Performed	in	this	Study.	

The	statistical	tests	showing	significant	differences	are	in	red	(critical	value:	5%).	For	post-hoc	tests,	

the	 p-values	 reported	 in	 the	 table	 have	 been	 corrected	 for	 multiple	 testing	 problem	 (Bonferroni	

method).	
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Annex:	

How	to	Monitor	

the	Breathing	of	

Laboratory	Rodents	
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Context	

In	Chapter	2,	I	described	and	tested	a	new	facial	mask	that	delivers	odor	puffs	

to	one	nostril	at	a	time	in	awake	mice.		The	mask	also	allows	for	breathing	monitoring.	

This	 last	 feature	was	maybe	the	most	challenging	to	implement.	One	reason	why	I	

found	it	so	challenging	was	the	absence	of	a	survey	that	would	have	allowed	me	to	

quickly	compare	existing	methods	and	pick	the	most	appropriate.	

Therefore,	I	decided	to	compile	my	bibliographical	research	into	a	review	that	

I	published	in	2018	(Grimaud	and	Murthy,	2018).	Below	you	will	find	a	copy	of	this	

review.	

Background	

While	respiration,	or	breathing,	is	the	involuntary	act	of	inhaling	through	the	

nose,	sniffing	corresponds	to	its	voluntary	modulation	(Kurnikova	et	al.,	2017;	Uchida	

and	Mainen,	2003;	Wesson,	2013;	Wesson	et	al.,	2008;	Youngentob	et	al.,	1987).	When	

it	comes	to	exploring	their	environment	or	interacting	with	each	other,	rodents	alter	

their	sniffing	(Welker,	1964;	Wesson	et	al.,	2008).	Not	only	does	sniffing	govern	the	

way	odor	information	is	sampled	and	processed,	it	also	modulates	many	aspects	of	

their	behavior	and	physiology,	 from	whisker	and	head	movement	(Macrides	et	al.,	

1982;	 Moore	 et	 al.,	 2013;	 Welker,	 1964)	 to	 limbic	 operations	 (Macrides,	 1975;	

Macrides	et	al.,	1982;	Semba	and	Komisaruk,	1978).	
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	 Furthermore,	due	to	the	position	of	the	epiglottis	relative	to	the	soft	palate,	the	

oropharynx	of	most	rodents,	such	as	rats,	mice,	and	guinea	pigs,	does	not	connect	to	

the	lower	airway.	As	a	consequence,	these	animals	are	obligate	nose	breathers:	under	

normal	 conditions,	 they	 breathe	 through	 their	 nose	 only	 (Gautam	 and	 Verhagen,	

2012;	 Harkema	 et	 al.,	 2006).	 In	 other	 words,	 breathing	 and	 sniffing	 are	 related	

behaviors,	and	can	usually	be	measured	with	the	same	tools.	

	 For	numerous	fields	of	study	where	rodents	are	extensively	used,	such	as	odor	

processing,	social	behavior,	learning	and	memory,	or	respiratory	physiology,	finding	

the	right	method	to	monitor	respiration	is	crucial.	Furthermore,	as	of	today,	breathing	

monitoring	remains	an	open	problem	and	has	motivated	many	recent	 innovations	

(for	example:	Bolding	and	Franks,	2017;	Esquivelzeta	Rabell	et	al.,	2017;	McAfee	et	

al.,	2016;	Vandivort	et	al.,	2016).	 It	 is,	 therefore,	surprising	that	 the	 last	published	

extensive	review	discussing	the	different	methods	available	to	measure	the	breathing	

of	laboratory	rodents	dates	back	to	1979	(Likens	and	Mauderly,	1979).	In	this	review,	

we	aim	 to	address	 this	gap	 in	 the	 current	 literature.	 In	addition	 to	describing	 the	

principle	of	each	method	for	monitoring	respiration	(Figure	A1),	we	also	discuss	their	

strengths	and	weaknesses	in	terms	of	reliability,	precision,	and	invasiveness,	in	order	

to	help	readers	choose	the	method	that	best	fits	their	needs	(Figure	A2;	Table	A1).	

When	 possible,	 we	 also	 provide	 historical	 context,	 as	 well	 as	 suggestions	 for	

improving	existing	methods	and	exploring	new	 techniques.	The	different	methods	

discussed	 are	 organized	 according	 to	 the	 physiological	 variable	 they	 measure:	
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Figure	A1:	Visual	Summary	of	the	Methods	Discussed	in	This	Review.	

The	diagram	 illustrates	 the	following	methods:	 (1)	 infrared	camera	and	video	monitoring;	 (2)	 face	

mask;	(3)	intranasal	cannula	and	implanted	temperature	probe;	(4)	OB	LFPs;	(5)	EMG	of	respiratory	

muscles	(in	this	case:	intercostal	muscles);	(6)	movement	sensor;	(7)	external	temperature	probe;	(8)	

EMG	of	non-respiratory	muscles	(in	this	case:	genioglossus);	(9)	intubation;	(10)	lung	plethysmograph.	
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neuronal	 or	 muscular	 activity,	 air	 movements	 through	 the	 airways,	 temperature	

changes,	or	body	movements.	First	 things	 first,	 let's	start	with	methods	relying	on	

neuronal	activity.	

Back	to	Basics:	Monitoring	Respiration	through	
Neuronal	or	Muscular	Activity	

From	the	Brain…	

Let's	go	back	to	basics:	respiration	is	the	result	of	volume	changes	in	the	lungs,	

which	result	from	respiratory	muscle	activity,	which	is	the	consequence	of	neuronal	

activity	conveyed	through	nerves,	from	the	brain.	Therefore,	it	would	seem	logical	to	

monitor	breathing	using	neuronal	activity.	

The	neuronal	circuits	underlying	respiration	have	been	and	continue	to	be	an	

extensively	studied	field	of	research.	Many	brain	areas,	grouped	under	the	name	of	

respiratory	centers,	are	known	to	be	necessary	for	breathing.	They	are	all	located	in	

the	medulla	oblongata	and	the	pons,	in	the	brainstem	(for	a	review,	see:	Feldman	et	

al.,	2013).	However,	these	regions	are	rarely,	if	ever,	monitored	for	the	sole	purpose	

of	respiration	tracking,	most	probably	because	easier,	 less	 invasive	techniques	are	

readily	available.	

Another	category	of	neuronal	activity	that	reflects	breathing	consists	of	local	

field	 potentials	 (LFPs)	 in	 the	 olfactory	 bulb	 (OB).	 LFPs	 are	 electrical	 signals	

originating	 from	 the	 simultaneous	 activity	 of	 numerous	 nearby	 neurons.	 The	
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Figure	A2:	Phase	Shifts	Between	Breathing	Monitoring	Methods.	

This	diagram	gives,	when	available	in	the	literature,	the	lag	time	of	inhalation	onset	detection	between	

the	methods	presented	here.	This	figure	is	based	on	the	following	articles:	(1)	Buonviso	et	al.	2003;	(2)	

Esquivelzeta	Rabell	et	al.	2017;	(3)	Flores	et	al.	2007;	(4)	Jourdan	et	al.	1997;	(5)	Khan	et	al.	2012;	(6)	

McAfee	et	al.	2016;	(7)	Mutlu	et	al.	2018;	(8)	Reisert	et	al.	2014;	(9)	Rojas-Líbano	et	al.	2014;	(10)	

Verhagen	et	al.	2007.	
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observation	of	the	similarity	between	OB	LFPs	and	respiratory	cycles	goes	back	as	far	

as	the	1940's.	In	an	article	focused	on	odor	responses	in	the	OB	of	hedgehogs,	Edgar	

Adrian	noted	the	apparent	synchrony	of	breathing	cycles	with	the	LFP	theta	band	(4-

8Hz)	(Adrian,	1942).	A	few	years	later,	as	he	was	working	on	the	rabbit	OB,	Adrian	

observed	 the	 same	 phenomenon	 (Adrian,	 1950).	 These	 observations	make	 sense,	

since	OB	theta	cycles	result	from	air	movements	on	the	olfactory	epithelium,	at	the	

back	of	the	nasal	cavity	(Grosmaitre	et	al.,	2007).	

Nonetheless,	OB	 LFPs	 are	 not	 ideal	 for	monitoring	 respiration:	while	 some	

authors	 found	great	 reliability	between	OB	LFPs	and	diaphragm	electromyograms	

(EMGs)	(Rojas-Líbano	et	al.,	2014)	(Figure	A2),	others	highlighted	that	OB	LFPs	lose	

synchrony	at	breathing	frequencies	higher	than	10Hz	(Kay	and	Laurent,	1999).	More	

recently,	a	study	showed	that	OB	LFPs	and	breathing	only	show	transient	periods	of	

correlation	(Khan	et	al.,	2012).	

…	To	the	Muscles.	

	 As	discussed	above,	inserting	an	electrode	in	the	brain	of	a	rodent	is	a	rather	

poor	 idea	 for	monitoring	 respiration,	 either	because	 it	 is	 too	 invasive	 (respiratory	

centers),	or	simply	unreliable	(OB	LFPs).	What's	left,	then?	

The	respiratory	centers	are	connected	to	the	respiratory	muscles	through	the	

pulmonary	plexuses.	In	mammals,	inhalation	is	exclusively	active:	at	each	inhalation,	

the	diaphragm	and	the	external	 intercostal	muscles	contract,	allowing	the	lungs	to	

expand.	Unlike	inhalation,	exhalation	is	a	mostly	passive	process,	driven	by	the	elastic	
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Table	A1:	Summary	of	the	Methods	Discussed	in	This	Review.	

The	 table	 also	 presents	 the	 strengths	 and	weaknesses	of	 each	method.	A	method	was	 considered	

invasive	when	it	required	a	surgery	on	the	animal.	*	The	fidelity	of	this	method	is	controversial	–	see	

corresponding	section	of	this	review	for	more	details.	
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return	of	the	inspiratory	muscles,	ribcage,	and	lungs	to	their	resting	position.	During	

exercise	 however,	 active	 exhalation	 can	 occur	 through	 the	 contraction	 of	 the	

abdominal	and	internal	intercostal	muscles	(Feldman	et	al.,	2013).	

Therefore,	due	to	their	ease	of	access,	inspiratory	muscles	provide	an	accurate,	

reliable	way	of	measuring	breathing.	The	biggest	inspiratory	muscle,	hence	the	most	

accessible,	 is	 the	 diaphragm	 (Figure	 A2).	 Once	 electrodes	 have	 been	 implanted,	

diaphragm	EMG	recordings	can	be	used	to	precisely	monitor	the	different	phases	of	

the	respiratory	cycle	 in	awake	animals	over	an	extensive	period	of	 time,	weeks	to	

months,	 depending	 on	 the	 quality	 of	 the	 electrode	 and	 the	 implantation.	 To	 our	

knowledge,	the	first	publication	reporting	diaphragm	EMGs	in	rodents	dates	to	1977	

(Sherrey	and	Megirian,	1977).	Before	then,	EMGs	were	performed	on	larger	animals,	

such	as	dogs	and	cats	(for	an	example	with	cats,	see:	Schoolman	and	Fink,	1963).	Since	

the	end	of	the	70's,	diaphragm	EMGs	have	been	extensively	used	on	rodents,	when	

extreme	precision	 in	 the	measurement	of	 the	 respiratory	 cycle	was	 required	 (one	

recent	example:	Li	et	al.,	2016).	Note	that	rodents	usually	have	one	“dominant”	nostril	

(i.e.	more	widely	open	than	the	other).	This	is	due	to	unequal	production	of	mucus	

and	unbalanced	swelling	of	the	nasal	cavity.	The	dominant	nostril	switches	every	few	

hours	 (Bojsen-Moller	 and	 Fahrenkrug,	 1971;	 Eccles,	 2000).	 As	 a	 consequence,	

respiratory	muscle	output	 can	 potentially	 be	misleading	with	 regards	 to	olfactory	

sampling	through	each	individual	nostril.	

Some	 non-respiratory	muscles	 can	 be	 used	 to	monitor	 respiration	 as	well,	

such	as	the	genioglossus,	an	easily	accessible	muscle	of	the	tongue	(Cui	et	al.,	2016).	
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Muscles	involved	in	whisking	have	also	been	found	to	contract	in	accordance	with	the	

rhythm	 of	 breathing.	 Unfortunately,	 due	 to	 the	 lack	 of	 correlation	 between	 their	

contraction	 and	 low-rate	 breathing,	 these	 muscles	 do	 not	 appear	 suitable	 for	

respiration	monitoring	(Moore	et	al.,	2013).	

Measuring	Respiration	Using	Air	Movement	

EMG	recordings	of	respiratory	muscles	are	some	of	the	most	direct	and	precise	

measurements	 of	 respiration.	 Not	 only	 do	 they	 provide	 the	 immediate	 breathing	

frequency,	they	also	allow	the	experimenter	to	quantify	the	different	phases	of	a	given	

respiratory	cycle,	as	well	as	the	respiratory	volumes	for	those	given	cycles.	However,	

these	 methods	 are	 usually	 extremely	 invasive,	 requiring	 the	 opening	 of	 the	

peritoneum	to	implant	electrodes	into	respiratory	muscles,	with	all	the	risks	that	such	

surgery	 implies.	Many	 other	methods	 allow	 for	 the	 accurate	measurement	 of	 the	

instantaneous	 breathing	 rate	 through	 less	 invasive	 procedures.	 Some	 of	 these	

methods	aim	at	quantifying	the	air	movements	in	and	out	of	the	lungs.	

Intubation	

Intubation	is	relatively	simple	to	perform	for	trained	experimenters:	a	cannula	

is	inserted	in	the	trachea	of	an	anesthetized	animal,	and	the	airflow	going	through	the	

cannula	is	monitored	(Vandivort	et	al.,	2016).	The	trachea	and	the	vocal	cords	allow	

for	a	good	seal	around	the	cannula,	which	leads	to	little	air	leakage.	As	a	consequence,	

the	volumes	of	air	in	and	out	of	the	lungs	can	be	accurately	measured.	Similar	to	EMGs	

of	respiratory	muscles,	this	method	provides	not	only	breathing	frequencies,	but	also	
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respiratory	 volumes.	 This	 technique	 can	 be	 paired	 with	 EMG	 measurements	 to	

provide	a	broader	picture	of	how	the	respiratory	centers	 in	 the	brainstem	control	

breathing	(Cui	et	al.,	2016;	Li	et	al.,	2016).	However,	intubation	is	invasive,	and	can	

only	be	performed	on	anesthetized	rodents.	

Intranasal	Cannula	

The	use	of	intranasal	cannulas	for	the	monitoring	of	breathing	is	quite	a	recent	

development	compared	to	the	methods	described	above	(Verhagen	et	al.,	2007).	The	

authors	 were	 inspired	 by	 a	 paper	 from	 1970	 that	 described	 the	 implantation	 of	

intraoral	cannulas	in	rats	(Phillips	and	Norgren,	1970).	Instead	of	implanting	a	small	

piece	of	 tubing	 in	 the	mouth	to	 feed	rodents,	 they	perforated	the	roof	of	 the	nasal	

cavity,	and	glued	a	cannula	on	top	of	it.	Therefore,	it	became	possible	to	measure	the	

intranasal	 pressure	 through	 the	 cannula.	 The	 authors	 tested	 their	 new	 technique	

against	a	thermocouple	also	implanted	in	the	nasal	cavity	(see	below	for	a	detailed	

description	 of	 the	 method),	 in	 anesthetized	 as	 well	 as	 head-restrained,	 awake	

animals.	In	both	cases,	the	intranasal	cannula	showed	high	reliability	for	monitoring	

instantaneous	breathing	rate	(Figure	A2).	It	only	took	a	year	before	the	method	was	

adapted	to	freely-moving	rodents	(Wesson	et	al.,	2008).	It	is	now	used	in	numerous	

applications	(Li	et	al.,	2014;	Reisert	et	al.,	2014;	Sirotin	et	al.,	2014).	

Unfortunately,	intranasal	cannulas	have	a	few	disadvantages.	Once	implanted,	

the	cannula	needs	to	be	cleaned	daily,	otherwise	connective	tissue	can	re-grow	and	

clog	it.	Furthermore,	the	implantation	requires	puncturing	the	roof	of	the	nasal	cavity,	

which	has	two	potential	side	effects:	(1)	it	may	change	the	way	rodents	breathe,	and	
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(2)	it	may	disturb	odor	perception	because	of	the	partial	destruction	of	the	olfactory	

epithelium	(these	aspects	have	yet	to	be	investigated).	

Face	Mask	

The	principle	of	the	face	mask	is	self-explanatory:	the	animal	breathes	through	

a	mask	pressed	against	its	face.	The	resulting	air	movement	can	be	quantified	with	

the	 help	 of	 an	 air	 flow	sensor.	 This	method	 has	 the	 advantage	 over	 an	 intranasal	

cannula	of	being	non-invasive.	

This	technique	has	been	used	for	decades	on	many	species,	including	humans,	

both	 for	 research	 and	medical	 applications	 (Connell,	 1966;	 Ferdenzi	 et	 al.,	 2014;	

Saibene	et	al.,	1978;	Waters,	1936).	To	our	knowledge,	the	first	description	of	such	a	

mask	for	rodents	goes	back	to	1987	(Youngentob	et	al.,	1987).	The	authors	designed	

an	experimental	chamber	with	a	hole	in	which	rats	could	poke	their	nose	to	sample	

odors.	As	the	animals	pressed	their	face	against	it,	the	odor-delivery	hole	acted	as	a	

face	 mask,	 allowing	 the	 experimenter	 to	 know	 precisely	 when	 the	 rats	 started	

sampling	the	presented	odors.	

Instead	of	having	the	rodent	poke	its	nose	in	the	mask,	it	is	also	possible	to	

head-restrain	the	animal,	and	then	position	the	mask	against	 its	muzzle.	This	way,	

respiration	can	be	monitored	during	a	significantly	 longer	period	of	 time	(Bolding	

and	Franks,	2017;	Sherman	et	al.,	2015).	

Face	masks	for	rodents	have	various	advantages.	They	are	cheap	to	make,	easy	

to	use,	non-invasive,	and	they	can	be	used	on	anesthetized	and	awake	rodents.	The	

one	requirement	is	that	there	needs	to	be	a	seal	between	the	edges	of	the	mask	and	
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the	skin	of	the	face	to	ensure	maximum	airflow	through	the	sensor.	This	requirement	

can	be	fulfilled	by	either	head-restraining	the	animal	–	in	this	case	the	respiration	is	

continuously	measured	–	or	by	training	the	rodent	to	poke	its	nose	into	the	mask	–	

which	 makes	 respiration	 measurable	 only	 during	 the	 brief	 episodes	 when	 the	

rodent’s	muzzle	is	attached	to	the	mask.	

Lung	Plethysmography	

Plethysmographs	 refer	 to	 a	 large	 family	 of	 instruments	 that	 measure	

variations	of	volume	in	an	organ	or	within	the	whole	body.	Depending	on	their	design,	

plethysmographs	for	lungs	require	either	connecting	the	trachea	to	the	instrument,	

pressing	a	mask	against	the	face,	or	placing	the	animal	in	a	chamber.	One	advantage	

of	 lung	 plethysmography	 over	 other	 methods	 of	 respiration	 monitoring	 is	 that	 it	

measures	not	only	to	the	breathing	rate,	but	also	to	the	volume	of	air	breathed	at	each	

inhalation	and	expelled	at	each	exhalation.	Three	categories	of	lung	plethysmographs	

exist,	depending	on	what	they	measure:	changes	in	airflow,	pressure,	or	capacitance	

(Likens	and	Mauderly,	1979).	

Of	the	three,	airflow	plethysmography	is	the	first	method	to	have	been	adapted	

to	 rodents.	 One	 of	 the	 oldest	 publications	 describing	 a	 lung	 plethysmograph	 for	

rodents,	 then	 called	 a	 “respirograph”,	 dates	 to	 1947	 (Guyton,	 1947).	 In	 short,	 the	

animal,	awake	or	anesthetized,	was	immobilized	and	its	nose	pressed	against	a	mask,	

through	which	a	stream	of	air	was	applied	at	a	constant	rate.	The	air	stream	passed	

through	 the	 mask	 unidirectionally	 thanks	 to	 two	 one-way	 valves.	 As	 the	 animal	

breathed,	 the	air	 flow	going	out	of	 the	mask	was	disturbed.	These	variations	were	
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measured	 with	 an	 airflow	 sensor.	 Pressure	 plethysmography	 works	 on	 the	 same	

principle,	 except	 it	 measures	 pressure	 fluctuation.	 Note	 that	 pressure	

plethysmographs	were	first	invented	for	rabbits,	not	rodents	(Gaddum,	1941).	

Guyton's	 respirograph	 design	 inspired	 a	 plethysmograph	 model	 still	 used	

today:	 the	whole-body	plethysmograph.	First	created	 for	adult	humans	 (Drorbaug	

and	Fenn,	1955),	whole-body	plethysmographs	have	since	been	adapted	for	smaller	

animals	such	as	rodents	(Jacky,	1978).	They	rely	on	the	same	principle	as	Guyton's	

design:	the	measurement	of	fluctuations	in	the	constant	airflow	the	subject	is	given	

to	breath.	

In	1971,	Barrow	et	al.	proposed	a	new	method	for	measuring	the	respiration	

of	small	animals:	capacitance	plethysmography	(Barrow	RE.,	Vorwald	and	Domier,	

1971).	As	the	animal	breathes,	the	volume	of	its	lungs	varies,	which	induces	changes	

in	 the	 capacitance	 of	 its	whole	 body.	 Capacitance	 plethysmographs	measure	 such	

changes	by	incorporating	the	animal	into	a	circuit.	

Since	then,	the	measurement	tools	have	become	cheaper,	more	precise,	and	

readily	available	 (Flores	et	 al.,	 2007;	Li	 et	 al.,	 2016;	Lim	et	 al.,	 2014)	 (Figure	A2).	

However,	most	modern	plethysmographs	are	still	based	on	the	pressure,	airflow,	or	

capacitance	 designs	 invented	 decades	 ago.	 The	 three	 methods	 can	 be	 easily	 and	

reliably	used	on	freely-moving	animals,	each	with	its	own	limitations.	Pressure	and	

airflow	whole-body	plethysmographs	 require	 the	animal	 to	 remain	 in	an	enclosed	

chamber	 during	 the	 measurement,	 which	 may	 prove	 hard	 to	 adapt	 to	 some	

behavioral	assays.	On	the	other	hand,	capacitance	plethysmography	involves	passing	
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a	 small	 current	 through	 the	 rodent’s	body	and	measuring	 its	 capacitance	 changes,	

which	may	interfere	with	electrophysiological	recordings.	

Measuring	the	Temperatures	Changes	Induced	by	
Respiration	

Rodents	are	warm-blooded	animals,	and	the	air	they	breathe	in	a	laboratory	

environment	is	usually	colder	than	their	body.	Once	in	their	airways,	the	inhaled	air	

gets	warmer.	As	a	consequence,	at	each	exhalation,	the	air	around	the	nostrils	gets	

warmer	as	well.	

Temperature	Probes	

Two	 major	 categories	 of	 temperature	 probe	 can	 be	 used	 for	 breathing	

monitoring:	 thermistors	 and	 thermocouples.	 The	 resistance	 of	 the	 material	 from	

which	a	thermistor	is	made	changes	with	its	temperature,	such	that	one	can	measure	

the	temperature	at	the	tip	of	a	thermistor	by	assessing	its	resistance.	Thermocouples	

work	differently:	they	are	made	of	two	wires	made	of	different	metals	and	connected	

together	at	one	end.	As	a	consequence	of	the	different	thermoelectric	characteristics	

of	the	two	carefully	selected	metals,	a	temperature-dependent	voltage	forms	at	the	

junction	of	 the	two	wires.	 In	either	cases,	 thermistor	or	 thermocouple,	a	voltage	 is	

read	and	converted	into	temperature	(McAfee	et	al.,	2016).	

One	of	the	first	attempts	at	using	temperature	probes	to	monitor	the	breathing	

of	laboratory	animals	(cats	in	this	case)	goes	back	to	the	end	of	the	60’s	(Angyán	and	

Szirmai,	1967).	During	the	following	decade,	the	method	was	adapted	to	rats	(Clarke	
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et	 al.,	 1970)	 and	 later	 to	 mice	 (Crossland	 et	 al.,	 1977).	 When	 using	 temperature	

probes,	 experimenters	have	 two	options:	 they	 can	either	 implant	 the	probe	 in	 the	

nasal	cavity	(Clarke	et	al.,	1970;	Crossland	et	al.,	1977;	Khan	et	al.,	2012;	Kurnikova	

et	al.,	2017;	McAfee	et	al.,	2016;	Uchida	and	Mainen,	2003;	Wesson,	2013),	or	place	it	

in	front	of	the	nostril	(Ito	et	al.,	2014;	Lepousez	and	Lledo,	2013;	McAfee	et	al.,	2016).	

Classically,	implantation	requires	making	a	hole	through	the	roof	of	the	nasal	

cavity.	Once	 the	animal	 is	 implanted,	 its	respiration	 can	be	monitored	over	a	 long	

period	of	time,	while	head-fixed	or	freely-moving.	However,	in	the	same	fashion	as	

intranasal	cannulas,	the	surgery	can	interfere	with	the	way	the	rodents	breathe	and	

perceive	odors,	even	though	this	has	never	been	investigated.	In	2016,	McAfee	et	al.	

described	a	new	surgical	procedure	for	the	implantation	of	temperature	probes	that	

did	not	require	making	a	hole	 through	the	roof	of	 the	nasal	cavity.	 Instead,	probes	

were	lowered	and	chronically	implanted	in	a	formerly	unreported	hollow	space	right	

above	the	anterior	part	of	the	nasal	cavity	(McAfee	et	al.,	2016).	Note	that	the	surgery	

still	required	a	craniotomy	to	reveal	the	skull.	In	addition,	the	authors	validated	their	

method	 by	 comparing	 it	 with	 three	 commonly-used	 breathing	 tracking	 methods:	

piezoelectric	 sensors	 (see	 below),	 thermic	 probes	 placed	 externally	 (see	 below	 as	

well),	and	whole-body	plethysmography	(Figure	A2).	

One	alternative	to	implanting	the	sensor	is	placing	it	a	few	millimeters	away	

from	 the	 nostrils.	 Unlike	 implanted	 probes,	 this	 requires	 the	 rodents	 to	 be	 head-

restrained.	The	most	obvious	advantage	of	this	technique	is	that	it	is	not	invasive	at	

all,	as	the	sensor	does	not	even	touch	the	animal.	
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However,	this	method	has	not	yet	been	validated	experimentally.	In	fact,	it	has	

been	suggested	that,	because	of	the	increased	movements	of	the	nares	during	high-

frequency	 respiration,	 external	 thermic	 probes	 are	 not	 reliable	when	 rodents	 are	

awake:	their	usage	should	therefore	be	restricted	to	anesthetized	animals	(McAfee	et	

al.,	2016).	

Infrared	Cameras	

In	2017,	Esquivelzeta	Rabell	et	al.	described	a	new	non-invasive	method	for	

breathing	monitoring	 (Esquivelzeta	Rabell	 et	 al.,	 2017).	 Similar	 to	what	 had	 been	

done	 on	 humans	 a	 few	 years	 before	 (Lewis	 et	 al.,	 2011),	 they	 placed	 an	 infrared	

camera	 in	 front	 of	 the	 nose	 of	 head-restrained	 mice,	 and	 tracked	 the	 breathing	

through	 the	variations	of	 temperature	around	 the	nostrils	over	 time.	 Importantly,	

Esquivelzeta	Rabell	and	colleagues	validated	their	new	method	by	comparing	 it	 to	

breathing	signals	obtained	simultaneously	through	implanted	cannulas	(Esquivelzeta	

Rabell	et	al.,	2017;	Mutlu	et	al.,	2018)	(Figure	A2).	

One	of	the	main	limitations	of	this	method	is	the	price	of	the	infrared	camera:	

not	only	does	it	need	to	capture	movies	with	a	high	enough	frame	rate,	it	should	also	

have	 good	 enough	 thermic	 sensitivity.	 At	 the	 time	 this	 review	was	 published,	 the	

camera	 Esquivelzeta	 Rabell	 et	 al.	 used	 in	 their	 publication	 (FLIR	 A325sc	 Infrared	

Camera)	 costs	 a	 few	 thousands	 US	 dollars,	 not	 including	 the	 dedicated	 lens.	

Furthermore,	the	camera	is	relatively	large	and	needs	to	be	placed	extremely	close	to	

the	rodent	to	capture	video	at	a	sufficient	resolution	to	monitor	the	breathing.	This	

method	is	currently	restricted	to	head-restrained	animals	to	keep	the	nostril	images	
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registered	to	the	camera.	Finally,	extraction	of	the	breathing	signal	is	performed	after	

recording	through	numerous	video	processing	steps.	Despite	recent	improvements	

of	the	breathing	extraction	algorithm	(Mutlu	et	al.,	2018),	the	method	has	yet	to	be	

implemented	for	real	time	breathing	detection,	which	may	require	developing	new	

computational	approaches.	

Body	Movements	as	a	Measure	of	Respiration	

As	animals	breathe,	their	rib	cage	moves	in	order	to	inflate	and	deflate	their	

lungs.	The	movements	of	 the	 rib	 cage,	often	visible	by	eye,	 can	be	monitored	as	a	

measure	of	respiration.	

Movement	Sensors	

Movement	sensors	have	been	used	for	decades	to	monitor	rodent	respiration.	

For	example,	in	1997,	Jourdan	et	al.	used	a	small	balloon,	inflated	between	the	trunk	

of	awake,	immobilized	rats	and	the	wall	of	their	restriction	box.	Each	time	the	rats	

inhaled,	 the	air	 in	 the	balloon	was	compressed.	The	changes	of	air	pressure	 in	 the	

balloon	were	used	as	a	breathing	signal.	Note	that	the	authors	recorded	diaphragm	

EMGs	at	the	same	time	to	validate	their	new	method	(Jourdan	et	al.,	1997)	(Figure	

A2).	

More	 recently,	Reisert	 and	 colleagues	 (Reisert	 et	 al.,	 2014)	 implanted	mice	

with	 an	 intra-thoracic	 pressure	 sensor,	 which	 allowed	 them	 to	 monitor	 their	

respiration	while	moving	 freely	 and	 performing	 an	 odor-driven	 task.	 Importantly,	
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they	 validated	 their	 method	 by	 comparing	 it	 with	 simultaneous	 recordings	 of	

intranasal	pressure	through	an	implanted	cannula	(Figure	A2).	

Nowadays,	due	to	their	sensitivity	and	affordability,	piezoelectric	sensors	are	

frequently	used	 for	 respiration	monitoring.	Usually,	 they	are	 incorporated	 into	an	

elastic	 waistband	 (Kapoor	 et	 al.,	 2016),	 or	 directly	 placed	 below	 the	 belly	 of	 the	

animal	(Flores	et	al.,	2007;	McAfee	et	al.,	2016;	Zehendner	et	al.,	2013).	However,	their	

high	sensitivity	is	also	their	biggest	limitation:	the	rodent	needs	to	remain	completely	

still	during	recording.	In	practice,	the	use	of	piezoelectric	sensors	is	mostly	restricted	

to	anesthetized	or	sleeping	animals,	and	inactive	pups.	

Video	Monitoring	

To	our	knowledge,	the	only	attempt	at	using	video	to	monitor	the	respiration	

of	rodents	was	published	in	1964.	In	this	article,	Welker	manually	analyzed,	frame	by	

frame,	movies	of	rats	exploring	objects	placed	closed	to	the	camera	(Welker,	1964).	

Not	only	did	he	use	the	movements	on	the	head,	nose,	vibrissae,	and	body	to	monitor	

the	breathing,	he	also	gave	the	first	accurate	description	of	all	the	stereotypical	facial	

movements	accompanying	each	breath,	and	explored	how	different	conditions	can	

alter	 such	 movements.	 Even	 if	 more	 recent	 studies	 have	 also	 used	 movies	 to	

investigate	the	respiration-related	facial	movements	(Esquivelzeta	Rabell	et	al.,	2017;	

Kurnikova	 et	 al.,	 2017;	 Moore	 et	 al.,	 2013),	 they	 have	 not	 monitored	 the	 actual	

respiratory	cycles	through	the	movements	captured	on	video.	
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Conclusion	

Being	able	to	precisely	and	reliably	monitor	rodent	respiration	is	crucial	for	at	

least	 two	 reasons:	 (1)	 it	 is	 a	 key	 indicator	of	 a	 rodent’s	 health,	 and	 (2)	 breathing	

greatly	influences	the	way	a	rodent	perceives	its	environment	and	behaves.	With	mice	

and	rats	being	some	of	the	most	common	animal	models,	it	is	not	surprising	that,	even	

nowadays,	 older	methods	 continue	 to	 be	 improved	 and	 new	 techniques	 invented.	

Therefore,	finding	the	right	method	to	monitor	rodent	respiration	continues	to	be	a	

critical	and	challenging	question.	In	efforts	to	get	closer	to	the	ideal	technique,	at	least	

two	paths	remain	unexplored.	

Future	Directions	

An	obvious	idea	for	anyone	who	has	seen	the	Star	Wars	movie	franchise,	and	

is	therefore	familiar	with	the	unique	breathing	pattern	of	the	epic	villain	Darth	Vader,	

is	 to	 track	 respiration	 through	 sound.	 Listening	 to	 the	 sounds	 made	 by	 the	 air	

circulating	in	the	airways	is	not	a	new	idea:	the	method	has	been	developed	and	used	

on	larger	animals	such	as	humans	and	dogs	(Concha	et	al.,	2014;	Margolin	and	Kubie,	

1943;	Thesen	et	al.,	1993).	However,	to	our	knowledge,	the	idea	has	not	been	applied	

to	rodents.	

A	second	avenue	to	follow:	the	study	by	Welker	(1964)	is	the	only	example	of	

the	use	of	video	to	monitor	respiration	through	body	movements.	Unlike	movement	

sensors	which	usually	require	close	contact	against	 the	abdomen,	video	 is	entirely	

non-invasive	and	contactless.	Over	the	last	few	years,	tremendous	progress	has	been	

achieved	 in	 video	 motion	 processing.	 For	 example	 it	 is	 now	 possible	 to	 amplify	
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movements	within	a	specific	range	of	frequencies	on	a	video	(Wadhwa	et	al.,	2013).	

Such	advances,	combined	with	the	increasing	affordability	of	high-speed	cameras	and	

the	 sophisticated	machine	 vision	 algorithms,	will	 surely	make	 video-based	 breath	

tracking	easier	in	the	future.	

When	imaging	the	neuronal	activity	at	the	OB	surface,	glomeruli	often	show	

basal	 activity	 that	 visually	 follows	 the	 breathing	 signal,	 even	 during	 odor	

presentations	 (Verhagen	 et	 al.,	 2007;	 Wachowiak	 and	 Cohen,	 2001).	 To	 our	

knowledge,	basal	glomerular	activity	has	yet	to	be	formally	compared	to	established	

techniques	 for	 breathing	 monitoring,	 and	 may	 require	 the	 development	 of	 new	

computational	approaches	to	extract	the	signal	of	interest.	However,	if	validated,	this	

method	would	allow	experimenters	 to	extrapolate	a	breathing	signal	directly	 from	

their	imaging	data.	Hopefully	this	approach	could	even	be	applicable	to	freely-moving	

rodents,	 while	 being	 imaged	 through	 a	 head-mounted	 miniature	 microscope	

(Helmchen	et	al.,	2001;	Liberti	et	al.,	2017;	Sawinski	et	al.,	2009).	

Finally,	respiratory	monitoring	can	be	used	as	part	of	closed-loop	systems,	in	

which	a	piece	of	equipment,	usually	a	computer,	processes	the	breathing	signal	as	it	

is	acquired	and,	for	each	respiratory	cycle,	automatically	delivers	a	stimulus	to	the	

animal	at	a	predefined	moment.	Such	approaches	have	been	successfully	applied	to	

odor	 delivery	 (Resulaj	 and	 Rinberg,	 2015;	 Shusterman	 et	 al.,	 2011;	 Sirotin	 et	 al.,	

2015),	as	well	as	electrical	(Mercier	et	al.,	2017),	and	optophysiological	(Smear	et	al.,	

2011,	 2013)	 neural	 stimulations.	 Closed-loop	 systems	 can	 be	 implemented	 with	
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virtually	 any	 breathing-monitoring	method,	 given	 the	 respiratory	 signal	 is	 simple	

enough	to	be	processed	on	the	fly.	

The	Ideal	Method	

The	ideal	method	for	respiration	monitoring	should	be	cheap,	easy	to	set	up,	

non-invasive.	It	should	work	on	anesthetized	as	well	as	awake	rodents,	restrained	as	

well	as	freely-moving,	pups	as	well	as	adults,	performing	a	task	or	not.	Such	a	method	

does	not	exist.	However,	numerous	techniques	have	been	developed	and	perfected	

over	the	past	few	decades,	each	with	its	own	advantages	and	drawbacks.	

One	 of	 the	 largest	 limitations	 of	 many	 of	 these	 techniques	 is	 their	 lack	 of	

accuracy	 in	 awake	 animals.	 General	 anesthesia	 significantly	 reduces	 the	 animals’	

movement	 and	has	 notable	 physiological	 effects.	 In	 particular,	when	 anesthetized,	

rodents	have	a	slower	(<2Hz),	more	regular	breathing	pattern	than	when	they	are	

awake	(usually	2-4Hz,	up	to	12Hz	during	active	odor	sampling)	(Esquivelzeta	Rabell	

et	 al.,	 2017;	 Low	 et	 al.,	 2016;	 Shusterman	 et	 al.,	 2011;	Uchida	 and	Mainen,	 2003;	

Zehendner	et	al.,	2013).	As	a	consequence,	while	some	techniques	are	suitable	 for	

anesthetized	animals,	they	become	unreliable	on	awake	rodents,	either	because	they	

lose	 synchrony	 as	 the	 breathing	 rate	 increases	 (OB	 LFPs,	 external	 temperature	

probes),	or	because	they	are	sensitive	to	all	body	movements	(external	movement	

sensors)	(Table	A1).		

Breathing	 signals	obtained	with	 the	various	 techniques	 reported	here	have	

different	 lag	times	when	compared	with	each	other.	A	summary	of	all	 these	phase	

shifts	 can	 be	 found	 in	 Figure	 A2.	 Lags	 between	 two	 methods	 range	 from	 a	 few	
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milliseconds	 (for	 example:	 3ms	 from	 intranasal	 cannulas	 to	 infrared	 cameras)	

(Esquivelzeta	Rabell	et	al.,	2017)	to	a	 few	tens	of	milliseconds	(for	example:	26ms	

from	intranasal	cannulas	to	implanted	temperature	probes)	(Verhagen	et	al.,	2007).	

Such	phase	shifts	can	be	considerable	compared	to	the	duration	of	a	breathing	cycle	

(250-500ms	 for	 awake	mice	 and	 rats	 at	 rest,	 and	 up	 to	 80ms	 during	 active	 odor	

sampling)	 (Esquivelzeta	 Rabell	 et	 al.,	 2017;	 Shusterman	 et	 al.,	 2011;	 Uchida	 and	

Mainen,	2003).	

Therefore,	when	choosing	a	method,	experimenters	need	to	take	into	account	

these	shifts.	For	example,	the	mouse	OB	shows	odor	responses	that	are	locked	to	the	

breathing	 cycle	with	a	precision	of	12ms	on	average	 (Shusterman	et	 al.,	 2011),	 in	

accordance	with	the	ability	for	mice	to	perceive	breath	cycles	with	at	least	a	10ms	

precision	(Smear	et	al.,	2011,	2013).	Therefore,	when	analyzing	odor-driven	activity	

of	 the	 OB,	 it	 may	 be	 more	 relevant	 to	 report	 the	 breathing	 as	 the	 movement	 of	

odorized	air	in	and	out	of	the	nasal	cavity,	rather	than	chest	movement	or	external	

changes	 of	 temperature	 –	 unless	 the	 lag	 between	 the	 variable	 of	 interest	 and	 the	

measurement	is	taken	into	account.	

Picking	 a	 method	 that	 satisfies	 an	 experiment’s	 requirements	 can	 be	

challenging.	The	primary	purpose	of	this	review	is	to	help	experimenters	choose	the	

method	that	best	 fits	 their	needs,	by	providing	a	comprehensive,	up-to-date	 list	of	

current	 techniques	 at	 their	 disposal.	 A	 summary	 of	 all	 the	 techniques	 discussed	

throughout	the	review	is	supplied	in	Figure	A1	and	Table	A1.	
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