
Which of the six boxes below cannot
be made from this unfolded box?
(There may be more than one.)
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Sensing the World Around Us 
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Which of the six boxes below cannot
be made from this unfolded box?
(There may be more than one.)
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National Geographic!

Question:  
Physiologically, how did you (try to) solve 
this puzzle? 

à	We’ll	come	back	to	this	thing	in	a	bit	



Ques4on:		
How	do	our	sensory	systems	encode	“informa4on”	about	the	world	around	us?	

Consider	how	you	
“process”	this	picture	
and	extract	informa4on	
from	it....	

hCps://en.wikipedia.org/wiki/York_University	

York	University	faculty	(1961)	



http://i.stack.imgur.com/kI65e.gif 

Aside	
Does	your	eye/nervous	system	process	and	store	this	image	like	a	computer	does?	



Pulkki	&	Karjalainen		(2015)	

1	-	Informa4on	The	world	around	us....	



Pulkki	&	Karjalainen		(2015)	

Posi4on	

Pressure	

Snapshot	in	4me	

e.g.,	“Speech	chain”	 1	-	Informa4on	



1	-	Informa4on	How	does	our	CNS	process	informa4on?	

Neurons	(type	of	cell)		=			Informa4on	highway	

CNS	=	Central	Nervous	System	
Weiss	(1996)	

Basic	unit	of	CNS	
is	a	neuron	



Human brain contains ~1011 (100 billion) neurons! 
                         (with 100 trillion+ connections in between) 

à	Understanding	how	all	
this	works	is	a	preCy	
hard	problem!	

1	-	Informa4on	

How	many	neurons	
are	there	in	the	
brain?	



1	-	Informa4on	Neurons	are	“spike-y”.....	

Weiss	(1996)	

Hodgkin & Huxley (1939)!

Time 

Voltage 

(propaga4ng)	“ac4on	poten4als”	



Ø  Trans-Atlan4c	submarine	cable	for	intercon4nental	telegraphy	

Ø  	First	“solved”	by	William	Thomson	(aka	Lord	Kelvin)	in	~1855	

Weiss	(1996)	

1	-	Informa4on	Biophysical	aside	

Neurons	behave	in	a	very	similar	fashion	
(i.e.,	leaky	submarine	cables!)	



Freeman	

à	Model	neurons	via	
an	electric	circuit	

1	-	Informa4on	Biophysical	aside	



Variable	Na+	and	K+	conductances	
Weiss	(1996)	

1	-	Informa4on	Biophysical	aside	

Alan	Hodgkin	 Andrew	Huxley	

1963	Nobel	Prize	



Hodgkin-Huxley	equa4ons	

Weiss	(1996)	

1	-	Informa4on	Biophysical	aside	

Keep	in	mind	that	this	is	a	rela4vely	simple	
model	for	a	single	neuron....	



Human brain contains ~1011 (100 billion) neurons! 
                         (with 100 trillion+ connections inbetween) 

à	Understanding	how	all	
this	works	is	a	preCy	
hard	problem!	

1	-	Informa4on	

How	many	neurons	
are	there	in	the	
brain?	



1	–	Basic	neuroscience	building	blocks	

Weiss	(1996)	

1	-	Informa4on	Historical	aside	

Sans	compu4ng	power,	one	actually	needs	to	think	carefully	about	things....	



Weiss	(1996)	

1	-	Informa4on	Biophysical	aside	

At	the	most	basic	level,	problem	boils	down	to	how	things	move	across	the	cell	membrane	



“Neural	code”	

1	–	Basic	neuroscience	building	blocks	

Aside	
Is	our	central	nervous	system	
essen4ally	“digi4zed”?	

à	We’ll	come	back	to	spikes	
in	a	bit....	



Mechanical	
Transduc4on	

Visual	
Transduc4on	

Rodieck (1998) 
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Firestein (2001) 

Chemical	
Transduc4on	

2	–	Peripheral	sensory	transduc4on	Our	“senses”	



Transduc4on	

Merriam-Webste	
hCp://www.jungleae.com/how-to-hold-a-microphoner	

1.	the	transfer	of	gene4c	material	from	one	organism	(as	a	bacterium)	to	
another	by	a	gene4c	vector	and	especially	a	bacteriophage	

2.	the	ac4on	or	process	of	conver4ng	something	and	especially	energy	or	a	
message	into	another	form	

2	–	Peripheral	sensory	transduc4on	



WebVision	(Utah)	

Ques4on:	How	is	informa4on	being	“transduced”	here?	

2	–	Peripheral	sensory	transduc4on	



(Al-Hasan ibn al-Haitham 1083)

The Eye

2	–	Transforming	informa4on	

“Ibn	al-Haytham	is	widely	
considered	to	be	one	of	
the	first	theore4cal	
physicists”	(wikipedia)	



Palmer	(1999)	

2	–	Peripheral	sensory	transduc4on	Phototransduc4on	



McIlwain	(1996)	

2	–	Peripheral	sensory	transduc4on	Phototransduc4on	



hCp://openwetware.org/wiki/BIO254:Phototransduc4on	

In	a	nutshell:	Light	causes	channels	in	cell	membrane	to	close,	
thereby	triggering	an	electrical	response	

McIlwain	(1996)	

2	–	Peripheral	sensory	transduc4on	Phototransduc4on	



In	a	nutshell:	Light	causes	channels	in	cell	
membrane	to	close,	thereby	triggering	an	
electrical	response	

2	–	Peripheral	sensory	transduc4on	

Take	Home:	Electrical	responses	(and	how	charged	bits	flow	across	the	cell	
membrane)	are	fundamental	aspects	of	our	CNS	and	“senses”	



Palmer (1999) 

2	–	Peripheral	sensory	transduc4on	

Note:	Studying	“vision”	is	
a	great	way	to	understand	
how	the	brain	works!	

York	University		
Centre	for	Vision	Research	(CVR)	



2	–	Peripheral	sensory	transduc4on	Eye	is	“quantum	sensi4ve”	

Ø  Seeing	in	low-light	
condi4ons	=	
scotopic	vision	



2	–	Peripheral	sensory	transduc4on	Eye	is	“quantum	sensi4ve”	



Reference	point	

Midterm	problem	from	BPHS	4090	(this	was	a	bonus	“easy”	problem”)	

A	100	W	lightbulb	is:	

§  ~5%	efficient	

§  emits	~1019	photons/s	



2	–	Peripheral	sensory	transduc4on	



Cool	factoids	about	the	ear....	

Ø  At	threshold,	eardrum	move	~1	pm	

Ø  Dynamic	range	spans	12+	orders	of	magnitude	(in	terms	of	incident	energy)	

Ø  Spectral	range	spans	6-12	octaves	(1	oct	=	x2	in	Hz)	

Ø  At	threshold,	sensory	cells	move	on	the	
order	of	100	pm	(despite	thermal	noise	
agita4ng	them	roughly	an	order	of	magnitude	more)		

Ø  Cochlea	encased	in	the	hardest	bone	in	the	body	(petrous	part	of	temporal	bone)	

Ø  Highest	res4ng	trans-membrane	poten4al	in	whole	body	(≈130–170	mV)	

100	pm	 10000	pm	

Ø  Middle	ear	contains	three	smallest	bones	in	the	body	(ossicles)	

2	–	Peripheral	sensory	transduc4on	

Bonus:	
Inner	ear	has	the	
most	vascularized	
4ssue	in	your	whole	
body!	



An Acoustic Prism

High frequencies

Low frequencies

Mid frequencies

Zweig	et	al.	(1976)	

2	–	Transforming	informa4on	
2	–	Peripheral	sensory	transduc4on	Spectral	Decomposi4on	



à	Time	and	frequency	
are	“separated”....	

...	but	are	two	sides	of	
the	same	coin	

2	–	Peripheral	sensory	transduc4on	Spectral	Decomposi4on	



Ø  Ear	acts	as	a	hydrodynamic	
spectrum	analyzer	

			(spa4al	loca4on	ßà	frequency)	

An Acoustic Prism

High frequencies

Low frequencies

Mid frequencies

Ø  Spectral	decomposi4on	serves	as	an	underlying	basis	for	auditory	
“neural	code”		

2	–	Peripheral	sensory	transduc4on	



2	–	Transforming	informa4on	

Kiang	(1986)	

2	–	Peripheral	sensory	transduc4on	Single	unit	auditory	nerve	fiber	responses	



Konishi	(1973)	

Note:	Owls	don’t	“see	in	the	
dark”	(e.g.,	infrared	sensi4vity	
in	total	darkness),	but	in	fact	
localize	based	upon	sound	



hCp://www6.miami.edu/UMH/CDA/UMH_Main/	

à	Ear	actually	EMITS	sound!	 otoacous4c	emissions	–	OAEs	

3	–	Otoacous4cs	



à	OAEs	used	for	newborn	hearing	
screening	(only	healthy	ears	emit)	

à	Much	faster/easier	than	evoked	
poten4als	(i.e.,	ABR)	

3	–	Otoacous4cs	



human	threshold	curve	

⇒	OAEs	byproduct	of	an	amplifica3on	mechanism?	

Ø 	Only	healthy	ears	actually	emit	sound	

§  Spontaneously	(SOAEs)	
§  Evoked	via	acous4c	s4muli	(e.g.,	SFOAEs	à	‘echo’)	

Ø  At	threshold,	eardrum	move	~1	pm	
(diameter	of	a	hydrogen	atom	is	100	pm!)	

3	–	Otoacous4cs	OAEs	



Ø 	Wide	varia4on	in	morphology/physiology	
Ø 	Rela4vely	‘simpler’	ears	
Ø 	Extensive	neurophysiology,	behavioral	measures	
Ø 	OAEs	fairly	universal	

Compara4ve	Approach	

Na4onal	Geographic	

3	–	Otoacous4cs	



Anolis	carolinensis	

3	–	Otoacous4cs	



3	–	Otoacous4cs	



3	–	Otoacous4cs	



2	-	Tigers	 3	–	Otoacous4cs	



Analytic signal distribution (filtered peak) 

Fourier transform (spectral averaging) 

Amplitude distribution timecourse 

3	–	Otoacous4cs	

Bergevin	et	al.		(PNAS	2015)	



à 	(Noisy)	Self-sustained	oscillators,	sugges4ve	of	an	‘ac4ve’	mechanism	
Bergevin	et	al.		(PNAS	2015)	



3	–	Otoacous4cs	Theore4cal	Models	for	OAE	Genera4on	

Bergevin	&	Shera	(2010)	

Ear	as	a	collec4on	of	coupled	(nonlinear)	
limit-cycle	oscillators	



Pulkki	&	Karjalainen		(2015)	

“Encoding”	the	world	around	us....	



Palmer (1999) 

“Encoding”	the	world	around	us....	



Which of the six boxes below cannot
be made from this unfolded box?
(There may be more than one.)

@
c

ffi
w
@

@ffi
National Geographic!

Question:  
Physiologically, how did you (try to) solve 
this puzzle? 

à	A	very	hard	(but	interes4ng!)	ques4on	to	try	to	answer....	



Biophysics 
@ YORK

Ø 	Slides	available	for	download:			hCp://www.yorku.ca/cberge/	
		
Ø 	Ques4ons?			cberge@yorku.ca	

Ø 	Interested	in	biophysics?	undergrad?	grad	school?	



Long & Tubis (1988)!

Spontaneous Emissions (SOAEs) & Threshold 

Ø 	OAEs	directly	4ed	to	forward	auditory	transduc4on	(i.e.,	neural	responses)	



that’s	my	glove	
(for	reference)	

Ques4on:	
What	made	these	tracks?	
(pic	taken	on	abandoned	on-ramp	to	
the	DVP,	so	within	GTA)	



One	hypothesis:	
“melted	bunny	paw	prints”	

C.	Bucking	

Rabbit	of	Caerbannog?	



Weiss	(1996)	

Neuron	behaves	like	a	leaky	
submarine	cable!	

1	-	Informa4on	Biophysical	aside	



Neural	coding	of	speech	

Delgutte (1997)!

2	–	Transforming	informa4on	



Pulkki	&	Karjalainen		(2015)	

Posi4on	

Pressure	

Snapshot	in	4me	

e.g.,	“Speech	chain”	 1	-	Informa4on	



EXspectrogram.m	

E	A	 I	 O	 U	



Speech	

Stevens	(2000)	

à	But	what	does	it	mean	
for	everything	to	be	a	
func4on	of	frequency?	

§  Vibra4ng	vocal	folds	
make	‘broadband’	
sound	

§  Vocal	tract	shapes	
that	sound	

§  Resul4ng	‘shape’	
emphasizes	features	
which	we	then	pick	
up	with	our	ear	(e.g.,	
formants	of	vowels)	

Source		
(vocal	folds)	

Filter	I	
(vocal	tract)	

Filter	II	
(radia4on)	

Speech	signal	

Vowel	 Consonant	(‘sss’)	


