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Abstract	

	
	
	 Human	neurodevelopment	is	described	in	terms	of	its	predictable	scaling	

relationships	with	primate	and	general	mammalian	development.	The	highly	

predictable,	stepwise	nature	of	early	brain	development,	including	neurogenesis,	

axon	extension	and	synaptogenesis,	circuit	assembly	and	initial	behavior	is	

contrasted	with	the	more	malleable	nature	of	brain	development	as	it	interacts	with	

the	life	history	events	of	birth	and	weaning,	which	occur	at	variable	times	with	

respect	to	neural	maturation.			The	early	birth	and	weaning	in	humans	places	them	

in	an	unusual	developmental	niche,	decoupled	from	unique	association	with	the	

mother,	for	most	of	their	extended	development.
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1.		Introduction	
	
Descriptions	of	maturation	of	brain	and	behavior	in	human	infants	and	children	have	been	

multiplying	in	spectacular	fashion	along	with	our	ability	to	acquire	massive	corpora	of	data,	

and	but	our	mechanistic	understanding	of	the	relationship	of	emergence	of	behavior	to	

neural	maturation	remains	comparatively	meager.		Though	modern	imaging	techniques	

generate	increasingly	more	accurate	renditions	of	the	state	of	the	brain,	the	translation	of	

particular	changes	in	brain	measurements	to	the	emergence	or	stepwise	maturation	of	

specific	computational	or	behavioral	capacities	remains	largely	unrealized.	Concentrating	

on	humans	and	restricting	coverage	arbitrarily	to	approximately	the	last	five	years,	we	find	

documented	the	changing	volume	of	every	structural	component,	from	brain	subdivisions	

like	cortex	and	brainstem	(Choe	et	al.,	2013;	Ge	et	al.,	2015;	Gilmore	et	al.,	2012;	Kuklisova-

Murgasova	et	al.,	2011;	Makropoulos	et	al.,	2016;	Oishi,	Faria,	Yoshida,	Chang,	&	Mori,	

2013;	Raznahan	et	al.,	2014;	Shiraishi	et	al.,	2015;	Tate	et	al.,	2015);	changing	morphology,	

as	in	gyral	and	sulcal	development	(Habas	et	al.,	2012;	Rajagopalan	et	al.,	2011;	Wierenga,	

Langen,	Oranje,	&	Durston,	2013;	Zilles,	Palomero-Gallagher,	&	Amunts,	2013);	the	volume	

and	arrangement	of	multiple	cellular	constituents,	such	as	myelin,	“gray”	and	“white”	

matter	(Li,	Lin,	Gilmore,	&	Shen,	2015;	Miller	et	al.,	2012;	Raznahan	et	al.,	2011;	Raznahan,	

Greenstein,	Lee,	Clasen,	&	Giedd,	2012;	Simmonds,	Hallquist,	Asato,	&	Luna,	2013));		

growth	of	tracts		(Takahashi,	Folkerth,	Galaburda,	&	Grant,	2012;	Takahashi,	Hayashi,	

Schmahmann,	&	Grant,	2014;	Walker	et	al.,	2016);	metabolism	(Bluml	et	al.,	2013);	

“functional	networks”	(Damaraju	et	al.,	2014;	Gao	et	al.,	2015)	as	well	as	an	increasing	

library	of	gene	and	gene	product	expression	(Huang	et	al.,	2013;	Kang	et	al.,	2011;	Miller	et	

al.,	2014;	Silbereis,	Pochareddy,	Zhu,	Li,	&	Sestan,	2016).		In	parallel,	remarkable	
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inventories	of	early	infant	behavior	have	been	gathered,	including	instruments	such	as	the	

MacArthur–Bates	Communicative	Development	Inventory	(CDI)	as	well	as	studies,	

particularly	in	the	language	domain	(Bornstein,	Putnick,	Cote,	Haynes,	&	Suwalsky,	2015;	

Lieven	&	Stoll,	2013).		Some	aspects	of	the	environment	of	infants	can	now	be	gathered	and	

to	a	degree,	catalogued	(Roy,	Frank,	DeCamp,	Miller,	&	Roy,	2015).			Yet,	with	all	these	

inventories,	even	basic	questions	such	as	“What	are	the	features	of	brain	maturational	state	

necessary	and	sufficient	to	allow	language	learning?”	remain	unanswered.		This	is	no	insult	

to	the	researchers	in	this	field,	as	the	possibilities	for	experimentation	in	most	primates,	

and	particularly	humans,	is	limited,	but	there	are	multiple	ways	to	progress	toward	causal	

explanation	without	direct	experimentation	(Gu	et	al.,	2015;	Hedden	et	al.,	2016).		In	the	

present	overview,	we	will	review	the	possibilities	and	recurring	pitfalls	of	comparative	

developmental	work	as	a	solution	to	this	central	developmental	question.		Next,	we	will	

describe	work	we	have	performed	looking	at	the	comparative	timing	of	brain	development,	

focusing	first	on	comparison	of	the	mechanisms	basic	neural	development	and	brain	

growth.		Finally,	we	will	extend	the	close	analysis	of	neural	maturation	to	contextualize	

early	life	history	events	such	as	weaning,	early	locomotion	and	adolescence,	placing	

primates	in	the	context	of	general	mammalian	development	

	 The	central	problem,	universally	acknowledged,	is	co-variation	of	gradual	

change	in	most	of	the	physical	parameters	of	brain	maturation,	matched	against	

mixtures	of	stepwise	and	gradual	changes	in	behavioral	capacities.		Close	attention	

to	any	inflections,	accelerations,	bumps	or	dips	that	can	be	detected	in	the	rate	of	

progress	in	any	physical	measure	(synaptogenesis,	myelination,	gene	expression	

and	so	forth)	as	potential	indicators	of	organizational	changes	in	the	physical	
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substrate,	is	a	first-stage	approach	to	the	co-variation	problem	(Amunts,	Schleicher,	

Ditterich,	&	Zilles,	2003;	Goldman-Rakic,	1987;	Scheibel,	1993).		For	example,	

making	the	assumption	that	“Broca’s	area”	and	“Wernicke’s	area”	are	the	critical	

regions	for	language	competence,	researchers	looked	for	stepwise	changes	in	

volume,	or	bursts	of	synaptogenesis	or	myelination	in	those	regions	associated	with	

language	acquisition	milestones	(Brauer,	Anwander,	&	Friederici,	2011;	Leroy	et	al.,	

2011;	Simonds	&	Scheibel,	1989)	or	development	of	tracts	between	language-

associated	regions	(Brauer	et	al.,	2011),	though	whether	language	development	was	

illuminated	by	such	explanations	was	debated	(for	example,	McMurray,	2007).				

Although	the	integration	of	all	the	comprehensive	catalogues	described	at	the	outset	

has	hardly	been	attempted,	the	search	for	step-wise	indicators	in	brains	of	cognitive	

stages	has	not	proved	very	fruitful.		Various	measures	of	gene	expression,	which	

might	have	been	imagined	to	reveal	stepwise	changes	underlying	levels	of	

functional	maturation,	show	essentially	uninterpretable	complexity	(e.g.,	London,	

Dong,	Replogle,	&	Clayton,	2009).		Much	as	the	specification	of	a	punctate	location	or	

unique	structure	in	the	body	and	brain	typically	appears	to	be	specified	by	the	

relative	expression	of	tens	to	thousands	of	genes	(Kiecker	&	Lumsden,	2012;	

Lumsden	&	Krumlauf,	1996),	so	far,	the	specification	of	a	unique	maturational	time	

points	seems	likely	to	have	much	the	same	description,	an	otherwise	unremarkable	

intersection	of	multiple	gene	profiles	each	changing	gradually	over	time.	

	 Comparative	approaches	can	unravel	this	knot.		The	possibilities	for	

comparison	are	large,	but	three	are	central:		individual	variation,	the	variation	

produced	by	disease	or	developmental	disorder,	or	variation	between	species.		We	



	 7	

will	concentrate	on	brain	evolution,	the	differences	between	species,	as	a	key	way	of	

illuminating	what	differences	in	the	timing	of	brain	construction	influence	eventual	

brain	structure	and	eventual	behavioral	capabilities.		For	many	years,	we	have	been	

amassing	a	database	of	the	timing	of	neurodevelopmental	and	behavioral	events	in	

mammals,	beginning	in	early	neurogenesis,	extending	to	as	many	morphological	and	

functional	developmental	events	as	can	be	measured,	and	presently	extending	to	

perinatal	and	postnatal	behavior,	and	early	life	history	(www.translatingtime.net	);	

(Clancy,	Darlington,	&	Finlay,	2000;		Clancy,	Darlington,	&	Finlay,	2001;		Clancy	et	al.,	

2007;	Darlington,	Dunlop,	&	Finlay,	1999;	Finlay,	Silveira,	&	Reichenbach,	2005;	

Finlay	&	Uchiyama,	2015;	Workman,	Charvet,	Clancy,	Darlington,	&	Finlay,	2013).		

This	research	has	enabled	us	to	begin	to	address	just	how	developmental	events	

should	be	compared,	a	prerequisite	to	identifying	which	aspects	of	neural	and	

behavioral	development	are	species-general,	versus	species-unique.	

	

1.1		“Allometrically	expected”	

A	traditional	problem	in	brain	allometry	illustrates	the	problems	of	comparing	

species	“fairly”.		If	the	volume	of	neocortex	(isocortex	henceforth,	as	the	most	

appropriate	nomenclature)	is	visually	compared	across	a	selection	of	mammalian	

species	(Figure	1,	top),	the	fact	that	the	human	brain	has	a	disproportionately	large	

cortex	is	obvious.		With	this	kind	of	comparison,	cortex	volume	would	appear	to	be	

an	object	of	special	evolutionary	selection	in	primates,	and	in	humans	particularly.		

However,	if	either	the	volume,	or	the	number	of	neurons	in	the	cortex	is	represented	

on	a	logarithmic	scale,	it	is	clear	that	the	human	isocortex	is	exactly	the	size	it	
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“should”	be,	following	its	allometric	position	(Figure	1,	bottom;	from	Reep,	

Darlington,	&	Finlay,	2007).	The	entire	human	brain	is	large	compared	to	other	

primates,	with	respect	to	body	size,	but	given	this	large	brain	size,	each	part	falls	

onto	its	“expected”	position.				The	slope	“a”	representing	the	rate	of	increase	of	each	

brain	component	“y”	with	respect	to	whole	brain	volume	“x”	(or	any	index	of	brain	

volume	or	neuron	number)	is	different,	as	given	by	the	logarithmic	transformation	

of	the	basic	allometric	equation	(log	y	=	alog	x	+	log	k).		The	vertebrate	brain	itself	

has	“negative	allometry”	with	respect	to	body	mass,	so	as	the	body	enlarges,	brains	

become	a	progressively	smaller	component	of	whole	body	mass	(Jerison,	1973).		

With	respect	to	brain	mass,	the	isocortex	has	“positive	allometry”,	so	larger	

mammalian	brains	become	progressively	more	composed	of	cortex,	ranging	from	

under	20%	in	relative	volume	in	small	shrews	and	rodents	to	over	80%	in	humans	

(Finlay	&	Darlington,	1995;	Hofman,	1989).		This	point	is	driven	home	by	the	visual	

comparison	of	the	proportion	of	cortex	in	humans	versus	the	one-humped	camel		

(Camelus	dromedarius),	which	is	roughly	equivalent	in	mass	to	the	human	brain	

(Figure	1,	right)	though	camel	bodies	are	much	larger.		The	relative	proportion	of	

isocortex	in	those	several	brains	that	are	absolutely	larger	in	mass	than	the	human	

brain,	including	some	cetaceans	and	ungulates,	continues	the	allometric	equation,	so	

that	they	have	both	absolutely	and	relatively	more	cortex.	
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Figure	1	

	

	 Much	energy	has	gone	into	a	debate	about	whether	a	specific	region	of	cortex,	

the	prefrontal	cortex,	is	“allometrically	unexpected”	in	humans,	which	should	

hopefully	illuminate	why	getting	allometry	right	matters.		Every	brain	region	(in	this	

case,	a	collection	of	cortical	areas)	has	its	own	exponent	(slope	in	the	log-

transformed	equation)	for	its	change	in	relative	volume	compared	to	overall	

isocortex	volume.		In	mammals,	the	prefrontal	and	parietal	cortex	regions	have	an	

Human
Marmoset Cat Black bear

Mouse Arabian camel

Lesser 
horseshoe bat
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exponent	that	is	larger	than	the	cortex’s	overall	exponent,	or	the	exponent	of	

primary	sensory	regions,	“positive	allometry”	(Jerison,	1997).		The	question	under	

debate	is	whether	frontal	cortex	in	humans	is	even	larger	still	than	would	be	

expected	from	its	already	high	positive	allometry	(Barton	&	Venditti,	2013;	Chaplin,	

Yu,	Soares,	Gattass,	&	Rosa,	2013;	Passingham	&	Smaers,	2014;	Semendeferi,	Lu,	

Schenker,	&	Damasio,	2002).		But,	why	should	anyone	care	about	this	issue?		

Although	issues	of	measurement,	correct	statistical	procedure	and	interpretation	

are	all	intertwined	in	such	controversies,	if	researchers	claim	a	region’s	volume	is	

“allometrically	unexpected”	in	a	species	of	interest,	they	are	claiming	that	it	must	

have	been	the	target	of	special	selection,	typically	because	of	special	importance	of	

the	function	ascribed	to	that	brain	region	in	that	species.		Structures	that	change	

their	volume	according	to	their	allometric	rules,	even	if	they	seem	

disproportionately	large	on	a	linear	scale,	by	contrast,	require	no	special	

explanation.	If	the	entire	brain	has	been	under	special	selection	for	larger	size	in	any	

species,	all	of	the	changes	in	the	proportionality	of	its	parts	come	“for	free”,	

presumably	due	to	the	lawful	extension	of	the	developmental	mechanisms	that	

produce	neuron	numbers	and	their	associated	volumes	applied	to	every	part	(e.g.	

Cahalane,	Charvet,	&	Finlay,	2014;		Charvet	&	Finlay,	2014;	Finlay	&	Darlington,	

1995).		So,	the	argument	over	allometry	in	the	case	of	human	prefrontal	cortex	is	

whether	its	developmental	rules	have	been	altered	by	natural	selection	to	enhance	

the	cognitive	features	associated	with	frontal	cortex,	such	as	cognitive	control,	or	

planning	for	the	future,	even	more	than	they	may	have	been	enhanced	by	the	

already	positive	allometry	of	frontal	cortex	in	mammals.	
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	 The	idea	of	“allometrically	expected”	also	applies	to	translations	of	

developmental	time	from	one	species	to	another.		The	corpus	of	data	is	smaller,	and	

some	questions	of	how	to	compare	time	are	rather	less	well	worked	out	than	the	

more	traditional	questions	of	energy	metabolism	or	mass	of	structures,	but	basic	

allometric	considerations	apply.			First,	the	appropriate	coordinate	system	to	

represent	time	translations	is	a	logarithmic,	not	a	linear	scale.		Despite	our	everyday	

use	of	the	7x	linear	transform	to	represent	“What	is	that	in	dog	years?”	such	a	

transformation	actually	works	poorly,	overestimating	the	dog’s	relative	age	

compared	to	humans	in	early	development,	and	underestimating	it	in	old	age.		

Moreover,	just	as	each	part	of	the	brain	has	its	own	relative	rate	of	enlargement	

with	respect	to	total	brain	size,	each	brain	part	has	its	own	relative	duration	or	rate	

of	development	with	respect	to	the	overall	duration	of	that	species’	maturation	

(Workman	et	al.,	2013).		

	 	In	order	to	compare	developmental	schedules	between	animals,	enough	data	

must	be	collected	to	generate	these	allometric	relationships	from	a	number	of	

relevant	species.		For	example,	if	you	wish	to	show	that	Broca’s	area	is	the	subject	of	

special	selection	in	humans	compared	to	a	rhesus	monkey,	you	cannot	compare	the	

relative	size	of	a	“control	structure”	such	as	primary	visual	cortex	in	the	two	species	

to	“normalize”	the	comparison,	see	that	the	ratio	of	relative	sizes	of	Broca’s	area	is	

greater	than	that	of	the	two	primary	visual	cortices,	and	conclude	that	the	size	of	

Broca’s	area	has	been	specially	selected	in	humans.		If	Broca’s	area	has	“positive	

allometry”	in	primates,	every	contrast	of	a	large	and	small	brain	will	give	this	result.		

Rather,	it	is	necessary	to	show	that	the	size	of	Broca’s	area	in	humans	exceeds	its	
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expected	allometric	position	compared	to	Broca’s	area	in	other	primates.	

(Schoenemann,	2006).		

	 	Comparing	relative	developmental	durations	with	an	inappropriate	

“norming”	procedure	will	produce	the	identical	errors	seen	in	comparing	brain	

volumes	inappropriately:		you	cannot,	for	example,	compare	the	time	from	birth	to	

adolescence	in	chimpanzees	versus	humans,	see	that	the	duration	is	longer	in	

humans,	and	conclude	that	human	have	been	specially	selected	for	a	longer	

childhood,	as	the	duration	may	be	entirely	predictable	from	body	or	brain	size,	or	

the	position	of	birth	with	respect	to	brain	and	body	maturation.		We	will	discuss	in	

more	detail	various	issues	about	how	to	represent	or	normalize	developmental	

schedules	with	respect	to	each	other.		In	addition	to	the	rate	and	slope	

considerations	discussed	so	far,	an	additional	issue	in	such	comparisons	is	what	

date	in	development	represents	“zero”,		the	intercept	or	constant	“k”	in	the	

allometric	equation,		Although	the	date	of	birth	is	often	chosen	as	a	natural	zero,	

we’ll	argue	that	the	choice	of	birth	as	zero	is	often	quite	misleading,	given	the	wide	

range	of	brain	maturational	states	at	birth	in	mammals	and	primates.	

	

	

	

1.2		Human	exceptionalism	

Much	research	into	comparative	brain	organization,	and	comparative	development	

is	organized	to	answer	the	question	“What	makes	humans	unique?”			A	perusal	of	

the	literature	on	this	subject	will	soon	return	the	answer	“everything”.			A	few	such	
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claims	and	counterclaims	have	included	(but	are	in	no	way	limited	to)	the	presence	

of	Von	Economo	cells	in	the	cortex	as	related	to	human	sociality	(Allman	et	al.,	2010;	

but	see	Niewenhuys,	2012),	the	depth	of	layer	IV	in	the	visual	cortex	(Bryant	et	al.,	

2012),	the	size	of	the	prefrontal	cortex	(cited	previously),	the	descended	larynx	in	

relation	to	language	(Lieberman,	1984,	but	see	Fitch	&	Reby,	2001),	the	duration	of	

childhood	(Locke	&	Bogin,	2006),	and	so	forth.		On	closer	examination,	many	of	

these	claims	prove	to	be	simply	hopeful,	without	the	appropriate	comparative	

database.			In	much	of	this	literature,	a	human	feature	of	some	kind	is	compared	to	

that	of	another	species,	chimpanzee,	rhesus	or	rodent.		Any	disproportionate	

difference	is	accorded	human	uniqueness,	with	causal	significance	in	human	

evolution	usually	implied.	For	example,	the	rate	of	cerebral	growth	in	humans	

compared	to	chimpanzees	and	macaques	(Sakai	et	al.,	2013)	(Figure	2,	top)	was	

described	this	way:	

…the rapid increase in cerebral total volume and proportional dynamic change in 
the cerebral tissue in humans during early infancy, when white matter volume 
increases dramatically, did not occur in chimpanzees. A dynamic reorganization 
of cerebral tissues of the brain during early infancy, driven mainly by 
enhancement of neuronal connectivity, is likely to have emerged in the human 
lineage after the split between humans and chimpanzees and to have promoted 
the increase in brain volume in humans. 
 

Re-plotting	these	data	in	a	common	framework	showed	near	perfect	prediction	of	

the	human	rate	of	brain	growth	from	parameters	determined	from	other	primates	

and	mammals	generally,	directly	related	to	the	time	required	to	generate	brains	of	

particular	mass	(Finlay	&	Workman,	2013).	The	apparently	exceptional	“rapid	

increase”	in	early	human	brain	volume	is	illusory,	due	to	the	combined	effects	of	the	

linear	scale	and	the	relative	placement	of	human	birth	with	respect	to	the	common	
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progress	of	neural	maturation	(inset,	Figure	2),	a	feature	of	human	development	we	

will	return	to.			

	 There	is	absolutely	no	doubt	that	humans	are	unique	in	many	respects,	but	to	

understand	human	evolution,	the	impulse	to	label	every	apparent	deviation	as	

singular	should	be	resisted	vigorously.	Systematic	determination	of	which	human	

features	represent	the	normal	unfolding	of	a	vertebrate,	mammalian	or	primate	plan,	

and	which	are	actually	unexpected,	is	the	only	way	to	understand	our	basic	biology.	
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Figure	2	

	

	



	 16	

1.3		Life	history	

The	comparative	organization	of	life	history	has	been	the	subject	of	much	

investigation,	both	for	comparative	physiology	and	anatomy,	and	in	primatology	

(Stearns,	1982;	Smith	and	Tompkins,	1995).		Study	of	life	history,	as	its	name	

suggests,	looks	at	the	relative	timing	and	organization	of	major	life	events,	

beginning	from	birth,	and	including	such	events	as	weaning	or	other	parental	

provision	of	food,	adolescence	and	reproductive	maturity,	dispersal,	menopause	and	

death.		Though	generally	allometrically	predictable,	life	history	events	are	much	

more	variable	than	the	early	neurodevelopmental	events,	with	demonstrated	

species	differences,	niche	and	effects	of	environmental	variability	pervasive.		In	this	

paper,	however,	we	will	begin	to	bring	these	two	literatures	and	types	of	modeling	

closer	together,	to	see	if	any	aspects	of	life	history	event	prediction	are	better	

informed	or	predicted	by	using	the	general	time	representation,	data	and	

methodology	of	the	“translating	time”	project	in	neural	development.		We	would	like	

to	address	issues	about	the	expectedness	or	unpredictability	of	the	pattern	of	

childbirth	and	weaning	in	humans	in	this	framework,	as	well	as	examine	claims	

about	how	neural	maturation	actually	intersects	behavioral	and	cognitive	

development	in	humans,	and	whether	there	is	evidence	of	deviation	of	any	

“behavioral	modules”,	critical	periods	and	the	like.		We	will	not	settle	these	issues	in	

this	review,	but	will	begin	the	attempt	to	bring	together	primate	life	history	with	its	

neurodevelopment.	

	

2.0		Comparative	approaches	to	translating	time	 	
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2.1	Brief	review	of	translating	time	methodology	

Over	the	past	20	years,	we	initiated	and	then	progressively	expanded	a	database	

and	methodology	to	compare	the	progress	of	neural	development	across	species,	

which	we	call	“translating	time”.			The	fundamental	point	of	this	work	is	to	describe	

a	mammalian	“Bauplan”	for	neural	development,	and	in	so	doing,	identify	deviations	

from	this	plan	that	might	mark	taxon-	or	species-specific	alterations	corresponding	

to	evolutionary	adaptations,	a	version	of	SJ	Gould’s	heterochrony	(Gould,	1977).		

Alternatively,	the	same	information	can	be	used	identify	deviations	related	to	

individual	differences	or	developmental	disorders.		We	will	briefly	review	the	

historical	development	of	the	model	to	highlight	the	changing	aspects	of	

development	it	revealed	as	taxonomic	coverage	expanded,	and	the	number	of	

developmental	events	increased.		

	 In	the	first	analysis,	only	seven	commonly	employed	laboratory	species,	

(including	four	rodents,	a	marsupial,	cat	and	monkey)	and	peak	day	of	neurogenesis	

were	gathered	for	as	many	neural	structures	and	cell	groups	that	we	could	locate,	

from	spinal	cord	to	telencephalon	(Finlay	&	Darlington,	1995).		Quite	surprisingly,	

the	fit	of	a	minimal	two-factor	model	(the	factors	were	“species”	and	“structure”)	to	

these	empirical	data	was	very	high,	and	the	addition	of	an	additional	term	to	slow	

the	rate	of	marsupial	development	brought	the	fit	of	data	to	model	to	0.98.		We	also	

identified	systematic	deviations	in	neurogenesis	onset	in	limbic	and	olfactory	

structures	in	rodents	versus	the	remaining	species,	but	did	not	yet	add	these	terms	

to	the	model.		These	first	observations	of	this	set	of	taxonomically-scattered	species	

suggested	that	variations	in	the	order	of	neurogenesis	were	relatively	rare	in	
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mammals,	but	that	wholesale	alterations	in	the	rate	of	maturation	were	possible	

between	taxonomic	groups.	

	 In	further	work,	we	added	many	more	species,	including	humans,	and	many	

more	types	of	neuroembryological	events.		The	statistical	models	employed	

continued	to	evolve	as	well.		Expanding	the	set	of	non-eutherian	(marsupial)	

mammals,	we	confirmed	the	relative	slowing	of	maturational	rate	in	six	further	

marsupial	species,	and	quantified	deviations	between	them	(Darlington	et	al.,	1999).		

One	possibility	to	limit	the	scope	of	the	initial	analysis	was	the	hypothesis	that	the	

basic	generation	of	neurons	was	predictable	and	clock-like,	but	that	variations	

associated	with	species-specific	adaptations	might	be	abundant	in	subsequent	

organizational	events,	such	as	the	initiation	and	elaboration	of	axonal	and	dendritic	

connectivity.		Surprisingly	again,	however,	addition	of	neuroembryological	events	

such	as	axon	extension,	synaptogenesis,	and	early	aspects	of	myelination,	which	

extended	the	time	frame	of	the	model	into	the	early	neonatal	period	in	humans,	did	

not	make	the	model	noisier,	but	in	fact	improved	the	fit	of	data	to	model	(Clancy	et	

al.,	2001).		The	predictability	of	neurogenesis	was	no	different	from	the	timing	of	the	

elaboration	of	connectivity	(the	events	measured	occur	just	up	to	the	onset	of	“real-

world”	function).		The	addition	of	new	species	now	allowed	us	to	add	a	“limbic	

factor”	and	a	“cortical	factor”,	which	for	primates	alone,	moved	the	predicted	days	of	

olfactory-limbic	neurogenesis		forward	(correlated	with	relatively	smaller	size	in	

adulthood),	but	protracted	cortical	development	(the	longer	period	of	neurogenesis	

making	the	cortex	relatively	larger)	(Clancy	et	al.,	2007).		Thus,	the	unusual	

conservation	of	neurodevelopmental	schedules	observed	at	first	was	not	confined	to	
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neurogenesis,	but	to	every	measured	event	in	neurodevelopment	reaching	until	

about	the	time	of	birth	in	humans	.		One	important	case	of	“heterochrony”	of	

neurodevelopmental	events	was	confirmed	for	the	limbic/isocortex	factor,	though	

these	kinds	of	changes	seemed	rare.	

	

	

Figure	3	

	

	 In	the	most	recent	analysis	(Workman	et	al,	2013),	the	database	was	

considerably	extended,	to	18	species,	and	new	classes	of	data	were	added,	including	

introduction	of	continuous	processes	like	changes	in	brain	volume	and	myelination	

(by	digitization),	and	by	adding	many	more	postnatal	events,	extending	to	

approximately	3	years	postnatal	in	humans.		The	increased	data	volume	allowed	us	
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to	fit	a	single	“event	scale”	to	all	the	data,	the	best	order	and	interval	relationship	of	

our	now	271	distinct	neurodevelopmental	events	(x-axis,	Figure	3),	and	describe	the	

speed	of	progress	of	each	individual	species	through	these	events	as	a	regression	

equation,	in	days	(y-axis),	identifying	sources	of	variation	from	both	taxonomic	

groups	and	individual	species.			The	differences	in	each	slope	may	be	thought	of	as	

differences	in	maturational	rate,	with	steeper	slopes	associated	with	slower	

progress	through	maturational	stages	in	absolute	time:		the	mouse	takes	only	about	

30	days	to	execute	the	271	events,	while	the	human	takes	1000	days,	the	human	

generating	greater	numbers	of	neurons	and	volumes	of	connectivity	per	event.		The	

fit	of	model	results	to	empirically-measured	results	is	quite	close,	0.9929,	including	

only	two	interaction	terms,	a	delay	in	corticogenesis	in	primates,	marsupials	and	

carnivores	associated	with	a	larger	isocortex	in	these	species,	and	a	delay	in	

neurogenesis	in	the	retina	of	the	nocturnal	cat,	associated	with	greater	numbers	of	

rods	and	rod-	associated	neurons.			Interestingly,	the	timing	of	birth	appears	to	be	

quite	decoupled	from	neural	development	(Figure	4).		For	example,	cortical	and	

cerebellar	neurogenesis	is	ongoing	at	birth	in	some	rodents,	but	completely	

concluded	in	primates.	
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Figure	4	

	
	

	 Empirical	support	for	this	claim	of	highly	conserved	and	predictable,	but	

non-linear	neurodevelopmental	schedule	can	be	found	in	multiple	independent	

sources.		Passingham	inferred	that	the	curves	of	change	in	brain	volume	across	

eutherian	mammalian	species	when	measured	from	conception	were	essentially	

superimposable,	offset	of	growth	being	the	only	distinction	(1985).			Within	the	

visual	system,	the	timing	of	various	developmental	events	could	be	predicted	from	

an	“anchor	event”,	in	this	case,	eye	opening.			Eye	opening,	which	behaves	as	if	it	is	a	

“neural	event”,	happens	at	a	time	specified	by	neurodevelopmental	state,	whether	

that	time	occurs	in	utero,	in	an	underground	burrow,	or	even	occasionally,	

synchronized	with	birth	(Dreher	&	Robinson,	1988).		Halley,	in	a	much	larger	and	
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more	closely	measured	data	set	of	initial	brain	volumes,	confirmed	the	same	(Halley,	

2016).		More	surprising	still,	in	a	study	of	multiple	mammals	ranging	from	

laboratory	rodents	to	antelopes,	the	time	of	the	first	unsupported	step	was	similarly	

predictable	from	adult	brain	mass,	with	an	additional	factor	for	plantigrade	standing	

position	(Figure	5)	(Garwicz,	Christensson,	&	Psouni,	2009).			Therefore,	precocial	

ungulates	like	sheep	and	elk,	who	must	be	ready	to	run	by	birth,	have	accomplished	

this	(in	evolutionary	time)	by	extending	gestation	and	delaying	birth	to	match	

conserved	parameters	of	brain	development,	not	by	selectively	advancing	the	

general	rate	of	brain	maturation	or	the	specific	ability	to	walk.		

	

	

Figure	5	

	

	 The	significance	of	a	fixed	neurodevelopmental	program	for	understanding	

primate	life	history	and	its	potential	adaptations	has	multiple	aspects.		It	is	

important	to	recall	that	in	this	model,	only	events	in	brain	and	some	early	

behavioral	capacities	are	included	–	no	measures	of	body	or	organ	maturation	or	
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volume,	or	interactional,	life	history	events	like	birth	or	weaning	are	part	of	the	

dataset.		In	the	present	paper,	we	are	outlining	the	first	steps	toward	integration	of	

somatic	development	and	life	histories	with	these	observations.			

	 	First,	recalling	the	idea	of	“allometrically	expected”,	nothing	as	yet	appears	

as	yet	to	be	unexpected	about	the	duration,	rate	or	deviations	from	linearity	in	brain	

and	behavioral	development	for	primates	in	general	or	for	humans	in	particular,	as	

predicted	from	the	brain	sizes	of	this	group.		Humans	have	the	duration	and	rate	of	

neural	development	appropriate	to	produce	a	brain	of	typical	human	size.			

Therefore,	though	it	is	entirely	accurate	to	say	that	humans	have	the	longest	period	

of	brain	development	of	primates,	as	this	parameter	is	virtually	perfectly	correlated	

with	brain	size	(Workman	et	al.,	2013),	the	claim	that	humans	have	been	specially	

selected	for	a	long	developmental	duration	is	unjustified	–	it	comes	“free”	for	

selection	for	a	large	brain,	or	any	large	brain	part	(Barrickman,	Bastian,	Isler,	&	van	

Schaik,	2008;	Charvet	&	Finlay,	2012).		Theoretically,	one	could	argue	that	a	large	

brain	is	a	necessary	byproduct	of	selection	for	extended	development,	though	that	

seems	a	peculiar	claim	on	first	consideration.	

	 Second,	the	timing	of	birth	is	quite	uncorrelated	with	neural	maturation	

(Figure	4).		Some	rodents	(mice	and	rats)	are	born	at	a	stage	of	maturation	

equivalent	to	a	human	4-5	month	gestation,	while	others	like	the	guinea	pig	

correspond	to	a	human	of	approximately	three	years	postnatal.		Primates,	in	general,	

are	born	at	a	middle	stage	of	neural	maturation,	not	so	mature	as	the	precocial	

ungulates	nor	as	immature	as	a	number	of	rodents.	Primates	also	show	a	fairly	wide	

range	of		(neural)	maturational	states	at	birth,	rhesus	macaques	relatively	mature	at	
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birth,	chimpanzees	intermediate,	and	humans	least	mature		(Figure	2).		There	are	a	

wide	number	of	factors	entering	into	the	allocation	of	resources	to	brain	versus	

somatic	tissue,	and	for	allowing	early	maturation	and	its	nutritional	source	to	

proceed	mostly	in	utero	or	mostly	outside,	via	lactation,	which	we	cannot	discuss	

fully	here,	but	will	list	a	few	to	illustrate	the	range	of	phenomena	to	consider.		

Depending	on	eventual	brain	size,	somatic	development	may	be	delayed	to	

prioritize	energy	allocation	to	brain	(Halley,	2016);	the	animal	may	have	adopted	

the	strategy	of	producing	a	large	number	of	embryos	with	short	gestation,	or	a	

single	one	requiring	a	larger	investment	(Charnov	&	Downhower,	1995);	the	

possibility	of	alloparenting	or	biparental	care	appears	also	to	be	a	factor,	allowing	

greater	investment	in	brain	volume	(Isler	&	Van	Schaik,	2009;	Isler	&	van	Schaik,	

2012).	Finally,	as	has	been	discussed	extensively	for	primates,	the	physical	

consideration	of	the	size	of	the	pelvis	versus	size	of	the	cranium	will	be	material	in	

the	timing	of	birth	(reviewed	in	Trevathan,	2010).		The	information	we	have	

gathered	on	the	stability	of	the	timing	of	neural	maturation	adds	a	useful	fixed	point	

to	this	multivariate	problem,	as	neural	mass	appears	to	be		produced	at	a	very	stable	

rate	in	eutherian	mammals,	and	any	particular	duration	from	conception	to	birth		(if	

adult	brain	size	is	known)	is	associated	with	a	predictable	neural	maturational	state.	

	 After	reviewing	one	final	aspect	of	the	interaction	of	brain	size	and	duration	

of	development	on	cortical	maturation,	in	order	to	place	the	state	of	the	maturation	

of	the	cortex	at	birth	in	humans	in	a	more	general	context,	we	will	ask	what	is	

known	about	the	significance	of	the	particular	state	of	the	brain	at	birth	for	the	

types	of	behavioral	capacities	available	to	the	animal,	and	particularly	for	learning	
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specializations.		One	particular	problem	we	will	underline,	and	return	to	later,	is	

that	in	most	studies	which	compare	life	history	events	across	species,	time	“zero”	is	

quite	naturally	taken	to	be	birth,	but	for	many	purposes,	it	is	a	very	poor	zero	to	use,	

as	it	is	associated	with	a	wide	range	of	maturational	states	whose	significance	is	

sometimes	assumed	to	be	known,	but	often	is	not.		Time	from	conception,	

appropriately	modeled,	can	be	a	much	more	stable	and	informative	way	to	compare	

neural	maturational	stages	and	aspects	of	life	history	across	species.	

	 	

2.3	Crossing	gradients	in	the	cortex	and	their	phylogenetic	significance		 	

We	need	to	know	what	the	brain	is	like	around	birth,	in	humans	and	in	other	

primates,	and	in	other	species	employed	as	“animal	models”	for	research,	to	

determine	the	significance	of	placement	of	birth	and	other	early	events	like	weaning,	

or	establishment	of	early	communication.			For	primates	in	general,	and	humans	

particularly,	the	maturational	state	of	the	isocortex	has	always	been	given	particular	

attention,	though	we	will	argue	later	that	this	excess	attention	to	the	cortex	may	be	

misplaced	for	understanding	species-specific	adaptations	in	evolution.		The	

following	description	of	cortical	development	is	intended	to	give	an	overview	of	the	

maturational	state	of	the	cortex	around	birth	in	terms	of	features	of	organization	

already	formed	and	yet	to	form,	and	mechanisms	available	for	further	maturation	of	

the	cortex.		We	assume	the	reader	is	familiar	with	the	basic	mechanism	of	the	

inside-out	generation	of	the	cortical	layers	(Rakic,	1974)	within	the	cortical	column,	

and	will	focus	on	temporal	features	of	this	organizational	feature	of	the	cortex	as	it	

varies	between	species.		For	reasons	of	space,	we	must	unfortunately	neglect	the	
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rest	of	the	brain,	but	the	reader	is	directed	to	Workman	et	al.	(2013)	for	a	

comprehensive	catalogue	of	the	maturational	state	of	other	brain	components.	

	

Figure	6	
	

	

The	isocortex,	is	formed	in	the	confluence	of	at	least	two	maturational	gradients,	

one	associated	with	neurogenesis	of	the	cortex	itself,	and	the	second	deriving	from	

thalamic	maturation	and	the	innervation	of	the	cortex	by	the	thalamus	(Figure	6)	

(reviewed	in	Cahalane	et	al.,	2014;	Charvet	&	Finlay,	2014;	Finlay	&	Uchiyama,	

2015).			In	all	species	yet	described,	including	marsupials,	rodents,	carnivores	and	

primates,	generation	of	neural	stem	cells	proceeds	uniformly	over	the	cortical	
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primordium,	extending	itself	in	surface	area	first,	then	depth,	and	finally	in	the	

addition	of	a	second	rank	of	undifferentiated	cells,	the	subventricular	zone,	in	the	

brains	which	will	eventually	be	the	largest	(Dehay,	Kennedy,	&	Kosik,	2015).		The	

production	of	the	first	neurons	(terminal	neurogenesis)	begins	first	in	the	

rostrolateral	cortex,	marked	by	cells	leaving	the	ventricular	zone	and	migrating	

increasing	distances	to	form	the	cortical	plate,	formed	in	the	well-described	“inside-

out”	relationship	of	neuronal	“birthdate”	to	cortical	laminar	position	(Rakic,	1974).		

Neurogenesis	ceases	altogether	in	the	rostrolateral	cortex	first,		with	cessation	

progressing	caudomedially.			In	the	smallest	brains,	although	the	gradient	can	be	

observed,	its	morphological	and	organizational	consequences	are	minor	(Caviness,	

Takahashi,	&	Nowakowski,	1995;	Charvet,	Cahalane,	&	Finlay,	2013).		In	large	brains,	

however,	the	gradient	amplifies	the	relative	time	over	which	the	anterior	versus	the	

posterior	cortex	is	formed,	giving	the	posterior	cortex	a	greatly	extended	period	of	

stem	cell	genesis	and	neurogenesis	compared	to	anterior	cortex	(Figure	7).		For	a	

within-species	comparison,	cortical	neurogenesis	begins	at	approximately	

embryonic	day	38–40	throughout	the	isocortex	in	rhesus	monkey	(Rakic,	2002).	

However,	neurogenesis	in	the	anterior	cortex	(i.e,	motor		or	frontal	cortex)	ends	

before	embryonic	day	80,	while	posteriorly,	neurogenesis	continues	to	embryonic	

day	100	in	the	somatosensory	cortex	and	to	embryonic	day	102	in	area	V1	at	the	

posterior	pole	of	the	cortex	(Rakic,	2002).		Note	that	this	gradient	is	the	opposite	

from	the	gradient	usually	presumed	to	be	the	case	for	capacities	dependent	on	the	

cortex,	where	sensory	abilities	are	thought	to	arise	first	in	posterior	occipital	and	
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parietal	cortex,	while	frontal	organizational	and	decision-making	abilities	appear	

later.		We	will	resolve	this	apparent	contradiction	shortly.	

	

	

Figure	7	
	

	 This	gradient	becomes	progressively	more	pronounced	in	the	largest	cortices		

and	has	large	consequences	(Figure	8):		there	are	many	fewer	neurons	“per	column”	

in	frontal	cortex,	though	the	convergence	of	other	cortical	areas	on	frontal	cortex	

expands	the	neuropil	and	renders	the	cortex	approximately	the	same	depth	per	

column	across	the	cortical	surface(Cahalane,	Charvet,	&	Finlay,	2012).		Posteriorly,	

cortex	is	neuron-rich,	particularly	in	primary	sensory	areas,	in	which	additional	

developmental	processes	beyond	neurogenesis	allow	the	survival	of	excess	neurons	
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in	Layer	IV,	the	principal	thalamorecipient	region	(Finlay	&	Slattery,	1983).		The	

gradient	of	neurogenesis	may	predispose	the	frontal	cortex,	and	the	anterior	parts	

of	the	parietal	cortex	to	their	“association”	role.		Neurons	begin	to	spin	out	axonal	

processes	even	while	migrating,	and	axodendritic	development	commences	as	soon	

as	neurons	are	in	place	(Schwartz,	Rakic,	&	Goldman-Rakic,	1991).		As	thalamic	and	

cortical	neurons	have	been	shown	to	compete	for	sites	on	the	same	cortical	neurons,	

the	establishment	of	principally	intracortical	connectivity	in	frontal	cortex	before	

any	thalamic	input	is	able	to	arrive	may	predispose	it	to	its	“association”	role	

(Windrem,	Jan	de	Beur,	&	Finlay,	1988;	Finlay,	1990).		By	contrast,	the	arrival	of	

thalamic	input	(from	the	lateral	geniculate	nucleus)	in	primary	visual	cortex	actually	

precedes	the	arrival	of	migrating	thalamorecipient	neurons	in	the	cortical	plate	of	

the	primary	visual	cortex,	which	may	give	thalamic	axons	some	privilege	in	the	

competition	for	terminal	space	(Allendoerfer	&	Shatz,	1994).	

	



	 30	

	

	

Figure	8	

	

	

	 The	second	gradient	(Figure	6,	right),	produced	by	the	thalamic	input	to	the	

cortex,	is	organized	quite	differently.		Of	all	the	thalamic	nuclei,	the	primary	sensory	

nuclei,	the	lateral	geniculate	for	visual	input,	the	medial	geniculate	for	auditory	

input,	and	the	ventrobasal	(also	termed	ventroposteriolateral,	VPL)	are	generated	

earliest,	migrate	to	their	thalamic	positions,	and	begin	to	form	axonal	processes	

immediately	(Bayer	&	Altman,	1991;	Rakic,	1977).		In	small-brained	animals	whose	

cortices	are	formed	over	a	period	of	days,	this	difference,	and	its	interaction	with	

the	cortical	gradient	is	not	particularly	striking.	In	larger-brained	animals,	whose	

cortices	are	formed	over	weeks,	the	thalamic	input	can	reach	the	cortical	plate	
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before	the	migrating	neuroblasts	destined	to	become	the	stellate	cells	of	Layer	4	

arrive,	and	the	thalamic	axons	remain	under	the	cortical	plate	for	a	“waiting	period”	

until	they	are	signaled	to	enter	–	their	target	cells	destined	to	become	layer	4	

actually	migrate	through	their	eventual	thalamic	innervating	axons	on	the	way	to	

the	cortical	plate.		These	thalamic	axons	exert	a	trophic,	or	perhaps	a	specifying	

effect	on	these	migrating	neuroblasts	(Oishi	et	al.,	2016):		the	number	of	neurons	in	

layer	IV	“per	cortical	column”	is	higher	in	primary	sensory	cortical	areas.		Across	

cortical	areas,	the	differentiation	of	layer	4	roughly	matches	the	volume	of	thalamic	

input	(Finlay,	1992).		If	the	thalamic	input	is	removed,	by	early	damage	to	a	

particular	thalamic	nucleus,	or	by	cytotoxic	agents,	the	amount	of	early	neuron	

death	in	the	appropriate	cortex	is	increased,	and	the	relative	number	of	neurons	in	

layer	IV	are	reduced	(Woo	&	Finlay,	1996;	Woo,	Niederer,	&	Finlay,	1996).	Other	

thalamic	nuclei,	like	the	multiple	nuclei	of	the	pulvinar,	or	the	anterodorsal	group	

are	generated	much	later,	and	innervate	their	parietal	and	frontal	targets	later	

(Altman	&	Bayer,	1988a,	1988b,	1988c;	Chalfin,	Cheung,	Muniz,	Silveira,	&	Finlay,	

2007).		These	nuclei,	however,	have	been	studied	in	much	less	detail	than	the	

primary	visual	and	somatosensory	nuclei.			

	 The	further	emergence	of	morphological	differentiation	and	sensorimotor	

capacities	follows	the	thalamic	gradient	of	innervation	(primary	sensory	areas	out)	

rather	than	the	original	cortical	gradient	of	cell	generation	(anterior	to	posterior)	

(Bates,	Thal,	Finlay,	&	Clancy,	2002;	Finlay	&	Uchiyama,	2015).		It	is	important	to	

realize,	however,	that	“sensorimotor	capacities”	reflecting	real-world	information	

and	action,	versus	the	electrical	activity	(as	realized	in	action	potentials	in	axons,	
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field	potentials,	and	somewhat	later,	active	connections	arising	from	neuron-to-

neuron	junctions	and	synapses)	are	not	the	same.		Self-organizational	activity,	as	

has	been	described	systematically	in	the	case	of	“retinal	waves”,	which	segregate	

projections	by	eye-of-origin	in	the	lateral	geniculate	body,	and	perhaps	in	the	cortex	

as	well,	begins	before	photoreceptors	are	generated	or	the	eyes	are	open	(Wong,	

1999).		Similar	self-organization	begins	in	the	somatosensory	system,	for	example,	

as	the	number	and	topology	of	vibrissae	are	established	in	their	central	

representations	(Senft	&	Woolsey,	1991;	Brown	et	al.,	1995).		Regular,	periodic	

bouts	of	motor	activity	begin	soon	after	motoneuron	synaptic	connections	are	made,	

one	of	the	earlier	events	in	central	nervous	system	development	(Robertson,	

Dierker,	Sorokin,	&	Rosen,	1982).		This	self-organization,	subcortical	and	cortical,	

generally	begins	as	soon	as	neurons	have	differentiated	and	in	time,	merges	with	

externally-generated	organizational	activity.		For	example,	the	non-corresponding	

activity	in	the	two	eyes	produced	independent	by	“retinal	waves”	in	the	two	retinas,	

which	initially	serves	to	segregate	the	projections	from	the	two	eyes	in	the	thalamus	

and	cortex,		falls	away	just	before	the	time	when	the	eyes	first	regard	the	visual	

world,		and	are	replaced	by	real-world	correlations	which	re-integrate	information	

from	places	in	the	two	retinas	representing	corresponding	places	in	the	external	

world		(Wong,	1999).			However,	all	of	the	events	in	neurogenesis	and	establishment	

of	initial	connectivity	that	have	been	described	so	far	are	early	embryonic	events,	

and	in	humans	occur	well	before	establishment	of	ex	utero	viability,	graded	over	

three	to	five	months	postconception.		In	some	rodents	(rats,	mice,	hamsters),	
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however,	birth,	the	last	phase	of	corticogenesis	and	first	thalamocortical	innervation	

are	roughly	coincident.	

	 By	the	time	of	six	months	post-conception,	many	basic	somatomotor	

functions	are	established	(though	we	make	no	assumption	such	functions	would	

depend	on	the	cortex),	such	as	responsiveness	to	somatosensory	stimulation,	basic	

motor	programs	like	alternating	limb	movements	and	suckling.		Interestingly,	

multiple	kinds	of	learning	have	been	shown	to	occur	in	the	prenatal	period	in	

humans,	other	primates	and	laboratory	rodents,	including	habituation,	associative	

learning	and	reinforcement	learning,	including	preferences	for	particular	

chemosensory	and	language	prosody	patterns	(Alberts	&	Ronca,	1993;	Beauchemin	

et	al.,	2011).	Most	interesting	for	the	present	discussion	is	that	preference	for	

mother’s	voice,	and	for	the	prosody	of	the	infant’s	native	language	can	be	

established	in	this	prenatal	period,	which	if	not	represented	in	the	isocortex	directly	

must	surely	interact	with	the	later	cortical	representation	of	these	features	(Jusczyk,	

Friederici,	Wessels,	Svenkerud,	&	Jusczyk,	1993;	Mahmoudzadeh	et	al.,	2013;	

Werker	&	Tees,	1992).	

	 The	immediate	postnatal	(but	eyes-closed,	in	burrow)	period	in	rodents,	up	

until	the	time	of	eye-opening	and	first	exit	from	the	nest	has	been	extensively	

studied,	and	often	used	as	a	“model	system”	for	the	effects	of	early	stress	on	

attachment	and	later	learning	((Sanchez,	Ladd,	&	Plotsky,	2001;	reviewed	in	

Moriceau,	Roth,	&	Sullivan,	2010;	Gunnar	&	Quevedo,	2006)).			It	is	instructive	to	

contrast	just	how	different	this	maturational	state	is	from	the	human	immediate	

postnatal	period	(Figure	4).		Birth	in	rodents	is	roughly	coincident	with	the	end	of	
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cortical	neurogenesis,	which	happens	at	about	70	days,	a	little	over	two	months	

post-conception	in	humans.			Rodents	at	this	age	are	capable	of	suckling,	and	rather	

uncoordinated	motion	to	reach	the	teat,	which	improves	progressively	up	to	eye	

opening,	which	happens	two	to	two	and	a	half	weeks	after	birth	(about	a	month	

postconception),	somewhat	before	coordinated,	unsupported	walking	(Figure	5).		As	

mentioned	earlier,	from	birth	until	eye	opening,	several	kinds	of	learning	have	been	

demonstrated	including	learning	of	olfactory	preferences	in	rodents,	and	the	

establishment	of	some	chemosensory	preferences.		From	birth	to	unsupported	

walking	in	rat	pups	ranges	from	PC	day	15-20	to	PC	30	(about	two	weeks	postnatal).		

The	corresponding	period	for	humans	from	birth	to	unsupported	walking	begins	six	

months	prior	to	birth,	and	extends	to	about	one	year	postnatal.		The	same	neural	

maturational	state	can	bracket	wildly	different	birth-related	states.		These	rodent	

pups	use	learning	to	apply	environmental	information	for	immediate	functional	

purposes	(the	“olfactory	tether”)	at	neural	maturational	states	far	earlier	than	

humans	do,	though	they	are	quite	helpless	sensorily	and	motorically	for	the	most	

part	(Blass,	1987).		The	capacity	for	in	utero	learning	has	been	demonstrated	in	

humans	during	roughly	similar	maturational	states,	and	though	no	immediate	

functional	purpose	is	attached	to	it,	it	has	been	implicated	in	channeling	the	future	

course	of	attachment	and	language	learning.	(Mampe,	Friederici,	Christophe,	&	

Wermke,	2009;	Moon,	Lagercrantz,	&	Kuhl,	2013)	

	 We	have	laid	out	the	progress	of	morphological	and	functional	development,	

focusing	on	the	cortex,	to	get	an	idea	of	what	stage	of	neural	development	the	

human	infant	presents	to	the	world	at	birth,	and	how	that	might	relate	to	critical	
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periods	and	perinatal	behavior	and	learning	in	other	species.		The	ultimate	goal	is	to	

see	if	there	is	evidence	of	special	junctures	or	states	in	the	progress	of	neural	

maturation	that	might	inform	us	about	the	significance	of	the	peri-	and	postnatal	

period	for	learning	in	general,	and	social	learning	in	particular.		So,	to	review,	by	

about	3	months	post-conception,	the	human	infant	has	generated	almost	all	of	its	

cortical	plate	as	described	in	Figure	8,	including	its	richly-detailed	anterior-to	

posterior	organization,	and	thalamic	innervation	in	primary	sensory	and	motor	

areas	is	established.		As	we	have	argued	elsewhere,	those	two	features	carry	the	

seeds	of	hierarchically	–organized	information	extraction	and	prediction,	

progressively	more	powerful	in	larger	brains	(Finlay	&	Uchiyama,	2015).	

Intracortical	connectivity	is	also	being	established,	well	along	in	frontal	cortex	at	3	

months,	but	just	beginning	in	occipital	cortex.			

	 In	the	second	trimester,	self-organizational	activity	is	much	in	evidence,	with	

the	onset	of	retinal	waves	coincident	both	with	establishment	of	retinal	and	

thalamocortical	connectivity,	phasic	motor	activity,	as	well	as	locally-correlated	

activity	within	structures	(Wong,	1999).		In	addition	to	cell-to-cell	genetic	

recognition	mechanisms,	this	endogeneous	activity	serves	to	separate	axonal	and	

dendritic	projections	with	uncorrelated	activity,	and	helps	refine	topographic	maps	

in	projections	between	brain	regions,	based	on	correlated	activity.			

	 A	first	phase	of		“exuberance”	of	numbers	of	neurons,	connections	and	

neurotransmitter	and	receptor	expression	peaks	during	this	period,	related	to	the	

first	establishment	of	excitatory	connectivity	between	regions,	both	synaptic	and	

non-synaptic	(Innocenti	&	Price,	2005;	O'Leary	&	Koester,	1993).		A	corresponding	
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regressive	event,	normally-occurring	neuron	loss	is	at	its	peak	(	Janowsky	&	Finlay,	

1983;	Janowsky	&	Finlay,	1986).		Neurotransmitters	and	neuromodulators	are	

overexpressed		in	neurons	at	this	time;	that	is,		neurons	of	the	type	that	will	express	

a	single	neurotransmitter	at	adulthood	may	express	several	(reviewed	in	Finlay,	

Innocenti,	&	Scheich,	1991).		One	particularly	interesting	feature	of	this	

organizational	period	is	the	method	by	which	inhibitory	synapses	are	incorporated	

into	circuitry:		inhibitory	neurons	typically	express	excitatory	transmitters	first,	

which	allows	them	to	be	integrated	by	excitatory	Hebbian	mechanisms	into	local	

circuitry.		After	they	are	thus	inserted	into	topographically-appropriate	circuitry,	

their	excitatory	synaptic	machinery	is	lost,	and	they	begin	to	express	GABA-ergic	

mechanisms	or	other	neuromodulators	(Ben-Ari,	2002;	Cancedda,	Fiumelli,	Chen,	&	

Poo,	2007).		The	first	synaptic	specializations	appear,	but	in	much	reduced	numbers	

compared	to	the	eventual	perinatal	and	adult	states,	to	be	discussed	at	length	in	the	

next	section.			During	this	period	of	first	organization	of	connectivity,	altricial	

rodents	and	carnivores	like	the	ferret	have	already	been	born;	cats	are	born	

somewhat	later,	just	before	eye	opening,	corresponding	to	the	end	of	the	second	

trimester	in	humans.		In	cats	and	ferrets	at	this	point,	the	self-organizational	feature	

of	retinal	waves	drops	out,	to	be	replaced	by	real-world,	visually-driven	activity	

(Wong,	Chernjavsky,	Smith,	&	Shatz,	1995).		Primates	remain	securely	in	utero,	

though	their	eyes	have	opened,	and	the	status	of	retinal	waves	is	largely	unknown.	

	 Thus,	by	the	end	of	the	period	corresponding	to	the	end	of	the	second	

trimester	in	humans,	all	neurons	in	the	isocortex	have	been	generated	and	deployed,	

and	normal	neuronal	death	has	been	completed	in	this	population.		The	
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fundamental	pattern	of	neuron	density	and	laminar	organization	seen	in	adults	is	

established.		Gross	patterns	of	axonal	connectivity,	including	aspects	of	nearest-

neighbor	topology,	and	self-segregation	of	neurons	with	uncorrelated	activity	is	laid	

down	both	by	cell-to-cell	recognition	and	activity	driven	processes.		Basic	

distinctions	of	excitatory	and	inhibitory	connections	are	expressed.		At	this	point,	

however,	differences	in	the	position	of	birth	and	in	the	consequent	“real	world”	

environmental	stimulation	cause	divergence	in	maturation:		animals	born	at	early-

to-middle	stages	of	neural	maturation	will	begin	to	embark	on	activity-driven	

critical	periods	like	the	segregation	of	ocular	dominance	columns,	while	animals	

that	are	largely	precocial,	like	primates	and	ungulates,	apparently	remain	“on	hold”.	

	 2.4	The	case	of	the	synaptic	surge	

	 One	component	of	neural	maturation	dissociates	itself	from	the	rest	of	the	

highly	integrated	schedule	of	neural	maturation	and	associates	with	birth,	a	surge	of	

synaptogenesis	raising	synaptic	density	in	the	cortical	neuropil	near	two	orders	of	

magnitude.		The	number	of	species	forming	the	basis	for	this	claim	is	limited,	

involving	necessarily	partial	data	from	humans	(Huttenlocher	&	Dabholkar,	1997;	

Huttenlocher,	de	Courten,	Garey,	&	Van	der	Loos,	1982),	extensive	data	from	the	

rhesus	macaque	(Bourgeois,	Goldmanrakic,	&	Rakic,	1994;	Bourgeois,	Jastreboff,	&	

Rakic,	1989;	Bourgeois	&	Rakic,	1993;	Rakic,	Bourgeois,	&	Goldmanrakic,	1994;	

Rakic,	Bourgeouis,	Eckenhoff,	Zecevic,	&	Goldman-Rakic,	1986;	Zecevic,	Bourgeois,	&	

Rakic,	1989;	Zecevic	&	Rakic,	1991),	and	complete	data	sets	from	marmosets	

(Missler,	Eins,	Merker,	Rothe,	&	Wolff,	1993)	and	rodents	(Blue	&	Parnevelas,	1983).	

Within	and	across	species,	the	patterns	are	consistent.		
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Figure	9	

	

Although	the	corpus	of	data	collected	by	Huttenlocher	(1987,	1982)	on	the	

development	of	human	synaptic	density	is	typically	cited	to	show	a	sequential	series	

of	changes	in	synaptic	density	across	cortical	areas,	contrasting	with		the	

“synchronous”	macaque,	the	overall	picture	is	quite	similar	to	the	macaque	and	

marmoset	when	they	are	placed	in	corresponding	time	frames	(Figure	9,	top	and	

bottom	right;	Bates	et	al.,	2002).			As	the	claims	of	sequential	maturation	of	cortical	

areas	are	often	supported	by	only	one	or	two	data	points	per	area	in	the	human	
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work,	with	a	methodology	not	employing	important	stereological	corrections	to	

capture	relative	synaptic	and	neuron	densities	(see	extended	discussion	in	Bates	et	

al.,	2002),	the	data	collected	from	experimental	animals	are	empirically	better	

sources	for	this	claim.	All	cited	studies,	including	those	from	human	material,	show	

a	burst	of	synaptogenesis	at	birth,	of	the	“Type	1”	morphology	associated	with	

excitatory	neurotransmission.			In	the	macaque,	all	isocortical	areas	show	a	burst	of	

synaptogenesis	around	the	time	of	birth,	in	every	area	simultaneously		(Rakic	et	al.,	

1986),	as	well	as	in	various	non-cortical	targets,	including	the	basal	ganglia	and	

cerebellum	(Brand	&	Rakic,	1979;	Eckenhoff	&	Rakic,	1991).		Interestingly,	the	rat	

shows	a	similar	surge,	though	its	surge	is	not	timed	to	the	animal’s	birth,	but	rather	

to	eye	opening,	the	time	when	rat	pups	begin	to	first	exit	the	nest	(Blue	and	

Parnevelas,	1983).	

	 A	major	point	of	interest	is	the	cause	of	the	synaptic	surge,	whether	it	might	

be	initiated	by	the	onslaught	of	experience	surrounding	birth	or	entrance	into	the	

light	directly,	or	whether	it	is	initiated	endogenously	in	anticipation	of	birth.		While	

it	is	apparent	an	upswing	begins	before	birth,	the	question	was	addressed	directly	in	

macaques	by	delivering	the	macaque	infants	several	weeks	prematurely,	prior	to	

the	onset	of	the	synaptic	surge,	to	determine	whether	the	onset	of	visual	(and	other)	

stimulation	would	initiate	synaptogenesis		(Bourgeois	et	al.,	1989).		While	small	

changes	in	the	proportion	of	excitatory	and	inhibitory	synapses	were	observed	

immediately	following	this	Caesarian	delivery,	the	burst	of	synaptogenesis	still	

occurred	when	the	animal	would	have	been	born,	not	when	it	was		born	artificially..		

As	it	is	the	case	that	the	fetus	initiates	birth	(Nathanielscz,	1998),	it	is	quite	plausible	
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that	a	maturational	signal	originating	in	the	fetus	prior	to	birth	also	initiates	the	

coordinated	synaptic	surge	across	structures,	though	the	nature	of	the	signal	is	not	

known.				A	likely	reason	for	the	sudden	addition	of	a	massive	number	of	synapses,	

whose	state	of	activity	is	unknown,	is	that	synaptic	sorting	and	stabilization	can	

then	involve	the	addition,	stabilization	and	the	subtraction	of	synapses	rather	than	

synapse	addition	alone,	employing	various	empirically-demonstrated	additive	and	

subtractive	mechanisms	(Bear,	2003;	Bi	&	Poo,	2001)	

	 A	second	important	feature	is	that	the	surge	of	synaptogenesis	is	dissociated	

from	the	lockstep	of	neural	maturation	so	dominant	up	until	this	point.		As	can	be	

seen	in	the	comparison	of	human	and	macaque	synaptogenesis	with	their	births	

(Parallel	vertical	lines;	right	top	and	bottom	graphs	for	macaque	versus	human;	

Figure	9),	the	surge	occurs	at	quite	different	maturational	points.		Both	of	these	

points	occur	well	after	the	organizational	events	occurring	in	the	human	second	

trimester	we	have	just	described,	but	are	still	quite	separated	in	maturational	time.		

This	observation,	and	several	others	we	will	discuss,	all	point	at	a	long	plateau	

beginning	around	birth	and	continuing	well	through	infancy	to	early	childhood,	

where	events	termed	“critical	periods”	or	“cortical	plasticity”	may	be	both	initiated	

or	delayed,	and	where	the	neural	substrate	of	the	cortex	appears	to	undergo	rather	

few	known	self-initiated	organizational	changes.		This	plateau	stands	in	marked	

contrast	to	the	rapid,	time-locked	sequence	of	organizational	changes	seen	in	the	

second	trimester.	

	 Finally,	as	described	earlier,	learning	has	been	shown	to	occur	in	utero	in	

humans,	particularly	in	the	language	domain,	for	both	descriptive	studies	
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demonstrating	prenatal	or	immediate	postnatal	preference	for	mother’s	voice	and	

accent,	and	experimental	studies	demonstrating	evidence	of	postnatal	recognition	

for	text	or	music	repeatedly	presented	before	birth	(Jusczyk	et	al.,	1993;	

Mahmoudzadeh	et	al.,	2013;	Werker	&	Tees,	1992).		It	is	interesting	to	speculate	

how	such	learning	survives	the	perinatal	synaptic	onslaught;	perhaps	there	are	

“tuneable”	subcortical	structures	not	affected	by	the	synaptic	burst,	which	later	

serve	to	channel	isocortex-based	language	learning,	in	the	manner	described	in	

models	both	for	avian	imprinting	and	for	face	recognition	(Johnson,	2005).		

Alternatively,	in	several	systems,	“reference”	topographic	maps	have	been	described	

which	remain	stable	in	the	case	of	induced	sensory	conflict,	such	as	between	visual	

and	auditory	topographic	maps	in	the	owl,	where	the	auditory	map	is	

accommodated	to	the	visual	map,	independent	of	their	relative	volume,	or	which	

one	has	been	altered	from	its	normal	state	(Konishi,	2003).	

	 2.5	Early	and	late	processes	in	myelination	

	 The	developmental	study	of	myelination	has	two	aspects.		The	first	is	the	

initial	production	of	myelin	sheaths,	beginning	not	long	after	axonogenesis	in	long	

pathways,	and	time-locked	in	the	way	typical	of	most	other	early	neural	events	

(reviewed	in	Workman	et	al.,	2013).		The	proximate	stimulus	for	myelogenesis	has	

been	studied	most	extensively	in	the	early	development	of	motor	neurons,	and	the	

optic	nerve	(Sherman	&	Brophy,	2005),	and	is	initiated	when	axon	diameter	reaches	

a	critical	value	(Foster,	Connors,	&	Waxman,	1982).		Therefore,	in	typical	

development,	the	highly	predictable	nature	of	this	event	is	not	initiated	by	an	

independent	genetic	signal	directly	derived	in	some	fashion	from	fetal	age,	but	by	
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local	signaling	of	a	relevant	maturational	state.		This	mechanism,	however,	allows	

large	deviations	to	occur	in	myelination	should	a	developmental	challenge	of	some	

kind	occur.		For	example,	after	a	bout	of	perinatal	hypoxia,	if	the	corpus	callosum	is	

inspected	for	gross	morphology,	its	appearance	in	gross	morphology	and	size	is	

unchanged,	but	the	number	of	axons	comprising	it	is	much	larger	than	normal,	with	

thinner	axon	diameters	and	less	myelin	sheathing	(Miller	et	al.,	1993).		In	macaques,	

the	immediate	perinatal	period	is	the	peak	of	callosal	(and	probably	intracortical)	

axon	loss	(LaMantia	&	Rakic,	1990).		As	the	reduction	in	number	of	callosal	axons	is	

unaccompanied	by	neuron	loss	in	the	relevant	populations,	neuron	survival	is	most	

likely	mediated	by	maintenance	of	branches	in	either	long-range	or	short	range	

connections	(Ivy	&	Killackey,	1981).			

	 Initial	interest	in	myelination	initiation	or	surges	in	early	development	as	

markers	of	sensitive	periods	in	sensory	or	cognitive	capacities	(e.g		Pulvermüller	&	

Schumann,	1994))	has	not	generated	much	follow-up	work.		Complementing	

difficult	developmental	fMRI	studies	of	the	development	of	functional	connectivity	

(Geerligs,	Renken,	Saliasi,	Maurits,	&	Lorist,	2015),	experience-dependent	axon	

organization	or	myelination,	or	some	correlate	of	it,	however,	has	become	a	staple	of	

neuroimaging	experiments	in	development	and	adulthood,	principally	using		

diffusion	tensor	imaging	(DTI)	(Greene	et	al.,	2014;	Ingalhalikar	et	al.,	2015;		May,	

2011;	Pandit	et	al.,	2014).		This	technique	examines	the	vibration	or	diffusion	of	

water	molecules	resulting	from	the	presence	of	extended,	“anisotropic”	membranes	

characteristic	of	both	axons	and	myelin	sheathing	to	infer	axon	presence.		Large	

tracts	can	be	detected	with	this	method,	though	branching	and	crossing	tracts	cause	
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interpretative	problems	when	it	is	used	to	infer	details	of	connectivity.		Precise	

comparisons	of	connection	details	of	this	technique	with	results	obtained	by	

traditional	tract-tracing	in	both	monkeys	and	macaques	have	produced	rather	

disappointing	results	(Azadbakht	et	al.,	2015;	Jbabdi,	Sotiropoulos,	Haber,	Van	Essen,	

&	Behrens,	2015).			Nevertheless,	plausible	features	of	gross	aspects	of	normal	

growth	can	be	demonstrated,	such	as	the	first	appearance	of	long	tracts,	growth,	and	

changing	within-tract	organization.			In	addition	to	volume	differences,	a	decrease	in	

“fractional	anisotropy”	of	identified	tracts	has	been	shown	repeatedly,	both	in	

normal	development,	and	consequent	to	particular	learning	regimes	(such	as	

juggling	or	piano-playing)	from	early	childhood	to	middle	adulthood	(Dick,	Lee,	

Nusbaum	and	Price,	2011;	May,	2011;	Zatorre,	Fields,	&	Johansen-Berg,	2012).			In	

these	cases,	the	signal	from	identified	tracts	increases,	as	if	axon	bundles	are	

becoming	more	orderly	and	aligned	as	the	result	of	either	growth,	or	organizing	

experience.		Just	what	feature	of	normal	axon	topology	in	tracts	would	become	

better	“aligned”	by	piano	playing	or	reading	is	not	obvious,	though	one	unintuitive	

feature	of	axon	growth	might	be	considered.			For	axons,	the	process	of		“growth”	

should	be	distinguished	from	addition	of		“length”	as	very	little	of	total	axon	length	

is	produced	by	growth	by	extension	at	axon	terminal	regions,	as	might	reasonably	

be	assumed	(Pfister,	Iwata,	Meaney,	&	Smith,	2004).		Rather,	neuron	cell	bodies	act	

as	if	they	are	essentially	fixed,	as	are	their	terminal	zones,	and	as	the	brain	

otherwise	grows	through	addition	of	mass	of	all	kinds	(other	neural	processes,	glia;	

vasculature),	tension	thus	exerted	on	axons	causes	new	membrane	to	be	

interpolated	into	existing	axon	length.		This	traction	has	other	consequences	for	
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brain	growth	and	function,	and	has	been	shown	to	warp	the	dimensions	of	receptive	

fields	in	the	retina	conforming	to	the	directions	of	force	and	expansion	(Schall	&	

Leventhal,	1987;	Wong,	1990),	and	has	been	proposed	as	one	cause	of	the	

development	of	gyri	and	sulci	in	the	cortex	(Van	Essen,	1997).		Normal	traction,	

interacting	with	neural	activity	in	some	as	yet	unknown	manner,	might	contribute	

to	the	decreasing	anisotropy	of	long	tracts,	as	the	order	in	a	collection	of	overlaid	

textile	fibers	might	emerge	as	any	two	points	of	the	mass	are	put	under	tension.	

	 The	extensive	use	of	neuroimaging	to	describe	human	development	(the	

extent	of	this	literature	prevents	a	completely	comprehensive	review)	has	led	to	

measurement	of	multiple	morphological	features	whose	physiological	or	functional	

interpretation	is	unclear,	but	which	are	reliably	associated	with	maturation.		The	

relative	volume	of	“grey	matter	volume”,	“cortical	thickness”	or	“gray	matter	density”	

in	the	cortex	is	such	a	phenomenon,	where	grey	matter	corresponds	to	the	cell-

dense	layers	of	the	cerebral	cortex,	contrasted	with	“white	matter”,	the	myelinated	

tracts	located	under	the	cortex	or	interposed	between	cortical	areas	in	gyri.		

Typically,	gray	matter	is	measured	to	increase	in	total	volume	or,	more	typically,	

relative	depth	throughout	early	development	and	then	regresses	by	a	small	amount,	

depending	on	cortical	region		(a	selection	of	such	surveys,	in	several	species,	

emphasizing	cortex:	(Aggarwal,	Gobius,	Richards,	&	Mori,	2015;	Conrad,	Dilger,	&	

Johnson,	2012;Croteau-Chonka	et	al.,	2016;	Giedd	et	al.,	1999;	Giedd,	Castellanos,	

Rajapakse,	Vaituzis,	&	Rapoport,	1997;	Giedd	&	Rapoport,	2010;	Giedd	et	al.,	1996;	

Gogtay	et	al.,	2004;Hammelrath	et	al.,	2016;	Li	et	al.,	2015;	Makropoulos	et	al.,	2016;	

Raznahan	et	al.,	2012;	Shaw	et	al.,	2006;	Shiraishi	et	al.,	2015;Silbereis	et	al.,	2016).	
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The	contributions	to	growth	and	loss	of	volume	include	any	change	in	the	volume	

(but	not	number)	of	neuronal	cell	bodies	and	their	processes,	including	axonal	and	

dendritic	arbors,	and	the	numbers	and	associated	volumes	of	glia	and	vasculature.	

Excluding	the	perinatal	“synaptic	surge”	discussed	earlier,	synapse	number	and	

density	in	cortical	areas	roughly	follows	the	same	pattern	of	small	early	increase,	

then	decrease.		In	addition,	simple	segregation	of	cell	and	axonal	processes,	causing	

changes	in	delineation	of	borders,	and	the	geometrical	consequence	of	the	

expanding	“sphere”	of	the	cortex	on	the	measured	depth	of	its	outer	shell	will	also	

impact	relative	sizes	of	these	zones.		Additive	and	regressive	changes	should	be	

assumed	to	co-occur,	resulting	in	the	repeatedly	described	small	net	increase	in	

total	volume	in	early	development,	and	a	small	net	negative	near	the	end.			The	

increase	and	then	regression	of	gray	matter	depth	changes	progressively	

throughout	childhood	and	occurs	earlier	in	primary	sensory	areas	than	in	posterior	

parietal	and	frontal	cortex	(Gogtay	et	al.,	2004).			Precocity	as	measured	by	IQ	in	

childhood	changes	this	measure:		the	peak	grey	matter	depth	in	parietal	and	frontal	

cortex	and	its	following	regression	occurs	later	in	high-IQ	children	(Shaw	et	al.,	

2006).			

	 Changes	in	gray	matter	thickness	or	total	volume	parallel	some	

preconceptions	about	the	nature	of	brain	plasticity	in	some	ways,	and	contradict	

others.		The	early	stabilization	of	primary	sensory	areas,	and	the	general	back-to-

front	progression	of	the	rate	of	maturation	is	in	accord	with	well-known	earlier	

neurodevelopmental	features	discussed	earlier,	but	well	more	than	half	of	the	

cortex	is	essentially	asymptotic	in	depth	and	volume	change	well	before	adolescence,	
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frontal	cortex	the	exception	in	its	tardiness	(Petanjek	et	al.,	2011).		Consider	also	

that	the	very	definition	of	high	IQ	in	childhood	is	precocity,	while	cortical	measures	

show	delay.		Such	a	“paradoxical”	effect	is	not	hard	to	interpret	as	an	extended	

period	of	plasticity,	but	it	also	indicated	that	a	particular	level	of	ability	(in	this	case	

a	precocious	one)	can	be	decoupled	from	gray	matter	thickness:		the	same	brain	

thickness	could	be	thus	associated	with	quite	different	vocabulary	attainment	

depending	upon	the	overall	trajectory	of	an	individual’s	growth.			Overall,	an	

overarching	structural	and	mechanistic	similarity	of	the	process	of	cortical	

maturation	from	the	early	postnatal	period	to	adolescence	emerges	from	this	

literature,	given	that	the	morphological	changes	described	are	produced	by	multiple	

components.		Gradients	across	the	cortical	surface	are	often	the	focus	of	these	

papers,	while	mosaic,	area-by-area	distinctions	are	seldom,	if	ever,	noted	(e.g.,	

statements	to	the	effect	that	“many	investigators	note	the	precocious	emergence	of	

adult	white	matter	thickness	specific	to	frontal	area	xyz”).		Nor	is	there	any	

particular	pattern	of	genetic	expression,	nor	description	of	a	special	subclass	of	

synaptic	plasticity,	for	example,	associated	only	with	early,	middle	or	late	phases	of	

cortical	maturation.		As	always,	“absence	of	evidence	is	not	evidence	of	absence”,	but	

the	vast	amount	of	descriptive	material	now	available	to	us	begins	to	require	at	least	

an	attempt	at	appreciating	its	message.		Few	signals	of	part-by-part	maturation	of	

the	isocortex	either	idiosyncratic	by	species,	or	general	over	species	have	emerged.	

	

2.6		What	are	“critical	periods”	in	morphological	terms	?				
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In	adults,	the	computational	structures	supporting	“learning”	are	quite	diverse,	

varying	in	organization	in	different	brain	locations.			Associative	or	“statistical”	

learning	is	distributed	widely	throughout	the	nervous	system,	with	a	slow	form	in	

the	isocortex	contrasted	with	much	more	rapid	association	in	the	hippocampus	

(McClelland,	McNaughton,	&	O'Reilly,	1995).			Reinforcement	and	habit	learning	are	

best	linked	to	the	basal	ganglia	and	associated	structures	(Doya,	2001;	Graybiel,	

2008),	and	are	known	to	be	gated	by	social	and	other	specific	reward	systems	by	

neuromodulators		(Young	&	Wang,	2004)	(Goodson	&	Thompson,	2010).		For	the	

cerebellum,	numerous	models	of	circuitry	optimizing	error	correction	and	

prediction	exist	(Bastian,	2006;	Doya,	2001).		By	contrast,	for	the	mechanisms	of	

early	learning	in	humans,	and	in	initial	“animal	model”	work,	researchers	have	

focused	almost	exclusively	on	associative,	Hebbian	and	anti-Hebbian	learning	

(Berardi,	Pizzorusso,	&	Maffei,	2000).			No	reason	exists,	however,	to	believe	that	

associative	learning	is	in	any	sense	primary,	or	that	reinforcement	and	error-driven	

learning	do	not	participate	in	the	early	organization	of	behavior.		The	initial	

research	focus	on	synapse	stabilization	at	the	neuromuscular	junction	(Sanes	&	

Lichtman,	1999),	and	ocular	dominance	columns	(Bi	&	Poo,	2001;	Katz	&	Crowley,	

2002)	was	reinforced	by	the	early	prominence	of	connectionist	modeling	(J.	L.	

Elman	et	al.,	1996)	and	demonstrations	of	statistical	learning	(Saffran,	Aslin,	&	

Newport,	1996),	later	resolving	into	“deep	learning”	of	statistical	and	contingent	

structure	in	complex	input	(Schmidhuber,	2015).			All	of	these	research	threads	

highlight	mechanisms	that	discover	by	fundamentally	associative	mechanisms	

correlated	structure	in	input,	and	represent	it	efficiently,	compared	to,	for	example,	
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selective	stabilization	of	input	according	to	behavioral	or	motivational	importance,	

or	efficiency	in	executing	behavioral	goals.		Since	the	following	brief	review	will	

compound	the	error	of	this	idiosyncratic	focus	on	a	single	mechanism,	we	point	out	

at	the	outset	the	formal	similarities	of	“habit	learning”	in	the	reinforcement	

literature	to	“critical	period”	and	“sensitive	period”	effects,	even	though	the	latter	

studied	almost	entirely	in	the	context	of	associative	mechanisms.	

	

2.6.1	Initial	parameter	setting:		one-to-one	connections,	topographic	maps	and	brain-

body	alignment	

The	first	work	on	learning	in	the	mammalian	nervous	system	began	with	two	model	

systems:		the	formation	of	the	“ocular	dominance	columns”	of	the	primary	visual	

cortex,	integrating	and	segregating	like	and	unlike	input	from	the	two	eyes	(Katz	&	

Crowley,	2002;	Wiesel,	1999),	and	the	establishment	of	one-to-one	neuron-to-

muscle-fiber	connections	at	the	neuromuscular	junction	(Sanes	&	Lichtman,	1999).			

Research	in	several	other	domains	followed	from	these.		The	study	of	ocular	

dominance	columns	became	naturally	associated	with	the	more	general	issue	of	

topographic	map	formation	in	the	visual	system	(Udin	&	Fawcett,	1988).		

Multimodal	map	registration,	particularly	between	visuomotor	and	auditory	maps,	

concentrated	on	midbrain	representation	(Stein	&	Stanford,	2008).		Work	in	

somatosensory	system,	particularly	the	rodent	vibrissal	system,	addressed	the	

question	of	how	to	match	the	number	and	arrangement	of	peripheral	elements,	the	

whiskers,	onto	a	central	cortical	representation	(Van	der	Loos	&	Welker,	1985).	

Every	one	of	these	domains	depends	on	mechanisms	involving	Hebbian	“fire-
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together,	wire-together”	mechanisms	that	bring	like-responding	elements	together,	

increases	efficiency	and	the	sparseness	of	representations,	and	generate	(in	

combination	with	other	mechanisms)	the	ubiquitous	mapping	of	nearest-neighbor	

to	nearest-neighbor	topological	arrays	in	the	nervous	system	(Kaas,	1997).		

Numerous	interesting	generalities	emerged	from	this	work:	they	all	show	continuity	

between	endogenous	and	exogenous	ordered	activity.		Like	early	neuron	death	

(Oppenheim,	1991),	the	initiation	of	organization	in	these	networks	often	depends	

on	some	increase	in	synaptic	activity,	and	is	delayed	or	might	not	begin	in	the	

absence	of	activity,	self-initiated	and	self-terminating.		Thus	the	onset	is	not	time-

locked	to	an	endogenous	maturational	signal,	but	rather	to	meaningful	stimulation	

(one	exception	being	changes	associated	with	metamorphosis	(Hoskins,	1990)).		

The	organizational	processes	are	competitive,	and	imbalance	in	inputs	can	reduce	

the	unfavored	input,	like	a	closed	eye	in	competition	with	an	open	eye	for	cortical	

synaptic	space	(Wiesel	&	Hubel,	1965).		These	processes	are	“critical	periods”	or	

“sensitive	periods”,	because	while	they	are	somewhat	plastic	in	timing,	they	are	not	

infinitely	so,	and	a	loss	of	input	due	to	imbalanced	completion,	after	an	early	period	

of	development,	cannot	be	recovered	(Berardi	et	al.,	2000).		Similarly,	early	

misregistration	of	maps	cannot	be	wholly	undone.		Much	current	research	is	focused	

on	genetic,	pharmacological	or	situational	factors	that	can	extend	or	reinstate	

plasticity	(Hübener	&	Bonhoeffer,	2014).	This	thorough	description	of	early	

organization	and	critical	periods	was	the	great	focus	and	accomplishment	of	initial	

work	on	developing	neural	systems.	
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	 Though	the	temptation	to	give	these	established	mechanisms	much	credit	for	

the	basic	organization	of	the	nervous	system	is	strong,	it	is	important	to	remember	

what	remains	unexplained.		To	begin	with	the	most	elaborated	case,	the	complex	

interlocking	maps	of	dimensions	of	ocular	dominance,	orientation,	motion,	and	

visuotopic	location	are	laid	down	in	the	visual	cortex	in	the	first	several	years	of	

human	life,	and	if	this	processs	is	disturbed,	irrecoverable	amblyopia	can	result	

(Levi,	Knill,	&	Bavelier,	2015).			The	establishment	of	these	patterns	has	been	

described	almost	exclusively	in	terms	of	associative	networks,	with	excitatory	and	

inhibitory	components	that	serve	to	reduce	redundancy	in	central	representations,	

and	sharpen	intrinsic	topographic	representations.		Interestingly,	however,	real-

world	function	may	impinge	on	the	ongoing	success	and	functionality	of	such	

projections	(Rodger	&	Dunlop,	2015).		In	later	development,	however,	the	visual	

cortex	continues	to	participate	in	learning-related	changes,	both	long-	and	short-

term,	assembling	environmental	statistics,	and	even	altering	topographic	

projections	if	part	of	an	input	is	silenced	(Gilbert	&	Li,	2012;	2013).			The	cortical	

regions	corresponding	to	inactive	or	lost	locations	in	the	retina,	or	inactive	digits	on	

the	hand	will	become	responsive	to	adjacent	regions	of	the	sensorium	in	short	

intervals	(Florence,	Jain,	&	Kaas,	1997).		Across	the	lifespan,	the	brain	is	constantly	

amassing	and	updating	the	information	that	makes	Bayesian	prediction	feasible,	

from	details	of	early	sensory	processing	to	higher-order	organization,	in	both	long-

term	assemblies	such	as	the	statistics	of	images,	to	short-term	priming	(Burr	&	

Cicchini,	2014).		In	an	extreme	case,	after	only	two	or	so	weeks	of	visual	deprivation	

and	Braille-learning	in	adulthood,	the	visual	cortex	will	become	both	active	in	
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Braille	reading	and	essential	in	its	execution	(Burton	et	al.,	2002;	Merabet	&	

Pascual-Leone,	2010).		Activation	of	so-called	“visual”	cortex	in	multiple	non-visual	

tasks	is	commonplace	in	imaging	studies	(Anderson,	Kinnison,	&	Pessoa,	2013).		Are	

the	elaborate	topographies	of	retinal	topography,	interocular	alignment,	wavelength	

calculation	and	orientation	selectivity	established	in	early	development	employed	in	

some	useful	fashion	in	the	distributed	activation	demonstrated	in	adulthood,	or	are	

they	circumvented?			How	does	apparent	re-use	and	re-assignment	dissociate	itself	

from	the	“critical	period”	nature	of	early	morphological	organization	(Anderson,	

2014)?	

	

2.6.2		Genes,	species-typical	behaviors	and	cortical	areas	

Another	possible	source	of	information	about	the	nature	of	sensitive	or	critical	

periods	might	be	found	in	gene	expression	networks	(Hensch,	2004).		The	genes	

expressed	in	early	development	across	the	cortex	have	now	been	mapped	in	some	

detail,	though	their	“meaning”	has	hardly	begun	to	be	understood.		The	features	that	

stand	out	in	these	examinations	are	first,	the	rostral-to-caudal	pattern	of	maturation	

of	gene	expression	described	earlier	in	relation	to	the	generation	and	early	

termination	of	neurogenesis	from	rostral	to	caudal	(Miller	et	al.,	2014;	Pletikos	et	al.,	

2014;	Silbereis	et	al.,	2016),	and	second,	the	separate	status	of	the	primary	sensory	

cortices,	in	terms	of	early	maturation	superimposed	upon	the	early	maturational	

gradient,	genes	involved	in	axon-target	recognition	presumably	important	for	the	

unique	trophic	and	topographic	dependence		of	thalamus-to-cortex		in	those	areas,	

and		associated	neurotransmitter	systems	(Hamasaki,	Leingärtner,	Ringstedt,	&	
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O'Leary,	2004;	Yamamori,	2011).		Notably	absent,	at	this	admittedly	early	point	in	

the	understanding	of	developmental	genetic	networks,	is	any	signature	of	genes	

associated	with	a	sensitive	period,	or	early	or	other	individuated	maturation	of	a	

non-primary	cortical	area	(Pletikos	et	al.,	2014).			From	the	behavioral	end,	evidence	

exists	for	genetic	loading	of	face	recognition	ability	(Shakeshaft	&	Plomin,	2015)	and	

aspects	of	language	learning	(Newbury	&	Monaco,	2010).		Working	backward	from	

plasticity-relevant	mechanisms	like	synapse	stabilization,	particular	genes	involved	

with	such	mechanisms	have	been	described	for	some	time,	as	described	by	Hensch,	

(2004);	what	is	absent	is	a	signature	of	coordination	of	the	multiple	mechanisms	

required	for	a	temporally-specified	critical	period.		Conceivably,	we	might	expect	

something	of	this	kind	if	the	special	circuitry	which	must	be	present	(somewhere	in	

the	brain)	for	the	reliably-elicited	infant	preference	for	faces	was	found	in	or	around	

cortical	regions	related	to	face	recognition	in	adults,	but	nothing	as	yet	has	been	

described.	This	question	has	been	examined	in	bird	song	learning,	in	particular,	

where	readiness	for	song	learning	can	be	partially	decoupled	from	the	bird’s	age		

(London	et	al.,	2009;	Clayton,	2013).	So	far,	however,	it	has	been	difficult	to	

recognize	any	genetic	state	associated	with	a	“	sensitive	period”	using	a	variety	of	

assays	of	gene	expression.		So	far,	a	very	large	number	of	genes	can	be	identified	

with	this	state,	so	many	as	to	be	uninformative	about	particular	mechanistic	

questions.		Similar	excess	of	genes	in	flux	at	any	point	has	also	been	described	for	

the	cortex,	where	the	link	to	a	singular	change	in	perceptual	or	behavioral	

competence	is	even	less	clear.	
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	 Parallel	examination	of	the	functional	properties	of	the	cortex,	however,	has	

made	it	increasingly		unlikely	that	special	genetic	mechanisms	defining	the	

computational	properties	of	a	defined	location	in	cortex	could	be	the	way	a	species-

specific	sensitive	period	is	produced.		The	best-researched	example	is	human	

infant’s	special	competence	in	“recognizing”	faces,	and	preferring	to	look	at	them	

(Pascalis	&	Kelly,	2009).	Ignoring	at	this	point	whether	adult	face-sensitive	cortex	is	

best	described	by	localized	activity	in	a	particular	region	or	a	network	of	regions	

(Haxby,	Hoffman,	&	Gobbini,	2000),	we	may	simply	ask	if	the	infant	pattern	of	

activation	resembles	the	adult	configuration,	for	example,	showing	an	early	nucleus	

of	activation	in	a	region	also	indexed	in	adults,	perhaps	later	spreading	to	other	

linked	regions.		Nothing	of	this	kind	is	seen,	but	rather	a	qualitatively	different	

pattern	of	activation	than	the	adult,	which	takes	close	to	10	years	of	experience	to	

approximate	the	adult	configuration	(Cohen	Kadosh,	Cohen	Kadosh,	Dick,	&	Johnson,	

2011;	de	Haan,	Humphreys,	&	Johnson,	2002).			Similarly,	considering	language	

organization,	the	immediate	and	largest	deficits	and	delays	in	language	acquisition	

result	from	damage	to	the	right	side	of	the	cortex,	not	the	left,	opposite	to	the	adult	

pattern	(Bates	&	Roe,	2001).		Early	infant	preferences	for	faces	and	speech	must	of	

course	have	some	neural	correlate,	but	the	origin	of	such	early	preferences	may	

quite	likely	be	found	outside	of	the	neocortex,	though	adult	processing	competence	

will	later	require	the	cortex.	

	

2.6.3		Gradients	of	activation,	activity	or	cessation	of	activity	
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Another	way	of	the	developing	cortex	might	organize	incoming	information	is	by	

coming	“on	line”	area	by	area,	seeded	by	initial	activity	in	primary	sensory	and	

motor	areas,	and	then	entering	into	computation	in	a	rough	caudal-to-rostral	

hierarchy	(Finlay	&	Uchiyama,	2015).		This	hypothesis	in	line	with	information	on	

“feed-forward”	and	“feed-back”	cortical	projections,	and	what	we	know	about	the	

gross	morphology	of	the	sequence	of	maturation	in	cortical	areas	(Gogtay	et	al.,	

2004).			The	idea	of	“self-initiating,	self-terminating”	circuitry	for	sensitive	periods	

would	be	consistent	with	progressive	entry	of	regions,	cortical	or	otherwise,		nto	

synaptic	integration.		A	critical	problem	in	the	development	of	learning	in	

distributed	systems	was	identified	by	Elman	(1993)	that	makes	this	possibility	

particularly	attractive:		if	a	network	is	to	learn	a	number	of	tasks,	a	critical	

requirement	is	to	have	a	way	of	releasing	computational	resources	gradually,	so	that	

old	tasks	are	not	routinely	overwritten	by	new	tasks.		Is	there	evidence	for	any	

version	of	this	possibility?	

	 With	the	now	often-mentioned	exception	of	primary	sensory	areas,	the	

evidence	for	sequential	activation	of	cortical	areas	is	poor	(though	explicit	

examination	of	specified	regions	in	a	plausible	hierarchy	has	not	actually	been	

examined	with	this	question	in	mind).		By	“activation”,	we	might	mean	the	idea	that	

regions	of	cortex	far	forward	in	the	hierarchy	are	simply	inactive	in	early	

development,	or	their	level	of	activity	is	lower	by	some	metric.		The	most	impressive	

evidence	contrary	to	argument	is	the	presence	of	robust	activity	in	the	frontal	cortex	

quite	early	in	development	while	performing	“cognitive	control”	tasks,	far	before	

those	abilities	dependent	on	frontal	cortex	have	stabilized	in	adolescence	and	
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adulthood	(Casey,	Tottenham,	Liston,	&	Durston,	2005).			Overall,	the	general	

pattern	of	learning	in	development	recapitulates	what	is	typically	seen	in	individual	

bouts	of	learning	in	specified	tasks:		the	initial	pattern	of	activation	is	widespread,	

and	often	bilateral,	settling	down	into	a	more	localized	pattern	of	“crystallized”	or	

“mature”	activation	after	extensive	learning	tasks.	Therefore,	whatever	organizes	

the	roughly	hierarchical	organization	of	maturation	in	the	cortex	is	not	expressed	in	

activity	by	itself,	but	some	consequence	of	that	activity,	or	the	cessation	of	some	

kind	of	activity.		One	quite	interesting	hint	has	emerged	in	a	recent	study	of	ocular	

dominance	plasticity	in	mice,	which	argued	that	the	maturation	of	silent	

glutaminergic	synapses	into	active	synapses	on	principal	neurons	marked	the	end	of	

the	critical	period.		This	maturation,	which	involved	the	conversion	of	as	many	as	

50%	of	synaptic	profiles,	could	be	prevented,	with	the	animal’s	visual	responsivity,	

both	behavioral	and	electrophysiological,	essentially	normal,	although	ocular	

dominance	profiles	remained	malleable.	

	

2.6.4		Summary:		Deploy	with	military	precision,	then	(eagerly)	sit	and	wait.	 	

In	the	first	section,	we	reviewed	“translating	time”	research,	in	which	a	multitude	of	

developmental	events	in	the	basic	construction	of	the	brain	occurred	in	precise	

sequence	over	numerous	species,	appropriately	scaled	to	the	developmental	

duration	for	each	species.			Though	echoes	of	this	scheduling	persist,	for	example,	in	

changes	across	the	cortex	in	grey	and	white	matter	volumes,	once	constructed,	the	

brain	appears	to	tolerate	a	great	amount	of	deviation	in	the	onset	and	the	

organization	of	experience.			These	changes	appear	as	broad	gradients	in	
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achievement	of	maximum	volume,	and	the	small	decrement	in	volume	associated	

with	the	end	of	some	sensitive	periods.			Birth	can	occur	at	a	variety	of	times	with	

respect	to	neural	maturation,	and	the	“synaptic	surge”,	an	apparent	morphological	

index	of	the	onset	of	significant	experience,	is	also	decoupled	from	an	exact	point	in	

neural	maturation,	and	may	also	be	decoupled	from	birth.				Most	organizational	

sensory	events	that	have	been	investigated	in	detail,	such	as	the	formation	of	ocular	

dominance	columns,	do	not	begin	at	a	specified	maturational	state	independent	of	

experience,	but	are	initiated	by	the	experience	itself.		Over	a	wide	range,	the	

isocortex	is	as	yet	embarrassingly	free	of	any	gene-,	activity-	or	morphological	

indication	of	cortical-area	specific	sensitive	periods,	in	onset	or	offset.	The	entire	

cortex,	however,	presents	an	organized	processing	device	to	incoming	input,	

privileging	primary	sensory	and	motor	areas,	with	those	embedded	in	a	generally	

hierarchically	arranged	sequence	of	areas.			Perplexingly,	it	is	not	the	relative	onset	

or	any	progressive	change	in	amount	of	activity	that	is	best	associated	with	a	

cortical	area’s	hierarchical	position,	but	perhaps	when	its	uncommitted	synaptic	

elements	are	depleted.		The	following	discussion	of	social	learning	and	the	lesser	

predictability	of	life-history	events	will	give	further	rationale	for	what	might	appear	

a	perplexing	contrast	in	the	lockstep	of	initial	neural	development	compared	with	

the	initiation	of	learning	in	the	world.	

	 Before	turning	to	that	subject,	however,	we	suggest	that	associative	networks,	

and	the	isocortex	have	been	given	unwarranted	prominence	in	understanding	the	

emergence	of	early	behavior.		To	be	sure,	a	great	deal	of	the	initial	representation	of	

the	body	in	the	brain,	such	a	understanding	nearest-neighbor	relationships	in	
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sensory	surfaces,	the	number	of	sensors	on	the	face,	the	size	and	positioning	of	the	

eyes,	the	length	of	the	limbs	and	the	patterns	of	co-activation	of	muscles	are	directly	

dependent	on	associative	learning,	and	are	well	understood	in	that	context.		All	of	

those	features	of	brain-body	organization,	however,	are	notably	free	of	any	

motivational,	or	even	motor	context	in	the	sense	of	directed	movement.		Attending	

to	any	cue,	like	the	preference	to	look	at	simple	contrast	over	blur,	or	for	the	

mother’s	voice,	or	a	face-like	configuration,	or	beginning	the	babbling	and	attention	

to	response	necessary	for	language	intrinsically	involve	a	component	of	motivation,	

and	some	action	by	the	infant,	if	only	an	eye	movement	(Syal	&	Finlay,	2011).	

Circuitry	attached	to	motivation,	movement	and	reward	does	not	lie	in	the	cortex,	

but	in	the	basal	ganglia	and	basal	forebrain	and	are	the	more	likely	place	to	look	for	

the	sources	of	sequential	organization	of	behavior	involving	any	motor	decisions.		

These	regions	are	also	known	to	have	circuitry	reflecting	the	continually	changing	

behavioral	disposition	of	the	animals,	from	suckling,	to	dispersal,	to	attending	to	

new	infants.		These	preferences	can	be	manifest	in	multiple	ways,	from	the	innate	

predispositions	to	approach,	avoid	or	learn	from	certain	stimulus	configurations	

that	we	have	just	described.		However,	these	preferences	may	be	quite	more	

complex,	minimally	containing	the	circuitry	to	adapt	responses	to	contexts	

(.Graybiel,	1998).		They	may	also	change	the	weighting	and	linkage	of	rewards,	for	

example,	the	adolescent	emphasis	on	positive	and	discounting	of	negative	outcomes	

(Cohen	et	al.,	2016),	or	obligatory	linkages,	such	as	the	requirement	of	a	particular	

individual	for	social	reward	in	monogamous	animals	(Young	&	Wang,	2004).			
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3.0	Life	history	 	

3.1.0		Construction	of	individual	brains	versus	life	history	transactions	

	 ”Translating	time”	as	we	have	described	it	is	well	described	by	a	single	goal:	

to	construct	the	brain	in	the	specific	duration	allowed	for	a	mammal,		appropriately	

scaled	for	a	particular	brain	size.		The	events	of	“life	history”,	by	contrast		--	birth,	

weaning,	adolescence,	dispersal,	first	parenthood	and	so	forth	–	are	transactional	

and	social,	defined	by	competing	interests	and	multiple	goals.		These	two	

contrasting	organizational	features	of	maturing	systems	are	not	entirely	disjunct,	of	

course.	We	described	one	tradeoff	in	one	organ	system	against	another	within	brain	

development,	whether	to	allocate	tissue	preferentially	to	olfactory-limbic	structures	

or	to	isocortex.		Conversely,	the	timing	of	life	history	events	will	have	necessary	

constraints	from	neural	and	somatic	maturation.	Overall,	however,	the	timing	of	life	

history	events	such	as	birth	or	weaning	depends	not	only	on	the	maturational	state	

of	the	child,	but	also	the	competing	and	aligning	interests	of	the	child	and	mother	

both,	in	both	in	individual	variation	and	cross-species	contexts	(Royle,	Smiseth,	&	

Kölliker,	2012).			For	another	example,	the	timing	of	dispersal	from	a	home	range	is	

unlikely	to	depend	on	a	single	maturational	alarm	from	nervous	system	of	an	

individual	reaching	a	criterion	age,	but	will	more	likely	also	involve	seasonality,	

competition	for	resources	prior	to	leaving	and	likely	competition	consequent	to	

leaving	(Royle	et	al.,	2012).			In	the	general	context	of	evo-devo,	we	will	present	

some	preliminary	evidence	and	arguments	here	that	brains	have	evolved	in	the	
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context	of	such	contingency	and	variability	and	thus	possess	the	circuitry	that	

demonstrates	the	evolutionary	prevalence	of	such	transactions.	

	

3.2		Human	birth	in	its	primate	and	mammalian	contexts	

We	will	discuss	here	some	general	considerations	involving	the	timing	of	birth,	and	

the	specific	timing	of	human	birth	in	the	context	of	other	primates,	and	mammals	in	

general.			Overall,	a	long	gestation	requires	more	investment	of	resources	from	the	

mother	than	does	a	short	one.	This	investment	involves	not	only	the	transfer	of	

nutrients	to	the	fetus,	but	also	a	lengthening	of	the	interval	to	the	next	conception,	

and	hence	a	decrease	of	maternal	reproductive	rate.	However,	there	are	several	

reasons	why	it	might	be	adaptive	for	a	mother	to	invest	in	a	long	gestation	and	

produce	precocial	offspring;	these	might	include	the	need	to	avoid	predators	and	

the	need	to	move	around	safely	shortly	after	birth,	the	latter	including	the	need	to	

avoid	drowning	in	the	case	of	aquatic	mammals	(Pagel	&	Harvey,	1988).	Because	

brain	mass	is	a	power-law	function	of	developmental	duration	during	the	early	

phases	of	development	that	include	gestation	(Passingham,	1985;	Workman	et	al.,	

2013)),	gestation	length	is	also	tightly	coupled	to	degree	of	brain	maturation.	This	

means	that	for	species	of	equal	brain	size,	the	later	born	species	will	necessarily	be	

neurologically	more	mature	at	birth.	

	 Humans	are	usually	viewed	as	an	altricial	species	among	the	great	apes,	often	

with	reference	to	the	large	proportion	of	brain	growth	that	occurs	after	birth.		This	is	

frequently	interpreted	as	a	prolongation	of	a	fetal	rate	of	development	far	beyond	

birth	(Coqueugniot,	Hublin,	Veillon,	Houët,	&	Jacob,	2004),	but	this	interpretation	is	
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based	on	the	erroneous	assumption	that	birth	occurs	at	the	same	stage	in	fetal	

development	across	different	species,	and	any	changes	that	are	observed	in	

development	after	birth	are	the	result	of	evolutionary	modifications	of	the	

development	schedule	itself.			The	same	assumption	governs	statements	about	

behavioral	development	such	as,	“it	takes	the	human	newborn	a	year	to	reach	the	

stage	of	motor	development	equivalent	to	that	of	a	newborn	great	ape”	((Smith	&	

Tompkins,	1995),	p.	269).	However,	such	manifestations	of	“secondary	altriciality”	

do	not	necessarily	reflect	an	evolutionary	reshaping	of	the	developmental	schedule;	

it	could	simply	be	that	the	position	of	birth	is	being	moved	to	an	earlier	time	with	

respect	to	a	developmental	schedule	that	is	conserved	across	species,	and	

elongation	of	human	development	that	is	“allometrically	expected”.	With	regard	to	

development	of	the	nervous	system,	our	analysis	shows	that	this	is	likely	to	be	the	

case.		Humans	are	born	in	a	neurologically	more	altricial	state	than	other	apes,	but	

this	does	not	mean	that	humans	are	an	evolutionary	anomaly;	to	the	contrary:	

human	altriciality	is	well	within	general	mammalian	norms.	

	 The	classic	explanation	for	human	altriciality	has	been	the	“obstetrical	

dilemma”:	In	this	scenario,	the	transition	to	bipedal	locomotion	in	human	evolution	

led	to	a	narrowing	of	the	skeletal	structure	of	the	birth	canal,	conflicting	with	

selection	pressure	toward	larger	brains	that	make	passage	through	the	birth	canal	

more	difficult,	and	thus	necessitating	early	birth	so	that	a	substantial	portion	of	

cranial	expansion	could	take	place	outside	of	the	womb	(Schultz,	1949;	Rosenberg	&	

Trevathan,	1995)).	Another,	more	recent	explanation	is	that	it	may	be	maternal	

metabolic	constraints	rather	than	cephalopelvic	proportion	that	determines	the	
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timing	of	birth	in	humans	(Dunsworth,	Warrener,	Deacon,	Ellison,	&	Pontzer,	2012).			

In	either	interpretation,	both	reinforce	the	idea	that	birth	timing	is	a	negotiation	

between	the	requirements	of	the	fetus	and	the	mother,	not	linked	to	a	precise	

degree	of	neural	development.			Evolution	can	then	act	as	a	filter,	with	surviving	

individuals	possessing	overall	organizational	properties	robust	to	commonly	

occurring	variation.			The	comparative	record	shows	that	variation	in	the	timing	of	

birth	with	respect	to	neural	maturation	is	very	broad,	both	in	widely	separated	

taxonomic	groups,	but	also	in	relatively	closely	related	species,	like	current	

chimpanzees	and	humans.		Therefore,	we	may	ask,	what	features	of	developmental	

patterns	for	neural	maturation	versus	environmental	learning	will	be	most	robust	to	

this	challenge?	

	

3.3		Human	weaning	in	its	primate	and	mammalian	contexts	

The	transition	from	suckling	to	independent	feeding	constitutes	a	major	shift	in	the	

behavioral	and	cognitive	capacities	required	for	survival	(Lee,	1996).	Knowing	the	

stage	of	brain	maturity	at	which	weaning	takes	place	is	therefore	of	clear	benefit	for	

understanding	the	relationship	between	development	of	the	nervous	system	and	life	

history	adaptations.	And	by	situating	weaning	in	a	developmental	plan	that	is	

normalized	across	species,	we	can	make	principled	comparisons	between	species	or	

taxa.	

	 Our	analysis	shows	that	weaning,	like	birth,	is	an	event	that	is	variable	and	

uncoupled	from	the	highly	coordinated	schedule	of	brain	development	[Figure	10].	

An	animal	that	can	no	longer	depend	on	its	mother	for	energetic	input	must	be	able	
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to	supplement	its	diet	with	other	sources	of	nutrition,	and	this	requires	a	degree	of	

cognitive	and	behavioral	competence	that	allows	for	the	independent	acquisition	

and	ingestion	of	foods.	And	because	many	of	these	forms	of	competence,	particularly	

the	early-developing	ones,	will	be	synchronized	with	brain	development,	any	

variability	in	the	timing	of	weaning	for	a	species	is	likely	to	be	associated	with	the	

duration	of	developmental	time	over	which	a	young	individual	of	that	species	is	able	

to	get	support	from	its	social	group.	

	 In	a	cross-cultural	survey	of	weaning	practices,	the	median	age	of	weaning	

across	133	nonindustrial	societies	was	reported	to	be	29	months	post-birth,	with	a	

standard	deviation	of	10	months	(Sellen,	2001).			In	traditional	societies,	earlier	

weaning	is	associated	with	shorter	interbirth	intervals.	Early	weaning	should	be	

conducive	to	higher	reproductive	output,	all	other	things	being	held	equal.	As	an	

illustration	of	how	late	weaning	can	be	when	initiated	by	the	child,	it	has	been	

reported	in	a	large	sample	of	US	mothers	that	the	average	age	of	child-led	weaning	

is	4.4	years,	or	53	months	(Dettwyler,	2004),	which	is	much	later	than	the	

nonindustrial	average	noted	above,	and	significantly	later	than	the	median	weaning	

age	for	US	mothers,	which	is	around	7	months	(CDC).	

	 	If	we	compare	any	of	these	measures,	even	the	latest	reported,	to	reported	

weaning	ages	for	other	apes,	such	as	the	Western	Gorilla	at	around	3	years	and	the	

Chimpanzee	at	4	to	5	years,	we	see	that	weaning	is	earlier	in	humans,	as	has	been	

emphasized	by	many	researchers	studying	human	life	history	evolution	(Kennedy,	

2005;	Promislow,	1991;	Reichard	&	Barelli,	2008).	But	this	observation	is	based	on	

absolute	duration.	If	we	examine	allometric	predictions	for	these	species	compared	
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to	brain	maturation,	we	see	that	humans	are	weaned	even	earlier	than	the	linear	

projection	would	suggest.		So,	humans	are	in	fact	weaned	significantly	earlier	than	

other	primates,	but	contrary	to	any	views	that	humans	constitute	an	evolutionary	

anomaly,	but	the	human	is	well	within	general	mammalian	variability	(Figure	3,	

Figure	10)	
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Figure	10	
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3.4		The	serial	litter	and	the	social	world	
	
	 One	popular	anthropological	writer	went	so	far	gone	so	far	as	to	characterize	

human	reproduction,	compared	to	other	primates,	as	a	“serial	litter”	(Morris,	2012).		

Having	one	offspring	maturing	at	a	time,	with	the	long	duration	of	development	that	

a	big	brain	seems	to	absolutely	require,	as	we	discussed	in	the	earlier	sections,	with	

an	8-9	year	interbirth	interval	is	a	low-output	reproductive	strategy	that	seems	

risky	at	best.		So,	humans	have	made	two	alterations	in	reproduction	associated	

with	the	“serial	litter”	strategy,	not	only	the	early	weaning	observed	by	

anthropologists,	but	also	the	relatively	shortened	gestation	with	respect	to	neural	

maturation	we	describe.		Both	of	these	are	methods	of	reducing	unique	maternal	

investment	to	tractable	levels,	depending	on	either	biparental	care,	or	other	

alloparenting	in	the	early	postnatal	period	and	progressively	more	as	childhood	

progresses	(Hrdy,	2011).	

	 In	contrast	to	this	essentially	economic	rationale,	an	alternate	interpretation	

of	relatively	early	birth,	with	extra	brain	growth	postnatally	as	an	obligatory	result,	

combined	with	an	(allometrically	expected)	long	duration	of	development,	is	that	

extended	development	is	critical	for	central	features	of	human	society,	with	

language	learning	as	the	hallmark	feature	(Bjorklund,	1997;	Locke	&	Bogin,	2006).		

While	it	is	possible	this	is	the	case,	several	arguments	can	be	martialled	any	such	

single-factor	causal	scenario.		Language	experience	and	be	quite	variable:	cross-

culturally,	while	infant-directed	speech	has	several	hallmark	similarities	(Broesch	&	

Bryant,	2015),	aspects	like	the	total	amount	of	speech	can	be	widely	variable	

(Bornstein	et	al.,	2015),	and	the	rate	of	acquisition	of	markers	of	language	maturity	
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can	vary	widely	by	socio-economic	status	(Fernald,	Marchman,	&	Weisleder,	2013).	

Finally,	large	brains	and	long	development	are	indissociable	(Charvet	and	Finlay,	

2012),	and	language	is	a	necessary	outcome	of	neither.	

	 One	of	the	most	profound	differences	in	human	development,	however,	we	

suggest,	is	related	to	early	weaning.		What	this	produces	is	a	long	period	of	

development,	with	the	brain	positioned	during	the	entire	time	for	maximum	

learning,	from	early	childhood	to	adolescence,	where	the	infant	and	child	is	not	

being	solely	provisioned	by	the	mother,	but	most	typically	by	a	larger	group,	from	

the	minimal	“nuclear	family”	to	much	more	extended	related	and	non-related	

groups.		Humans	have	in	extended	childhood	where	language,	custom	and	allegiance	

are	being	defined	by	an	extended	social	group,	not	by	the	immediate	parents.		This	

allegiance	to	a	peer	group	is	often	made	over	the	complaints	of	the	parents	(Locke	&	

Bogin,	2006).			So	it	may	be	that	an	essentially	economic	decision,	to	limit	maternal	

investment	to	a	viable	amount,	may	be	one	foundation	of	our	extensive	and	very	

unusual	sociality.	

	 This	economic	decision	thrusts	the	human	child,	unlike	other	primates,	in	the	

early	parts	of	its	“sensitive	period”	of	development	of	any	number	of	sensory,	

cognitive,	motor	and	social	abilities	out	of	the	small	society	of	mother	and	child,	and	

into	the	village	of	age	peers,	other	relatives,	and	any	number	of	unrelated	others.	

While	much	evidence	suggests	relatively	greater	attunement	of	the	human	child	for	

social	interaction,	imitation	and	cooperation	(Bullinger,	Zimmerman,	Kaminsky	and	

Tomasello,	2011;	Haun,	Rekers	and	Tomasello,	2014;	Tomasello,	1999),	it	is	not	only	

the	motivations	and	preferences	of	the	child	that	differ	from	its	primate	ancestors.		
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Possessed	of	an	exceptionally	large	brain	constructed	in	a	primate-typical	schedule,	

with	an	allometrically-predictable	extended	period	of	maturation	filtered	by	

evolution	to	be	permissive	of	variability,	the	human	child	exercises	those	

motivations	and	preferences	in	social	environments	more	variable	in	every	respect	

than	those	of	any	immediate	primate	relative.	The	developmental	niche	we	inhabit	

is	a	curious	mixture	of	a	conserved	neurodevelopmental	schedule	and	a	specially-

adapted	life	history.	
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List	of	relevant	web	pages:	

	

www.translatingtime.net	
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