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“Wallace’s	Problem”	
(1869)

Charles	Darwin

Alfred	Russel Wallace



Source: Mampe, Friederici, Christophe & Wermke, Current Biology, 2009
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Source:	Pfenning et	al.	Science,	12	Dec.	2014
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INTRODUCTION: Vocal learning, the abil-

ity to imitate sounds, is a trait that has 

undergone convergent evolution in several 

lineages of birds and mammals, includin g 

song-learning birds and humans. This be-

havior requires cortical and striatal vocal 

brain regions, which form unique connec-

tions in vocal-learning species. These re-

gions have been found to have specialized 

gene expression within some species, but 

the patterns of specialization across vocal-

learning bird and mammal species have not 

been systematically explored.

RATIONALE: The sequencing of genomes 

representing all major vocal-learning and 

vocal-nonlearning avian lineages has al-

lowed us to develop the genomic tools to 

Convergent transcriptional 

specializations in the brains of 

humans and song-learning birds
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RESEARCH ARTICLE SUMMARY

Identifying molecular brain similarities across species. Brain region gene expression specializations 

were hierarchically organized into specialization trees of each species (blue lines), including for circuits that 

control learned vocalizations (highlighted green, purple, and orange regions). A set of comparative genomic 

algorithms found the most similarly specialized regions between songbird and human (orange lines), some 

of which are convergently evolved. 

measure anatomical gene expression across 

species. Here, we asked whether behavioral 

and anatomical convergence is associated 

with gene expression convergence in the 

brains of vocal-learning birds and humans.

RESULTS: We developed a computational 

approach that discovers homologous and 

convergent specialized anatomical gene ex-

pression profiles. This includes generating 

hierarchically organized gene expression 

specialization trees for each species and a 

dynamic programming algorithm that finds 

the optimal alignment between species brain 

trees. We applied this approach to brain re-

gion gene expression databases of thousands 

of samples and genes that we and others 

generated from multiple species, including 

humans and song-learning birds (songbird, 

parrot, and hummingbird) as well as vocal-

nonlearning nonhuman primates (macaque) 

and birds (dove and quail). Our results con-

firmed the recently revised understanding of 

the relationships between avian and mam-

malian brains. We further found that song-

bird Area X, a striatal region necessary for 

vocal learning, was most similar to a part 

of the human striatum 

activated during speech 

production. The RA 

(robust nucleus of the 

arcopallium) analog 

of song-learning birds, 

necessary for song pro-

duction, was most similar to laryngeal motor 

cortex regions in humans that control speech 

production. More than 50 genes contributed 

to their convergent specialization and were 

enriched in motor control and neural con-

nectivity functions. These patterns were not 

found in vocal nonlearners, but songbird RA 

was similar to layer 5 of primate motor cortex 

for another set of genes, supporting previous 

hypotheses about the similarity of these cell 

types between bird and mammal brains.

CONCLUSION: Our approach can accu-

rately and quantitatively identify function-

ally and molecularly analogous brain regions 

between species separated by as much as 

310 million years from a common ancestor. 

We were able to identify analogous brain 

regions for song and speech between birds 

and humans, and broader homologous brain 

regions in which these specialized song and 

speech regions are located, for 

tens to hundreds of genes. These 

genes now serve as candidates 

involved in developing and 

maintaining the unique con-

nectivity and functional prop-

erties of vocal-learning brain 

circuits shared across species. 

The finding that convergent 

neural circuits for vocal learning 

are accompanied by convergent 

molecular changes of multiple 

genes in species separated by 

millions of years from a com-

mon ancestor indicates that 

brain circuits for complex traits 

may have limited ways in which 

they could have evolved from 

that ancestor. � 
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Source:	Pfenning et	al.	Science,	12	Dec.	2014

WHAT?
Common gene	toolkit	for	vocal	

learning	/	production



WHO?



WHO?

give	orange	me	give	eat	orange	me	eat	orange	give	me	eat	orange	give	me	you	





Original	Sin?



WHO?

“the	apple	is	in	the	drawer	next	to	the	knife”



≈	250-200	kya	 Anatomically
Modern	humans

Last	 Anatomically Modern Humans Out	of	Africa	60	kya

80-90	kya	Blombos	carving
earliest	unambiguous symbolic

950	kya	split

H.	Heidelbergensis	?

Denisovans
Neandertals

Neandertal-Denisovan split
500	kya

WHEN?
WHERE?

1	mya H.	erectus





WHERE	&	WHEN?

Blombos Cave	artefact,	90-80,000	years	ago



Slide	courtesy	Ian	Tattersall



Slide	courtesy	Ian	Tattersall

Mammoth	ivory	horse	from	Vogelherd cave,	32,000	years	ago



Source:	Bart	Simpson’s	personal	medical	record	file	HIPAA	approved

HOW?



Origin of Symbolic Cognition 100

be surprised that we share a lot of our makeup with other 
creatures, and particularly with our closest relatives.  One 
of the great behavioral revelations of recent years has been 
that we share with apes certain aspects of what we recognize 
as “culture,” in the sense that some great ape populations 
also show local behavioral traditions that are passed through 
the generations by learning – in one case at least, apparently 
over millennia (Mercader et al., 2007).  In a wider sense, 
however, the vastly varying cultures of modern humans are 
qualitatively different from anything we see amongst the 
great apes, principally because much of what makes human 
cultures unique lies in the abstract belief systems on which 
they are based, rather than on simple direct imitation.  And 
on another cognitive level, what is truly different about hu-
man beings is that, based on our symbolic abilities, we have 
a generalized and apparently inexhaustible capacity for gen-
erating new behaviors when presented with new stimuli.  

 Certainly it is our symbolic cognition, rather than any of 
our many physical peculiarities, that gives us our very strong 
sense of apartness from the rest of Nature.  Despite our very 
many cognitive as well as physical similarities to our closest 
living relatives, we do indeed appear to be most strikingly 
separated from the latter by a profound if narrow cognitive 
gulf.  Yet at the same time there is equally no doubt that our 
species Homo sapiens is descended from an ancestor that 

lacked our unique cognitive mode.  In other words, at some 
point a human precursor somehow managed the transition 
from one cognitive state to the other.  How might this gulf 
have been spanned?  Was this bridging achieved, as many 
authors in fields from neurobiology to archaeology (e.g. 
Deacon, 1997; Pinker, 1997; McBrearty and Brooks, 2000) 
appear to believe, via an insensible gradation of improve-
ments over the eons through slow, steady honing by natural 
selection?  If we did emerge in this way, we might be justi-
fied in concluding with the evolutionary psychologists that 
we Homo sapiens have been fine-tuned by Nature for those 
behaviors that are universal to members of our species.  Al-
ternatively, though, did we acquire our cognitive uniqueness 
in a shorter-term event, as the sheer qualitative nature of the 
difference between us and even our closest relatives might 
indicate?  And if the latter, just when might this event have 
occurred?  Given their profoundly different implications, 
these two basic alternatives clearly warrant investigation.

 The most direct potential approaches to such investiga-
tion lie in the examination of the fossil and archaeological 
archives of the human past.  Sadly, though, cognition in it-
self leaves no imprint in the tangible record.  As a result, in 
trying to understand the evolution of our unusual cognitive 
mode we have to seek proxy systems.  One obvious proxy 
for increasing cognitive and behavioral complexity that we 

Figure 1.   A crude plot of average hominid brain sizes against time.  Although, following an intial flatlining, this plot ap-
pears to indicate a consistent enlargement of the hominid brain over the last two million years, it is important to bear in 
mind that these brain volumes are averaged across an unknown number of different lineages within the genus Homo, and 
that it is likely that what the plot reflects is the preferential success over this period of larger-brained hominid species, rather 
than steady increase within a single lineage.   Illustration by Gisselle Garcia.

HOW?
Deep(er)	nets….?

Prefrontal	cortex
180	million	neurons

Prefrontal	cortex
1.3	billion	neurons
Total	86	billion

Suzana Herculano-Houzel,	2016:	brain	“fractionater”



HOW?

complex hierarchical structures in natural languages
(Figure 3c) [36–38]. In an elegant study by Moro and collea-
gues [39], German native speakers successfully learned
either ‘real’ or ‘unreal’ grammatical rules of different lan-
guages (Italian or Japanese). In the ‘unreal’ versions of the
unfamiliar language, the same lexicon was used as in the
‘real’ versions, but the sentences violated the rules of univer-
sal grammar. For instance, in a ‘real’ sentence, a literal
translation of ‘I eat the pear’ from Italian is ‘Eat the pear’.
An example of an ‘unreal’ negating sentence is one where the
negative particle is placed after the third word, which does
not happen in any natural language. Such an Italian negat-
ing sentence in English is ‘Paolo eats the no pear’. Using
fMRI, the authors found that increased activation over time
in Broca’s area during the learning task was specific for ‘real’
language that observed the principles of universal grammar,
independent of the language used. These findings again
suggest a role for Broca’s area in the processing of syntax.
Importantly, the participants were able to learn the ‘unreal’
grammatical rules, as well as the ‘real’ ones, but, apparently,
other brain regions were activated in the process, apart from
Broca’s area, which suggested that language can be neurally
dissociated from other cognitive capacities.

Natural sentence processing, in contrast to artificial
grammar processing, involves the posterior superior

temporal cortex (STC) in addition to BA 44 as part of
Broca’s area, to which it is connected via the arcuate
fascicle (AF) and parts of the superior longitudinal fascicle
(SLF) (Figure 2).

The finding that the processing of natural syntactically
complex sentences involves the posterior STC in addition
to Broca’s area, in particular BA 44 [40,41], whereas the
processing of artificial grammar sequences only involves
Broca’s area [28], suggests that within this network BA 44
supports complex structure-building, whereas the integra-
tion of syntactic information and semantic information to
achieve sentence interpretation is subserved by the poste-
rior STC. This dorsal connection between BA 44 and the
STC supports the processing of syntactically complex sen-
tences [42,43]. Evidence for the relevance of the dorsal
connection between BA 44 and the posterior STC for the
interpretation of syntactically complex sentences comes
from studies showing that, if this fiber tract is not fully
matured [42] or not intact [43], processing such sentences
is deficient.

In humans, there is an additional dorsal pathway that
connects the auditory sensory regions in the STC with the
premotor cortex (PMC) in the precentral gyrus [44–46]. In
contrast to the other dorsal pathway, this second neural
circuit is present in the infant brain at birth and remains

BA 44, pars opercularis

BA 45, pars triangularis
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(ventral)

44
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21
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Superior temporal gyrus (STG)
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TRENDS in Cognitive Sciences 

Figure 2. Language-related regions and fiber connections in the human brain. Displayed is the left hemisphere. Abbreviations: PMC, premotor cortex; STC, superior
temporal cortex; p, posterior. Numbers indicate cytoarchitectonially defined Brodmann areas (BA). There are two dorsal pathways: one connecting pSTC to PMC (dark red)
and one connecting pSTC to BA 44 (blue). Moreover, ventral pathways connecting BA 45 and the ventral inferior frontal cortex (vIFC) to the temporal cortex (TC) have also
been discussed as language-relevant.
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(a) (AB)n Sequence (b)  AnBn Sequence 

He ate the apples

A     A     A               B    B    B 

NP

V NP
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S

TRENDS in Cognitive Sciences 

Natural language(c)  

Figure 3. Artificial strings and natural grammars. (a) Strings of the format (AB)n, in which each A-category item is followed by a B-category item. (b) Consecutive sequences
of equal numbers of A-category items followed by B-category items can be recognized without necessarily building hierarchical structure, by simply verifying that the
number of A-category members to the left match the number of B-category members to the right. Such sequences can also be learnt by songbirds (Box 1). (c) By contrast,
natural language structures are always hierarchical and must be processed as such.

Review Trends in Cognitive Sciences February 2013, Vol. 17, No. 2

94

Berwick	et	al.,	2013

word-like
atomic	elements

Merge



HOW?

Source:	Perani,	Saccuman,	Scifo,	Anwander,	Spada,	Baldoli,	Poloniato,	Lohmann &	Friederici,	Proc Nat	Acad Sci USA,	2011	

newborns

adults



Macaque	brain,	white	fiber	tracts,	Frey	et	al.,	Brain	and	Language,	2014	

HOW?

=Merge

Merge



WHY?
The	Tree	M’s

Merge	=	Mental	Models	for	stories

Universal	“cross-bar”	inter-lingua	for	all	other	abilities



Source:	Chomsky,	Hauser,	Fitch,	2002.	Science

WHY?
Merge	⇒Mathematics



WHY?
Merge	⇒Music

Prolongational reduction of opening of Mozart's piano sonata K. 331, 
from Pesetsky, 2007 �Music Syntax  IS Language Syntax”



A	Mystery	Story:	The	Answers
WHAT?		Merge
WHO?	Only	us:	Anatomically	modern	humans
WHEN?	200,000-100,000	yrs ago
WHERE?		Southern	Africa
HOW?	Relatively rapid,	small	Δ in	neural	
plasticity	&	targeted	growth	
WHY?	 The	3	M’s:	internal	“mental	models”
for	stories;	math;	music


