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Abstract

Understanding how humans differ from other animals, as well as how we are like them, requires
comparative investigations. For the purpose of documenting the distinctive features of humans, the
most informative research involves comparing humans to our closest relatives—the chimpanzees
and other great apes. Psychology and anthropology have maintained a tradition of empirical
comparative research on human specializations of cognition. The neurosciences, by contrast, have
been dominated by the model-animal research paradigm, which presupposes the commonality of
"basic" features of brain organization across species and discourages serious treatment of species
differences. As a result, the neurosciences have made little progress in understanding human brain
specializations. Recent developments in neuroimaging, genomics, and other non-invasive
techniques make it possible to directly compare humans and nonhuman species at levels of
organization that were previously inaccessible, offering the hope of gaining a better understanding
of the species-specific features of the human brain. This hope will be dashed, however, if

chimpanzees and other great ape species become unavailable for even non-invasive research.

Introduction

What a pleasure it is to read Karl Pribram's 1970 James
Arthur Lecture on human specializations of the brain and
cognition [1]. It takes us back to a time of bold scientific
conjectures about human nature, an era that saw the pub-
lication of Konrad Lorenz's On Aggression (1966; first Ger-
man edition, 1963) [2], B.F. Skinner's Beyond Freedom and
Dignity (1971) [3], and E.O. Wilson's Sociobiology (1975)
[4], to take a few examples, all books that intrigued me
(and sometimes infuriated me) as a student. Pribram dis-
plays an impressively broad knowledge of psychology and
neuroscience, achieving a synthesis that few scientists at
the time would have been capable of and that even fewer
scientists could credibly attempt today. The work is also
impressive because the author is reasonably specific about

what he considers to be the distinctive characteristics of
human beings. In the realm of cognition, he emphasizes
meaning, and in particular the ability of humans to con-
struct propositions. He doesn't quite claim that language
is a signature specialization of human cognition, but this
is implicit in his argument. He considers, for example,
that chimpanzees can use signs, but is not impressed with
their syntactic capacity. In the realm of neuroscience, Pri-
bram is less specific, but he does suggest that the distinc-
tiveness of the human brain involves not the organization
of cortico-cortical connections, as one might suppose, but
rather the organization of cortical connections with sub-
cortical motor structures, consistent with his view that
meaning is grounded in intention and action.
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How do Pribram's conjectures hold up in the light of
modern research? It must be acknowledged that Pribram's
lecture did not spark a new set of investigations into
human cognitive or neurological specializations. In the
1970s, comparative human-ape research was dominated
by the ape-language project, which involved teaching apes
(mainly chimpanzees) to communicate using systems of
manual gesture, such as American Sign Language, or with
physical tokens. Popular culture today takes it as given
that apes share with humans the capacity for language.
Students of language, however, have for the most part
drawn the opposite lesson from the ape-language project,
concluding that apes demonstrate little productive lan-
guage capacity, even after intensive training, and that lan-
guage is a human specialization (e.g., [5-12]). Recent
years have brought new ideas about human cognitive spe-
cializations. For example, Povinelli [13-15] has proposed
that unlike humans, chimpanzees do not form explicit
representations of abstract, unobservable variables, such
as mental states (in the case of behavioral causation) or
mass force (in the case of physical interactions). These
proposals have prompted much debate in the compara-
tive cognition community, along with new experiments
(to get the flavor of the debate, see Tomasello et al. [16]
and accompanying commentaries). It is noteworthy that
Povinelli's "reinterpretation” hypothesis [14,17,18],
which holds that humans create new causal interpreta-
tions of ancient behaviors, recalls Pribram's claim that
humans create and represent meaning through proposi-
tions. Additionally, anthropologists have revived the clas-
sical idea that culture is a human adaptation, and have
begun to characterize cognitive specializations involved
in the acquisition and transmission of cultural knowledge
(e.g., [19-21]).

What are the evolutionary specializations of the
human brain?

While a thin but vital thread of research on human cogni-
tive specializations runs through psychology and anthro-
pology from the 1970s to the present, in the
neurosciences the thread has been drawn so fine as to be
nearly invisible. Consider Pribram's list of human brain
specializations: brain enlargement, hemispheric domi-
nance and specialization, and "somewhat more general-
ized" cytoarchitecture. Of these, brain enlargement
(encephalization) remains well accepted, although the
nature of this enlargement-was there a general enlarge-
ment or a more specific enlargement of association cor-
tex?-is controversial [22-26]. Whether humans show
greater hemispheric specialization than do apes and other
nonhuman primates is also controversial: there is some
evidence that our closest relatives, the chimpanzees and
other apes, possess homologues of Wernicke's and Broca's
areas, and that these are lateralized in ways that are at least
qualitatively similar to humans [27-30]. There are, how-
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ever, those who maintain that humans show extreme
hemispheric asymmetry and functional laterality, and that
these are among the defining features of humans [31-33].

A few human specializations have been identified at finer
levels of structural organization. For example, the histo-
logical organization of human primary visual cortex dis-
plays some striking differences with apes and monkeys
[34]. Humans have several populations of morphologi-
cally and biochemically distinctive pyramidal cells in
anterior cortex [35-37]. The spacing and cell density of
minicolumns differ in Wernicke's area of the left and right
hemispheres in humans, but not in chimpanzees or mon-
keys [38]. With the extension of functional imaging tech-
niques to nonhuman primates has come evidence that the
functions of homologous visual areas differ to some
extent between humans and macaque monkeys (the ani-
mals most commonly used as models of the human visual
system), and also raise the possibility that humans have
several higher-order visual areas not present in monkeys
[39-41]. Unfortunately, there have not yet been functional
imaging studies of ape visual cortex, so it is not possible
to say whether these differences represent true human spe-
cializations or specializations of the larger group (the
Hominoidea) to which both humans and apes belong;
the possibility that differences represent specializations of
macaques also needs to be considered. One can point to
additional differences between humans and various
"model" species, such as human-macaque or human-
mouse differences-some of them quite remarkable [42]-
but as interesting and important as these differences
undoubtedly are, we cannot safely conclude that these are
human specializations without studies that directly com-
pare humans to apes, as well as to other species.

What slim pickings! It seems extraordinary that neuro-
science has so little to offer on a matter so fundamental as
what is it about our brains that makes us human. No less
disturbing is the understanding that if we don't have the
information to say much about how our brains differ from
those of other animals, we probably know less than we
suppose about how humans resemble other animals, also.

Why do we know so little about human brain
specializations?

How is it that after more than 125 years of experimental
neuroscience we know so little about how the human
brain differs from that of other species? Consider the kind
of research required to understand the place of humans
among animals: one would need studies that examine
human brain structure and function in detail, and that
compare humans to other species using comparable tech-
niques. The most informative comparisons, if one's goal is
to understand human specializations, are with the great
apes, and especially with chimpanzees (Pan troglodytes)
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and bonobos ("pygmy" chimpanzees; Pan paniscus), as
these are the animals most closely related to us. If one's
main goal is to understand what humans share with other
animals, comparative studies would still be essential,
although in this case one would need to study a broad
range of species, of varying degrees of relationship to
humans.

We do not have these kinds of studies. The obvious reason
for this is it has been difficult to study the human brain
directly in much detail. Historically, the most valuable
investigative techniques in the neurosciences have
required invasive and terminal techniques, or other
manipulations (such as genetic manipulations) that we
regard as unethical in humans. So, for the most part, neu-
roscientists study not real humans but surrogate humans,
nonhuman species that we believe are similar enough to
humans to be informative about the human condition,
but not so similar as to be ethically problematic (or at
least not prohibitively so). This approach-the model-ani-
mal paradigm-has been widely employed in the experi-
mental biomedical sciences, particularly, in preference to
the broader, comparative approach that has flourished in
some other biological disciplines.

The adoption of the model-animal paradigm brought
about important changes in the way scientists understand
the role of animals in research [43-46]. In the early part of
the 20th century, before the establishment of currently
favored model-animal species such as rats, mice, and rhe-
sus monkeys, experimental biologists sought to identify
features of biological organization that are shared by a
wide variety of species. To identify these features, it was
felt necessary to actually compare a wide variety of species.
Attitudes changed as the favored model animals became
entrenched as research resources: increasingly it was
assumed that the experimentally identified characteristics
of these species have broad generality and the imperative
to empirically demonstrate generality faded. As historians
of science have observed, the establishment of breeding
colonies of rodents transformed these animals from sub-
jects of research into something more like standardized
chemical reagents [43,44,47]. From this perspective,
cross-species variation in biological organization is a
problem, a potential threat to the standing of one's partic-
ular model animal within the larger research community.
Species differences, if they are acknowledged at all, tend to
be soft-peddled and relegated to the status of noise: it's the
commonalities that matter. In this context, the word
"basic" has come to mean "common" or "widely shared."
As a result, "basic" keeps close company with "same," so
that one often hears the expression "the same basic X,"
where X can be structure, function, organization, or any
other attribute of organisms.
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This analysis does not imply that the use of nonhuman
species as research models of human biological systems or
specific diseases is misguided; after all, humans do share
many features in common with other animals. What is
problematic is the mindset fostered by the model-animal
paradigm: viewing the biological world primarily through
this lens has serious and negative consequences for the
scientific enterprise. For one thing, because the model-
animal paradigm discourages systematic, rigorous treat-
ment of the similarities and differences across species, we
remain in the position of assuming generality, rather than
demonstrating it empirically. This is a particular problem
for the neurosciences-mammalian cerebral cortex, for
example, has proven to be far more variable across species
than believed a decade or two ago, fundamentally com-
promising the idea that there is a "basic uniformity" of
cortical design [48-51]. In addition, by failing to take dif-
ferences seriously, we have largely ignored the correlated
variations between biological organization and function
produced by evolution, and in so doing have ignored a
very rich source of information about structure-function
relationships (for examples of how such variations can be
exploited, see [52,53]). Finally, the model-animal para-
digm has little room for human specializations, for if we
consider to be "basic" only those characteristics of biolog-
ical organization that are shared among species, then the
features that distinguish human brains from those of
other species don't count as "basic." These would include
some of the most interesting and important things we
would like to know about human beings, such as what
features of our brains support our distinctive cognitive
capacities and what features render humans (alone
among primates) vulnerable to Alzheimer's disease
[54,55].

Making room for humans: the critical need for
human-chimpanzee comparisons

We can begin to redress some of the deficiencies in our sci-
entific knowledge stemming from the primacy of the
model-animal paradigm, with its very indirect approach
to understanding human nature, by investing more in
comparative studies. The time is especially propitious for
studies that address human specializations through direct
comparisons of humans and closely related species,
because new techniques are available that make it possi-
ble to directly study the human brain in great detail, and
in ethically acceptable ways, and we can apply these same
techniques to the study of our closest relatives.

As the spatial resolution of neuroimaging techniques has
improved, it has become practical to use them to compare
the structure and function of human brains to those of
other primates. While comparisons with macaque mon-
keys—the favored model nonhuman primates-have been
emphasized [56-59], these approaches can be applied to
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the study of chimpanzees and other ape species as well
[60,61], opening the door to new explorations of human-
specific brain organization. In addition, histological stud-
ies of humans, using tissue obtained postmortem, have
undergone something of a rebirth, driven in part by the
need to provide a better understanding of the regional
organization of human cortex for the correct interpreta-
tion of functional imaging results than can be obtained
from the hundred-year-old cortical map of Brodmann
[62]. It is clear that one can obtain reliable and informa-
tive results with postmortem tissue derived not only from
humans, as well as from apes and other nonhuman pri-
mates (e.g., [34-36,63,64]).

The growth of knowledge about the genomic organization
of humans and nonhuman primates, including chimpan-
zees, creates additional opportunities for understanding
human-specific brain organization. A number of studies
have identified gene-expression or gene-sequence differ-
ences between humans, chimpanzees, and other nonhu-
man primates (reviewed in [65-67]). Large-scale genomic
changes in human evolution have also been documented,
involving duplications and rearrangements of DNA,
which in some cases have even resulted in the creation of
novel, human-specific genes (e.g., [68-70]).

Comparative genomics research on human-ape differ-
ences has generated enormous interest in the popular
media, which is not surprising given the strong interest of
the public in understanding what makes us human. One
important point that is not widely appreciated, however,
is that the identification of genetic differences that distin-
guish humans from other animals is ultimately of little
value if we cannot connect the genetic differences to phe-
notypic differences [71,72]. At the present time, the
wealth of information about human-chimpanzee genetic
differences stands in stark contrast to the poverty of our
understanding of human-chimpanzee differences in brain
organization. My colleagues and I have suggested that we
can use the information from comparative genetic studies
as clues to identify previously unknown phenotypic spe-
cializations of the human brain, for example, by follow-
ing the trail from genes to mRNA and protein expression
in tissue [66,73]. While we have focused on comparative
histological studies, genomics-driven "phenotype discov-
ery" could employ any of the growing array of non-inva-
sive, non-terminal techniques (biochemical, proteomic,
imaging, behavioral) we have for comparing humans to
other animals.

Will there be chimpanzees to study?

The advent of technologies like genomics and neuroimag-
ing gives me hope that neuroscience can adopt a more
direct approach to the study of human nature and once
again deal with fundamental questions of the kind
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addressed in Karl Pribram's lecture. My optimism is tem-
pered, however, by the knowledge that we might soon
lose a resource vital for this pursuit. Understanding what
makes our brain distinctively human requires comparing
humans to chimpanzees, our closest relatives. In a world
where the value of animals in research is measured mainly
in terms of their utility as "models," chimpanzees don't fit
in very well, as they are more expensive and difficult to
maintain than, say, rodents, and as with humans, their use
in invasive research is restricted. So, despite the obvious
value of comparative studies of chimpanzees and humans
for understanding the human brain (including its distinc-
tive vulnerability to neurodegenerative disease), and
despite the availability of powerful new techniques for
comparing human and chimpanzee brains, it may soon
become impossible to pursue this essential research. In
1997, faced with a larger population of captive chimpan-
zees than could reasonably be supported, NIH imposed a
moratorium on breeding chimpanzees. Consequently, the
population is not being replaced as animals die of old age
and the number of chimpanzees available for the kind of
non-invasive research described above-the kind of
research we conduct with humans-is rapidly shrinking.
Given the highly endangered status of chimpanzees,
which seem destined for extinction in the wild within a
few decades, it is unlikely that such a resource, once lost,
would be reconstituted. In 2007, NIH will decide whether
or not to lift the moratorium. As someone committed to
understanding the structure, function, and diseases of the
human nervous system, I hope the moratorium will be
ended. It seems prudent, now that the population has
been reduced, to allow enough breeding to maintain a
viable population. To be sure, it would be simpler to con-
tinue the current policy, avoiding the political heat that
would result from choosing to maintain the chimpanzee
population, and instead devote our limited resources to
supporting mice and a few other favored model-animal
species. But, after all, the mouse we will always have with
us, whereas chimpanzees will be with us for only a short
time longer, if we continue on our current course. If we
fail to preserve the means to understand what makes us
human, in health and in disease, future generations will
surely ask: What were they thinking?

Competing interests
The author(s) declare that they have no competing inter-
ests.

Authors' contributions
TMP is the sole author of this paper.

Acknowledgements

The author is supported by the James S. McDonnell Foundation (JSMF
21002093), the Yerkes National Primate Research Center under NRCC
grant RR00165, and the Center for Behavioral Neuroscience under the
STC program of the National Science Foundation (IBN-9876754).

Page 4 of 6

(page number not for citation purposes)



Journal of Biomedical Discovery and Collaboration 2006, 1:17

References

l.
2.

20.
21.

22.
23.

24.

25.

26.

27.

28.

Pribram KH: What Makes Man Human? New York: American
Museum of Natural History; 1971.

Lorenz K: On Aggression, [originally published as Das Sogen-
nate Bose: Zur Naturgeshichte der Aggression, Dr. G.
Borotha-Schoeler Verlag, Vienna, 1963]. New York: Harcourt;
1966.

Skinner BF: Beyond Freedom and Dignity. New York: Knopf;
1971.

Wilson EO: Sociobiology: The New Synthesis.
Mass.: Belknap Press of Harvard University Press; 1975.
Bickerton D: Language & Species. Chicago: University of Chicago
Press; 1990.

Pinker S: The Language Instinct. |st edition. New York, NY: W.
Morrow and Co.; 1994.

Rivas E: Recent use of signs by chimpanzees (Pan troglodytes)
in interactions with humans. J Comp Psychol 2005,
119(4):404-417.

Seidenberg MS, Petitto LA: Signing behavior in apes: A critical
review. Cognition 1979, 7(2):177-215.

Wallman J: Aping Language. New York: Cambridge University
Press; 1992.

Deacon TW: The Symbolic Species: The Co-evolution of Lan-
guage and the Brain. |st edition. New York; London: W.W. Nor-
ton; 1997.

Lieberman P: The Biology and Evolution of Language. Cam-
bridge, Mass.: Harvard University Press; 1984.

Tomasello M, Call J: Primate Cognition. New York: Oxford Uni-
versity Press; 1997.

Povinelli DJ: Reconstructing the evolution of mind. American
Psychologist 1993, 48(5):493-509.

Povinelli DJ: Folk Physics for Apes: The Chimpanzee's Theory
of How the World Works. Oxford ; New York: Oxford Univer-
sity Press; 2000.

Povinelli D}, Eddy TJ, Hobson RP, Tomasello M: What young chim-
panzees know about seeing. Chicago, I11.: Society for Research
in Child Development; 1996.

Tomasello M, Carpenter M, Call ], Behne T, Moll H: Understanding
and sharing intentions: the origins of cultural cognition.
Behavioral and Brain Sciences 2005, 28(5):675.

Povinelli D), Barth J: Reinterpreting behavior: a human special-
ization? Behavioral and Brain Sciences 2005, 28(5):712-713.

Povinelli D}, Bering JM: The mentality of apes revisited. Current
Directions in Psychological Science 2002, 1 1(4):115-119.

Barkow JH, Cosmides L, Tooby J: The Adapted Mind: Evolution-
ary Psychology and the Generation of Culture. New York ;
Oxford: Oxford University Press; 1992.

Henrich ], McElreath R: The evolution of cultural evolution. Evo-
lutionary Anthropology 2003, 12(3):123-135.

Richerson PJ, Boyd R: Not by Genes Alone: How Culture Trans-
formed Human Evolution. Chicago: University of Chicago Press;
2005.

Passingham RE: The frontal cortex: does size matter? Nat Neu-
rosci 2002, 5(3):190-192.

Preuss TM: What is it like to be a human? In The Cognitive Neu-
rosciences Third edition. Edited by: Gazzaniga MS. Cambridge, MA:
MIT Press; 2004:5-22.

Rilling JK: Human and nonhuman primate brains: are they
allometrically scaled versions of the same design? Evolutionary
Anthropology 2006, 15(2):65-77.

Schoenemann PT, Sheehan M], Glotzer LD: Prefrontal white mat-
ter volume is disproportionately larger in humans than in
other primates. Nat Neurosci 2005, 8(2):242-252.

Semendeferi K, Lu A, Schenker N, Damasio H: Humans and great
apes share a large frontal cortex. Nat Neurosci 2002,
5(3):272-276.

Gannon PJ, Holloway RL, Broadfield DC, Braun AR: Asymmetry of
chimpanzee planum temporale: humanlike pattern of Wer-
nicke's brain language area homolog. Science 1998,
279(5348):220-222.

Gannon PJ, Kheck NM, Braun AR, Holloway RL: Planum parietale
of chimpanzees and orangutans: a comparative resonance of
human-like planum temporale asymmetry. Anat Rec A Discov
Mol Cell Evol Biol 2005, 287(1):1128-1141.

Cambridge,

29.

30.

31
32
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

http://www_.j-biomed-discovery.com/content/1/1/17

Hopkins WD, Marino L, Rilling JK, MacGregor LA: Planum tempo-
rale asymmetries in great apes as revealed by magnetic res-
onance imaging(MRI). Neuroreport 1998, 9(12):2913-2918.
Hopkins WD: Chimpanzee right-handedness: internal and
external validity in the assessment of hand use. Cortex 2006,
42(1):90-93.

Annett M: Left, Right, Hand and Brain: The Right Shift The-
ory. London; Hilliside, NJ: Lawrence Erlbaum Associates; 1985.
Corballis MC: The Lopsided Ape: Evolution of the Generative
Mind. New York: Oxford University Press; 1991.

Crow TJ: Schizophrenia as the price that Homo sapiens pays
for language: a resolution of the central paradox in the origin
of the species. Brain Research Reviews 2000, 3 1(2-3):118-129.
Preuss TM, Coleman GQ: Human-specific organization of pri-
mary visual cortex: alternating compartments of dense Cat-
301 and calbindin immunoreactivity in layer 4A. Cereb Cortex
2002, 12(7):671-691.

Hof PR, Nimchinsky EA, Perl DP, Erwin JM: An unusual population
of pyramidal neurons in the anterior cingulate cortex of
hominids contains the calcium-binding protein calretinin.
Neurosci Lett 2001, 307(3):139-142.

Nimchinsky EA, Gilissen E, Allman JM, Perl DP, Erwin JM, Hof PR: A
neuronal morphologic type unique to humans and great
apes. Proc Natl Acad Sci USA 1999, 96(9):5268-5273.

Allman JM, Watson KK, Tetreault NA, Hakeem AY: Intuition and
autism: a possible role for Von Economo neurons. Trends Cogn
Sci 2005, 9(8):367-373.

Buxhoeveden DP, Switala AE, Litaker M, Roy E, Casanova MF: Later-
alization of minicolumns in human planum temporale is
absent in nonhuman primate cortex. Brain Behav Evol 2001,
57(6):349-358.

Orban GA, Van Essen D, Vanduffel W: Comparative mapping of
higher visual areas in monkeys and humans. Trends Cogn Sci
2004, 8(7):315-324.

Preuss TM: Specializations of the human visual system: The
monkey model meets human reality. In The Primate Visual Sys-
tem Edited by: Kaas JH, Collins CE. Boca Raton, FL: CRC Press;
2004:231-259.

Sereno M, Tootell RB: From monkeys to humans: what do we
now know about brain homologies? Curr Opin Neurobiol 2005,
15(2):135-144.

Letinic K, Zoncu R, Rakic P: Origin of GABAergic neurons in the
human neocortex. Nature 2002, 417(6889):645-649.

Logan CA: The altered rationale for the choice of a standard
animal in experimental psychology: Henry H. Donaldson,
Adolf Meyer and 'the' albino rat. History of Psychology 1999,
2:3-24.

Logan CA: Before there were standards: The role of test ani-
mals in the production of empirical generality in physiology.
Journal of the History of Biology 2002, 35(2):329-363.

Preuss TM: The argument from animals to humans in cogni-
tive neuroscience. In The Cognitive Neurosciences Edited by: Gazza-
niga MS. Cambridge, MA: MIT Press; 1995:1227-1241. (Reprinted in
Cognitive Neuroscience: A Reader, M.S. Gazzaniga, ed. Oxford:
Blackwell Publishers, 2000).

Preuss TM: Taking the measure of diversity: comparative
alternatives to the model-animal paradigm in cortical neuro-
science. Brain Behav Evol 2000, 55(6):287-299.

Rader KA: Making Mice: Standardizing Animals for American
Biomedical Research, 1900-1955. Princeton, NJ: Princeton Uni-
versity Press; 2004.

DeFelipe J, Alonso-Nanclares L, Arellano JI: Microstructure of the
neocortex: comparative aspects. | Neurocytol 2002, 31(3-
5):299-316.

Hof PR, Glezer I, Nimchinsky EA, Erwin JM: Neurochemical and
cellular specializations in the mammalian neocortex reflect
phylogenetic relationships: evidence from primates, ceta-
ceans, and artiodactyls. Brain Behav Evol 2000, 55(6):300-310.
Skoglund TS, Pascher R, Berthold CH: Heterogeneity in the
columnar number of neurons in different neocortical areas
in the rat. Neurosci Lett 1996, 208(2):97-100.

Preuss TM: The discovery of cerebral diversity: An unwel-
come scientific revolution. In Evolutionary Anatomy of the Primate
Cerebral Cortex Edited by: Falk D, Gibson K. Cambridge: Cambridge
University Press; 2001:138-164.

Page 5 of 6

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16366774
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16366774
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8507049
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1551765
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1551765
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11865306
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15665874
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15665874
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15665874
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11850633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11850633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9422693
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9422693
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9422693
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16215971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16215971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16215971
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9760145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9760145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9760145
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16509113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16509113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3909516
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3909516
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10719140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10719140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10719140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12050080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12050080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12050080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11438383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11438383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10220455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10220455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10220455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16002323
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16002323
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11713389
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11713389
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11713389
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15242691
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15242691
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15831394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15831394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12050665
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12050665
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11623618
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11623618
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11623618
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12269345
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12269345
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10971014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10971014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10971014
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12815249
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12815249
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10971015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10971015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10971015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8859899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8859899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8859899

Journal of Biomedical Discovery and Collaboration 2006, 1:17

52.

53.

54.
55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

Hammock EA, Young LJ: Microsatellite instability generates
diversity in brain and sociobehavioral traits. Science 2005,
308(5728):1630-1634.

Young L}, Huot B, Nilsen R, Wang Z, Insel TR: Species differences
in central oxytocin receptor gene expression: comparative
analysis of promoter sequences. | Neuroendocrinol 1996,
8(10):777-783.

Varki A: A chimpanzee genome project is a biomedical
imperative. Genome Res 2000, 10(8):1065-1070.

Walker LC, Cork LC: The neurobiology of aging in nonhuman
primates. In Alzheimer's Disease 2nd edition. Edited by: Terry RD,
Katzman R, Bick KL, Sisodia SS. Philadelphia: Lippincott Williams &
Wilkins; 1999:233-243.

Denys K, Vanduffel W, Fize D, Nelissen K, Sawamura H, Georgieva S,
Vogels R, Van Essen D, Orban GA: Visual activation in prefrontal
cortex is stronger in monkeys than in humans. | Cogn Neurosci
2004, 16(9):1505-1516.

Orban GA, Claeys K, Nelissen K, Smans R, Sunaert S, Todd |T,
Wardak C, Durand JB, Vanduffel W: Mapping the parietal cortex
of human and non-human primates. Neuropsychologia 2006,
44(13):2647-67.

Croxson PL, Johansen-Berg H, Behrens TE, Robson MD, Pinsk MA,
Gross CG, Richter W, Richter MC, Kastner S, Rushworth MF: Quan-
titative investigation of connections of the prefrontal cortex
in the human and macaque using probabilistic diffusion trac-
tography. | Neurosci 2005, 25(39):8854-8866.

Ramnani N, Behrens TE, Johansen-Berg H, Richter MC, Pinsk MA,
Andersson JL, Rudebeck P, Ciccarelli O, Richter W, Thompson A|, et
al.: The evolution of prefrontal inputs to the cortico-pontine
system: diffusion imaging evidence from Macaque monkeys
and humans. Cereb Cortex 2006, 16(6):811-818.

Barks SK, Rilling JK, Parr L, Preuss TM, Bremner ]D, Votaw |W:
Comparing resting brain activity in monkeys, apes and
humans.  American Journal of Physical Anthropology 2005, 39:.
(abstract).

Rilling JK, Glasser MF, Preuss TM, Ma X, Zhang Z, Zhao T, Hu X, Beh-
rens TEJ: A comparative diffusion tensor imaging (DTI) study
of the arcuate fasciculus language pathway in humans, chim-
panzees and rhesus macaques. Soc Neurosci Abstr 2006 in press.
Brodmann K: Lokalisationslehre der Grosshirnrhinde. Edited
by: Garey LJ. London: Smith-Gordon; 1909. Leipzig: Barth (reprinted
as Brodmann's 'Localisation in the Cerebral Cortex, 1994)
Schleicher A, Palomero-Gallagher N, Morosan P, Eickhoff SB, Kowal-
ski T, de Vos K, Amunts K, Zilles K: Quantitative architectural
analysis: a new approach to cortical mapping. Anat Embryol
(Berl) 2005, 210(5-6):373-386.

Sherwood CC, Raghanti MA, Simpson CD, Bonar C|, de Sousa AA,
Preuss TM, Hof PR: Scaling of inhibitory interneurons in areas
VI and V2 of anthropoid primates as revealed by calcium-
binding protein immunohistochemistry. Brain Behav Evol 2006,
69(3):176-95.

Carroll SB: Genetics and the making of Homo sapiens. Nature
2003, 422(6934):849-857.

Preuss TM, Céceres M, Oldham MC, Geschwind DH: Human brain
evolution: insights from microarrays. Nat Rev Genet 2004,
5(11):850-860.

Ruvolo M: Comparative primate genomics: the year of the
chimpanzee. Curr Opin Genet Dev 2004, 14(6):650-656.

Antonell A, de Luis O, Domingo-Roura X, Perez-Jurado LA: Evolu-
tionary mechanisms shaping the genomic structure of the
Williams-Beuren syndrome chromosomal region at human
7qll.23. Genome Res 2005, 15(9):1179-1188.

Eichler EE, Johnson ME, Alkan C, Tuzun E, Sahinalp C, Misceo D,
Archidiacono N, Rocchi M: Divergent origins and concerted
expansion of two segmental duplications on chromosome
16. | Hered 2001, 92(6):462-468.

Hayakawa T, Angata T, Lewis AL, Mikkelsen TS, Varki NM, Varki A:
A human-specific gene in microglia. Science 2005,
309(5741):1693.

Varki A, Wills C, Perlmutter D, Woodruff D, Gage F, Moore J,
Semendeferi K, Bernirschke K, Katzman R, Doolittle R, et al.: Great
ape phenome project? Science 1998, 282(5387):239-240.
Gagneux P: A Pan-oramic view: insights into hominoid evolu-
tion through the chimpanzee genome. Trends in Ecology & Evo-
lution 2004, 19(11):571-576.

73.

http://www_.j-biomed-discovery.com/content/1/1/17

Caceres M, Suwyn C, Maddox M, Thomas JW, Preuss TM: Increased
cortical expression of two synaptogenic thrombospondins in
human brain evolution. Cerebral Cortex 2007 in press.

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 6 of 6

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15947188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15947188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8910808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8910808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8910808
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10958623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10958623
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15601515
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15601515
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16343560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16343560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16192375
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16192375
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16192375
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16120793
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16120793
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16120793
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16249867
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16249867
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17106195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17106195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17106195
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12712196
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15520794
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15520794
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15531160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15531160
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16140988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16140988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16140988
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11948212
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11948212
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11948212
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16151003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16151003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9841385
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9841385
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Introduction
	What are the evolutionary specializations of the human brain?
	Why do we know so little about human brain specializations?
	Making room for humans: the critical need for human-chimpanzee comparisons
	Will there be chimpanzees to study?
	Competing interests
	Authors' contributions
	Acknowledgements
	References

