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What is it to be human? This is the principal question
motivating psychiatry, anthropology, and the social sci-
ences in general. In other words, what within our human
constitution distinguishes us from other animals?
Notably, the traditional view of comparative anatomy
long emphasized the presence of an absolute difference
in the brain size of humans as compared to other pri-
mates. Drawing on the work of early comparative neu-
roanatomists, Karl Lashley posited that encephalization
provided the only anatomical correlate to mind (Lashley
1949). Out of this early work arose a long-standing
debate within the neurosciences, typified by the question
of whether one gram of human brain tissue is equivalent
to one gram of great ape brain tissue (Holloway 1966;
Jerison 1973). Researchers argued whether there is a
straightforward relationship between brain size and cogni-
tive abilities, or whether higher mental processes reflect a
reorganization of components within an enlarged brain
(Gibson and others 2001). The debate and corresponding
claims, although of academic interest, failed to offer a
causal explanation for human uniqueness. The assertion
that big brains differentiate humans from other animals
seems a regressive way of thinking that postpones answer-
ing our original query by one step. “The question of ques-
tions for mankind—the problem which underlies all”

(Huxley 1919) is, What characteristic(s) of large brains
makes us human?

To a large extent those characteristics that appear to
be most highly developed in humans relative to non-
human primates are emergent properties of the brain.
These emergent properties of the brain include high-
level perception, theory of mind, language, and reason-
ing. In this article, we offer a simple, yet powerful,
perspective to help explain the florescence of emergent
properties in primates: These cognitive abilities have
arisen during primate evolution with the increase in
number and preferential attachments of nodes or ver-
tices within large cortical networks. The behavior or
outward expression of these networks follows a scale-
free power law where heterogeneities provide for infor-
mation bias and local decision making (Barabasi and
Albert 1999). In addition, this network arrangement
allows the brain to rapidly alter established maps under
changing sensory conditions (functional reorganiza-
tion). The brain is therefore a pattern-forming, self-
organizing system, governed by nonlinear dynamic
laws (Kelso 1999). Under such a framework, global
features of brain function, such as emergent properties,
manifest with increasing size.

Increasing brain size and concomitant numbers of
neurons, columnar organization, and connections entail
certain compromises and costs, and occur within the
constraints of a historical phylogenetic framework.
And, it is just this historical phylogenetic framework—
the fact that Homo sapiens is in the Order Primates—
that helps elucidate both emergent properties of
primate brains and the recent increase in prevalence
of certain psychiatric disorders that, we will argue, are
fundamentally associated with the modular organiza-
tion of the cortex. Contrary to a recent opinion (Oldham
and Geschwind 2005), while encephalization by itself
may not be sufficient to explain human uniqueness, it is
at least a requisite.
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Trends in Encephalization

Historical Perspectives of Encephalization

Encephalization is a measure of the extent to which the
brain has increased in size to a degree greater than expected
when taking body size into account. In the case of modern
humans, brain size is three to five times the expected value
when compared to mammals of equal body mass.
Frequently, encephalization is conceptualized as the overlay
of phylogenetically more recent nervous tissue upon ances-
tral forms (MacLean 1990). Different parts of the brain, and
even cortical laminae, presumably evolved via the addi-
tion of layers, with each layer adding a certain amount
of complexity to those underneath. This additive view
is implicit within our often used anatomical parcellation
scheme, where prefixes such as neo-, paleo-, and archi-
cortex suggest an orderly appearance of cortical tissue
over the course of vertebrate evolution (Striedter 2004).
Although an enduring and occasionally useful perspective
with regard to understanding human psychiatric disorders,
this view is largely incorrect. Homologous parts within the
brain’s blueprint have been identified in many species
with substantially different degrees of encephalization,
including nonmammalian vertebrates (Nieuwenhuys and
others 1998) (Fig. 1). Generally, isocortical neurons and
therefore lamina—do not develop de novo in mammals but
have ancestral congeners within the telencephalon of birds
and reptiles. This is quite evident for both the auditory and
visual system, the basic organization of which is maintained
across all amniotes (Karten 1997).

Rather than the stratigraphical growth of the cortex, it
is the areal expansion of the isocortex and its connec-
tions that is fundamentally responsible for primate
encephalization. Ultimately, the simple addition of mini-
columns is sufficient to explain cortical expansion,
increased gyrification, and the subsequent parcellation
and reoptimization of functional cortical networks. This
bottom-up approach maintains that the generation of
functional connections and pathways is a consequence
of the dynamic development of a cortex made up of neu-
rons arrayed in minicolumns and further hierarchical
levels of structure. Support for this hypothesis is derived
from studies that have either increased (Chenn and
Walsh 2003; Tarui and others 2005) or decreased (Kuida
and others 1996; Haydar and others 1999) the number of
proliferative units within the ventricular zone during
brain development.

Emergent Properties of Brains

Where along the evolutionary trajectory on the way to
modern humans do such novel emergent properties as
language, reasoning, high-level perception, and theory
of mind appear? Given that emergent properties are not
visible in the fossil record, how should we be thinking
about their origin? Detection of emergent cognitive
properties in extant nonhuman primates does not neces-
sarily document synapomorphies but, depending on the
general phylogenetic distribution of emergent proper-
ties, may reveal a synapomorphic trend. What is the
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Fig. 1. Early work on comparative anatomy has shown the existence of putative neocortical homologues in “lower”
vertebrates. The presence of these structures has required the conservation of connectivity blueprint across species.
The illustration is a coronal section of the brain of the tiger salamander (Amblystoma tigrinum). Reprinted from Herrick
(1948), copyright © 1948, with permission from the University of Chicago Press.
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most appropriate way to model such a trend? There are
3 basic hypothetical circumstances to consider: 1) emer-
gent properties gradually accumulate with increasing
brain size as a biological continuum, 2) emergent prop-
erties are the consequence of the addition of a novel
region or part of the brain, and 3) emergent properties
appear upon the crossing of a certain size threshold.
Although in reality different elements of the 3 models
may predominate in different cases, it is useful to con-
sider each of them separately.

A survey of recent publications concerning primate
behavioral ecology seems to support better the model of
incremental accumulation (or increasing sophistication)
of emergent properties with increasing brain size (Strier
2007). Strier’s review depicts a continuum of different
emergent properties of the brain as inferred from increasing
complexity of social negotiations within the Suborder
Anthropoidea (New World monkeys, Old World monkeys,
apes, and humans) and evidence of learned, horizontally
transmitted behaviors. The general pattern is that evi-
dence for emergent properties is found in most monkeys
and apes in which an appropriate research effort has
been made. A recent article even reports tool use among
gorillas, usually thought to be the dullards of the homi-
noids (Breuer and others 2005).

It has been hypothesized that the addition of minicolumns
is the ultimate source of the expansion of the cortex with the
subsequent modification of parcellation patterns adding new
divisions and connectional patterns to the primate cortex.
There are, for example, regions of the lateral prefrontal cor-
tex present in anthropoids but not in prosimians (Preuss and
Goldman-Rakic 1991). The presence of a prefrontal cortex
homologue in nonprimate species is presently debated in the
literature (Nimchinsky and others 1999). Among primates,
a neuronal morphotype connecting distant regions of the
brain found in apes and humans constitutes one of these
novel connections expected within larger, more complex
brains (Nimchinsky and others 1999). This morphotype—
called a spindle neuron, Von Economo cell, or mirror neu-
ron—shows derived degrees of clustering between Homo
sapiens, Pan paniscus, Pan troglodytes, Pongo pygmaeus,
and Gorilla gorilla, with humans showing the greatest
degree of clustering and gorillas the least. Given this infor-
mation, it is instructive to consider the following: “It is prob-
ably fair to say that species differences in neuronal
connectivity account for most of the behavioral differences
between species” (Striedter 2005, p. 220).

To a large degree, arguments that emergent properties
appear upon the crossing of a certain size threshold are
at best tentative; at worst they are untestable and mis-
leading. The logical error of threshold arguments is anal-
ogous to claims of a lack of transitionary specimens in
the fossil record. This impression is partly due to the
ephemeral nature of emergent properties in the fossil
record and partly to the temporally conditional phylo-
geographic distribution of populations. Descriptions of
comparative anatomy and potential links to behavior
must be made on extant primates, and we are missing
data on all of the generations of populations between
common ancestors and extant forms. That said, there

does appear to be a major shift in the presence of nascent
emergent properties distinguishing anthropoids from
prosimians, with further expansion among hominoids,
and the greatest elaboration within humans.

We think that emergent properties among primates vary
in degree and not kind. This is not to say that there are no
gross synapomorphic neurological features that distinguish,
for example, apes and humans from monkeys. Rather, a
main function of the primate brain, and probably most
mammalian brains for that matter, is to contemplate social
negotiations, calculate appropriate social behaviors, and
maintain a historical memory of contextualized behavior of
particular individuals. At least among members of the
anthropoids and hominoids, being social requires careful
communication, political and economic calculations (rea-
soning), imagining alternate consequences to actions (high-
level perception), and prognosticating implications of
individual behavior (theory of mind) (Fig. 2).

So what distinguishes the mind of monkey from that of
an ape from that of a human? Fundamentally, it is a larger
brain with more neurons arrayed within more mini-
columns—a function of the common trend of encephaliza-
tion found in primates. This perspective does not rule out
the possible significance of thresholds dependent on novel
connectional reconfigurations generated by novel neurons,
receptors, or epiphenomena of the development or func-
tional sequelae of parcellation. Rather, it is a general, yet
powerful, perspective that the elaboration and augmenta-
tion of minicolumns and their distribution into dynamic
hierarchical structures provide for relatively greater cogni-
tive capacity and subsequently increasingly sophisticated
emergent properties of the mind.

Connectivity

In the typical mammalian brain, the minicolumn is the
fundamental processing unit of the cortex (Mountcastle

Volume 14, Number 1, 2008 THE NEUROSCIENTIST 103

Fig. 2. Brain size is correlated with the size of social
groups (r2 = 0.402) in this sample of 15 primate species.
Original data are from Dunbar (1995). The curve is the
least-squares regression equation: log10(group size) =
–0.303 + 0.830 log10(brain mass / 1g).
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1998). In humans, this basic structure of vertical organ-
ization of neurons is preserved throughout pre- and post-
natal development (Casanova, Trippe, and others 2006)
(Fig. 3). Although particulars of the functional activity
of the minicolumn are currently difficult to detect and
assess because of technical limitations, it is established
that they function as aggregates within macrocolumns
(Mountcastle 1998). Minicolumns likely constitute the
basic modifiable template of the cortex and dynamically
participate within macrocolumns (Buxhoeveden and
Casanova 2005). A simple increase in number of mini-
columns of the cortex can have significant impact on
encephalization, brain connectivity, and, ultimately, discrete
and global brain functions.

What Is a Minicolumn?

Examinations of mammalian cortices reveal a common
fundamental microanatomical structure of vertically
arranged pyramidal cells and their bundled projections,
that is, axons and dendrites. These minicolumns are per-
haps best characterized as parallel processors and are
dynamically clustered with neighboring minicolumns
into macrocolumns. A putative neurological interpreta-
tion to this uniform anatomical arrangement is that all
columns are capable of performing similar transforma-
tions on incoming information (Creutzfeldt 1977, 1978;
Buxhoeveden and Casanova 2005), and subsequent
functional differences among brain regions arise from
variations in input sources, output targets, interconnec-
tivity, and inhibition.

According to Rakic and Kornack (2001), during brain
development the cortex grows by the supernumerary
addition of radial cell aggregates. These ontogenetic
arrangements become the pyramidal cell arrays of
mature minicolumns (Casanova 2005). The total number
of minicolumns derives from symmetrical divisions of
periventricular germinal cells. In this process, an initial

population of homogeneous neuroepithelial cells
divides into radial glial cells. A subsequent asymmetri-
cal division of radial glial cells provides for neuronal
progenitor cells and migrating neurons. Immature neu-
rons use radial glial projections as scaffolding for their
migration into the cortical plate. Once in the cortical
plate, the layering of neurons takes place in an “inside-
out” sequence. These asymmetric divisions define the
cellular constituency of the minicolumn. Remaining
radial glial cells undergo apoptosis, transform into astro-
cytes, or change into multilineage progenitor cells
(Ganat and others 2006; Rakic 2007). The resulting
orderly arrangement of pyramidal (glutaminergic) cells
provides a template for circuitry, which is generalized
throughout the neocortex (Douglas and Martin 2004)
(Figs. 4 and 5). Indeed, the minicolumn has been found
in all regions of the cortex (Buxhoeveden and Casanova
2002). In Nissl-stained sections of the cortex, mini-
columns span layers II through VI.

In contrast to component neurons of minicolumns,
interneurons are generated in the ganglionic eminence of
the basal telencephalon and migrate tangentially to the cor-
tex (vide infra Of Men and Mice). Gamma-aminobutyric
acid (GABA) interneurons putatively contribute to a cir-
cumferential zone of inhibitory and disinhibitory activ-
ity gating communication of the central minicolumnar
core with surrounding areas (Casanova and others 2003)
(Fig. 6). In effect, the position and millimeter-scale con-
nectivity of some large basket cells suggest a role in macro-
columnar inhibition. Similarly, double bouquet cells may
participate in intercolumnar inhibition, whereas chandelier
cells seem to participate in both intra- and intercolumnar
inhibition (Casanova and others 2003). Although interneu-
rons constitute a small fraction of the total number of
cells, they play a prominent role in finely tuning corti-
cal information processing. In mice, targeted mutations
that reduce the number of GABAergic cells manifest
seizures and complex behavioral disturbances (Levitt
and others 2004). The phenotypic spectrum of these
targeted mutations suggests a connection between
GABAergic abnormalities and the pathophysiology of
autism and other neurodevelopmental disorders (Levitt
and others 2004).

It is reasonable to assert, then, that the pattern of mini-
columnar parameters generated during early embryonic
brain development makes it preeminent to other modes of
cortical structure (e.g., layering or synapses). With further
development and maturation, this pattern of minicolum-
nar characteristics constrains other higher-level anatomi-
cal structures within the vertically biased nested series of
echelons of macrocolumns and networks of macro-
columns. Depending on species and region of the brain,
characteristics of the minicolumn likely affect such auxil-
iary structures as bundles of myelinated axons, aggregates
of apical dendrites, and vertically oriented arrays of dou-
ble bouquet cells circumferential to the minicolumnar
core (Casanova and others 2003) (Fig. 7).

Thus far, most research has focused on the general
stability of minicolumnar size across species (Leise
1990; Mountcastle 1998) (Table 1). It may be that basic
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Fig. 3. Commonly used schemes for brain parcellation
rely on cytoarchitectural criteria that emphasize the
presence of radial arrangement of cells and the stability
of such patterns from gestation to postnatal develop-
ment. The figure, originally from Brodmann (1909), illus-
trates the radial arrangement of cells in the parietal lobe
of a human fetal specimen dated 8 months of gestation.
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Fig. 4. Illustration of a putative canonical
(basic) isocortical circuit from Szentágothai
(1975). Stereoscopic view of the elementary neu-
ron circuit in sensory cortical areas. The horizon-
tal planes are unrelated to the lamination (in
Arabic numerals at left margin, to indicate “non-
absolute” character of lamination in such a gen-
eral diagram) of the cortex; they are entirely
arbitrary and are included only to aid stereo-
scopic visualization. Specific sensory afferents
(heavy black vertical lines at right) terminate
(separately) on the spiny stellates (S1) and the so-
called star pyramids (S2) of upper lamina IV, and
in lower lamina IV on another type of spiny stel-
lates (S3) as well as on neurogliform nonspiny
stellates (NS). Ascending relay of sensory affer-
ent impulses is 2-fold: 1) within narrow cylindric
spaces (indicated with dashed outlines) by
horsetail-shaped axon arborizations of S1 and S2
type cells and primarily to selected individual (or
small groups of) pyramid cells, and 2) within
wider cylindrical spaces (heavier dashed outline)
from ascending S3 type cells, probably mainly to
basal dendrites of a much larger group of pyram-
idal cells. Descending relay is more widely and
more indiscriminately distributed by descending
branches of the spiny stellates and star pyra-
mids, and in narrow columns by the vertically ori-
ented axonal lacework of neurogliform NS. The
vertical plane at left shows the strictly oriented
axonal arborization of a large basket cell; the
other vertical plane at right, oriented at right
angles to the basket cell arborization plane,
shows large stellate with vertically oriented den-
drites and part of the extended axon arborization
strictly confined to this plane. Reprinted from
Szentágothai (1975), copyright © 1975, with per-
mission from Elsevier.

Fig. 5. Illustration of a putative canonical (basic) isocor-
tical circuit from Douglas and Martin (2004). Graph of the
dominant interactions between significant excitatory cell
types in neocortex and their subcortical relations. The
nodes of the graph are organized spatially; vertical corre-
sponds to the layers of cortex and horizontal to its lateral
extent. Directed edges (arrows) indicate the direction of
excitatory action. Thick edges indicate the relations
between excitatory neurons in a local patch of neocortex,
which are essentially those described originally by Gilbert
and Wiesel (1983) for visual cortex. Thin edges indicate
excitatory connections to and from subcortical structures
and interareal connections. Each node is labeled for its
cell type. For cortical cells, Lx refers to the layer in which
its soma is located. P indicates that it is an excitatory neu-
ron (generally of pyramidal morphology). Thal denotes the
thalamus, and Sub denotes other subcortical structures,
such as the basal ganglia. Reprinted, with permission, from
the Annual Review of Neuroscience, Volume 27 © 2004 by
Annual Reviews (www.annualreviews.org).
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constitutive elements of minicolumns (e.g., neuronal
soma, myelinated efferents) are to some extent irreducible,
placing constraints on the smallest size these modules
can attain. At the same time, optimal connection lengths
may dictate the largest dimension of minicolumns

(Buxhoeveden and Casanova 2005). The relative stabil-
ity of minicolumnar size across species helps explain the
thousand-fold difference in surface area between the
brains of humans and mice as compared to a two- or
threefold difference in regard to cortical width, and
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Fig. 6. Illustration of inhibitory cells within columnar arrangements. A, A conventional vertical section at right angle to
the spaces of axonal arborization of the large basket cells. B, A surface parallel section passing through lamina III at left
and through lamina II at right (double line), into which details from laminae III-V (left) and from laminae II (and IV-VI,
respectively) are projected. One has, therefore, to visualize the arborization patterns and spaces in B as if viewed from
the pial surface. The left part of B shows the thin parallel slices (obliquely hatched) in which the axons of the large bas-
ket cells arborize and establish pericellular baskets around pyramidal cells (in fact, even the minimal length of the
oblongs should be twice as much as shown in the diagram). The circular field (cross-hatched) indicates the vertical pro-
jection of the chandelier cell arborization, which would be just wide enough to surround all apical dendrites belonging
to the “cluster” of pyramidal cells. At right of B, the hexagonal array of small basket cells and columnar basket arboriza-
tions in laminae II and IV-VI is highly idealized; it is intended only to give an impression of the horizontal spread of the
arborization. Reprinted from Szentágothai (1975), copyright © 1975, with permission from Elsevier.
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strengthens the argument that the underlying character-
istics of the minicolumn are homologous among mam-
mals (Casanova 2005). If cortical growth had been the
result of the serendipitous addition of neurons, a more
pronounced difference in interspecies cortical width
would have been noted. In this scenario, the probabil-
ity of adding supernumerary neurons along the vertical
and horizontal axis would be equal. Rather than simply
an increase in the overall number of cortical neurons,
then, cortical expansion and the corresponding
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Fig. 7. Reconstruction of minicolumns in rat somatosen-
sory cortex. The cortex is partitioned according to apical
dendrite bundles, such that each bundle of dendrites is
allocated the volume of cortex nearer to it than to any
other dendrite bundle. Three minicolumns are shown (a)
projected onto a plane parallel to their axes, with den-
drites in black and cell somata identified by spheres
color coded according to the minicolumn to which they
belong. Cell somata only are shown projected onto a
plane orthogonal to the minicolumnar axes (b), looking
downward from the pial surface. The volume occupied
by 7 minicolumns is shown in perspective (c). Reprinted
from Skoglund and others (2004), copyright © 2004,
with permission from Elsevier.

Table 1. Comparative Minicolumn Size

Width (µµm) Measurement* Cortical Areas†

Mouse
20–40 AD BC
22–25 AD BC
26.3 PCA V1
35.1 PCA S1

Rat
44.2 AD 32
50 AD 3
50 AD 3
30–40 AD V1
55–60 AD V1
30–60 PCA SM
52.6 AD V1
50.1 AB V1
53.1 AD V1

Hedgehog (Echinops telfairi)
32 AD all cortex

Cat
56 AD 17
50–70 AD 41
28.6–55.6 PCA 3
40–50 SC 3

Rabbit‡

40–50 AD 17
Monkey (Macaca fascicularis, M. mulatta, M.
fuscata, M. nemestrina)

15–30 DB 4, 3, 1, 17, 18
Monkey (Macaca mulatta)

23 MB 17
30 AD 17
36 PCA 22
21 MB 18
23 AD 17
80 AD§ PFC

Monkey (Macaca mulatta, Macaca nemestrina)
23 DB 17

Monkey (Macaca fascicularis)
28.6–55.6** PCA 3

Monkey (Aotus trivirgatus, Saimiri sciureus)
40–60 SC 3, 1

Chimpanzee (Pan troglodytes)
36.5 PCA 22

Chimpanzee (Pan paniscus)
35 PCA 22

Orangutan (Pongo pygmaeus)
31.4 PCA 22

Gorilla (Gorilla gorilla)
33 PCA 22

Homo sapiens
41.7 PCA 23b, 24b,

31, 7, 19
46.7 PCA 22

(continued)
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encephalization in humans is the consequence of an
increase in the absolute number of minicolumns with
constraints on the numbers of neurons arrayed within
each minicolumn.

A variable number of minicolumns dynamically
arrange themselves into larger modules called macro-
columns (Favorov and Diamond 1990; Favorov and Kelly
1994a, 1994b; Buxhoeveden and Casanova 2005). The
anatomical basis of the macrocolumn may be defined by
both the termination of thalamic afferents occurring in
focal clusters and the serotonergic system (Mountcastle
1997). Early in mouse development, thalamocortical
axons express the serotonergic transporter (Lebrand and
others 1996). Knockout mice for the serotonin trans-
porter show a complete lack of macrocolumnar struc-
tures (barrels) despite being devoid of any visible
alterations in either the density of synapses or the length
of synaptic contacts in layer IV (Persico and others
2001). Interestingly, serotonergic projections to the mar-
ginal zone make synaptic contacts to Cajal-Retzius cells.
Perturbing the normal development of these connections
lowers reelin levels and alters columnar development
(Janusonis and others 2004).The data suggest both
genetic and developmental environmental components
to the formation of macrocolumns.

Gyrification and Connectivity

Bigger brains require modifications of the interconnec-
tions between distant regions. The longer wiring incurs
signal delay/attenuation and increases the probability of
guidance defects during development (Laughlin and
Sejnowski 2003; Chklovskii and Koulakov 2004). A key
requirement for a collection of neural circuits is to gen-
erate a network with connections that provide for stable
information processing while minimizing conduction or
wiring costs: That this rule is followed in nature has been
verified (Laughlin and Sejnowski 2003) (Fig. 8). The result
has been a placement strategy in which connected neu-
rons remain as close together as possible. This becomes
manifest as highly convoluted cerebral and cerebellar cor-
tical surfaces. Increased cortical gyrification or folding
serves to appose different brain regions and thereby reduce
the length of interconnecting fibers. Among primates, the
human cortex shows the highest degree of folding, only
one third of which is exposed to the surface, with the
remainder being buried in the walls of sulci. Additionally,
the amount of folding in the human cortex is most promi-
nent in the prefrontal and parieto-occipital association
regions (Zilles 2004). Increased gyrification as a function
of more minicolumns should change the ratio of short-
range versus long-range connections, and may ultimately
impose an adaptive constraint with regard to increasing
encephalization due to addition of minicolumns and mod-
ification of the relative ratio of gray to white matter.

How has encephalization affected patterns of con-
nectivity throughout the brain and the emergence of
functional areas? The transmission of information
between regions of the cortex and other parts of the
brain is crucial for proper function. The increased par-
cellation of an expanded cortex constitutes a real chal-
lenge for connectivity. This challenge appears to be
met by both gyrification and compartmentalizing neu-
rons into modules. In essence, the modular arrange-
ment of neurons allows a large number of cells to be
connected by fewer axons (Hofman 2001). The result-
ing short-range connections are then poised to partici-
pate in tasks requiring high discrimination and
time-critical responses. This makes the minicolumns
the first step in a nested series of nodes or echelons of
increasing complexity. This modular arrangement of
the isocortex reminds us that there is no single aspect
of pathology or physiology that can be treated individ-
ually and that changes in characteristics of a lower
level module may have substantial impact at superior
echelons of organization and higher level function.

Parcellation

One of the more salient consequences of encephalization
among primate species is an increase in functionally dif-
ferentiated cortical regions. It is not possible for all neu-
rons to be connected with each other. The cortex is
characterized by a hierarchy of smaller units (mini-
columns) contributing to larger units (macrocolumns)
within regions of functional significance. At the most
basic level, minicolumns manifest general evolutionary
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Table 1. (continued)

Width (µµm) Measurement* Cortical Areas†

44.8 PCA 42
46.1 PCA 41
51 PCA 22
31.6 PCA V1
38.5–52.4 PCA 4, 9, 17, 21,

22, 40, 41, 46
29.8 DB TL
80, 50†† PCA STS
35 AB VA
16 Nissl V1

Cetaceans (Stenella coeruleoalba,
Tursiops Truncatus)

19.9 Nissl V1

Reprinted from Buxhoeveden and Casanova (2005), ©
2005 Nova Science Publishers.

*AB = axon bundle; AD = apical dendrite bundle; DB =
double bouquet axon bundle; MB = myelin bundle; PCA =
pyramidal cell array; SC = single cell recording.

†BC = barrel cortex; SM = sensory motor; STS = supe-
rior temporal sulcus; TL = temporal lobe; VA = visual
association cortex; numbers are Brodmann areas.

‡Several studies have identified apical dendrite bun-
dles in rabbit cortex areas V1 and M1, but they did not
report a center-to-center spacing distance.

§Layer VI pyramidal cell bundles.
**Reported as 18–35 cycles/mm. Estimated conver-

sion. Range only, no means given.
††80 µm was noted as the periodicity, whereas 50 µm

was given as the width of each column. The method uti-
lized does not attempt to correspond directly to pyram-
idal cell arrays.
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sequelae for increasing brain size: parcellation and effi-
cient/sufficient connections. Subsets of neurons within
minicolumns (e.g., spindle neurons, pyramidal cells pro-
viding long association fibers) serve to connect more
distant, nonneighboring, regions. And, although this
description may lead some to infer that there is a bland
uniformity to the pattern of hierarchy and connections,
this simply is not the case. There is phylogenetically sta-
ble variation in minicolumnar parameters (Buxhoeveden
and Casanova 2005; Casanova 2007) and regional con-
nectivity (Preuss 2001).

Overall cognitive capacity may not be simply an emer-
gent property of an augmented number of cortical neurons
or minicolumns, but rather fundamentally a function of
modification or elaboration of connectivity. Not surpris-
ingly, volumetric measurements in MRIs of 11 primate
species have shown a concomitant augmentation of white
matter volume with encephalization (Schoenemann and
others 2005). Increases in both gray and white matter
require larger amounts of energy and materials for growth,
function, and maintenance. Additionally, increasing num-
bers of minicolumns impose a connectivity constraint, as

nonadjacent or near-neighboring minicolumns become
isolated by physical distance. Increasing distance limits
connectivity, as the amount of energy required to generate
and maintain long-distance connections is substantial.
Interestingly, at a gross anatomical level, perhaps the most
obvious manifestation of increased parcellation is that the 2
cerebral hemispheres tend to be less densely interconnected
and more independent. Within primates, the decrease in
interhemispheric connectivity is evident from the fact that
the corpus callosum generally becomes smaller as isocor-
tex size increases (Rilling and Insel 1999; Olivares and
others 2000).

Within each hemisphere, the number of connections
tends to increase locally. Based on the number of mod-
ules and myelinated fibers, Hofman has calculated that
each minicolumn maintains, on average, 1000 connec-
tions (Hofman 2001). This means that during mam-
malian evolution, white matter has increased as the 1.33
to the 1.50 power of cortical surface area (Hofman 2001;
Laughlin and Sejnowski 2003). The majority of these
fibers are short association fibers, or U-fibers, that are
the bulk of the white matter devoted to corticocortical
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Fig. 8. Cortical white and gray matter volumes of various species (n = 59) are related by a power law that spans 5 to
six orders of magnitude. Most data points are based on measurement of a single adult animal. The line is the least
squares fit, with a slope of 1.23 (std. error 0.01). The average and median deviations of the white matter volumes from
the regression line are, respectively, 18% and 13% on a linear scale (Zhang and Sejnowski 2000). Figure copyright 
© 2000 by the National Academy of Sciences.

 at UNIV ARIZONA LIBRARY on October 1, 2008 http://nro.sagepub.comDownloaded from 



connections. This relationship between cortical surface
area and white matter (U-fibers) predicts that individuals
within particular species should manifest variability in the
ratio of gray to white matter depending on minicolumnar
density. Based on the tendency for parcellation to occur in
an effort to reduce the length and numbers of connections
required to efficiently connect the different regions of the
brain, we should expect to detect increased numbers of
spindle neurons associated with increased brain size. This
has been the case in the evolution of primates, whereby
the presence of larger clusters of spindle neurons consti-
tutes a synapomorphy among chimpanzees and humans
(Nimchinsky and others 1999).

Of Men and Mice

The most salient difference between the brains of
humans and mice is that of size (Casanova and Trippe
2006). As stated before, these species manifest a thou-
sand-fold difference in cortical surface as opposed to
only a two- or threefold increase in cortical thickness.
The difference in size appears to be accounted for by 7
extra rounds of symmetrical cell divisions within the
ventricular zone during brain development. With each
ongoing symmetrical cell division, brains become big-
ger, increasing the number of folds and cytoarchitec-
turally parcellated regions (Preuss 2000; Allman and
others 2002).

According to Deacon’s rule of large equals well-
connected, as brains became larger throughout evolution,
they developed more widespread connections (Deacon
1990a, 1990b, 1990c). This gave rise to cortical areas that
are unique in primates and provide for innovative (emer-
gent) functions, of which the dorsolateral prefrontal cortex
is an example (Preuss 1995). These regions are in turn con-
nected to other areas that are difficult to homologize in
nonprimates (e.g., posterior parietal cortex and dorsal pul-
vinar) (Striedter 2005). The evidence indicates that larger
primate brains have connections not seen in other mam-
mals. This process gave the isocortex a more dominant
role in overall brain function. The acquired interdepend-
ence between cortical areas formed in this way may
account for the longer period of recuperation from brain
lesions in animals with large cortices. Still, even within
species that have apparently conserved cortical areas, their
sizes vary significantly. The findings imply divergent func-
tional specialization within the same cortical region for
different species; for example, the striate cortex in chim-
panzees occupies 5% of the entire isocortex but only 2% in
humans (Stephan and others 1981).

Differences among species are also present at the
microscopic level. In humans, all projection cells and
approximately two thirds of interneurons are derived
from dedicated neural progenitor cells located in the
ventricular and subventricular zones of the developing
brain (Letinic and others 2002). These interneurons are
derived from a distinct lineage (Dlxl/2+ and Mash1+) of
cells subadjacent to their destined cortical location. A
smaller percentage of interneurons appears derived from
the subpial granual layer in the marginal zone, a layer
that is absent in rodents (Zecevic and Rakic 2001). By

way of contrast, about one third of all cortical interneu-
rons in humans and the majority in rodents originate
from tangentially migrating neurons from the ganglionic
eminence (Marin and Rubenstein 2001; Letinic and oth-
ers 2002). These differences may be of importance when
studying human conditions defined by abnormalities in
cortical modular arrangements, as important elements in
the organization of minicolumns (e.g., double bouquet
cells) are present in primates but not other mammalian
species (Ballesteros Yáñez and others 2005).

Evolution and Development

Can Seemingly Minor Modifications of
Developmental Pathways Account for
Differences in Encephalization and
Thus Emergent Properties?

The archetypal brain structure shared by mammals
implies largely universal developmental pathways, as
the general outline unfolds gradually during embryonic
and fetal development. The structure, patterns, and con-
nections of different brain regions are the result of devel-
opmental processes where the timing of the sequence
and length of formative windows underlie species’ dif-
ferences. Proper brain development entails an orderly
progression of invariant milestones, where, for example,
the anlage of the spinal ganglia will always appear
before the primordium of the hippocampus and corpus
striatum. Several stages later, the primordium of cortical
gray matter becomes apparent.

This general process of brain growth following simi-
lar developmental milestones has been observed in 9
species from ferret to monkey to humans, and, although
rates of development vary between species, the ordering
of the milestones is highly conserved (Finlay and
Darlington 1995). The superimposition of these mile-
stones on a population of exponentially dividing germi-
nal cells results in brain components of different sizes
(Kaskan and Finlay 2001). Later events of brain devel-
opment have a longer period of cytogenesis (Kaskan and
Finlay 2001). Thus, among larger mammals, the size of
the hindbrain, which is an early step in brain develop-
ment, is relatively conserved, whereas the so-called neo-
cortex (isocortex), a later step in brain development,
occupies a larger percentage of the total brain volume.
Evolution of the brain and further developmental modi-
fications can be expected to occur primarily as additions
to the latter part of development. Among the hominoid
lineages especially, enlargement and elaboration of the
isocortex has likely had a significant impact on the over-
all connectivity of the brain beyond simply additional
linkages between adjacent regions of the cortex.

Allometric modifications alter structural and connec-
tional relationships between different regions of the
brain. At a gross anatomical level, we do see differences
between and within evolutionary trajectories (or related
genera or species), revealing that encephalization is nei-
ther simply the result of an aggregation of repeated
structures nor a consequence of existing structures scal-
ing with evolution. Rather, structures have increased
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allometrically with brain size within different taxa. This
pattern of allometric change of the brain as a whole
seems to hold within structures as well. And yet, how do
allometric modifications alter structural and connec-
tional relationships between different regions of the
brain? Within the cortex, for example, the frontal lobe
shows a larger secular (across generations) growth
acceleration pattern than other areas (Zilles 2004). It has
been argued that relative increases in size of certain
regions of the brain (e.g., prefrontal cortex) result in dis-
placement of others (Deacon 1990a, 1990b, 1990c).
Along some evolutionary trajectories, new elaborations
of existing regions occurred. For example, the third pre-
frontal region!generally known as the lateral, or gran-
ular, prefrontal cortex!is apparently unique to primates
(Preuss 1995). It seems that among primates, the relative
increase in size of the iso- or neocortex has resulted in a
well-interconnected cortex, perhaps establishing a more
dominant role in overall brain function.

Part of the reason why the number of functional regions
increases with brain size is that connectivity is maintained in
absolute rather than relative terms (Striedter 2005). That is
not to say, however, that larger brains are not well connected,
but rather that they are not as equally densely connected
compared to smaller brains. Connectional invasion or
enrichment has been proposed as a model to explain func-
tional regionalization of the cortex and the relative enlarge-
ment of particular regions (Deacon 1990a, 1990b, 1990c).
Thus, some of the novel characteristics and cognitive abil-
ities associated with large brains are likely related to con-
nectional invasion from one brain region to another
instantiating a new connection or elaborating a current
connection in the context of parcellation.

This perspective suggests that some differences in brain
structure are the result of a kind of push/pull synergy
between a mechanism by which more units of some kind
are added to the brain and the subsequent reorganization of
patterns of connections is triggered by the need to incorpo-
rate these additional circuits. In our opinion, the accumula-
tion of units propagated by additional mitotic divisions of
germinal precursors to minicolumns during cortical devel-
opment may fundamentally alter connectional schematics
and have implications for later epiphenomena such as intel-
lectual growth and development. In the context of a rela-
tively longer period of postnatal brain development, the
impact of additional units may be profound because the
cortex increases in surface area and compromises must
be made in terms of sufficiently efficient connectivity. The
effect of “later and longer” development of the cortex
would allow for elaboration of certain regions of the cortex,
and most of the elaboration would likely be a function of
the process of making local and regional connections.
Given increased parcellation, as was previously stated,
relatively more white matter composed of short U-fibers is
expected to be observed in species with larger brains.

A Kind of Adaptive Radiation Model
for Encephalization

Basically, an increase in gray matter, as an increase in
absolute numbers of minicolumns, generates white matter

by requiring a reconfiguration of existing connections or
the addition of novel connections. The significance of the
general columnar organization of the isocortex and
encephalization of the mammalian brain is that changes in
parcellation patterns occur because of differential connec-
tivity during development. However, increasing cytoarchi-
tectural complexity and different cell types provide the
opportunity for further specialization. A potentially useful
paradigm for primate brain evolution is that simple expan-
sion of the cortex (specifically, more minicolumns) has
given rise to a kind of “adaptive radiation” of new connec-
tions, providing opportunities for variation in parcellation
patterns, and even bootstrapping of rare neuronal types into
additional roles or significance. This adaptive radiation
itself occurred (and is occurring) in multiple taxa where the
various opportunities and elaborations are contingent upon
when each of the taxa emerged along the phylogenetic
trajectory within the Order Primates.

The adaptive radiation paradigm offers several predic-
tions. We expect to see more elaborations and greater
parcellation in those taxa with greater numbers of mini-
columns. We also predict a maximum number or density
of minicolumns within any particular brain configura-
tion as a function of connections, parcellation patterns,
and physical distance. This prediction of a maximum
number of minicolumns along the hominid evolutionary
trajectory holds, however, only in the absence of modifi-
cation increasing the efficiency of the underlying white
matter and interregional connections. A recent report of
the absolute quantity of gray and white matter among
primates offers some tantalizing data suggesting such a
partial exception to the prediction (Schoenemann and
others 2005). The publication provides estimates of total
cortical gray and white matter for many different pri-
mate species, and a quick calculation of the ratio of gray
to white matter reveals an average ratio across all pri-
mates of 0.85, excluding human females. The average
ratio for human males calculated from data in the article
is 0.85, whereas the average ratio for human females 
is 1.31. These results for humans are consistent with an
earlier study of sexual dimorphism in the human cere-
brum in which the ratio of gray to white matter was con-
sistently higher in females within all brain regions
measured (Allen and others 2003). If these data are con-
firmed in larger samples of other primates, it suggests
that connectivity in human females may be functionally
different from other primates. This gender difference
could be of importance when considering human condi-
tions characterized by abnormalities in connectivity or
an odoclisis (Greek hodos, path, + Greek klisis, a lean-
ing toward, vulnerability) (vide infra Minicolumns and
Psychiatric Disorders).

Somatic Adaptations to Increasing
Brain Size: The Canary Model

Apparent disadvantages of bigger brains include an
increase in both nutritional and metabolic requirements.
Nutritional changes that differentiate humans from other
primates may be related to the evolution of larger brains.
Fatty acids are critical for proper brain function, and
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there is a growing corpus of literature concerning the
correspondence between diet and encephalization
among hominids (Broadhurst and others 1998; Crawford
and others 1999; Cordain and others 2001; Simopoulos
2001; Kingsbury and others 2003). With regard to meta-
bolic requirements, longer connections necessitate
larger and more active neurons (Adams and Lee 1982),
where each cell is networked into a dynamically con-
trolled system. Neurons require a relatively large supply
of energy and oxygen to remain functional. With no
other changes made to the body, it follows that simply
increasing brain size should tax the body with an
increasingly excessive metabolic demand. However,
large-brained primates do not have a higher basal meta-
bolic rate than mammals with smaller brains but similar
body size. This makes it likely that certain physiologic,
metabolic, or nutritional adaptations of the body have
been made with increasing brain size.

Observations of apparent trade-offs for increasing brain
size have given rise to the “Expensive Tissue Hypothesis,”
whereby increased metabolic requirements of the brain are
balanced by decreased metabolic demands of other body
systems, primarily the gut (Aiello and Wheeler 1995).
Although interesting from the standpoint of human evolu-
tion, the Expensive Tissue Hypothesis is made more cred-
ible by data from multiple nonprimate taxa supporting it as
a process of trade-offs occurring during growth and devel-
opment that may be general to vertebrate evolution (Aiello
and others 2001). Thus, among primates, in a sample of
18 anthropoids, there was an apparent inverse correlation
between brain and gut size (Aiello and others 2001). The
Expensive Tissue Hypothesis was originally conceived
using physiological data, but new genetic and metabolic
data regarding aerobic energy metabolism offer support
for theory concerning adaptations to accommodate the
trend of encephalization among primates.

Aerobic energy metabolism is the responsibility of
mitochondria and is accomplished via the electron trans-
port chain (ETC). The ETC is composed of 5 protein
complexes, and in conjunction with coenzyme Q and
cytochrome c, functions to produce both ATP and ther-
mal energy. The complexes themselves are formed of
multiple proteins, some of which are coded by genes in
the mitochondrial genome, but many of which are coded
by nuclear genes. Early protein work investigating
species-level variation in components of the ETC
showed a shift in the ratio of lactate dehydrogenase
isozyme subtypes in haplorhines relative to strepsirhines
(Goodman and others 1969). More recent papers docu-
ment both selection and adaptive coevolution within pri-
mates between different components of complexes I, III,
IV, and V, as well as cytochrome c (Grossman and oth-
ers 2001; Goldberg and others 2003; Grossman and oth-
ers 2004; Mishmar and others 2006). Experiments using
cytoplasmic hybrids combining the mitochondria of one
species with the nucleus of another show a deleterious
impact on energy metabolism when more distantly
related hominoids are used, and substantiate evidence
for coevolution (Bayona-Bafaluy and others 2005).
Even while it is becoming clear that, at least within

hominoids, there has been adaptive coevolution among
ETC components, there is also evidence that selection is
affecting the ETC within humans—and, given the pre-
ceding arguments, in a seemingly unexpected fashion.

The patterns of distribution of human genetic variation
(cf. Cavalli-Sforza and others 1994 for a comprehensive
survey and review) are a function of the consequences of
population history and mechanisms that generate popula-
tion structure. During the process of phylogeographic dis-
persal of humans, adaptive gene complexes likely formed,
and, in some cases, certain alleles increased in particular
populations as a function of founder effect or selection (cf.
Currat and others 2006 for a recent discussion of the rela-
tive impact of different forces of evolution on a gene puta-
tively related to brain size). Consider the case of the
distribution of human mitochondrial genetic variation.

The mitochondrial genome has been used for twenty-
some years in surveys of population genetics, and the
worldwide distribution of mitochondrial variation has
been well-characterized (see http://www.mitomap.org
for an illustration of the worldwide distribution of
mitochondrial haplogroup lineages). Mitochondrial
haplogroups predominantly found in circumpolar popu-
lations are characterized by a partial decoupling of the
ETC such that relatively more thermal energy is pro-
duced at the expense of net ATP (Wallace 2005). In fact,
it appears that populations expanding out of Africa were
distinguished by mitochondrial haplogroups that had
mutations in the coding region that impacted net ATP
production. That this has likely had a functional impact
is supported by empirical data of mitochondrial function
and sperm motility (Ruiz-Pesini and others 1998). It
appears that within some human populations, the energy
budget for the whole organism may be further con-
strained by metabolic adjustments to cope with environ-
mental challenges. This is an intriguing idea, that within
some humans, selection for increased thermal needs
may preempt—to some degree—metabolic require-
ments of the brain.

How does this relate to the significance of encephal-
ization, emergent properties of minds, and mini-
columns? The brain monopolizes energy from the body
to fulfill its needs (Peters and others 2004), and meta-
bolic maintenance of an organism is tightly controlled
with fine tolerances for deviation from requirements.
Emergent properties of larger brains may be particularly
sensitive to crossing a threshold whereby there is insuf-
ficient energy to maintain the dynamic balance of the
system. There is growing awareness that many patho-
logical states associated with the aging human brain are
related to cumulative oxidative damage and metabolic
stress (Mattson and Magnus 2006), and Wallace (2005)
posits potentially deleterious consequences of partial
decoupling of the ETC for energy-dependent neurologi-
cal disorders. It should be noted, however, that Wallace
(2005) states that a partially uncoupled ETC would
produce relatively fewer reactive oxygen species.

Clearly, the calculus of energy production needs to be
worked out before unambiguous quantitative claims can
be made. With this caveat, we suggest that relatively less
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net ATP may have downstream consequences for neuro-
logical function. Because of its size, energy needs, and
antioxidative requirements (especially given the evolu-
tionarily fortuitous loss in humans of the ability to
endogenously synthesize ascorbic acid), the human
brain appears exquisitely sensitive to metabolic pertur-
bation of any of a number of interrelated systems.

Most individuals are not noticeably cognitively debil-
itated by imbalances in metabolic or nutritional needs
between the brain and the rest of the body or affected by
exposure to neuroactive chemicals. But, as a function of
population history and structure, in any population, there
will be a number of individuals that because of the con-
fluence of particular alleles in their individual genomes,
are more susceptible to crossing below a threshold for
maintenance of cortical functions. These individuals, in
a sense, are “canaries in the coal mine” with regard to
normal neurological function. Within the confines of
fluctuating metabolic requirements, exposure to meta-
bolically mediated environmental stimuli can tip the bal-
ance and deleteriously impact emergent properties of the
mind. Thus, neuropathological states can arise as conse-
quences of the impingement of an apparently distant
aspect of metabolism or physiological system that, ulti-
mately, affects brain function. Individuals who have neu-
roanatomical characteristics that predispose them to
even finer tolerances of function are more likely to suf-
fer neurological and psychiatric disorders. Additionally,
such precompromised individuals may be more sensitive
to local and systemic processes that perturb neurological
function specifically at the level of minicolumn activa-
tion or inhibition.

Minicolumns and Psychiatric Disorders

Classical pathology has focused on the reaction of cells
and tissues to abnormal stimuli. Yet little, if anything,
has been done regarding the neuropathological examina-
tion of cortical modules. This omission may be due to the
fact that structural alterations of cortical modules are not
easily noticeable or quantifiable using traditional neu-
ropathological methods (Casanova and Switala 2005).
Minicolumnar orientation varies with location and may
not transverse in its entirety a given plane of section.
Fragments of minicolumns abound in histological analy-
sis, being most frequent in thinner sections. These frag-
ments have to be adapted to 3D proportions and corrected
for shrinkage during tissue processing. Algorithms are
required to isolate pyramidal cells from other anatomical
elements that provide noise to the analysis. Furthermore,
results require validation against other methods (e.g.,
Gray Level Index [GLI]), anatomical elements (e.g.,
dendritic and myelinated bundles), and modalities of
columns (e.g., functional columns observed by intrinsic
optical density).

The advent of computerized image analysis methods
has opened the door to the study of minicolumns: their
ontogenetic origin, comparative anatomy, topographical
characteristics, and pathology. There is growing evi-
dence that minicolumnopathies are of frequent occurrence
in neuropsychiatry. Fundamentally, this is a function of

minicolumnar homeostasis, which is confined within a
narrow range, constrained by genetic programs, neigh-
boring modules, availability of metabolic substrates,
connectivity, and environmental factors. Alterations of
any of these factors can stress minicolumnar function
and subsequently alter local and regional brain function.
Contrary to the funneling of disparate pathologies
through a singular shrunken and darkly eosinophilic neu-
ron, minicolumnopathies can potentially exhibit a plethora
of manifestations. The large number of cellular elements
and connections within a minicolumn confers the structure
with vastly complex possibilities for reorganization and
ameliorative response to injury. We propose as a working
hypothesis that whenever environmental and genetic stres-
sors exceed the adaptive response of minicolumns,
reversible or irreversible changes may occur—the expres-
sion of which is characterized by the presence of a gender
bias, abnormalities in gyrification, and differences in white
matter parcellation (Casanova 2005). This perspective con-
cerning the developmental disposition of minicolumns and
subsequent effects regarding hierarchical networks has
implications for many psychiatric conditions. The follow-
ing sections expand on several disorders where recent stud-
ies suggest a putative minicolumnopathy.

Autism as a Minicolumnopathy

The behavioral phenotype of autism is consistent with a
minicolumnopathy, as it is typified as a substantial deficit of
emergent properties of the mind. Autistics struggle with
language, political and social calculations, high-level per-
ception, and predicting consequences for actions. Recently,
a computer image analysis study reported abnormalities in
the pyramidal cell arrays of autistic patients (Casanova and
others 2002a). The study showed reduced horizontal spac-
ing between pyramidal cell arrays and diminished neuropil
space at the periphery of the minicolumn. A second study
on the same patient population used descriptive parameters
of the GLI, that is, the area covered by Nissl-stained to
unstained elements in postmortem samples, to confirm sig-
nificant diagnosis-dependent effects in distance between
adjacent local maxima in the GLI (Casanova and others
2002b). Analysis of intra- and intercluster distances using
Delaunay triangulation indicates that the total number of
minicolumns may be increased but the total number of cells
per minicolumn appears normal. In these patients, a reduc-
tion in both cell soma and nucleolar size may reflect a
metabolic bias favoring shorter connections at the expense
of both interareal and callosal connectivity (Casanova and
others 2006a).

Many autistics have larger-than-average-sized brains.
Studies have shown postnatal differences in brain
growth, between 2 and 4 years of age, in autistic children
as compared to controls. Preliminary work suggests that
these findings are accompanied by increased gyrifica-
tion and differences in the parcellation of white matter
compartments (Herbert and others 2004). In effect,
reports link increased brain volume in autistics to a
localized expansion of the outer, radiate white matter
compartment containing primarily short corticocortical
connections (Herbert and others 2004). Interestingly, the
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prefrontal white matter has shown the greatest enlarge-
ment over controls. This coincides with the finding of a
minicolumnopathy that indicates preferential involve-
ment of the frontopolar region and anterior cingulate
gyrus (Casanova and others 2006b). These prefrontal
areas are interlinked by local connections and common
terminal fields. In contrast, no minicolumnar abnormal-
ities have been reported for idiotypic cortex. Findings of
regional differences in minicolumnar morphometry may
reflect alterations in developmental signaling pathways.
These findings are consistent with predictions made
regarding downstream consequences of increasing brain
size by the addition of cortical minicolumns.

It is unlikely that all autistics are symptomatic as a
sole function of an increased number of minicolumns—
but at least some autistics do share this fundamental
characteristic. This has implications for understanding
the variability in expression of autism and the palliative
effects of therapeutic approaches. As argued earlier, both
physiological and metabolic adaptations have been made
within the primate phylogeny. And among humans, there
is evidence that the overall energy budget of the organism
is tightly regulated. Adequate brain function is dependent
on both sufficient energy and appropriate controls for
activation and inhibition. To our mind, it may be useful
to consider autistic patients with densely packed mini-
columns as susceptible to both lack of energy and dis-
ruption of active controls. Any condition that involves
larger-than-normal brains and densely packed minicolumns
is doubly compromised and susceptible to a “two-hit”
mechanism, because 1) activities of the brain that are
widely distributed across the cortex, such as language, are
more vulnerable to inefficient and inadequate function, and
2) local minicolumnar networks are more liable to disrup-
tion by unbalanced local neurotransmitters, exogenous neu-
roactive molecules, inflammation, and so on. This
viewpoint suggests as a testable hypothesis that physiolog-
ical states characterized by unmet metabolic demands or
substrate deficiencies should exacerbate autistic sympto-
matology. A recent report concerning metabolic endophe-
notypes in autistic children supports this view (James and
others 2006).

In those autistics for whom the underlying predisposition
of the condition is more densely packed minicolumns (the
first “hit”), the second “hit” may be in any of the myriad
interrelated systems for maintaining normal brain function.
Whereas some autistics will share a defective gene because
of family/population history, many will have novel muta-
tions. This may explain partially the difficulty in finding
common predisposing loci for autism.

Dyslexia as a Minicolumnopathy

A recent case report on a dyslexic patient indicates sig-
nificant abnormalities in cortical modularity, with mini-
columns being wider and having more peripheral
neuropil space than normal (Casanova, Buxhoeveden,
Cohen, and others 2002). These findings were present in
both Brodmann areas examined (9 and 22) and both
hemispheres. The pathology suggested that dyslexic
patients could exhibit macroscopic changes consistent

with the described minicolumnopathy. This gave rise to
a structural MRI study of 16 dyslexic patients and 14
controls (Casanova and others 2004). In this series,
brains of dyslexic patients were smaller and significantly
less gyrated than controls (40% of the difference in gyrifi-
cation was attributed to their smaller volume). Subsequent
studies have shown that the broadened gyral window in
dyslexia correlates with changes in the hemispheric white
matter compartments; that is, a reduction of the outer radi-
ate fibers and a simultaneous increase of the inner white
matter compartment (El-Zehiry and others 2006). The
inner white matter compartment of the brain hemi-
spheres is the site of convergence for long association
fibers such as the commisural pathways, for example,
corpus callosum. Notably, the changes in dyslexia con-
trast directly with those reported in autism. Computer
modeling has shown that small minicolumns, as in
autism, provide for excess signaling and little inhibition
(Gustafsson 1997). Larger minicolumns, like those in
dyslexia, provide for generalization of information. It
thus appears that minicolumnar abnormalities appear
within a phenotypic spectrum that intertwines the
inhibitory/excitatory flow of cortical information pro-
cessing with a bias in the signal-to-noise ratio relevant to
feature extraction (Casanova, Buxhoeveden, Cohen, and
others 2002).

Schizophrenia as a Minicolumnopathy

Several studies have reported contradictory findings
regarding the prefrontal neuropil space of patients with
schizophrenia. Two studies have examined this finding
by analyzing intercellular distances within and between
minicolumns (Casanova and others 2005; Casanova and
others 2007). No significant differences have been
reported for either minicolumnar width or the vertical
orientation of minicolumns. However, significant alter-
ations have been reported in mean cell spacing in schiz-
ophrenic patients according to both the lamina and
cortical area examined. The lack of alterations in core
parameters of the minicolumn alongside significant
abnormalities of mean cell spacing suggests a distur-
bance of lamination.

Minicolumns are arranged in vertical strips of massive
ion-gated excitatory connections. Perpendicular to the
vertical axis of the minicolumn, a slower-onset second
messenger system provides modulatory innervation that
relates information processing to behavioral states,
attention, mood, and motivation. This modulatory action
via lamina-specific innervation is composed primarily of
the monoaminergic systems. Lamination arises subse-
quent to the formation of the minicolumn and concur-
rently to the elaboration of mesocortical monoaminergic
inputs. The time of onset of lamination coincides with
epidemiological studies that claim a window of vulnera-
bility to schizophrenia during the second trimester of
gestation (Limosin and others 2003). A recent article
documenting the importance of developmental neuroim-
munological responses to maternal and fetal expression
of cytokines provides tantalizing clues that relate the
timing of exposure to altered cytokine levels, effects on
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reelin expression, and different behavioral effects analogous
to schizophrenia in a mouse model (Meyer and others
2006). These studies suggest that schizophrenia arises from
an abnormality of the modulatory system of the minicol-
umn, possibly a commonality to the second messenger path-
ways of the monoaminergic system (e.g., inositol signaling
system). This perspective potentially explains the apparent
multiplicity of neurotransmitters involved in the mechanism
of action of atypical neuroleptics.

Alzheimer’s Disease as a Minicolumnopathy

The functions of the minicolumn correspond to the holistic
properties of the brain. The afferent, intracortical process-
ing and efferent elements of circuitry are integral to the
proper function of the minicolumn. In Alzheimer’s disease,
neurofibrillary tangles propagate throughout the cortex in
small clusters, which register across the supragranular and
infragranular laminae (Pearson and others 1985). The
resultant arrangement of neurofibrillary tangles defines a
minicolumnopathy wherein corticopetal neurons are selec-
tively impaired (Casanova, Stevens, and others 2002;
Casanova 2003; Esiri and Chance 2006). Neurofibrillary
tangles target a locus minoris resistentiae of the minicol-
umn, that is, its efferent component. In essence, damage to
a few neurons nullifies the action of the minicolumn as a
whole. This fact may help explain the rapid cognitive
decline in patients with Alzheimer’s disease as compared to
other neurological disorders (e.g., syphilis) that do not tar-
get aspects of minicolumnar circuitry (Casanova 2003).

Summary

The fossil record offers few evolutionary traces of the cor-
tex. Inferences concerning the evolution of the cortex have
been acquired primarily from studies on comparative
anatomy. These studies have shown that one of the basic
migratory apparatuses of the developing cortex, the radial
glial unit, has been conserved throughout mammalian
species (Gressens and Evrard 1993). The resultant vertical
array of cells and connections constructed through this
migratory pathway can be traced readily from ontogenesis
through postnatal development and aging (Casanova,
Trippe, and others 2006). Whereas in the cortex we once
saw a complicated quilt work of neurons, we now perceive
relative uniformity in both cellular components and cir-
cuitry. The basic module that encompasses this imperfect
crystalline lattice is called the minicolumn. Some authors
claim that the cortex is composed of hundreds of millions
of these units (Calvin 1996).

Minicolumns are not clone-like units. The weak regu-
latory linkages that facilitate brain parcellation demand
plasticity as to how these modules retool themselves. It
is well known that changing the activity of mouse
whiskers or human fingers alters their cortical represen-
tation (Rema and others 2003). Eliminating all whiskers
except one reduces the total number of barrels, causing
the remaining one to expand and fill most of the residual
cortical space (Glazewski and Fox 1996). Similarly,
studies in musicians have shown cortical reorganization

through extensive practice (Pantev and others 2001). As
the anatomy of the organism changes, the modular
organization of the cortex is preserved by altering its
connectivity; otherwise, the options of the cortex for
information processing are already built in (for a review,
see Begley 2007). If a conserved process (modular
organization of the cortex) had not been available to the
organism, then it would have to reinvent a myriad of
connections and functional units in response to internal
changes and environmental demands. So where does
plasticity arise when considering cortical modularity?

There are many varied pathways between different
cortical regions. These pathways are not simply avenues
for signal amplification but rather attest to the presence of
redundancy. Weak linkages in redundant pathways con-
strain the propagation of errors along connection cascades.
Thus, it is not in the cellular components or circuitry of the
minicolumn that we find the versatility inherent to any con-
served evolutionary component. Complexity in mini-
columns is primarily the result of the many ways that these
structures are connected together following basic precepts
of economy. Expansion of the cortex by supernumerary
minicolumns has given rise to multiple brain regions by
keeping connectivity within a range that neither unduly
taxes the metabolism of individual neurons nor provides for
significant conduction delays. In effect, variability during
encephalization is borne from recruitment of newly formed
regions into circuits following spatially and temporally reg-
ulated patterns. This is how a limited number of genes may
engender hereditable novelty (emergence of higher cogni-
tive properties) from a limited reservoir of components
(minicolumns). The modular organization of the cortex
allows the organism to be poised for change and to be
largely prepared to make them in advance of any exigency.
This capacity for weak linkages “facilitates the generation of
phenotypic variation and deconstrains the selection for new
functions and new regulatory connections” (Kirschner and
Gerhart 2005, p. 133). Thus, minicolumnar variability
within larger modular constructs appears to be the rule
rather than the exception. We suggest that intra-areal mini-
columnar variability is the “norm of reaction” used by cor-
tical modularity to adapt to different environmental
conditions (a.k.a. Baldwin-Schmalhausen effect) (Casanova
2007). Thus, environmental changes or stimuli play upon
the plasticity of the minicolumn causing necessary changes
in its functional phenotype.

Pathology supervenes whenever changes in mini-
columnar variability or intercolumnar connectivity fail
to be sufficiently functional. For either genetic or envi-
ronmental causes where a minicolumnar phenotype gen-
eralizes throughout a significant portion of the cortex,
the end result would be an impairment of both feedfor-
ward and feedback projections. Small perturbations to a
system in such a metastable state would engender rapid
degradation of information flow throughout the network.
Minicolumns involved in this odoclisis would transmit
signals along a cascade of perturbations that would blur
primary and secondary features of pathology, anatomy
(e.g., diaschisis), and symptomatology (e.g., core symp-
toms from those related to energetic exigencies).
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The same quality that allows linkages to be easily recon-
figured also makes the system prone to errors. Recent stud-
ies suggest the presence of a minicolumnopathy in several
psychiatric conditions. With better descriptions of patholo-
gies directly or indirectly associated with big brains, it is
becoming clear that the inherent plasticity of the telen-
cephalon with regard to function leads to a continuum of
behaviors and psychiatric states. These minicolumnopathies
predispose individuals to perturbation by single or combina-
tions of alleles of any of the multitude of genes important for
appropriate isocortical function. This may explain some of
the difficulties in determining major genes and epigenetic
contributions to these conditions. Better understanding of
the relationships between minicolumnar variation and neu-
ropathology will improve translational therapies and strate-
gies for prevention.
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