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Neocortical columns are functional and morphological units whose architecture may have
been under selective evolutionary pressure in different mammalian lineages in response
to encephalization and specializations of cognitive abilities. Inhibitory interneurons make a
substantial contribution to the morphology and distribution of minicolumns within the cortex.
In this context, we review differences in minicolumns and GABAergic interneurons among
species and discuss possible implications for signaling among and within minicolumns.
Furthermore, we discuss how abnormalities of both minicolumn disposition and inhibitory
interneurons might be associated with neuropathological processes, such as Alzheimer's
disease, autism, and schizophrenia. Specifically, we explore the possibility that phylogenetic
variability in calcium-binding protein-expressing interneuron subtypes is directly related to
differences in minicolumn morphology among species and might contribute to neuropathological

susceptibility in humans.
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INTRODUCTION

Vernon Mountcastle was the first to describe the cortical mini-
column (Mountcastle etal., 1955), providing what appeared to
be a simple means by which to understand the cerebral cortex.
According to this model of cortical organization, neurons, glia,and
their connections form part of an all-encompassing vertical sys-
tem which unites the cells of each minicolumn into a coordinated
functional unit (Mountcastle, 1997). In this context, the smallest
unit of cortical anatomy is the minicolumn, which is defined by a
narrow radial array of single neurons. Minicolumns are arranged
within larger macrocolumns (e.g., barrel somatosensory cortex of
the rodent).

While the minicolumn has arguably brought a coherent sense
of structure to our thinking, the pursuit of simple explanations
has been fueled by an ancillary argument for regularity in cortical
minicolumn morphometry. Influential in this regard has been the
highly cited paper by Rockel et al. (1980) that reinforced the claim
that there is a fundamentally uniform architecture to the cortical
minicolumn, reporting that the number of neurons within a mini-
column (defined as the number of neurons within a strip of tissue
30-pum wide and 25-um thick from pial surface to white matter) is
nearly invariant at 110 neurons across cytoarchitectonic areas and
species, suggesting that functional differences were principally a
result of wiring (Rockel et al., 1980). The claim that cortical mini-
columns are uniform reified the philosophical idea that human and
animal differences can be reduced to purely quantitative measures
(Rakic, 2008) and added validity to the widespread use of macaque
and mouse models in neurobiology. In addition, it seemed, at least
in principle, to be congruent with the existence of the ontogenetic
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columns described in Pasko Rakic’s “radial unit hypothesis”, which

provided a basis for understanding how evolutionary changes in
the neocortex occur through modifications of cell cycle dynamics
of founder neurons in the ventricular zone during development.

Subsequent work demonstrated that the estimates of neuron
numbers for the cortical minicolumn as described by Rockel et al.
(1980) were flawed for various reasons, including problems with
extrapolating from counts in different cytoarchitectonic areas
without corrections for cell size and arbitrary designations for
the expected dimensions of a cortical minicolumn (DeFelipe et al.,
2002; Rakic, 2008). Further empirical evidence has also shown
that there is much greater phylogenetic variation in the number
of neurons underneath 1 mm? of cortex than was previously
thought (e.g., Herculano-Houzel et al., 2008). Although several
investigators have directly refuted the validity of the Rockel et al.
(1980) claim (e.g., Preuss and Goldman-Rakic, 1991; Beaulieu,
1993; Skoglund et al., 1996; DeFelipe et al., 2002; Casanova et al.,
2009), the concept of uniformity in cortical minicolumn structure
still remains popular and is widely used in computational models
of cortical operation.

Recent research on the histological organization of the neocor-
tex across mammals, however, has demonstrated a rich diversity of
structural variants, ranging from the morphology of astrocytes to the
packing density of neurons. In this review, we will examine species
diversity in two key elements of neocortical structure — interneurons
and minicolumns. Variability in minicolumn structure will be linked
to known phylogenetic differences in calbindin- (CB), calretinin-
(CR), and parvalbumin (PV)-immunoreactive (ir) interneuron
populations with the aim of assessing the possible implications of
variation in minicolumn subcomponents on the evolution of inter/
intracolumnar communication. Furthermore, we will discuss how
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an appreciation for minicolumn and interneuron variability may
shed light on neuropathologies associated with cognitive deficits. We
propose that the appearance of a specific GABAergic interneuron
subtype within the Primate Order, the double bouquet cell, has
made a significant contribution to unique minicolumn functions
and human susceptibility to specific neuropathologies.

COMPARATIVE ASSESSMENT OF MINICOLUMNS: DIVERSITY
AMONG MAMMALS

A major obstacle in dispelling the assertion that there is uniform-
ity in minicolumn size is the lack of systematic, standardized
data on minicolumn dimensions across a wide range of species
(Buxhoeveden and Casanova, 2002a). The data that are currently
available represent different methodological and measurement
techniques from tissues that were prepared in a manner that might

be susceptible to differential shrinkage of histological components.
Further, cortical minicolumns have not been examined in a very
wide range of brain sizes, so we currently do not know if there are
upper and lower bounds for cortical minicolumn dimensions or
if there are regular patterns related to the extent of gyrification
(Buxhoeveden and Casanova, 2002a). Although current compara-
tive data on minicolumn width are not ideal, they do permit a ten-
tative examination of variability within a limited range of species.
Asreported from the literature, minicolumn width appears to vary
substantially among species and across cortical areas (Figure 1).
If we limit ourselves to considering only minicolumn widths
reported for the visual cortex using the apical dendrite bundle as
the defining feature, it is apparent that the primary visual cortex
of the rhesus macaque (Macaca mulatta) has, on average, a smaller
minicolumn width (23-30 pm) compared to that reported for
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FIGURE 1 | Minicolumn widths collated from the literature for the Class (1996), Peters and Sethares (1997), Buxhoeveden et al. (2001a), Von Bonin and
Mammalia. The following sources were used: Escobar et al. (1986), White and Mehler (1971), Kaas et al. (1981), Buxhoeveden et al. (2002a), Schlaug et al.
Peters (1993), Peters and Yilmaz (1993), Feldman and Peters (1974), Favorov and (1995), Seldon (1981), del Rio and DeFelipe (1997a), Buldyrev et al. (2000); and
Diamond (1990), Tommerdahl et al. (1993), Gabbott and Bacon (1996), Peters and ~ Casanova and Tilquist (2008). Note that in certain cases an average minicolumn
Wialsh (1972), Peters and Kara (1987), Kohn et al. (1997), Fleischauer et al. width had been computed by calculating the mean based on the minimum and
(1972), DeFelipe et al. (1990), Peters and Sethares (1991), Peters and Sethares maximum values reported in each study. Numbers refer to Brodmann areas.
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rats (30—40 pm, average 35 pm), cats (55—-60 pm, average 57.5 pm)
and rabbits (40-50 pm, average 45 pm). Interestingly, even though
the brain of the rhesus macaque is approximately 4-fold larger
in size than that of a cat (macaque: 106.4 cc; cat: 25.3 cc), there
is not a concomitant increase in minicolumn width (Peters and
Yilmaz, 1993). Peters and Yilmaz (1993) speculated that this may
be the case because macaques might possess more complex cell
columns, which render a more detailed specification of informa-
tion, thereby permitting a reduction in overall minicolumn width.
A more recent analysis of the morphometric variability of mini-
columns among macaque monkeys, humans, and chimpanzees
(Casanova et al., 2009) again confirmed that there are differences
in minicolumn width across species, but concluded that the core
column space (i.e., the space that contains the majority of neu-
rons and fibers and is distinguishable from the adjacent, cell-poor
neuropil space) remains relatively invariant, suggesting that this
subcomponent of the cortical minicolumn may be evolutionary
conserved (Casanova et al., 2009). It is possible that conservation
of the minicolumn core dimension in these three species may be
confined to this particular clade, and only further comparisons
to other species will elucidate whether this apparent uniformity
is indicative of an upper or lower bound for all primates or mam-
mals as a whole. The above examples, although tentative, highlight
the need for casting the comparative next even wider to include
other as yet unexamined species and emphasize how an analysis
sensitive to diversity in minicolumn attributes may provide an
interpretation which is more functionally and ecologically linked
to the environments within which species evolved.

For example, it is notable that a similar “primate-like” pattern
of smaller minicolumn sizes (19.9 um) were reported for the vis-
ual cortex of large brained Cetacea (humpback whale, Megaptera
novaeangliae, striped dolphin, Stenella coeruleoalba and bottlenose
dolphin, Tursiops truncatus), who also have cortical minicolumns
that are more discontinuous across cortical areas (Morgane et al.,
1988; Manger, 2006; Hof and Van der Gucht, 2007). This specific
feature of cortical organization in cetaceans is likely countered by
integration of column activity occurring in their thick layer I which
contains approximately 70% of the total cortical synapses (Glezer
and Morgane, 1990). Strikingly, the cytoarchitectonic columns
in the visual cortex of the striped dolphin and human contain
roughly the same amount of synapses, indicating that any deficit
or equivalence in cell column width is not necessarily indicative
of the functional output of the cortical column for that species
(Morgane et al., 1988), a point most strongly highlighted by the
complex behavioral and cognitive abilities of cetaceans that com-
pares with those of anthropoid primates (Marino, 2002; Marino
et al., 2007, 2008).

Such species differences in minicolumn width for the visual
cortex argue strongly in favor of further investigation into species-
specific adaptations, especially as similar patterns may be expected
for other regions of the cerebral cortex. Investigations of homolo-
gous areas of the primate cortex have indeed reported species-
specific differences in minicolumn size and morphology. An
example of this was reported in Wernicke’s area homologue (area
Tpt or area 22) of humans, macaque monkeys, and chimpanzees
(Buxhoeveden and Casanova, 2000). Minicolumns in the left hemi-
sphere of the human were 30% wider than those of the chimpanzee

and macaque, with more neuropil space and less dense core areas
(Buxhoeveden and Casanova, 2000; Buxhoeveden et al., 2001a).
As indicated in Figure 1, minicolumn width measured in area 22
appears relatively uniform in macaque monkeys (36 pm), chimpan-
zees (35-36.5 um), gorillas (33 pm), and orangutans (31.4 um), but
humans possess larger minicolumn sizes (50.4 um). This difference
would seemingly agree with restructuring in the human auditory
cortex (Rilling et al., 2008) supposed to underlie human unique
language abilities. In further support of this hypothesis, humans
also display significantly larger minicolumn spacing in Broca’s area
(areas 44 and 45) than that observed for great apes (chimpanzee,
bonobo, gorilla and orangutan) (Schenker et al., 2008).

A further argument in favor of recognizing the functional sig-
nificance of diversity in the cortical minicolumn may be gleaned
from studies of minicolumn widths among individuals of the same
species and how these may relate to normal variation within a
population. Casanova et al. (2007) recently reported significant
differences in minicolumn width and mean cell spacing of a control
group compared to that of three distinguished scientists. This study
highlights the possibility for genetic and environmental effects on
minicolumn phenotype, such as the number of founder cells, the
duration of cell division cycle and selective cell death (see Rakic
and Kornack, 2001). Minicolumn widths across a sample of the
normal population shows continuous variation, suggesting that
multiple independent variables may characterize its morphometry
(Casanova, 2006). This is likely a reflection that, like other parts of
the human organism, the cortical column may be (at least in part)
prone to the effects of natural selection and adaptation.

Aside from size, minicolumns in different species may also show
variability in their structural subcomponents (i.e., fibers and neu-
rons). The following section is aimed at reviewing the evidence for
phylogenetic differences indicative of diversity in the microcircuitry
of mammalian cortical structure, with a focus on different subtypes
of y-aminobutyric acid (GABA)-containing interneurons.

GABAergic INTERNEURONS AND CORTICAL MINICOLUMNS

Inhibitory GABAergic interneurons are a heterogeneous group of
cells that govern local cortical microcircuitry and are fundamental
for intra- and intercolumnar processing (Hendry, 1987; DeFelipe,
2002; Casanova et al., 2003; Buzsaki et al., 2004; Ascoli et al., 2008).
Whereas the morphological subtypes of interneurons that partici-
pate in cortical microcircuit regulation are highly conserved among
mammals (Sherwood et al., 2009), there is a significant amount
of variation among phyla in their diversity, density, distribution,
and developmental patterns (e.g., Hof etal., 1999; Preuss and
Coleman, 2002; Hof and Sherwood, 2005; Sherwood et al., 2007).
For example, in rodents and other non-primate species, inhibitory
interneurons comprise 15% or less of the cortical neuron popu-
lation, whereas they may constitute more than 20% within the
primate cortex (Hendry et al., 1987; Beaulieu et al., 1992; Gabbott
and Bacon, 1996; Gabbott et al., 1997; DeFelipe et al., 1999, 2002).
Additionally, the embryonic origin and migration of GABAergic
cells has been demonstrated to differ between rodents and primates,
with additional sites of neurogenesis in the lateral ventricular neu-
repithelium in primates (Petanjek et al., 2009). The different ori-
gins of GABAergic interneuron subpopulations undoubtedly relate
to species-specific distributions within the neocortex and likely
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support differences in cognitive abilities. Inhibitory interneurons
can be classified into subpopulations based on their immunore-
activity for the three calcium-binding proteins, CB, CR, and PV.
Greater than 90% of all cortical GABAergic interneurons colocalize
with one of these markers with little overlap among the separate
populations (Hendry et al., 1989; Glezer et al., 1993; DeFelipe, 1997;
Zaitsev et al., 2005). Different classes of interneurons interact with
pyramidal cells to modulate cortical circuit processing, with CB-
and CR-ir neurons involved mostly in intracolumnar communica-
tion and PV-ir interneurons involved in transcolumnar signaling
Figure 2 illustrates the major GABAergic cell types and Figures 3
and 4 show examples of CB, CR, and PV immunostaining.
Cortical PV-ir GABAergic neurons are predominantly multipo-
lar and include large basket and chandelier cells (Condé et al., 1994;
Gabbott et al., 1997; Zaitsev et al., 2005; see Figure 2). The large
basket cells have long-range axons that extend horizontally, target-
ing the perikaryon of pyramidal cells of different minicolumns
(Lund and Lewis, 1993; DeFelipe, 1997; Somogyi et al., 1998).

Chandelier cells, which are immunoreactive for PV, also provide
lateral inhibition, making synaptic connections with the axon initial
segments of pyramidal cells (DeFelipe, 1997; Wang et al., 2000a,b;
Li et al., 2002). These various morphological classes of PV-ir cells
regulate the rhythmic oscillations of pyramidal cell populations
and have been identified as fast-spiking based on their brief action
potentials and the absence of spike adaptation (Zaitsev et al., 2005;
Sohal et al., 2009).

Cortical CR-ir interneurons have variable morphology and
include bipolar, double bouquet, and Cajal-Retzius cells (DeFelipe,
1997).Bipolar and double bouquet CR-ir cells have axonal arbors that
extend vertically, mostly targeting the dendrites of pyramidal cells in
different layers of the cortex within a narrow column (DeFelipe et al.,
1989; DeFelipe, 1997; del Rio and DeFelipe, 1997b; see Figure 2).

The characteristic phenotype of CB-ir interneurons in primate
cortex is the double bouquet cell. As with the CR-ir double bou-
quet cells, CB-ir double bouquet axons provide vertical inhibition
to pyramidal cells within the minicolumn (DeFelipe et al., 1989,

CB
double bouquet

CB
/11 bipolar
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\Y)
V
PV
basket
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FIGURE 2 | Schematic representation of the major calcium-binding protein-ir intemeuron subtypes. Roman numerals indicate cortical layers, wm = white matter.
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FIGURE 3 | Examples of CB (A), CR (B), and PV (C) immunostaining in
layers II/1ll of chimpanzee motor cortex. Scale bar = 50 pm.

2006; Ballesteros-Yanez et al., 2005). In most non-primates except
carnivores, CB-ir interneurons are mainly multipolar and bitufted,
but lacking in the double bouquet morphotype (Ballesteros-Yanez
et al., 2005; see Figure 2). Both CR- and CB-ir interneurons exhibit
characteristics of non-fast-spiking cells in nonhuman primate cor-
tex, with longer spike frequency and spike adaptation, but without
distinctive differences between the two subpopulations (Zaitsev
etal., 2005). Although CR- and CB-ir interneurons share similar
physiological properties, the work of Zaitsev and colleagues suggests
different pre- and postsynaptic connections, with CB-ir interneu-
ron axons extending through cortical layers and accessing the cells
of layer I, while CR-ir interneuron axons stop short of this layer.

GABAergic interneurons, particularly CB-ir double bouquet
cells, contribute significantly to the morphology and distribution
of minicolumns within the primate cortex (Buxhoeveden and
Casanova, 2002b; Casanova et al., 2009). As a potential source for
minicolumn diversity, we outline below the range of variation
known for GABAergic neurons in mammals.

GABAergic NEURON VARIABILITY AMONG MAMMALS

The distributions of the calcium-binding protein-expressing
interneurons have been reported for a variety of mammals, with a
significant amount of diversity among species (Glezer et al., 1992,
1993, 1998; Hof et al., 1996, 1999; Hof and Sherwood, 2005; Zaitsev
et al.,2005; Sherwood et al., 2007, 2009). Differences in GABAergic
cell phenotype and density among species would be expected to
represent alterations in local microcircuit processing, possibly sup-
porting the expansion and differentiation of the cerebral cortex
throughout mammalian evolution. Here we will highlight some of
the major differences among mammals in terms of GABAergic cell
populations (for review see Hof et al., 1999; Hof and Sherwood,
2005; Sherwood et al., 2009).

In primates, the three calcium-binding proteins are expressed in
largely non-overlapping subpopulations of cortical interneurons
(Gabbottand Bacon, 1996; DeFelipe et al., 1999; Zaitsev et al.,2005).
In contrast, rodents show a greater degree of overlap, with colocali-
zation of more than one calcium-binding protein expressed in the
same cell (Kubota et al., 1994; Kawaguchi and Kubota, 1997). This
difference in subpopulations in primates may support an enhanced,

FIGURE 4 | Examples of CB (A), CR (B), and PV (C) immunostaining from layer | through layer VI in baboon parietal cortex. Scale bar = 500 pym.
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or specialized, capability for specificity in local inhibitory control.
In addition, the proportion of cortical interneurons varies among
species, with primates having a higher overall percentage relative
to rodents, afrotherians, and xenarthrans; though it is notewor-
thy that cetaceans have more than any of the terrestrial mammals
that have been examined (Hof et al., 2000; DeFelipe et al., 2002;
Sherwood et al., 2009).

In addition to variation in the relative concentration of cortical
GABAergic cells, electrophysiological response properties can vary
as well. A recent comparison of PV-ir fast-spiking basket cells in
macaque monkeys and rats reported no significant morphologi-
cal differences between species (Povysheva et al., 2008). However,
Povysheva and colleagues did find a significant difference in excit-
ability of PV-ir basket cell physiology, with neurons of macaque
monkeys having a higher input resistance and lower firing threshold
than those of rats. This finding coincides with differential firing of
prefrontal cortex neurons during working memory task time delays,
with lower frequency firing rates reported for rats (Povysheva et al.,
2008). The actions of PV-ir interneurons appear to be fundamental
for success in working memory tasks (Rao et al., 1999) and other
cognitive functions (Constantinidis et al., 2002).

Phenotypic and morphological variation within interneuron
subpopulations among species has also been reported. For example,
chandelier cells express PV in primate primary motor and somato-
sensory cortex (DeFelipe et al., 1990), but not in canids (Hof et al.,
1996). Further, CB-ir double bouquet cells are absent in rodents,
lagomorphs, artiodactyls (Ballesteros-Yafiez et al., 2005), xenar-
thrans, and afrotherians (Sherwood et al., 2009), but are present
in the cortex of humans, macaque monkeys, and to a lesser extent
and mostly restricted to visual cortex, in carnivores (Ballesteros-
Yafiez et al., 2005). These cells are found within layers IT and ITT and
are characterized by long descending bundles of axon collaterals
that are columnar in structure and target pyramidal cells within a
very narrow space. Such connectivity of double bouquet neurons
has been proposed to represent a specialization of minicolumn
inhibition within the primate order (del Rio and DeFelipe, 1997a;
DeFelipe et al., 2002, 2006; Ballesteros-Yanez et al., 2005). Notably,
the double bouquet axon bundles are associated with myelinated
axons that comprise minicolumns in human cortex, although not
all minicolumns were associated with CB-ir double bouquet cells
(Ballesteros-Yafiez et al., 2005).

While manifold differences have been reported between pri-
mates and nonprimates in terms of cortical GABAergic cell popu-
lations, our recent work revealed that there is actually a strong
degree of conservation of inhibitory microcircuitry within several
regions of the frontal cortex among human and nonhuman pri-
mates (Sherwood et al., 2009). Indeed, the density and distribution
of interneurons expressing calcium-binding proteins across human
and nonhuman primates closely adheres to general scaling rules
without human-specific specializations in regions that are impor-
tant for cognitive abilities such as language and mentalizing.

NEUROPATHOLOGIES, INTERNEURONS, AND MINICOLUMNS

Several neuropathological abnormalities in humans have been
noted that involve minicolumns and interneurons. For example,
decreased numbers of CB-ir interneurons have been reported con-
sistently in the prefrontal cortex of patients with schizophrenia

(Beasley and Reynolds, 1997; Reynolds et al., 2001; Beasley et al.,
2002; Cotter et al., 2002; Eyles et al., 2002; Chance et al., 2005; Sakai
etal., 2008) while CR-ir interneuron density is preserved (Woo
et al., 1998; Reynolds and Beasley, 2001; Zhang and Reynolds, 2002).
The relationship between PV-ir neuron distributions and schizo-
phrenia is less clear, with reports of a decrease in density (Beasley
and Reynolds, 1997) or no change in density (Woo et al., 1997;
Cotteret al.,2002). Alterations of minicolumn width (i.e., neuropil
space) are also well-documented in schizophrenia (Reynolds et al.,
2004; Casanova et al., 2005, 2008; Chance et al.,2005; Di Rosa et al.,
2009). These changes in minicolumn morphology appear to be con-
sistent with a developmental abnormality rather than a progressive
pathological process (Casanova et al., 2005, 2008).

Alzheimer’s disease is also associated with a selective decrease of
cortical CB-ir neurons in humans (Ferrer et al., 1993; Nishiyama
et al., 1993; Beasley et al., 2002) and has also been reported in the
canine expression of dementia of the Alzheimer’s type (Pugliese
et al.,2004) while both PV- and CR-ir neuronal subpopulations are
spared (Ferrer et al., 1993; Hof et al., 1993; Pugliese et al., 2004).
However, it should be noted that not all forms of dementia are
associated with a reduction in cortical calcium-binding protein-
containing interneurons (Hof et al., 1994; Gomez-Tortosa et al.,
2001). The structure of minicolumns is selectively disrupted in
Alzheimer’s disease, and the loss of columnar organization was
related to the number of neurofibrillary tangles (Buldyrev et al.,
2000). Tangles cluster into columns and their numbers are posi-
tively correlated with degree of cognitive loss in Alzheimer’s dis-
ease (Nagy et al., 1996). Minicolumn thinning was also noted in
normal human aging and is a process that may be continuous
with the increased risk of Alzheimer’s disease over the age of 65
(Nagy et al., 1996).

It has been postulated that cortical minicolumn GABAergic
inhibitory control is also compromised in autism (Casanova
et al., 2003). However, while dysregulation of the calcium-binding
protein-ir interneuron populations was recently demonstrated
within the hippocampus of patients with autism (Lawrence et al.,
2009), comparable data are not available for neocortical regions.
Nonetheless, autism and Asperger’s syndrome are associated with a
narrowing of the minicolumns, specifically, the peripheral neuropil
space (Casanova et al., 2002a,b,c, 2003). Because the peripheral
neuropil space is dependent upon inhibitory interneuron popula-
tions, a deficit in GABAergic control is suspected. In particular, the
modulation of minicolumnar activity would be altered for both
local and long-range connectivity, resulting in collateral over-
excitation among minicolumns (Casanova, 2008; Casanova and
Trippe, 2009). Such a deficit is also suspected to contribute to the
incidence of seizures in autistic individuals (Casanova et al., 2003).
This relationship finds support in recent reports of deficits in both
PV- and CR-ir interneurons with focal cortical dysplasias associated
with epilepsy (Zamecnik et al., 2006; Barinka et al., 2009).

CONCLUSIONS

Interneuron subtypes are a major constituent of the periph-
eral neuropil space of minicolumns and the integrity of these
local inhibitory circuits is critical for normal signal process-
ing within the neocortex (Casanova et al., 2003). Highly con-
served GABAergic neuron populations are targeted in certain
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neuropathologies, perhaps owing to dysregulated cell migration
in autism and schizophrenia, or a cholinergic-regulated decline
in Alzheimer’s disease. In both Alzheimer’s disease and normal
senescence, cholinergic cell bodies are lost, making a significant
contribution to declining cognitive functions (Whitehouse,
1992; Mesulam, 1996; Mega, 2000). Notably, disruption of corti-
cal acetylcholine has also been implicated in schizophrenia and
autism (for review see Sarter and Parikh, 2005; Lam et al., 2006),
demonstrating the importance of this neurotransmitter system
for normal cognitive processing. Acetylcholine is involved in cal-
cium regulation (Rathouz et al., 1996; Griguoli et al., 2009) and
in modulating the function of GABAergic interneurons. Many of
the interneurons receiving cholinergic innervation appear to be
double bouquet cells (Xiang et al., 1998). The loss of cholinergic
input coincides with the loss of CB-ir interneurons, dysregula-
tion of calcium homeostasis, and the breakdown of minicolumn
structure (Chance et al., 2006).

Comparative data indicate that there are differences among
human and nonhuman primate species in the cholinergic inner-
vation of the frontal cortex (Raghanti et al., 2008). Interestingly,
the morphology of CB-containing interneurons has also been
altered in primates, with a preponderance of double bouquet cells
(Ballesteros-Yanez et al., 2005). Additionally, the major evolution-
ary alteration of minicolumn morphology is in minicolumn width.
Humans deviate from other species in having a greater width of
minicolumns in specific cortical areas, owing to constituents of the
peripheral neuropil space, the most important predictor being the
density of CB-ir double bouquet interneurons (Buxhoeveden et al.,
2001b; Casanova et al., 2009).

Taken together, the unique prevalence of CB-ir double bouquet
cells in the primate cortex, human-specific alterations in minicolumn
width, disruption of cholinergic innervation and the loss of CB-ir
interneurons in neuropathological processes in addition to their
importance to the integrity of minicolumn structure point to a spe-
cialized function for these interneurons within the primate cortex.

Thus, variability not only in the connectivity of the minicolumn
but also in the subtle subcomponents of the columnar organiza-
tion such as composition of interneuron subtypes are a primary
source of interspecific differences. Accordingly, both intra- and
interspecific variation in cortical minicolumn morphology points
in favor of diversity and an interpretation of the cortical minicol-
umn phenotype more strongly rooted in an evolutionary view. This
perspective embraces complexity and the myriad morphological
differences that biological species have evolved. More than 50 years
after Mountcastle’s observation of the cortical minicolumn and
the 150 years since Darwin’s (1859) highly influential evolutionary
synthesis, it is perhaps fitting that we fuse the concept of the cortical
minicolumn into an evolutionary perspective that acknowledges
the eclectic nature of biology and the all-important contribution
of variation to evolution.
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