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Understanding the principles of organization of the cerebral cortex requires insight into its
evolutionary history. This has traditionally been the province of anatomists, but evidence regarding
the microcircuit organization of different cortical areas is providing new approaches to this
problem. Here we use the microcircuit concept to focus first on the principles of microcircuit
organization of three-layer cortex in the olfactory cortex, hippocampus, and turtle general
cortex, and compare it with six-layer neocortex. From this perspective it is possible to identify
basic circuit elements for recurrent excitation and lateral inhibition that are common across all
the cortical regions. Special properties of the apical dendrites of pyramidal cells are reviewed
that reflect the specific adaptations that characterize the functional operations in the different
regions. These principles of microcircuit function provide a new approach to understanding the
expanded functional capabilities elaborated by the evolution of the neocortex.
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Recent evidence is allowing the patterns of synaptic organization in
different brain regions to come more clearly into focus. These pat-
terns have been characterized by various terms, including organi-
zation by contact (Ramon y Cajal, 1911), synaptic organization,
basic circuit (Shepherd, 1974),local circuit (Rakic, 1976), canonical
circuit (Douglas et al., 1989), and microcircuit (Byrne et al., 1978;
Shepherd, 1978, 1994; Grillner et al., 2005; Graybiel and Grillner,
2006; Shepherd and Grillner, 2010). Whatever the terms used, the
concepts are proving increasingly important in helping to guide
experimental analysis of a system and construct computational
simulations that aid the experimental analysis.

A brain microcircuit has been defined as the organization of
nerve cells into specific patterns that carry out the information
processing characteristic of a given brain region. This concept has
been used to test whether it can provide the basis for comparing the
principles of organization across different brain systems, in order
to identify common principles as well as the special adaptations for
each region. An early example was common principles across phyla
in comparing mammalian and insect olfactory systems (Hildebrand
and Shepherd, 1997). Microcircuits for over 50 brain regions, in
both vertebrates and invertebrates, have been recently published
(Shepherd and Grillner, 2010).

If this approach has merit in comparing different brain systems,
it should be of further value in comparing systems for insights into
evolution. Here we apply this approach to the evolution of the
cerebral cortex. The key problem is well recognized. The cerebral
cortex of fish, amphibians and reptiles is characterized by three
layers, whereas mammals have developed a new type of “neocor-
tex” with six layers (reviewed in Striedter, 2005). One of the most
challenging problems in vertebrate evolution is understanding how
this happened. (Solving this problem is not helped by the confusing
terminology for the different parts of the cortex: see Swanson, 2000
for a discussion of this question.)

The problem is usually addressed looking backward from
the neocortex. An alternative is a prospective view, beginning
with three-layer cortex. This started with early work on olfactory
cortex, perhaps the region of the cerebral cortex least changed
through vertebrate evolution, hippocampus, and reptilian dorsal
cortex. In the mammal, three-layer cortex persists in the olfactory
cortex and the hippocampus. Early work (Shepherd, 1974, 1988;
Smith et al., 1980; and Kriegstein and Connors, 1986) provided
evidence for the hypothesis that these regions of three-layer cortex
contain the basic microcircuit core that has been elaborated in
six-layer neocortex.

This review will update that hypothesis, drawing together ear-
lier and more recent work on cortical microcircuits to provide
new evidence for how this might have occurred. A broad synthesis
such as this is needed not only for fresh approaches to the prob-
lem of neocortical evolution, but also for providing a framework
for integrating parallel approaches using molecular and genetic
approaches. This framework should also contribute eventually to a
better understanding of the new functions enabled by a neocortical
architecture. I apologize that space does not permit citing of all the
relevant literature.

CORTICAL MICROCIRCUITS: THE BASIC HYPOTHESIS

The traditional method for analyzing brain evolution has been
neuroanatomy, with a focus on comparing such features as size
and number of brain areas, patterns of cell lamination, and the
connections between areas. However, a new approach at the cellular
and microcircuit level became possible in the 1970s with the new
studies revealing patterns of synaptic organization. This provided
the first evidence for basic patterns of organization that are similar
across different regions. This included the three main regions of
the mammalian cerebral cortex: olfactory cortex, hippocampus,
and neocortex. On this basis:
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It is suggested that the study of synaptic organization provides a
basis for distinguishing certain characteristics of local organization
that may be termed cortical.... It implies that certain modes of infor-
mation processing are possible with a cortical type of organization
that are not possible with other, noncortical, types.

...the study of synaptic organization [is] the necessary basis for
understanding the particular contribution of the cortex to mam-
malian and human behavior. (Shepherd, 1974)

One of the first basic cortical circuits to be identified was of
mammalian olfactory cortex. Figure 1 (top) provides a reminder
that olfactory cortex is defined as the main region that receives
direct input through the lateral olfactory tract (LOT) from the
output cells (mitral and tufted) of the olfactory bulb. We focus here
on the region occupying the piriform cortex beneath and adjacent
to the LOT. The hippocampus is located in the medial temporal
area, and neocortex in the dorsal part, as we discuss below.

We begin by noting several features of the anatomy of the cells.
First, the principal neurons have apical dendrites with radial paral-
lel orientations; second, the principal neurons are situated within
a framework of a non-repeating sequence of layers; and third, the
principal neurons are graded in their size and morphology in the
different layers. We will see these properties repeated in all the
cortices of the forebrain.

neocortex

olfactory

o prefrontal ctx perirhinal ctx —

entorhinal
ctx

lateral
olfactory
tract

LOT —

FIGURE 1 |Top: Olfactory cortical areas on the ventrolateral surface of the
cerebrum of the rat. Abbreviations: AOC, anterior olfactory cortex; ctx,
cortex; olfac tub, olfactory tubercle. From Neville and Haberly (2004). Bottom:
Basic circuit of the mammalian piriform (olfactory) cortex. Abbreviations: LOT,
lateral olfactory tract; SE, superficial pyramidal cell; DP deep pyramidal cell; S,
stellate cell; C, centrifugal fiber. Arrows indicate direction of flow of activity.
Open profiles: excitatory synaptic action; filled profiles: inhibitory synaptic
action. From Shepherd (1974).

Single cell recordings from the cat, and from a primi-
tive mammal, the opossum, revealed the basic EPSP-IPSP
responses of pyramidal cells to single shocks in the LOT, and
the responses of interneurons (Biedenbach and Stevens, 1969;
Haberly, 1973a,b). This provided a local circuit for excitation
of the pyramidal cells through their distal apical dendrites, and
recurrent feedback inhibition through their axon collaterals
onto interneurons. A key further finding, using current source
density analysis, was of pyramidal cell recurrent excitatory col-
laterals back onto pyramidal cell apical dendrites (Haberly and
Shepherd, 1973).

To summarize these results, a basic circuit was composed, con-
sisting of distal dendritic excitatory input to the pyramidal cells,
which then generate recurrent excitation (RE) and recurrent inhi-
bition (Haberly and Shepherd, 1973; see Figure 1 bottom). These
three synaptic operations were proposed to be key features of cer-
ebral cortex in general (Shepherd, 1974).

The first place to test this hypothesis was the other main type
of three-layer cortex in the mammal, the hippocampus. The basic
anatomical connections within the hippocampus had been laid
out by Ramon y Cajal (1911). The electrophysiology of the hip-
pocampal pyramidal cell began with Andersen (1960) and Kandel
etal. (1961), and the functional organization of the hippocampal
circuits began to be revealed by the new work in the hippocampal
slice (Andersen et al., 1971; Skrede and Westgaard, 1971). This gave
rise to the classical three-synapse model (Figure 2).

At first glance the hippocampal circuit seems different from the
olfactory cortex, with the special relay through the dentate gyrus,
and the sequence of activation of CA3 followed by CA1. However,
there are similarities: the excitatory inputs to the apical dendrites
of CA3 and CA1 pyramidal cells, the recurrent excitatory axon
collaterals of CA3 pyramidal cells onto CA3 and CA1 pyramidal
cells, and the activation of local inhibitory feedback, could be seen
as adaptations of the simpler architecture of the olfactory cortex.

Compared with these early successes, studies of the basic con-
nectivity within the mammalian neocortex had barely begun.
Nonetheless, evidence was obtained for thalamocortical activation
of pyramidal cells, and the two types of actions through their axon
collaterals: direct RE, and recurrent inhibition through inhibitory
interneurons (see Phillips, 1959). There was an additional circuit
element, thalamocortical activation through stellate cells onto the
pyramidal cells, which could be viewed as analogous to the situ-
ation in the dentate and hippocampus, as an additional internal
relay in the input pathway. An early version of the basic circuit for
neocortex is shown in Figure 3.

In comparing these three early basic circuits, the common ele-
ments are evident: activation through apical dendrites, RE, and
recurrent and lateral inhibition, both playing back onto different
levels of the apical dendrites. That these basic features of the three-
layer cortices should be embedded in the neocortex carried the
seeds of a new way of thinking about cortical evolution.

TURTLE DORSAL CORTEX

This new way of thinking was stimulated by studies in reptilian
forebrain of dorsal cortex, also called general cortex. This receives
input from the thalamus, and is of special interest as occupying a
position which can be regarded as a precursor of neocortex, based
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FIGURE 2 | Basic circuit of the mammalian hippocampus and dentate
fascia. Abbreviations: Alv, alveus; perf, perforant pathway; CA1, CA3: regions
of the hippocampus; DF, dentate fascia; . pyramidal cell; B, basket cell; Gr,
granule cell; mf, mossy fiber; Sc, Schaffer collateral. Arrows indicate direction
of flow of activity. Open profiles: excitatory synaptic action; filled profiles:
inhibitory synaptic action. From Shepherd (1974).
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FIGURE 3 | Basic circuit of the mammalian neocortex. Abbreviations: SA,
specific sensory afferents; NSA, non-specific sensory afferents; DF, deep
pyramidal cell; SE superficial pyramidal cell; I, intrinsic neurons (excitatory
stellate cells and inhibitory interneurons are lumped together); rc, recurrent
collateral. Arrows indicate direction of flow of activity. Open profiles: excitatory
synaptic action; filled profiles: inhibitory synaptic action. From Shepherd

on its position, shown in Figure 4 (left), on the dorsal surface of
the forebrain, flanked on either side by the olfactory cortex and
hippocampus. The strategy of exploring this cortex was explicit in
a pioneering study by Smith et al. (1980):

We have been studying cortical organization in the adult turtle
because this neural system is simple enough for quantitative analysis,
yet similar enough in its extrinsic connections to provide a model
for some features of mammalian neocortex.

Building on previous studies in mammals using electronmicro-
scopy to observe degenerating axon terminals following unilateral
ablation of the thalamus, they found synaptic connections onto
spines of pyramidal cells and smooth dendrites of stellate interneu-
rons. This suggested a pattern of organization in which there are
feedforward as well as feedback inhibitory connections from stellate
cells onto pyramidal cells (see Figure 4).

Stimulated by this anatomical study and the previous physiologi-
cal studies of cortical organization, Connors and Kriegstein (19865
also Kriegstein and Connors, 1986) then undertook alandmark study
to characterize the electrophysiological properties of these cells in
a slice preparation of the turtle dorsal cortex. Using a combination
of cell labeling, focal electrical stimulation, and responses to single
volleys, they characterized the synaptic connections and physiological
properties of both the pyramidal and stellate cells. Consistent with
Smith et al. (1980), they found that thalamic afferents excite both
pyramidal cell distal dendrites and stellate cells. They also obtained
evidence that the stellate cells provide for both feedforward and feed-
back inhibition of the pyramidal cells. Finally, they also showed feed-
back excitation from the pyramidal cells back onto pyramidal cells.

They integrated their results by building on the circuit diagram
of Smith et al. (1980). As shown in Figure 5, they also took into
account the previous basic circuit diagrams for the other types of
cortices in order to make comparisons with them. They summa-
rized their conclusions as follows (Kriegstein and Connors, 1986):

The general synaptic organization of turtle general cortex shows
striking similarities with those of other cerebral cortical structures,
including the pyriform cortex, hippocampus, and neocortex of sev-
eral well-studied mammalian species (Shepherd, 1979). Each cortex
has a principal cell type (or group of subtypes) that features promi-
nent, spinous apical dendrites, and one or more types of sparsely
spinous, GABA-utilizing interneuron. Similarities exist for both the
general plan of local circuitry and the physiology of the synapses
themselves. The uniqueness of each cortex is, of course, specified by
many differences of organization. A comparison of these properties
between and within species may yield clues about the principles of
cortical function and its evolution.

The work of Smith et al. (1980) and of Kriegstein and Connors
(1986) thus combined the previous work in the other cortical
regions to suggest a new approach to understanding cortical evo-
lution, focused on analysis of intrinsic circuit organization in dif-
ferent regions with detailed comparisons between them of specific
circuits for basic functional operations.

SUMMARY OF THE EARLY CONCEPTS

These early studies were summarized in a review (Shepherd, 1988)
whose aim was to test the original proposal that “there is a set of
basic principles that governs the organization of intrinsic circuits
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FIGURE 4 | Left, above: Dorsal view of the turtle brain. Abbreviations: DC,
dorsal cortex; H, hippocampus; P, piriform (olfactory) cortex. Below, cross
section of forebrain at level of arrow in top diagram. From Connors and
Kriegstein (1986). Right: Model of circuit in turtle dorsal cortex based on
degeneration studies of connectivity from the thalamus and resulting

THALAMIC

CORTICAL
OUTPUT

calculations. The circuit is dominated by massive thalamic input to inhibitory
interneurons, which provide massive feedforward inhibition to the pyramidal
neurons. Both pyramidal cells and interneurons also receive excitatory input
from unspecified sources. Open profiles: excitatory synaptic action; filled
profiles: inhibitory synaptic action. From Smith et al. (1980).

1 b ] \OG \?G L}
A OD— B—
%l;.

FIGURE 5 | “Schematic diagram of the principal intracortical connections
of the turtle visual cortex based on neuroanatomical data (Smith et al.,
1980) and the physiological observations reported here. Thalamocortical
afferent volleys (1) provide direct excitation of pyramidal cell dendrites (a) and
also powerfully excite inhibitory stellate cells (b). Feedforward inhibition is
mediated by stellate cell-pyramidal cell contact (2). Local pathways also
mediate reciprocal excitation between pyramidal cells (3) as well as feedback
inhibition through pyramidal cell-stellate cell conact (4). There is also
physiological support for inhibition of stellate interneurons (5), presumably
arising from stellate cell-stellate cell contact. The pyramidal cells provide
output from the cortex (6) by way of axons coursing primarily in the subcellular
zone." Kriegstein and Connors (1986). Open profiles: excitatory synaptic
action; filled profiles: inhibitory synaptic action.

Table 1 | Summary of elements common to cortical circuits (Shepherd,
1988).

Pyramidal cells with apical and basal dendrites;

Excitatory inputs to distal dendritic spines of pyramidal cells;

Feedforward inhibition through inhibitory interneurons;

Feedback and lateral inhibition through pyramidal cell axon collaterals;
Feedback excitation through pyramidal cell axon collaterals;

Modulation of pyramidal cell activity through layered inputs to apical dendrite
and soma.

in the main types of cerebral cortex.” A detailed consideration of
the anatomy and physiology of the cells and intrinsic circuits in
the three regions of three-layer cortex, and in six-layer neocortex,
supported the proposal. At this stage, those key specific circuits
could be summarized in Table 1.

It was emphasized that this common set of circuit elements was
analogous to the common set of bones constituting the basic ver-
tebrate skeleton. Just as the hand has been adapted from forelimb
digits by evolutionary pressures, so have the circuit elements of
the basic cortical microcircuit become adapted during neocorti-
cal evolution. It was suggested that these adaptations included
addition of new neurons, new types of output neurons, new types
of interneurons, and new types of intracortical connections and
connection patterns. It was further suggested that novel physi-
ological properties may have appeared, such as deployment of
active properties in the dendrites, and the elaboration of second
messengers and other biochemical mechanisms. In this way the
basic circuit provides the substrate for evolving new functions
during evolution. Specifically,

Frontiers in Neuroanatomy

www.frontiersin.org

May 2011 | Volume 5 | Article 30 | 4


http://www.frontiersin.org/Neuroanatomy/
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive

Shepherd

Cortical evolution

... there is an underlying logic to the construction of cortical
local circuits and microcircuits that provides a common modular
framework that is adapted to generate the special properties of the
neocortex.

Among the circuit elements that may be critical for cortical
processing, the dendritic spines are of special interest. It was noted
that the large number on distal dendrites moves the site of synaptic
inputs away from having a direct effect on spike generation at the
soma, and makes the effects of those inputs “contingent on specific
combinations of inputs and cascades of non-linear interactions
between the spine.” (Shepherd, 1988).

This period in the 1980s also saw the introduction of neural
networks based on parallel processing for the purpose of simulat-
ing brain function (Rumelhart and McClelland, 1986). These were
based on representations of neurons as single summing nodes, in
contrast with the complex dendritic branching patterns and spatio-
temporal integration in real neurons. The networks are character-
ized by all-to-all connectivity, in contrast to the specific connectivity
of most neurons. An aim of the review was to clarify the limitations
of this network architecture by showing the elements of the local
circuits — particularly including the properties of dendrites and
dendritic spines, and the specificity of excitatory and inhibitory
interactions — that should be built into neural network models in
order to simulate more accurately human cognitive functions, a goal
that unfortunately still is far from realized (see also Shepherd, 1990).

A CANONICAL NEOCORTICAL CIRCUIT
The emerging concept of a basic circuit for the neocortex was
expressed in a distinct form in the “canonical cortical microcircuit”
of Douglas et al. (1989). This was based on experimental studies in
visual cortex of interactions between two populations of pyramidal
neurons, superficial and deep, and a population of interneurons
(Figure 6; stellate cells, being spiny, were grouped with the pyrami-
dal cells). The pyramidal (and stellate) neurons are glutamatergic
and excitatory, the interneurons GABAergic and inhibitory. Each
pyramidal neuron population has intracortical connections onto
three targets: itself (feedback excitation through its own axon col-
laterals); similarly on the other set of pyramidal neurons; and the
population of inhibitory interneurons (giving rise to feed back inhi-
bition onto its own population and onto the other population of
pyramidal neurons). The inhibitory interneurons accordingly are
excited by each population of pyramidal neurons and inhibit each
population, as well as inhibiting themselves. Different weights of
excitation and inhibition are indicated by the thickness of the arrows.
The thalamic input is shown activating mainly the stellate cells of
layer 4, which, being spiny and excitatory, are regarded as having
properties similar to those of the spiny superficial pyramidal cells.
This scheme enabled Douglas et al. (2004) to summarize sev-
eral important features of cortical connectivity and dynamics from
their own and previous work. The preponderance of connections
is between the excitatory pyramidal cells, including re-excitation.
Because thalamic synapses account for only some 10% of the con-
nections in the cortex, the excitatory and re-excitatory connections
may be important in selectively amplifying the thalamic inputs.
However, re-excitation is potentially dangerous in leading to hyper-
excitability and seizures. Inhibition is therefore needed to oppose

A
4 P2+3
(4)
r——“i
N GABA >
cells >
P5+6
—4
_______________________________________________ e
Thalamus

FIGURE 6 | A canonical microcircuit for mammalian visual cortex. P2 + 3
represent pyramidal cells of the superficial 2 and 3 layers of visual cortex. Also
included are the stellate cells of layer 4, indicated by (4), whose properties
resemble those of the superficial pyramidal cells. P5 + 6 represent pyramidal
cells of the deep five and six layers. GABA cells represent inhibitory
interneurons of all types. Strength of functional connection is indicated by
thickness of line. The thalamic input is relatively limited in terms of numbers of
synapses, but is amplified by the strong recurrent excitatory connections.
From Douglas et al. (1989).

or modulate this potentially strong excitation. Cortical circuits can
thus be seen to be poised on the knife edge of excitation restrained
by inhibition, one of the risks of the computational power of the
cortical microcircuit (see also below).

The canonical circuit of Figure 6 can be seen to depict in flow-
chart form the essential connectivity of the basic cortical circuit
shown in Figure 3. It has been useful for testing for basic elements
in neocortical microcircuits, as described further below.

FROM THREE LAYERS TO SIX LAYERS

In support of the hypothesis of Smith et al. (1980) and Kriegstein
and Connors (1986), the intrinsic organization of three-layer cor-
tical areas as a basis for the evolution of six-layer neocortex was
made explicit in a hypothesis in 1994, which stated:

These facts suggest that the basic circuit for olfactory — hippocampal —
general cortex may represent a framework that has been elaborated
into the neocortex in the course of mammalian evolution.

The hypothesis is illustrated in the diagrams of Figure 7. The
basic circuit common to three-layer cortices is shown in A. The
common elements of primary afferents, intrinsic circuits for feed-
forward inhibition (FI) and lateral inhibition (LI), and RE, are
indicated by the labels.

The possible evolutionary relation to six-layer neocortex is indi-
cated by the arrow. The direct input from thalamus to pyrami-
dal cells, characteristic of three-layer cortex, is indicated by the
dashed lines. In addition, six-layer cortex has a new class of stel-
late cells, which also receive thalamocortical input, and relay it to
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FIGURE 7 | Hypothesized relations between canonical microcircuits for
three-layer simple cortex and six-layer neocortex. (A) Simplified
representation of the three main types of three-layer microcircuits: olfactory
(piriform) cortex, hippocampus; general (dorsal) reptilian cortex. Abbreviations:
Fl, feedforward inhibition; LI, lateral inhibition; RE, recurrent excitation. For the
hippocampus, primary afferents represent the perforant pathway; RE represent
the Schaffer collaterals, and LI represent local inhibitory feedback. Pyramidal
cells and inhibitory interneurons as in Figure 3. Cortical layers shown on right.
(B) Canonical microcircuit for neocortex. Abbreviations: same as A; C-C,
cortico-cortical fibers; ST, stellate cell cortical layers shown on right. Arrows
indicate direction of flow of activity. Open profiles: excitatory synaptic action;
filled profiles: inhibitory synaptic action. From Shepherd (1994).

the pyramidal cells. In granular cortex such as the primary visual
area, the stellate cells are concentrated in layer 4; in agranular
cortex such as motor areas, the stellate cells are distributed in
several layers. The stellate cells can be seen to constitute a kind
of internal forward relay interposed between the afferents and
the pyramidal cells, serving as a staging “preprocessing” site for
transforming the thalamic input into its cortical form. This may
be necessary because the thalamic input constitutes scarcely 10%
of the synaptic connections in its layers of termination (Douglas
and Martin, 2010); the vast majority come from intrinsic and
cortico-cortical connections.

Apart from this difference in the input, the other main dif-
ference from three-layer cortex is the division into a superficial
cortex (layers 1-3) and a deep cortex (layers 4-5), characterized
by superficial and deep pyramidal cells, as indicated in the dia-
gram. However, the diagram reiterates the original basic circuit of

Figure 1, in showing that the pyramidal cells have their intrinsic
circuits for LI and RE (not all possible combinations are shown
for simplicity).

With this approach it was possible to begin to identify properties
that are special about the basic circuit of the neocortex. First, it is
accessible to every major sensory input, either directly from olfactory
cortex or indirectly through the thalamus. Similarly, it provides a wide
variety of motor outputs, that reach all levels of the neuraxis, from
the cortex itself through the basal ganglia and brainstem to the spinal
cord. Second, it expands the single layer of pyramidal cells in dorsal
cortex to the superficial (layers 2-3) and deep (layers 5,6) layers of
neocortex. This greatly expands the combinatorial possibilities for
intracortical processing. Third, in contrast to dorsal cortex where the
afferents come in at the top, the afferents ascend from the depths and
efferents descend through the same layers. This means that both input
and output have potential access to all the cells in every layer. When
the intrinsic circuits through the axon collaterals and interneurons
are added, the result is that “the potential ways by which informa-
tion can be integrated, stored, and recombined becomes enormous”
(Shepherd, 1994). Fourth, whereas in most regions there are one or
two types of output neuron, in the cortex each layer is the potential
source of output, either locally between layers (cells in layer 1 and 4)
or distantly (cells in layers 2,3 and 5,6). This means that each layer
can function as a semi-independent input-output unit, defined by its
own unique combination of inputs, intrinsic connections, interac-
tions with other layers, and output targets.

The final advantage of six-layer “neocortex” is that it arose in a
favorable position from dorsal “general” cortex. On the flanks of
dorsal cortex were olfactory cortex on the ventral lateral side and
hippocampus on the medial side, both hemmed in by their loca-
tions. By contrast, dorsal cortex had the opportunity to expand, but
on one condition: that the brain case could expand to give it room.
This occurred throughout mammalian evolution, enabling neocor-
tex to enlarge individual areas such as the major sensory receiving
cortices or motor areas, or adding new areas such as for speech, “in
order to combine information from new combinations of inputs or
control different combinations of output targets.” (Shepherd, 1994).
An expanded summary of these properties common to three-layer
cortex and elaborated in six-layer cortex is provided in Table 2.

TESTING THE HYPOTHESIS: RECENT STUDIES OF CORTICAL
MICROCIRCUITS

This microcircuit approach provides a framework within which
to assess studies of cortical properties at the neuron and circuit
level. We consider recent and current work from this perspective.
This work has focused on the two main types of neuron: pyrami-
dal neuron and interneuron, and the two main types of connec-
tions between them: recurrent excitatory and inhibitory pathways
through the pyramidal cell axon collaterals. Within the pyramidal
neurons, the information processing that occurs in their dendrites
is of key importance. We consider each of these features in turn,
beginning with the axon collateral pathways for RE and inhibition.

OLFACTORY CORTEX AS A CONTENT-ADDRESSABLE MEMORY
We are accustomed to thinking of the inputs to the hippocampus
and to visual cortex in terms of spatial patterns, but what about
olfactory cortex? Work in the olfactory bulb (Sharp et al., 1975;
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Table 2 | Current summary of the elements characterizing the microcircuit organization of three-layer and six-layer forebrain cortex.

B wp oo

Both three-layer and six-layer cortex are built on pyramidal cells with apical and basal dendritic trees.

Strong excitatory afferents are received in the spines of the branches of the apical and basal dendrites.

The spines and local branches create local sites with varying degrees of local information processing properties.

The spines, local branches, and main stems contain different combinations of Na, K, and Ca ionic channels, which create local sites of integration and

boosting of input signals to reach the sites of action potential output in the cell body and axon hillock.

The pyramidal cells have well developed recurrent axon collaterals
The axon collaterals give rise to two main types of intrinsic circuit.
One type is direct feedback and lateral recurrent excitation.

© N o o

input

This excitatory recurrent system has long lateral extensions, which enable widespread recombination of intrinsic excitation with the excitatory afferent

9. The other type is feedback and lateral inhibition through inhibitory interneurons

10. Inhibitory interneurons are subdivided into multiple types which target different sites and levels of the soma-dendritic extent of the pyramidal cells.

11. Cortical information processing therefore involves a continual balance between excitatory and inhibitory circuits.

12. In three-layer cortex, these intrinsic circuits are organized around a single layer of pyramidal and pyramidal like neurons.

13. Five- and six-layer neocortex appears an expansion of the three-layer microcircuit into closely integrated superficial and deep layers.

14. Cortico-cortical afferents make synapses at different levels of the pyramidal cell soma-dendritic axis to excite, inhibit, or modulate the transfer of synaptic

inputs and extent of backpropagating action potentials in the dendritic trees.

—

5. Brainstem systems provide differential modulation in different layers.

Stewart et al., 1979) using the 2-deoxyglucose activity mapping
method showed that odor stimulation gives rise to spatial pat-
terns of activity in the glomerular layer. Different odors produced
different patterns, providing strong evidence that odor molecules
are represented in the olfactory system by different spatial activity
patterns, and that these are further processed by circuits in the olfac-
tory bulb and olfactory cortex as the basis for odor perception and
discrimination. This functional evidence for spatial patterns was
strongly supported by the subsequent evidence for spatial organiza-
tion of the projections of the olfactory receptor cells (Vassar et al.,
1994; Ressler et al., 1994).

While the 2DG studies showed clear activity patterns in the
olfactory bulb, they showed only diffuse uptake in the olfactory
cortex (Sharp et al., 1977). This and other evidence indicated that
the diffuse projections to the olfactory cortex, together with the
internal system of long association fibers, provide for widespread
processing of a given odor there. Based on these properties, Haberly
(1985) suggested in a key paper that the olfactory cortex acts as a
“content-addressable memory” system in which each site in the sys-
tem contains information about the entire input. This fundamental
insight has been the main organizing principle for understanding
information processing in the olfactory cortex. Beginning with
Wilson and Bower (1988) and Lynch and Baudry (1988) it has
been incorporated into subsequent experimental studies, as well
as computational models of olfactory cortex.

The olfactory patterns in the olfactory bulb have been termed
“odor images” (see Xu et al., 2000). In the processing of these
images, the olfactory bulb has been compared with visual area V1,
and olfactory cortex with visual association cortex (Neville and
Haberly, 2004). An analogy was drawn in this regard by Haberly
(1985) with the visual association cortical area for processing
information about faces. Thus, olfactory cortex, hippocampus, and
dorsal cortex are all involved in processing information encoded
as complex spatial patterns (see especially the review by Wilson
and Stevenson, 2006).

Thanks to the pioneering studies of Lewis Haberly and more
recently many others, much basic information is available on the
mammalian olfactory pyramidal neurons and the olfactory cortical
microcircuit. The afferent fibers in the LOT make excitatory glutama-
tergic synapses on the spines of distal apical dendrites of the pyramidal
cells, acting on both AMPA and NMDA receptors. Synapses with simi-
lar properties are made by the axon collaterals that activate GABAergic
inhibitory interneurons and also form the long re-excitatory associa-
tion fibers. An addition to the classical microcircuit of Figure 1 is
the feedforward inhibitory interneuron in the superficial layer of the
cortex. This work has been summarized in Neville and Haberly (2004)
and Wilson and Stevenson (2006). It has enabled detailed dissection
of the excitatory and inhibitory circuits within the olfactory cortex,
as indicated in Figure 8.

COMPARISON OF OLFACTORY AND HIPPOCAMPAL
MICROCIRCUITS

We have seen that a general similarity was early recognized
between the microcircuit organization of olfactory cortex and
hippocampus (Figures 1 and 2). This idea has been supported
by subsequent work. Figure 9 illustrates a close comparison by
Neville and Haberly (2004) between the main excitatory circuits
in the two systems. In the olfactory cortex, there is a sequence of
input from the OB to the distal apical dendrites, an intrinsic long
association feedforward recombining pathway from the anterior
olfactory cortex, and the long recurrent association fibers directed
mainly from the anterior cortex to the more posterior cortices. In
the hippocampus, there is similarly a main afferent input to the
distal apical dendrites, an intrinsic feedforward pathway through
the dentate gyrus, and the recurrent association fibers directed
from CA3 to CAl.

In this comparison, the main motif shared by these regions is
the intrinsic sequential processing and recombination of input.
It is known that both olfactory cortex and hippocampus are
involved in processing spatial maps (olfactory cortex processes
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lateral inhibition

FIGURE 8 | Top: Circuits for excitatory input and different types of
inhibition of pyramidal cells in the olfactory cortex. (A) Feedforward (FF)
inhibitory (1) circuit from LOT afferents (aff) and feedback (FB) inhibitory circuit
onto pyramidal cells (P). (B) Feedback and feedforward circuits from pyramidal
cell axons, including inhibitory control of the initial segment (IS); assn,
association fibers. (C) Pathways for lateral inhibition, through long axons of
basket cell onto distant pyramidal cell, or long axon collateral of pyramidal cell
onto distant basket cell. Open profiles: excitatory synaptic action; filled
profiles: inhibitory synaptic action. From Neville and Haberly (2004).

high-dimensional odor maps, as noted above, and hippocampus
processes spatial cognitive maps — O’Keefe and Nadel, 1978; Moser
et al., 2010). Neville and Haberly (2004) conclude that “These
intriguing similarities in neuronal circuitry suggest that the two
systems operate on similar functional principles.”

In addition to the sequential processing within these regions,
one of the output targets of olfactory cortex is the hippocampus
through entorhinal cortex. The hippocampus is thus involved in
higher level olfactory processing. The inclusion of hippocampus in
the olfactory pathway was a part of the traditional neuroanatomi-
cal concept of the “rhinencephalon,” but was denied or ignored
during the upsurge of interest in the hippocampus in the 1950s
and 1960s. However, sequential processing from olfactory cortex to
hippocampus is now increasingly recognized (Yokota et al., 1970;
Lynch and Baudry, 1988), so it is time to put the hippocampus back
in the olfactory pathway.

RECENT STUDIES OF THE NEOCORTICAL CANONICAL
MICROCIRCUIT

Douglas et al. (2004) have suggested that their canonical cortical
microcircuit model can apply, with fine-tuning of the connectivity
and physiological properties, across the cortex, from visual to motor
areas, justifying calling it a “canonical” circuit. They argue that

1 Offactory cortex

APCy APCp PPC

—_—
—_—

2 Hippocampal formation

CA3prox CA3gistal  CA1
q &M
q | su
f
deep
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NG

FIGURE 9 | Comparison between the microcircuit organization of
olfactory cortex and hippocampus. “Note the parallels in both the horizontal
dimension (connections between subdivisions) and the vertical dimension
(laminar organization of fiber systems according to their areas of origin.”
Abbreviations: (1) OB, olfactory bulb; AOC, anterior olfactory cortex; APCV,
ventral anterior piriform cortex; APCD, dorsal anterior piriform cortex; PPC,
posterior piriform cortex; sup, superficial. (2) EC, entorhinal cortex; DG,
dentate gyrus; prox, proximal; dist, distal; SI-M, stratum lacunosum-
moleculare; SR, stratum radiatum; sup, superior; SP. stratum pyramidale; SO,
stratum oriens. From Neville and Haberly (2004).

... simplicity encourages the convergence of theory and biology
through common models, and such convergence is imperative if we
are to understand how the synaptic organization of the neocortex
produces the complexity of cortical function

supporting the theme of this review.

The canonical model stimulated further work quantitating the
proposed connectivity. Binzegger et al. (2009) carried out an analy-
sis of synaptic connectivity within the cortex based on the loca-
tion of axonal terminals of HRP injected cells. The results showed
that the cortex is dominated by the large population of superficial
pyramidal cells; that these cells have many re-excitatory connec-
tions; and that they have a large input to deep pyramidal cells.
The deep pyramidal cells are dominated by this input; in contrast,
they have few re-excitatory collaterals onto themselves, and few
excitatory connections back on to the superficial pyramidal cells.
Computational network simulations showed how stability arises
from the connectivity, membrane properties, and inhibitory con-
nections. The thalamic input is amplified through the dynamic
re-excitatory network as earlier predicted. A parallel study of recon-
structions of dendritic and axonal arbors provided evidence of
strong connectivity within a column from excitatory pyramidal
cells to inhibitory interneurons, with weaker connectivity in the
reverse direction (Stepanyants et al., 2008).

Another approach to analyzing cortical microcircuits has been
through experiments with laser scanning photostimulation of
caged glutamate release. These have revealed strong excitatory flow
from upper to lower layer neurons in both sensory and motor
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cortex (e.g., Weiler et al., 2008), suggesting that motor output is
controlled by a top-down “pre-amplifier-like network” of upper-
layer neurons. Here we see again the advantages of six-layer cor-
tex in multiplying the combinatorial possibilities of interlaminar
connectivity.

In summary, the microcircuit approach continues to focus
studies on essential subsystems for intrinsic excitation and re-
excitation together with recurrent/lateral inhibition. As we have
seen (Figure 7), the parallels include similarities — the retention
of basic excitatory and inhibitory subsystems — and differences —
expansion to two main layers, and the addition of the stellate cell
subsystem.

RECENT STUDIES OF INFORMATION PROCESSING IN
PYRAMIDAL CELL DENDRITES

The pyramidal cell occupies a central place in the microcircuit
organization of all the forebrain cortical regions. Attention there-
fore focuses on comparisons between the information capacities
of the pyramidal cell dendrites. We consider several recent studies
which address this issue.

APICAL DENDRITES OF OLFACTORY CORTICAL PYRAMIDAL CELLS
A recent study that has tested the olfactory cortex microcircuit has
looked closely at the integrative properties of the apical dendrite
of the pyramidal cell (Bathellier et al., 2009). These authors were
intrigued by the finding (Poo and Isaacson, 2007) that olfactory
bulb inputs vary widely in their potency in eliciting a pyramidal
cell response. They wished to know whether this reflects numbers
of input axons or strength of suprathreshold dendritic activity due
to clustered inputs to a given dendrite. The methods used dual
patch recordings in brain slices from pyramidal neurons activated
by injected current or LOT fibers. Labeled cells had multiple apical
branches 300-400 um long. Dual patches on soma and distal dendrite
showed that the dendrites were electrotonically relatively compact;
for inputs in a distal dendrite, there was a maximum of 50% current
loss at the soma. The dendrites were only weakly active. They were
able to support backpropagating action potentials, as in neocortical
and hippocampal pyramidal neurons, but could generate only small
local Na+ spikes that had little effect at the soma. Also, unlike neo-
cortex, they showed no dendritic Ca2+ or NMDA spikes, although
Ca2+ entry occurred with backpropagating action potentials.
With regard to integrative activity in the apical dendrite, syn-
aptic inputs following activation of axons in the LOT appeared
to be uniformly distributed over distal dendrites. Bathellier et al.
(2009) argue that this minimizes sublinear summation effects (no
clustering). They conclude that many single fibers have contacts
distributed widely over the dendritic tree, an arrangement that pro-
vides for efficient transmission of distributed co-active inputs. As a
consequence, stimulus feature extraction must be based on linear
summation at the soma of many inputs over many dendrites rather
than clustered processing in targeted dendrites. They suggest that
such clustering could be a neocortical pyramidal cell innovation.
Backpropagation of action potentials is shared with other cortical
pyramidal cells, but is more variable in olfactory pyramidal cells as
well as in turtle dorsal cortex (see below). This may be correlated
with lack of reliability of plasticity of the input synapses (Poo and
Isaacson, 2007). Itis also correlated with the fact that in both olfactory

and dorsal cortex the pyramidal cell dendrites are only weakly active.
This points to active properties as possibly a specialization required
for more complex processing in the hippocampus and neocortex.

LOGIC OPERATIONS IN APICAL DENDRITES OF HIPPOCAMPAL
PYRAMIDAL NEURONS

Before the advent of dual patch recordings by Stuart et al. (1993),
computational approaches provided the first insights into the infor-
mation processing capabilities of active dendrites. Although the
processing is universally regarded as integrative, what exactly is the
nature of this integration, and what is the nature of the informa-
tion that is processed?

This question was addressed with a computational study to test
whether dendrites might be capable of generating logic operations.
In a classic study, McCulloch and Pitts (1943) had shown that exci-
tatory and inhibitory interconnections between nerve cells could
generate basic logic operations of AND, OR, and AND-NOT; these
three operations are sufficient for building a digital computer. This
same paradigm transferred to equivalent interactions between den-
dritic spines within an apical dendritic tree of a pyramidal neuron
such asin CA1 or CA3 of the hippocampus was tested by Shepherd
and Brayton (1987). The results showed that in the presence of a
thresholding mechanism in the spines, the basic logic operations
emerged naturally from simple combinations of synaptic responses,
all of them present in dendritic responses. AND operations are
related to summation and coincidence detection; OR operations
to simple responses of individual synapses; AND-NOT operations
to inhibitory control, either at the site of an excited spine by an
inhibitory input on an excited spine, or modulation of the output
of the spine by a distant inhibitory input on the dendritic branch.
The thresholding mechanisms can be the all-or-nothing response
of a single spine to a single vesicle released at an active zone, or
voltage gated Na+ or Ca2+ channels in subjacent dendritic branch
(Shepherd et al., 1989).

These operations appear inherent in a system of dendritic
branches or dendritic spines containing one or more of these
thresholding properties (see Figure 10). They confer upon the api-
cal (and possibly basal) dendritic system the ability to carry out
information processing at a distance from the cell body. In this way
the global input—output functions of the cell become conditional on
the summated effects of multiple semi-independent compartments
carrying out sub-threshold information processing.

This model was tested by Poirazi et al. (2003), who provide
a good summary of the possible significance of active dendritic
properties in pyramidal neurons:

“There is general agreement that pyramidal cell dendrites con-
tain a large number and variety of voltage-dependent channels
distributed non-uniformly throughout the dendritic tree, which
heavily influence the cell’s integrative behavior. Recent evidence
also suggests that elemental synaptic conductances may vary
systematically as a function of dendritic location (Magee and
Cook, 2000). However, there remain quite different views as to
the functional role that these dendritic and synaptic channels
may play. One view is that voltage-dependent dendritic currents
and scaling of synaptic conductances exist to transform the com-
plex and physically sprawling cell into a virtual “point neuron.”
According to this view, dendritic non-linearities may exist to (1)
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as oversimplified nodes for logic operations

FIGURE 10 | Dendritic spines allow the pyramidal neuron to function as a
complex multiunit processing system. (A): representation of a pyramidal
neuron with multiple spine units. (B): representation of the pyramidal neuron
with multiple sites for coincidence detection (A, B) in its spines and distal
dendritic branches, with spread to summation points by passive or active
mechanisms (C), further spread boosted by active membrane and synaptic
inputs) (D), similar mechanisms in the basal dendrites (E), and final summation at
the ell body and axon hillock (F). Modulation occurs through excitation or
inhibition at successive stages by layertargeted inputs. Excitatory synapses
indicated by open arrows; inhibitory synapses by filled arrows. (C): Examples of
interconnections between point neurons that could implement OR (left), AND
(middle), or more complex logic operations (right), as represented by McCulloch
and Pitts (1943). From Shepherd (1994).

make the cell more linear, by counteracting the classical synaptic
non-linearity that arises from the summation of conductances
(Bernander etal., 1994; Cash and Yuste, 1999), and in conjunction
with synaptic scaling, they could (2) make the cell more function-
ally compact, by counteracting the distance-dependent attenua-
tion of synaptic responses that arise from the cable properties of
dendrites (Cauller and Connors, 1992; De Schutter and Bower,
1994; Magee and Cook, 2000). Both ideas emphasize the coupling
of individual synapses to the cell body and the uniformity and
linearity thereof.

A second view holds that the dendrites exist to create a number
of independent functional compartments within which various
kinds of non-linear computations can be carried out (Koch et al.,
1983; Rall and Segev, 1987; Shepherd and Brayton, 1987; Mel,
1992a,b). Our results here support a particular version of this
hypothesis in which the long, thin, unbranched, synapse-rich
terminal dendrites may themselves act like classical neuron-like
summing units, each with its own quasi-independent subunit non-
linearity. The cell body for its part, fed either directly by the basal

dendrites or by the main trunk which acts as a high-efficiency
conduit from the apical dendrites, sums together the dendritic
subunit outflows to determine the cell’s overall response. We have
previously explored some of the functional implications of such a
model (Mel et al., 1998; Mel, 1999; Archie and Mel, 2000; Poirazi
and Mel, 2001)”.

It may be seen that many of the themes in the exploration of
dendritic properties of pyramidal neurons are brought together
in this summary.

Poirazi et al. (2003) implemented the experimental findings in
a neuron with simulations that provided evidence that these local
active interactions endow the cortical pyramidal neuron with the
ability to function as a “two-layer neural network” (Figure 11). This
model has received repeated experimental support (Antic, 2003;
Losonczy and Magee, 2006; Polsky et al., 2008).

We have seen that the apical dendrite of the olfactory pyramidal
neuron has a relatively low density of Na+ channels and is less able
to generate local thresholding of responses to its distal synaptic
inputs. It appears that this ability may have become more developed
in the apical dendrites of hippocampal pyramidal neurons. We
will see that this applies also to the apical dendrites of neocorti-
cal pyramidal neurons. Mammalian hippocampal pyramidal cell
dendrites may thus have evolved toward some of the properties of
neocortical pyramidal cells.

APICAL DENDRITES OF TURTLE DORSAL CORTICAL PYRAMIDAL NEURONS
After Kriegstein and Connors (1986) there was unfortunately lit-
tle interest in the synaptic organization of turtle dorsal cortex.
However, one hopes this situation will change with the recent study
by William Ross and his colleagues (Larkum et al., 2008) of the
physiological properties of turtle pyramidal cells. They have built
on the work and concepts of Kriegstein and Connors (1986), citing
them that turtle dorsal cortex “presents a logical foundation for
studying the more elaborate six-layered cortex,” and that “There
is a broad range of evidence establishing that the more elaborate
six-layered neocortex was derived from the pallium (e.g., Mulligan
and Ulinski, 1990; Reiner, 2000).” These statements indicate that the

s(n;)

FIGURE 11 | Thin oblique and terminal dendritic branches allow the
pyramidal neuron to function as a two-layered neural network. The thin
oblique and apical terminal dendritic branches constitute semi-independent
local integrating subunits. Their interactions through the intervening dendritic
tree can be regarded as constituting a second layer of neural network, in
addition to the first layer formed by their interacting cell bodies and their
axons. From Poirazi et al. (2003).
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foundation laid by the work discussed above is gaining acceptance
for application to cortical evolution, at least among those working
at the level of synaptic organization and brain microcircuits.

In revisiting and updating the work of Kriegstein and Connors
(1986), Larkum et al. (2008) were particularly interested in the
dendritic properties of the pyramidal neurons. The combination of
dual patch recordings and cell imaging techniques has transformed
this key area of research, and the authors used both approaches
in their study. Their basic findings can be summarized as follows.

First, the basic findings of Kriegstein and Connors (1986) were
confirmed. Most turtle “pyramidal cells” are characterized by
multiple apical dendrites and usually no basal dendrites. It may
be noted that the pyramidal cells in mammalian olfactory cortex
come in two varieties: one also has multiple apical dendrites and
no basal dendrites, and is called a “semilunar cell”; the other has
the more conventional apical and basal dendritic trees (see Neville
and Haberly, 2004). Mammalian pyramidal cells, especially those
in layer 2, can often have multiple apical dendrites (E. G. Jones,
personal communication).

Despite this morphological difference, many basic electrophys-
iological properties of turtle pyramidal neurons were found to
resemble those of mammalian neocortical pyramidal neurons. For
example, intracellular current injection elicits repetitive spikes,
which initiate preferentially near the soma; dendritic spike ini-
tiation occurs with stronger dendritic depolarization, and Na+-
spike backpropagation is accompanied by Ca2+ influx. Among
differences, the authors found that there was a lack of the broad
Ca2+ spikes characteristic of the distal dendrites of hippocampal
and neocortical pyramidal cells. This, together with the lack of
an apical tuft, suggests that an apical tuft able to generate broad
Ca2+ spikes may be “a more recent specialization of mammalian
neocortical and hippocampal pyramidal neurons.” The lack of
dendritic Ca2+ spikes in the turtle is associated with the inability
of a dendritic input to change the firing pattern in the soma from
regular spiking to bursting. In neocortical pyramidal neurons this
ability is believed to be necessary “to associate feedback inputs
arriving in the tuft with feed forward inputs in the basal regions”
(Larkum et al., 2008). Bursting may be a key property allowing
a neuron to have a more potent effect on a target, which could
be important for inducing plastic changes underlying learning
and memory.

The results indicate that backpropagating action potentials and
dendritic calcium influx are fundamental properties of cortical
pyramidal cells. In mammalian pyramidal cells these properties
have been especially implicated in mechanisms of synaptic plas-
ticity. The fact that they are present in dorsal cortical pyramidal
cells provides a fresh perspective, because it indicates that they
were present in the basic three-layer cortical microcircuit. This
indicates that mechanisms of plasticity that we ascribe to neocorti-
cal neurons and microcircuits in fact were already present in the
three-layer precursors of those neurons and microcircuits. As the
authors conclude:

...these findings encourage continued use of the turtle cortical
slice preparation in seeking the characteristics that define the fun-
damental functional properties of cortical cells and circuits across
a wide range of vertebrates.

APICAL DENDRITES OF NEOCORTICAL PYRAMIDAL NEURONS
Recent studies have revealed what appear to be some special proper-
ties of neocortical pyramidal cell dendrites. Of particular interest are
the most distal dendritic branches of the apical dendrite that form
a tuft within layer 1. Using multiple patches (see Figure 12, left),
Larkum etal. (2009) showed that these branches can generate NMDA
spikes, which in turn can generate Ca2+ spikes at the Ca2+ spike
initiation zone where the branches converge onto the apical den-
dritic trunk, from which spikes can propagate to the soma (Figure 12,
middle column). Previous studies have demonstrated NMDA spikes
in the basal dendrites which can spread to initiate Na+ spikes at
the soma. This has suggested a unifying principle for the functional
organization of the dendrites of the neocortical pyramidal neuron, in
which the distal branches of the apical and basal dendrites generate
NMDA spikes, which sum at their respective Ca2+ and Na+ spike
initiation sites, leading to the final summation at the axon hillock to
generate the axonal action potential output (see Figure 12, right).
This new model represents a further refining of the concept of
semi-independent compartments within the dendritic trees, to
which the rules for summation of responses to generate basic logic
operations still apply. It gives further support to the evidence that
the single cell is a multi-compartment functional system, that cannot
be represented by a single summing node as in neural network for-
mulations. The neocortical microcircuit thus needs to be expanded
to include the special properties of the apical and basal dendrites.

CORTICAL INTERNEURONS AND CORTICAL COLUMNS
Pyramidal cells appear to dominate the neuronal population of the
cerebral cortex, with 70-80% of the total, with interneurons com-
prising less 20-30% (as low as 10% in some estimates). However,
the interneurons are attracting increasing interest because of their
diversification into many subtypes. This is limited in olfactory cor-
tex to the two main subtypes noted already: one deep type involved
in feedback and LI onto the pyramidal cell somata, the other in
superficial FI onto the pyramidal cell apical dendrites. In dorsal
cortex the studies of Smith et al. (1980) showed a tremendous
convergence of both input fibers and pyramidal cell axon collater-
als onto one main type, suggesting that it played a key role in the
inhibitory control of the pyramidal cells. Further studies are needed
to test for subtypes within this population.

Diversification of subtypes reached its highest degree in hip-
pocampus and neocortex. In the hippocampus, there are estimated
to be at least 21 GABAergic interneuron subtypes, differentiated
on the basis of multiple criteria: location of cell body, structure of
dendritic trees, branching of axon, laminar and cellular synaptic
targets,and molecular and physiological properties. As summarized
by Somogyi (2010),

Interneurons provide multiple modulatory operations, such as
changing threshold, synchronization, gain control, input scaling,
and so on, and assist the network in the selection of pyramidal cells
for cell assemblies.

In the neocortex, diversification is even more profligate.
According to Markram (2010), there are 13 major anatomical types
of interneuron. “Each anatomical type of neuron can express up to
8 of 15 major types of electrical behaviors, giving rise to as many
as 200 morpho-electrical types of interneurons in a neocortical
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FIGURE 12 | Compartmentalization of the distal apical tuft of a
neocortical pyramidal cell. Left column: Two different distal branches were
stimulated (electrodes 1 and 2) while recordings were made from two
more proximal sites (black electrodes 1 and 2). Stimulation at site 1 evoked
a series of EPSPs (middle column, top), while stimulation at site 2 evoked

NMDA spikes (middle column, middle). Simultaneous stimulation gave
supralinear summation to produce a Ca?* spike at the Ca?* spike initiation
zone in the apical dendrite (middle column, bottom). Right column: summary
diagram of relation between NMDA spike generating distal branches and
Ca?* and Na?* spike generating proximal sites. From Larkum et al. (2009).

column....” There is evidence that the morpho-electrical type of
identified pyramidal cell and interneuronal subtype is predictive
of the type of interactions between the two, giving rise to a large
number of combinatorial possibilities. These studies in rodents may
not map adequately onto the variety of interneurons in primate and
human neocortex (E. G. Jones, personal communication).

These local interactions in the neocortex are widely regarded
to be organized within radial columns. This has been a tremen-
dously fertile idea in thinking about microcircuit organization in
the cortex over the past half century (Mountcastle, 1957; Hubel and
Wiesel, 1962). Barrels in somatosensory cortex of certain animals
are another example of modular organization in the neocortex. It is
attractive to consider the cortical column as a neocortical invention.
However, olfactory glomeruli, the nervous system’s most distinctive
anatomical and molecular module, may serve a similar function in
the olfactory bulb in organizing the input to olfactory cortex (see
Willhite et al., 2006), as may cell clusters in entorhinal cortex for
its input to the hippocampus.

ONE CORTICAL MICROCIRCUIT OR MANY? A
BIOINFORMATICS APPROACH

The diversity of neuron properties, interneurons, and intra and
interlaminar connectivity being revealed by current studies
appears to be a hallmark of neocortex. In the face of this diver-

sity it may be asked whether the concept of a basic microcircuit
for cerebral cortex is viable. As Nelson (2002) put it in a review
of a meeting on mammalian cerebral cortex: is there “a single
canonical microcircuit: a kind of basic wiring diagram which,
although embellished, remains fundamentally unaltered from
mouse to man and across all cortical regions”? Is there a single
canonical microcircuit or are there many? Should we be lump-
ers or splitters?

The approach taken in this review in dealing with this question
is built on how bioinformatics deals with gene and protein diver-
sity. Taking G-protein coupled receptors (GPCRs) as an example,
there is a motif of seven transmembrane domain receptors cou-
pled to G-protein effectors, which constitutes a family. Within this
family are subfamilies of receptors activated by different transmit-
ter molecules, and subfamilies which activate different types of
G-proteins. These different combinations sort themselves out into
classes and subclasses (see the [IUPHAR nomenclature website of
the International Union of Basic and Clinical Pharmcology: http://
www.iuphar-db.org/index.jsp). This approach has been critical to
the rise of molecular biology.

Applying this approach to cortical microcircuits, the basic
elements we have identified, of pyramidal cells with apical and
basal dendrites, giving rise to internal excitatory feedback and
inhibitory feedback through interneurons, would describe the
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cerebral cortex family. The three- and six-layer cortical micro-
circuits would constitute subfamilies. Classes could be identified
based on pyramidal cell properties and types of interneurons,
as we have seen. Further diversification in relation to different
cortical areas of different species might constitute subclasses.
These suggestions indicate the need to have a conceptual frame-
work such as the cortical microcircuit within which diversity
can be prioritized. This framework in turn provides the basis
for assessing the relative significance of each element of the
diversity in the evolution of the cortex. It may be predicted
that this hierarchical approach of bioinformatics can also be
effective in promoting understanding of cortical microcircuit
organization.

CONCLUDING DISCUSSION

The principles of organization at the microcircuit level underlying
the evolution from three-layer to six-layer cortex may be summa-
rized briefly in the following manner. The basic cortical microcir-
cuit family consists of pyramidal cells interacting through recurrent
excitatory and inhibitory intrinsic circuits, expanded from a single
layer of pyramidal cell bodies in the subfamily represented by reptil-
ian dorsal cortex, olfactory cortex, and hippocampus, to the mul-
tiple layers of pyramidal cell bodies of the mammalian neocortex
subfamily. Within the neocortical subfamily, variations (classes and
subclasses) at the molecular, cellular, and circuit level occur that
are specific for each species.

A more complete inventory of the elements upon which the
principles of cortical microcircuit organization are built is sum-
marized in Table 2.

These properties taken together define the microcircuit organ-
ization of the cerebral cortex throughout most of vertebrate evo-
lution. It may be proposed that this constitutes a unique set of
properties found nowhere else in the vertebrate nervous system,
uniquely adapted to the demands of providing the highest level
of information processing in controlling and elaborating the
behavior of any given vertebrate species. There are of course
many variations on this theme in the basic cortical circuits sug-
gested by a number of investigators (neocortex: DeFelipe and
Jones, 2010; Markram, 2010; Georgopoulos and Stefanis, 2010;
Svoboda et al., 2010; Wang, 2010; hippocampus: Buzsaki, 2006;
Somogyi, 2010; entorhinal cortex: Moser et al., 2010; and olfac-
tory cortex: Wilson and Barkai, 2010), but they all recognize at
least the main features.

These shared properties are only the starting points for address-
ing the really interesting questions that will lead to identifying the
unique subset of properties that characterizes neocortex. Although
this goes beyond the focus of the present review, some promising
directions may be indicated.

First (and foremost), what are the gene mechanisms that gen-
erate the expansion of the layers of microcircuits, to produce the
quantal leap from three to six layers? Current studies of cortical
development in rodents and in primates are providing critical
insights into these processes (Cheung et al., 2007; Rakic, 2009;
Montiel et al., this volume). A possible mechanism may be found
in the fact that genesis of cortical layers occurs by the migration of
new neurons along radial glia to their final layer in an inside-out
sequence. New layers could have been added by mutations in the

stop signals for the migrating neurons (P. Rakic, personal commu-
nication). A new initiative to map the entire human transcriptome,
with focus on the cortex, is likely to give a new perspective on this
question (Johnson et al., 2009).

How is the microcircuit concept related to the tremendous
expansion of the neocortex that occurred during mammalian
evolution, especially among certain species such as cetacea and
primates, and especially humans? It is evidence that the neocortical
microcircuit can be easily extended laterally to expand the cortex
and differentiate into new regions. A leading hypothesis is that this
cortical expansion occurred through elaboration from “protomaps”
(Rakic,2009). It may be hypothesized that each protomap contains
a “protomicrocircuit” fine-tuned for its emerging cell properties
and potential connectivity.

The physiological properties of the cortical cells require much
more study. Building on the classical differentiation of cortical
neurons into thick and thin spikes and regular and burst firing
(McCormick et al., 1985), physiologists are identifying increas-
ingly complex subtypes, especially of interneurons. The functions
of the interneurons in synchronizing and desynchronizing cortical
microcircuits through chemical and electrical synapses is a rap-
idly growing field in itself (Buzsaki, 2006; Mancilla et al., 2007).
Cortical network activity is increasingly recognized as reflecting
a balance between RE and inhibition (Haider et al., 2006). This
balance is critical in all three types of mammalian cortex, as shown
by the susceptibility of all of them to seizure activity from an
excess of RE or reduction in recurrent inhibition.

Are there unique physiological properties of pyramidal cell den-
drites in the pyramidal cells of humans compared with subhuman
primates and other species that make their own critical contribu-
tion to human cognitive capabilities? Studies of human cortical
cells are now possible from surgery for relief of epilepsy, which is
providing valuable material for species-specific human properties
at the biochemical and electrophysiological (Chen et al., 1996) level.
And cells specific for humans open another angle on specific human
properties (Allman et al., 2010).

How does this approach reconcile with other approaches to
cortical evolution? A comprehensive review of cortical evolution
(Striedter, 2005) has supported the basic focus here on reptilian
dorsal cortex as the nearest approximation to the postulated pre-
cursor of mammalian neocortex. Reconciliation between current
theories involving evolutionary routes through the dorsal ventricu-
lar ridge and the avian brain (Jarvis et al., 2005) is beyond the scope
of this review. It can however be proposed that the concept of the
microcircuit as an organizing principle, beginning with three-layer
cortex, needs to be central to that discussion.
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