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Intracortical cartography in an agranular area
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A well-defined granular layer 4 is a defining cytoarchitectonic feature associated with sensory 
areas of mammalian cerebral cortex, and one with hodological significance: the local axons 
ascending from cells in thalamorecipient layer 4 and connecting to layer 2/3 pyramidal neurons 
form a major feedforward excitatory interlaminar projection. Conversely, agranular cortical 
areas, lacking a distinct layer 4, pose a hodological conundrum: without a laminar basis for the 
canonical layer 4→2/3 pathway, what is the basic circuit organization? This review highlights 
current challenges and prospects for local-circuit electroanatomy and electrophysiology in 
agranular cortex, focusing on the mouse. Different lines of evidence, drawn primarily from 
studies of motor areas in frontal cortex in rodents, support the view that synaptic circuits in 
agranular cortex are organized around prominent descending excitatory layer 2/3→5 pathways 
targeting multiple classes of projection neurons.
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IntroductIon
Studies of cortical circuit organization have largely 
focused on circuits in sensory areas, particularly 
visual and somatosensory cortex. Progress over 
decades has led to a detailed and sophisticated 
understanding of cortical circuit organization 
in sensory cortex, serving as a model for cortical 
circuits in general (Douglas and Martin, 2004; 
Thomson and Lamy, 2007) and inspiring large-
scale modeling of cortical circuit organization 
(Markram, 2006).

There are numerous advantages of sensory 
cortex for cortical circuit analysis. Receptive field 
properties can be studied in a low-dimensional 
manner. Feedforward excitatory pathways are 
evident, such as V1→V2 (primary to secondary 
areas in visual cortex). The inputs are close to the 
sensory periphery in terms of synaptic depth in 
the network. Cytoarchitectonic features in par-
ticular render sensory cortex amenable to analy-
sis, as multiple layers and sub-layers are sharply 
demarcated, exemplified by the line of Gennari 
(layer 4B) and inner band of Baillarger (in L5) 
in primate primary visual cortex. In primates 

the total number of cytoarchitectonically sharp 
layers and sub-layers is at least 11. A prominent 
cytoarchitectonic feature of primary sensory cor-
tex in many species and areas is a well-demarcated 
‘granular’ layer 4 (L4), so named for the grainy 
appearance due to numerous small neurons with 
stellate or stellate-like morphology (e.g. ‘star pyra-
mids’) (see Staiger et al., 2004).

In contrast, in ‘agranular’ cortex – frontal 
areas lacking a well-defined granular layer (L4) – 
 cortical circuit analysis is hampered by several 
seeming disadvantages (Keller, 1993). The inputs 
seem less well defined because they arise from 
areas synaptically distant from peripheral sensory 
streams, and are not easily controllable in the way 
sensory inputs are. It is not straightforward to 
proceed ‘forwards’ or ‘backwards’ in agranular 
cortical circuits (Shipp, 2005).

Fortunately, there are also some advantages for 
cortical circuit analysis in agranular areas of motor-
frontal cortex. Motor outputs can be evoked by 
stimulation or behaviorally, and can be monitored 
in a variety of ways. The subcortical organization of 
the motor system has been extensively character-
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the term ‘motor-frontal’ is used as a general term 
to refer to agranular frontal areas, particularly cor-
tical areas 4 and 6 of Caviness (Figure 1A). For 
further details the reader is referred to that study 
(Caviness, 1975).

A potential source of confusion is the loca-
tion of the forelimb motor representation area in 
rodents, as this extends a bit from motor-frontal 
areas into somatosensory areas, partially over-
lapping with sensory representations (hence the 
term ‘sensorimotor’ cortex) (Wise and Donoghue, 
1986; Li and Waters, 1991; Brecht et al., 2004; 
Ayling et al., 2009). This pattern largely matches 
the areal distribution of corticospinal neurons, 
which is densest in Caviness’ area 4 and posterior 
area 6 (i.e., the posterior part of motor-frontal 
cortex) but straddles the boundary between pri-
mary motor (M1) and primary somatosensory 
(S1) cortex (i.e., between agranular and granular 
cortex) and extends slightly into forelimb zone 
of somatosensory cortex. Incomplete separation 
of M1 and S1, characteristic of rodents, has been 
described as grade 3 sensorimotor separation 
(grade 4, observed in primates, being the most 
complete separation) (Frost et al., 2000).

ized. Moreover, the inputs arise from three main 
sources (as for sensory cortex): other cortical areas, 
thalamic nuclei, and ascending neuromodulatory 
projections. Still, the cytoarchitectonic boundaries 
are blurry, as motor-frontal areas lack the distinct 
stellate-rich L4 characteristic of sensory cortex. So, 
for circuit mapping endeavors, there are ‘no stars to 
steer by’. Interestingly, in primates and particularly 
in humans, the evolutionarily newer far-anterior 
frontal areas, rostral to primary motor areas, do 
possess a more distinct granular L4 (Wise, 2008). 
However, the absence of a distinct L4 throughout 
the phylogenetically older motor-frontal areas – 
including all anterior areas of mouse neocortex – 
means that circuit studies cannot be referenced 
to the trusty L4 cytoarchitectonic landmarks as 
they can be in sensory cortex. In our studies, we 
routinely reference the stimulation and recording 
sites to their normalized radial positions along the 
pia-to-white-matter axis (i.e., pia = 0, white mat-
ter = 1) (Weiler et al., 2008; Yu et al., 2008).

The absence of a distinct layer 4 has previously 
been noted to pose a conundrum for applying rules 
for feedforward/feedback hierarchical organiza-
tion of inter-areal connectivity (Shipp, 2005) – 
the rules were developed from studies of visual 
and somatosensory areas, but in some respects 
seem to break down in motor-frontal areas. In a 
similar fashion, agranularity poses a conundrum 
for deciphering the local, inter- laminar circuits 
in terms of the wiring diagrams for local circuits 
developed from studies of visual and somatosen-
sory areas (Callaway, 1998; Douglas and Martin, 
2004; Thomson and Lamy, 2007). Without a tha-
lamorecipient, stellate-enriched, layer 4, what are 
the basic circuits?

AreAs
The remainder of this review focuses chiefly on 
mouse motor-frontal cortex. Caviness (1975), 
parcellating the mouse cortex by cytoarchitectonic 
features, delineated several frontal agranular areas 
including a main anteromedial area (area 6), a 
narrow intermediate zone (area 4) on the lateral 
aspect of the cortex between area 6 and granular 
somatosensory cortex (barrel cortex, area 3), and 
a medial strip along the interhemispheric fissure 
(area 8). Two additional small agranular areas 
(areas 10, 11) are located lateral to area 6. The 
location of frontal agranular areas in the mouse 
largely resembles that described in rats (Wise and 
Donoghue, 1986; Brecht et al., 2004) and squir-
rels (Wong and Kaas, 2008). Primary motor (M1), 
secondary motor (M2), premotor, sensorimotor, 
frontal, frontal-association, and prefrontal cor-
tex are terms variously used to describe different 
areas in different species. Here, for convenience, 

Agranular cortex
Areas of the cerebral cortex lacking  
a distinct layer 4, typically related  
to a paucity or lack of stellate cells.  
In mice, essentially all cortical areas 
anterior and medial to the 
somatosensory (barrel) cortex are 
agranular. Frontal cortex is defined  
as areas 4, 6, 8, 10, and 11  
(Caviness, 1975).

Figure 1 | Layers in the mouse’s agranular cortex.  
(A) Sagittal section through the mouse’s motor-frontal 
cortex (left). Source: Allen Brain Atlas’ reference atlas 
(mouse.brain-map.org). Schematic top view of mouse 
cortex, showing location of motor-frontal area (right). 
(B) Bright-field image of slice (slice angle indicated  
in (A), right). Anterior is to the right. The agranular 
motor-frontal cortex lacks the distinct layer 4 barrels 
seen in somatosensory cortex. (C) Laminar labeling 
scheme in mouse motor-frontal cortex.  
Bright-field image of motor-frontal cortex slice (left). 
Schematic (right) indicates the major layers.
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other factors), similar but also additional lamina-
tion patterns are apparent at the levels of defined 
cell classes and circuits. Genetically defined 
cell classes, such as layer 5 neurons expressing 
YFP under control of the thy-1 promoter in 
the YFP-H line of transgenic mice (Feng et al., 
2000), can show remarkably sharp lamination. 
We observed an unusual laminar labeling pat-
tern in L5B in motor-frontal cortex of these mice 
(Yu et al., 2008): unlike granular cortical areas, 
in agranular cortex there was a striking double-
banded distribution of these neurons, consistent 
with the apparent expansion of L5B in agranular 
cortex (Figure 2A). Projectionally defined cell 
classes (e.g. corticospinal, corticostriatal) also 
occupy distinct, stereotypic laminar distribu-
tions (Figure 2B). Gene expression patterns 
often show laminar differences (Figure 2C). 
A major challenge is to understand how gene 
expression patterns relate to the functional prop-
erties of neurons and circuits. Progress is being 
made towards elucidating the molecular speci-
fication of corticospinal neurons in particular 
(Molyneaux et al., 2007).

Although agranular cortex lacks a distinct 
L4, it receives abundant thalamic innervation. 
Thalamocortical axons from the ventrolateral (VL) 
complex, the main relay from the basal ganglia and 
deep cerebellar nuclei, are densest in L3 (Strick and 
Sterling, 1974; Jones, 1975; Wise and Donoghue, 
1986). Recent work has clarified the differential dis-
tribution of the ventral anterior and VL afferent 

LAyers
Slices of motor-frontal cortex show characteristic 
laminar banding patterns, with some boundaries 
sharper than others (Figure 1B). Slices cut to 
include both motor-frontal and adjacent soma-
tosensory cortex invite extension of the laminar 
labeling scheme for S1 (about which there is gen-
eral agreement) over to neighboring M1 – with the 
exception of L4, which is indistinct in the agranu-
lar area (Figure 1C). Thus, based on cytoarchi-
tectonics, the basic layers of motor-frontal cortex 
include: L1, L2/3, L5A, L5B, and L6. The L5B/6 
border is the blurriest. Compared to its appearance 
in S1, L5A in M1 is somewhat thicker and assumes 
a more superficial location in more anterior and 
medial regions; L5B accordingly appears thicker.

Indeed, in the mouse, agranular cortex is con-
siderably thicker than more posterior areas (see 
Figure 1A). The difference is due to the greater 
fraction of neuropil (i.e., ‘wiring’; axons and den-
drites), as the total number of neurons under a 
square millimeter of cortex is roughly similar 
across the cortex in mice (Schuz and Palm, 1989). 
The agranular cortex at the far-frontal pole is 
∼1.5 mm thick, compared to ∼0.7 mm at the pos-
terior end (visual cortex; see Figure 1A). The lower 
density of neuronal somata in agranular  cortex 
presumably contributes to the  indistinctness of 
laminar borders.

In addition to the radial stratification of the 
cortex based on cytoarchitectonic appearance 
(a function of cell sizes and densities, among 

Figure 2 | Laminar stratification of cell classes. (A) Epifluorescence image of slice prepared from a YFP-H mouse.  
The single layer of YFP-positive neurons in L5B in somatosensory cortex expands to two bands in L5B of motor-frontal 
cortex. (B) Laminar epifluorescence image of slice showing location of corticospinal neurons in L5B. Neurons were 
retrogradely labeled by injecting fluorescent beads into the spinal cord. (C) Labeling patterns of molecular markers. Coronal 
section through the mouse’s motor-frontal cortex (far left). Gene expression pattern of Rorb, a layer 4 marker, shows 
strong expression in granular (somatosensory) cortex, and weak expression in agranular (motor-frontal) cortex. Expression 
pattern of Tnnc1 shows layer 5A-like pattern in motor-frontal cortex. That for Etv1 is similar in granular and agranular areas. 
Sources: GENSAT (www.gensat.org) (far right), and Allen Brain Atlas’ reference atlas (mouse.brain-map.org) (all others). 
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connections in motor cortex (rat and cat), based 
on responses in labeled corticospinal neurons 
evoked by extracellular stimulation directed at the 
lower portion of L2/3. In more recent work, the 
same group has begun to dissect the thalamocor-
tical side of the local circuit, finding evidence for 
distinct roles for basal ganglionic and cerebellar 
influences on corticospinal outputs, in the con-
text of the local excitatory network (Kuramoto 
et al., 2009).

Anatomical evidence for L3→corticospinal 
connections in primates comes from recent 
studies using rabies virus for retrograde trans-
synaptic tracing (Rathelot and Strick, 2006, 
2009). Following injection of virus into arm 
muscles, label eventually appeared in motor cor-
tex, initially in layer 5 corticospinal neurons in a 
restricted area of primary motor cortex located 
caudally along the motor strip in the precentral 
gyrus. These were interpreted to be cortico-
 motoneuronal (CM) neurons – corticospinal 
neurons (upper motor neurons) having direct 
contacts onto spinal motor neurons (lower motor 
neurons). Allowing more time for the virus to 
propagate further ‘upstream’ into the network 
revealed an interesting pattern. In addition to the 
CM neurons, they observed labeled cells in two 
places. One of these was layer 5 of rostrally adja-
cent primary motor cortex. They interpreted these 
as being corticospinal neurons having disynaptic 
contacts onto LMNs, via local-circuit interneu-
rons in the spinal cord. Because evolutionarily 
the monosynaptic arrangement is considered a 
primate specialization for fine finger motility, and 
the disynaptic arrangement is  probably  common 
to all mammals (including most non- hand-related 
corticospinal connections in primates), the CM 
subregion of M1 is referred to as ‘new M1’ and the 

system in the rat, with  ganglionic-type axons going 
more to L1 and L5 and  cerebellar-type axons to 
L3 (Kuramoto et al., 2009). Motor-frontal cortex is 
also innervated by other thalamic nuclei, including 
the medial division of the posterior nucleus (POm) 
and the centrolateral nucleus of the intralaminar 
complex, especially in L1 and upper L5 (Wise and 
Donoghue, 1986; Kichula and Huntley, 2008). The 
dense innervation of L3 in agranular cortex occurs 
at roughly the same cortical depth as the granu-
lar layer in sensory areas, suggesting homology. 
Consistent with this, ‘L4 markers’ like Rorb are 
expressed in agranular cortex, albeit weakly com-
pared to sensory cortex (Figure 2C). Indeed, similar 
patterns are observed with immunocytochemi-
cal labeling of vesicular glutamate transporter 2, 
although the granular/agranular difference is more 
pronounced in, for example, tree shrews compared 
to rodents (Kaneko and Fujiyama, 2002; Wong and 
Kaas, 2008, 2009). Circuit mapping studies (see 
below) provide additional functional evidence 
for a L4-like layer in motor-frontal cortex, in the 
form of ascending excitatory L3/5A→L2/3 path-
ways (Weiler et al., 2008) that resemble L4/5A→2/3 
pathways in sensory cortex.

cIrcuIts
Earlier studies of synaptic circuits in motor-
 frontal cortex (of rats in particular) focused 
especially on horizontal connections and plas-
ticity mechanisms therein (Wise and Donoghue, 
1986; Keller, 1993), an issue particularly germane 
to the question of how somatotopic representa-
tion is encoded at the level of synaptic circuits in 
the motor cortex (Schieber, 2001).

Examining vertically oriented local circuits, 
Kaneko and colleagues (Kaneko et al., 1994a,b, 
2000; Cho et al., 2004) described L3→corticospinal 

Figure 3 | Synaptic mapping of excitatory inputs to layer 5 pyramidal neurons. (A) Image of slice with array  
of traces superimposed, showing spatial distribution of presynaptic partners of a pyramidal neuron located  
at the border of L5A and L5B. Strongest responses were evoked at stimulating sites in L2/3 and L5. (B) Synaptic input 
map for the same neuron, constructed by averaging the responses to photostimulation across the three map trials. 
For details, see Yu et al. (2008).
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terns in cortex, including the GFP-M line (Feng 
et al., 2000) and a channelrhodopsin-2 expressing 
line (Arenkiel et al., 2007).

We recently (Yu et al., 2008) used the YFP-H 
transgenic mouse line to explore the possibility 
of sub-pathways within the dominant pathway, 
L2/3→5. As noted above, we found that the sin-
gle-layer YFP expression pattern seen in granular 
cortex expanded into a double-layer pattern in 
agranular cortex, demonstrating the thicken-
ing of L5B in motor-frontal areas, and imply-
ing the existence of at least three L5B sub-layers 
in agranular cortex. Mapping inputs to cells in 
the upper or lower YFP-positive band, we found 
that upper-5B cells received inputs from lower 
L2/3, in contrast to the upper-L2/3 input pattern 
observed for unlabeled neighboring neurons. 
Neither labeled nor unlabeled lower-layer neu-
rons received strong descending inputs. These 
results provide further evidence for the concept 
of sub-laminar local circuit organization.  An 
intriguing aspect of the YFP-positive circuit ‘phe-
notype’ is that it appears more consistent (than 
the YFP-negative pattern) with the L3 input pat-
tern described by Kaneko and co-workers for rat 
corticospinal neurons (see above). Indeed, the 
YFP-positive neurons in this line share certain 
features of corticospinal neurons (Sugino et al., 
2006; Miller et al., 2008).

One of these features is a lack of adaptation 
during repetitive firing induced by prolonged 
 depolarizing current injections at the soma. 
A recent study has identified the mechanis-
tic basis for this (Miller et al., 2008). Studying 
the same YFP-H line and also using retrograde 
labeling methods to identify pyramidal tract 
(PT) neurons, Miller and Nelson showed that 
YFP-positive/PT neurons in motor cortex (but 
not in adjacent somatosensory cortex) exhibit 
a distinct form of spike frequency acceleration, 
due to a dendrotoxin- sensitive slowly inactivat-
ing current (I

D
) carried by voltage gated potas-

sium channels with Kv1 subunits. Because other 
classes of cortical projection neurons also show 
distinct repetitive firing and intrinsic properties 
(Molnar and Cheung, 2006; Hattox and Nelson, 
2007), an important area for future studies is to 
explore how the particular intrinsic properties of 
different classes of output neurons confer corti-
cal circuits with dynamic functional properties 
involved in motor control.

Synaptic properties are also an integral aspect 
of cortical information processing, and at the 
microcircuit level, pair recording methods (mul-
tiple simultaneous whole cell recordings) are elu-
cidating the particular properties and patterns 
of unitary synaptic connections of small groups 

later-labeled adjacent rostral region as ‘old M1’. 
The second place that labeled neurons appeared 
after letting the virus propagate further backwards 
into the network was in new M1, in the layers 
above L5 – i.e., in L2/3. This pattern was inter-
preted as revealing direct L2/3→5 connections 
within the local circuit in M1.

Corticospinal neurons constitute a rather small 
fraction of the neurons in motor-frontal cortex 
(Keller, 1993), but the local circuits of the more 
numerous non-corticospinal pyramidal neurons 
have received much less attention. Recently, we 
used a synaptic mapping strategy based on gluta-
mate uncaging and laser scanning photostimu-
lation to map the local excitatory pathways in 
the forelimb area of mouse motor-frontal cortex 
(Weiler et al., 2008). Unlabeled pyramidal neu-
rons in brain slices were recorded, one by one, 
located in all layers. For each neuron, hundreds 
of connections from across all layers were tested. 
The data set was analyzed to obtain a laminar 
presynaptic→postsynaptic connectivity matrix 
description of the excitatory network. The local 
network was dominated by L2/3→5 pathways. For 
most L5 neurons receiving L2/3 inputs, the inputs 
arose from upper L2/3 (i.e., L2) (Figure 3), but 
for some the inputs were from both upper and 
lower L2/3, and a few cells showed mainly a lower 
L2/3 (i.e., L3) input patterns, suggesting that L2/3 
does not project monolithically to lower layers but 
that upper and lower sub-layers within L2/3 can 
differentially project to L5 neurons. Horizontal 
projections were present, including intralami-
nar and oblique (horizontal and inter-laminar), 
but even at greater horizontal distances the 
L2/3→5 pathways were stronger than L2/3→2/3 
or L5→5 horizontal pathways. Other  pathways in 
the local circuit (prominent but weaker compared 
to L2/3→5) included an inter-laminar pathway, 
L3/5A→2/3, topographically similar to, but 
weaker than, ascending L4→2/3 and L5A→2/3 
pathways characteristic of sensory cortex (Wood 
et al., 2009).

In that study (Weiler et al., 2008), pyramidal 
neurons were ‘identified’ solely on the basis of their 
radial (laminar) soma positions. Indeed, one con-
clusion was that radial soma position is a major 
determinant of circuit topography, and therefore 
important in specifying a neocortical pyramidal 
neuron’s ‘identity’. An obvious next step is to exam-
ine L2/3 inputs to L5 neurons whose identities 
are additionally specified either by genetic or ana-
tomical labeling techniques. One mouse line that 
has become popular for a variety of circuit-level 
studies is the YFP-H line, mentioned above (Feng 
et al., 2000). Several variants have also been devel-
oped that show similar laminar expression pat-

Laser scanning photostimulation 
(LSPS) by glutamate uncaging
An electroanatomical circuit mapping 
tool based on the combination of laser 
uncaging of glutamate and scanning 
microscopy (Callaway and Katz, 1993).

Laminar connectivity matrix
Representation of presynaptic→ 
postsynaptic connections, in terms  
of the laminar locations of the pre- and 
postsynaptic neurons. Data from  
LSPS (Weiler et al., 2008), pair 
recording (Lefort et al., 2009), and 
anatomical (Binzegger et al., 2004; 
Stepanyants et al., 2008) studies have 
been used for laminar connectivity 
matrix analysis.

Sub-laminar local circuit 
organization
The idea that circuit topography does 
not exactly follow cytoarchitectonic 
topography, but can exhibit stratified 
structure within or across layers.  
An example is the sub-laminar 
structure evident in both L/3 and L5  
in the synaptic input maps  
of YFP-positive and YFP-negative 
pyramidal neurons in mouse 
motor-frontal cortex (Yu et al., 2008).
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Ng et al., 2009) presents many possibilities for 
dissecting the synaptic circuit organization of 
motor-frontal areas, despite the lack of traditional 
guideposts and fiduciary references at the level 
of in vitro cytoarchitectonics and in vivo recep-
tive field properties. An important general area of 
research will be to determine the local circuits of 
major classes of projection neurons. For example, 
in motor-frontal areas the input circuits of cor-
ticospinal and corticostriatal neurons –  cortical 
components of the ‘pyramidal’ and ‘extrapy-
ramidal’ motor systems – can be determined by 
combining labeling and circuit mapping meth-
ods. Experiments of this type will allow linking 
of the local and long-range circuit organization. 
Channelrhodopsin-2 based methods provide 
many new opportunities for in vitro circuit 
mapping at subcellular (i.e., dendritic sub-arbor) 
levels of resolution (Petreanu et al., 2007, 2009). 
Optogenetic tools for in vivo manipulation of cir-
cuit activity (Zhang et al., 2007) hold promise for 
revealing the functional roles in behaving animals 
of circuits that are well characterized at the cel-
lular and synaptic levels. Finally, the availability 
of neurological mouse models makes it realistic 
to apply this ensemble of circuit analysis tools to 
identify circuit pathophysiological mechanisms 
and targets for interventions.
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of neurons within agranular cortex,  especially 
in medial frontal/prefrontal areas. Distinct 
sub-networks of (unlabeled) L5 neurons have 
been found: one type, similar to sensory corti-
cal sub-networks, involves accommodative-firing 
neurons interconnected by depressing synapses; 
another involves non-accommodating neurons 
interconnected by synaptically facilitating con-
tacts (Wang et al., 2006). Synaptic augmentation is 
also more pronounced for medial prefrontal syn-
apses compared to sensory cortex (Hempel et al., 
2000; Wang et al., 2006). Thus, medial agranular 
cortex contains microcircuit specializations that 
could be involved in supporting the types of 
persistent activity proposed to underlie working 
memory. Other studies in medial agranular cortex 
have demonstrated highly specific connections 
among defined pyramidal neuron sub-classes 
(Morishima and Kawaguchi, 2006; Otsuka and 
Kawaguchi, 2008), and studies in sensory cortex 
have identified highly specific microcircuits for 
unlabeled (Song et al., 2005; Yoshimura et al., 
2005; Kampa et al., 2006) and retrogradely labeled 
pyramidal neurons (Brown and Hestrin, 2009). 
Further such studies of unitary connection prop-
erties of identified projection neurons in motor-
frontal cortex (e.g. corticospinal, corticostriatal) 
are needed to address the question, “who talks to 
whom, and how?”

ProsPects
The growing toolbox of optical, electrophysio-
logical, molecular, genetic, anatomical, and com-
putational methods for cortical circuit analysis 
(Heintz, 2004; Lein et al., 2007; Luo et al., 2008; 
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