












regions. Figure 6 shows the distribution of all the cells in the

reduced two-dimensional space of the first two PCs. Super-

imposed on this plot are convex hulls for the clusters obtained

from the cluster analysis. Convex hulls are useful in indicating

areas of a two-dimensional plot covered by various subsets of

observations.

This analysis showed that the neurons covered a continuum

of points along the two PC axes. At the same time, except for

some outliers, most neurons from the same cortical region were

located in neighboring positions. Thus, each region had a clearly

defined spatial distribution and there was clear evidence of

a strong cluster structure. The separation of clusters was mainly

in terms of PC1 (overall size) with very little differentiation in

terms of PC2. The clusters also classified the data in a sensible

looking manner as was apparent from their non-convoluted

shape on the PC plot.

Within the three groups of neurons, the V2L/TeA and M2

neurons were located at opposite extremes of the distribution,

whereas the S2 neurons were overlapping in the center. In

fact, the areas covered by caudal and rostral neurons did not

overlap at all and the two clusters largely occupied different

areas of the diagram. The plot, therefore, displays the in-

teresting result that the two clusters of observations corre-

sponding to the two cortical regions could be reproduced with

utmost precision mainly in terms of their overall size. The

cluster of caudal neurons had ‘size’ measurements (parameters

with significant coefficients on PC1) that were all significantly

different from those forming the cluster of rostral neurons

(Tables 2 and 3).

We concluded that neurons from M2, S2 and V2L/TeA

regions can be discriminated along their first PC, according to

which V2L/TeA and M2 neurons are the smallest and largest,

Figure 4. Other representative variables analyzed. Measurements are reported as mean ± SEM. Statistical significance of the differences is shown in Table 3. Va, Vb and Vc
represent two terminating branches attached, one terminating branch attached and zero terminating branches attached, respectively, from vertex analysis.

Table 1
First two principal component loadings of neuronal basal skirt measurements. Significant

correlations are in bold

Parameters PC 1 PC2

No. of primary branches 0.103 0.298
Dendritic length (lm) 2 0.886 0.360
Dendritic field surface area (lm2) � 0.598 0.251
Somatic area (lm2) 2 0.760 0.330
Intersections at 25 lm 0.490 0.747
Intersections at 50 lm � 0.366 0.846
Dendritic end-points at 50 lm 0.382 0.260
Dendritic end-points at 75 lm 0.743 0.046
Dendritic end-points at 100 lm 0.658 0.256
Dendritic branch-point at 75 lm 2 0.816 � 0.069
Dendritic branch-point at 100 lm � 0.684 � 0.404
Eigenvalue 4.370 1.967
% Total variance 39.729 17.885
Cumulative % variance 39.729 57.613
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respectively, while S2 neurons occupy an intermediate position.

Thus, the size of the dendritic tree is the key parameter that

varies systematically among these cortical regions, whereas the

topology of the dendritic tree does not serve to discriminate

among these three regions.

Analysis of Gradients: Spatial Location of
Overlapping Neurons

The fact that M2, S2 and V2L/TeA neurons varied monotonically

in the parameters captured by the first PC suggested the

possibility that the size of layer II/III pyramidal neurons is

determined by the position of the neuron along the rostrocau-

dal axis in the cortex, since these three cortical regions vary in

their position along this axis. To investigate this possibility we

looked at the exact physical position in the cortex of the

neurons, which were located at the edge of their respective

clusters, in overlapping territories with neighboring clusters

(Fig. 7). If the size of the basal dendritic morphology is

influenced by the position of the neuron along the rostrocaudal

axis, one would predict that the neurons which are statistically

similar to the neighboring cluster should be located at the

corresponding rostral or caudal edge of their own cortical

region.

Examination of the physical position of these overlapping

neurons demonstrated, however, no apparent relation with

the statistical position of the neuron along the PC axes

(Fig. 7). Thus, the simplest interpretation of a gradient of

morphologies, solely determined by the position of the neurons

in the cortex, is not likely since there is no apparent correlation

between the size of the neuron and its physical location within

a region.

Discussion

Systematic Differences in Dendritic Morphologies
among Different Cortical Regions

In this work we compared quantitatively the structure of basal

dendritic trees from pyramidal neurons of three different and

distant regions of the mouse neocortex. Our aim was to assess

to what degree equivalent neurons in different cortical loca-

tions have similar morphologies and thus explore whether

different cortical regions are built out of similar structural

components. The strength of our study was to carry out an

unbiased multidimensional statistical analysis of the data. Thus,

the definition of what constitutes a neuronal class, which

morphological parameters are important and how similar

different cortical regions are, can be objectively approached

in a multidimensional quantitative manner.

We find that layer II/III pyramidal neurons in each of the

three cortical regions studied had a characteristic basal den-

dritic morphology. In both PCA coordinates and clustering

trees, neurons from each cortical region are more similar to

those of the same cortical region than they are to those of

another region. V2L/TeA pyramidal neurons tend to have

smaller and less complex dendritic trees than those of S2, and

S2 neurons are on average smaller and less complex than M2

neurons. The fact that the first PC carries most of the variance

and separates these three clusters of cells indicates that the size

of the dendritic tree is the key factor differentiating these

cortical regions. Our results therefore demonstrate that neu-

rons of different cortical regions display characteristic mor-

phologies. Despite considerable intra-regional variability, and

the presence of outliers that cluster together with neurons in

different zones, our data overwhelmingly demonstrate that the

inter-regional variability is robust, to the point that it can be

used to differentiate between neurons located in different

rostrocaudal territories. Whether the intra-regional variability

Figure 5. Cluster analysis. Dendrogram showing cluster analysis (Euclidean
distances, Ward’s method) results for all basal skirts. Basal skirts are divided into
M2 (green), S2 (blue) and V2L/TeA (red) clusters. Numbers at the bottom of each tree
branch denote the neuron identification number.
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is related to cytoarchitectonic/functional differences within

these territories remains to be determined.

These results agree with previous work that has emphasized

differences in dendritic and spine morphologies among differ-

ent cortical areas (Elston et al., 1997, 2001, 2005a,b; Elston and

Rosa, 1997; Benavides-Piccione et al., 2002; DeFelipe et al.,

2002; Elston and DeFelipe, 2002). We not only extend those

findings to rodent cortex but also, for the first time, demonstrate

them in a multidimensional analysis, blind to the chosen

parameters, and also show that it is the size, rather than

other topological aspects of the dendritic tree, that varies

systematically.

Factors Determining the Morphology of
the Basal Dendritic Tree

In addition, we also investigated the possibility that a rostro-

caudal gradient of neuronal size is at work, whereby the

position of a pyramidal neuron in the cortex could determine

its size. This idea could account for the fact that the most caudal

neurons, i.e. those of the V2L/TeA cortex, are also the smallest,

whereas the rostral M2 neurons are the largest, and the S2

neurons, located in between, have intermediate sizes. The

possibility of a morphological gradient could result from the

existence of gradients of morphogens, something that has been

clearly demonstrated in other parts of the developing nervous

system (Drescher et al., 1997; Lee and Jessell, 1999).

Nevertheless, our analysis makes it unlikely that the system-

atic differences in morphologies that we have uncovered are

the result of a simple rostrocaudal gradient. Although the

physical position of the three groups of neurons in the cortex

resembles somewhat the position of the three clusters of

neurons in the statistical map based on PC axes, within each

cluster, the detailed location of each neuron in the physical map

does not bear similarity to its position on the statistical map.

Moreover, when we specifically study neurons that cluster

outside their group, we find that they are not physically located

at the expected borders of their home areas.

Although we cannot rule out more complicated scenarios

where several gradients are interacting, our analysis implies that

the different morphologies are not the result of a simple

monotonic gradient, but that instead each cortical site confers

a distinct morphological identity on its neurons. The simplest

interpretation is to assume that each cortical region is specified

differently. This agrees with the genetic expression of partic-

ular factors, or combination of factors, in each cortical area

(Rakic, 1988).

On the Structure of the Putative Canonical Microcircuit

How do our results impact the discussion of the canonical

cortical microcircuit? By studying a selected type of neuron

in three different regions, we demonstrate that each cortical

zone appears to have a preferred morphological feature. The

Figure 6. Principal component analysis. Neuronal basal skirt measurements, plot of the first two PCs for 90 neurons. Clusters of neurons are well differentiated along the first
principal component. Lines demarcating convex hulls reveal overlapping clusters. One neuron belonging to V2L/TeA (neuron 25), four S2 neurons (77, 83, 84, 85) and one M2 neuron
(50) lie outside the boundaries of their respective clusters.

Table 2
Measured parameters for V2L /TeA, S2 and M2 (outliers not included)

V2L /TeA S2 M2

No. of primary branches 4--9 3--7 4--8
Dendritic length (lm) 1639 ± 341a 2140 ± 561 3397 ± 524
Dendritic field surface area (lm2) 22 666 ± 5130 31 928 ± 6358 61 270 ± 16 245
Somatic area (lm2) 123 ± 18 139 ± 22 179 ± 30
Intersections at 25 lm 4--20 8--18 8--17
Intersections at 50 lm 5--26 15--35 16--29
Dendritic end-points at 50 lm 0--3 0--2 0--3
Dendritic end-points at 75 lm 0--12 1--10 0--3
Dendritic end-points at 100 lm 2--13 4--16 1--9
Dendritic branch-point at 75 lm 0--6 0--8 0--9
Dendritic branch-point at 100 lm 0--6 0--2 0--6

aMean ± SD.
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differences are quantitative and appear to be well captured by

measurements of size. At first appearance, this result runs

contrary to the strict interpretation of a canonical microcircuit,

whereby each cortical area would be built by repetition of

identical circuit elements. This view is not supported by our

data or by previous studies in the tree shrew and various

primate species which instead emphasize the idea that each

cortical area possesses a tailored set of components (e.g. Elston,

2003; Elston et al., 2001, 2005a,b). Pyramidal cells constitute the

majority of the total population of neurons in the cortex and

are the source of the vast majority of inter- and intra- areal

connections, (Jones, 1981; Felleman and Van Essen, 1991; Lund

et al., 1994; DeFelipe and Fariñas, 1992). Thus, the structural

differences found between cortical areas of the mouse must

reflect differences in cortical process of information. For

example, cortical neurons characterized by a smaller dendritic

arbor must integrate inputs over a smaller region of cortex than

larger cells. Furthermore, the integration of inputs leads to

compartmentalization of processing within the dendritic arbors

of pyramidal neurons. As a result, different branch structures

undertake distinct forms of processing within the dendritic tree

before input potentials arrive at the soma. Therefore, there may

be a greater potential for compartmentalization in areas that

contain highly branched pyramidal than in areas with less

branched cells (for reviews, see Jacobs et al., 2001; Elston,

2003).

In summary, our data are in line with the idea that each

cortical area is built from specific neuronal components.

However, it is also clear that a number of microanatomical

characteristics have been found in all cortical areas and species

examined so far and, therefore, they can be considered as

fundamental aspects of cortical organization. Given our still

enormous ignorance about the exact number of cell types and

connections in the cortex, future work will need to determine

Table 3
Statistical comparisons of the most representative variables represented in Figures 3 and 4 from

layer III pyramidal cells of the V2L /TeA, S2 and M2 cortex of the mouse

V2L/TeA-S2 S2-M2 M2-V2L /TeA

Total nodes [one-way
ANOVA, F (2,89) 5 25.81, P\ 0.001]

** * **

Nodes per distance from soma
[repeated-measures ANOVA,
F (2,87) 5 25.70, P\ 0.001]

** * **

Nodes per branch order
[repeated-measures ANOVA,
F (2, 87) 5 26.86, P\ 0.001]

** * **

Total endings [one-way ANOVA,
F (2,89) 5 31.74, P\ 0.001]

** * **

Endings per distance from soma
[repeated-measures ANOVA,
F (2,87) 5 9.47, P\ 0.001]

** *

Endings per branch order
[repeated-measures ANOVA,
F (2,87) 5 34.56, P\ 0.001]

** ** **

Total length [one-way
ANOVA, F (2,89) 5 96.71, P\ 0.001]

** ** **

Length per distance from soma
Repeated-measures ANOVA,
F (2,87) 5 91.30, P\ 0.001]

** ** **

Length per branch order
[repeated measures ANOVA,
F (2,87) 5 105.32, P\ 0.001]

** ** **

Basal dendritic field area (lm2) [one-way
ANOVA, F (2,89) 5 107.07, P\ 0.001]

** ** **

Sholl analysis [repeated-measures
ANOVA, F (2,87) 5 94.71, P\ 0.001]

** ** **

Quantity of branches per order
[repeated-measures ANOVA,
F (2,87) 5 31.38, P\ 0.001]

** * **

Fractal analysis, K-dim [one-way
ANOVA, F (2,89) 5 18.57, P\ 0.001]

** **

Total Va [one-way ANOVA,
F (2,89) 5 16.92, P\ 0.001]

** **

Total Vb [one-way ANOVA,
F (2,89) 5 8.50, P\ 0.001]

**

Total Vc [one-way ANOVA,
F (2,89) 5 10.27, P\ 0.001]

* **

Ratio Va/Vb [one-way ANOVA,
F (2,89) 5 0.71, P 5 0.49]
Va per order [repeated-measures
ANOVA, F (2,87) 5 16.92, P\ 0.001]

** **

Vb per order [repeated-measures
ANOVA, F (2,87) 5 8.50, P\ 0.001]

**

Vc per order [repeated-measures
ANOVA, F (2,87) 5 10.27, P\ 0.001]

* **

Total planar angle [one-way
ANOVA, F (2,89) 5 40.72, P\ 0.001]

** **

Total local angle [one-way
ANOVA, F (2,89) 5 10.55, P\ 0.001]

* **

Total spline angle [one-way
ANOVA, F (2,89) 5 22.42, P\ 0.001]

** **

Total tortuosity [one-way
ANOVA, F (2,89) 5 10.16, P\ 0.001]

** *

Cell body area (lm2) [one-way
ANOVA, F (2,89) 5 40.78, P\ 0.001]

* ** **

**Post-hoc Bonferroni analysis, P\ 0.001.

*Post-hoc Bonferroni analysis, P\ 0.05.

Figure 7. Location of the borderline neurons. Schematic drawing showing the sites of
injection in the M2, S2 and V2L / TeA regions of the mouse cortex 1 and 2, as seen in
the plane of section parallel to the cortical surface. Numbers indicate the exact position
in the cortex of neurons. S2, V2L / TeA and M2 neurons that cluster outside their group
and those located in the overlapping areas of the statistical map in Figure 6 are in red.
These statistically similar neurons are not located in close proximity in the physical
map, making a rostrocaudal gradient of morphologies unlikely. Scale bar = 815 lm.
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what is the nature of this essential kernel of cortical circuits and

what are the specializations in the various cortical areas and

species.
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