




















Figure 6. Axonal fractal dimensionality differences between groups. (4) Examples of axons and their tiles from each cell group. Notice the varying amount of “empty space” inside
the tile. (B) Averages of fractal dimensionality for each group. (C) Averages of “axonal density” for each group. This variable was established by dividing an axon’s total length by its

tile area. Statistical significance using t-test; *P < 0.05, **P < 0.01.

The controversy is partly due to the use of qualitative criteria
to generate classifications of neurons. Unfortunately, criteria
that are important and clear to one investigator may seem
arbitrary to another. An ultimate solution to this dispute could
be to use the internal description that each cell has of itself
(Yuste 2005), that is, its transcriptional specification (Anderson
and others 1997) or the pattern of expression of all its genes
(Monyer and Markram, 2004). Thus, systematic efforts with
techniques such as single-cell polymerase chain reaction
(Cauli and others 1997, 2000; Wang and others 2002; Toledo-
Rodriguez and others 2004), microarrays (Zhang and others
2001), or developmental studies identifying the transcriptional
fate plan (Anderson and others 1997) appear ideal to provide an
ultimate classification.

To explore this issue, we used cluster analysis (Cauli and
others 1997, 2000; Kozloski and others 2001; Tsiola and
Yuste 2003; Krimer and others 2005) of morphological and
clectrophysiogical variables of 3 groups of neocortical inter-
neurons, defined as expressing 3 different genes: PV, SOM, or
NPY. The cluster analysis was blind to the identity of the cell,
yet neurons still clustered into these 3 groups based on their
morphological and physiological parameters. We made no
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assumptions as to which variable was more or less important,
and let the algorithm identify in multidimensional space
whether or not cells could be segregated into significant
clusters. Our results indicate that each of the 3 groups of
interneurons studied is also distinguished by a constellation
of morphological and electrophysiological characteristics and
the fact that these 3 clusters match subpopulations of inter-
neurons, as defined by known cellular markers, confirms the
validity of the method. Our data demonstrate that there are
indeed distinct classes of neocortical interneurons and are
also consistent with a recent study that has also applied clu-
ster analysis of morphological and physiological features to
separate 2 different types of neocortical interneurons (Krimer
and others 2005). At the same time, we should caution the
reader that all our data come from juvenile animals, and it is
possible that further developmental differences (or similarities)
could arise among these studied groups of interneurons in
the mature circuit. We also would like to further limit our
conclusions to the specific cortical area and species used
because there are major differences in cell morphologies
across different cortical areas or species (DeFelipe and others
2002).
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Figure 7. Axonal bifurcation differences between groups. (A) Graphical representation of the average distribution or primary, secondary, tertiary bifurcations and trifurcations for
each group. (B) Cumulative distribution of branches by branch order for each cell. The steeper the curve, the more evenly distributed the branches of the axon are by branch order.
(C) For each cell, the axon was split into 2 at its 1st node. An average of the longest versus the shortest piece was computed for each group and is represented graphically here.

Statistical significance using t-test; *P < 0.05, **P < 0.01.
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Figure 8. Axonal Sholl length differences between groups. (4) Cumulative distribution of the axonal length of each cell as defined by measuring the percentage of the total arbor in

each 100 um concentric circle starting from the soma. (B) For each concentric circle, a group

average was calculated. Cumulative distribution of axonal length by group average was

then plotted. (C) Statistical analysis of group average Sholl indicating highly significant differences between groups in many of the concentric circles. Statistical significance using

t-test; *P < 0.05, **P < 0.01.

Are the groups we identify in this study separated by sharp
boundaries, or do they represent peaks in an otherwise
continuum space of morphological or electrophysiological
variance? Given the highly selected nature of our sample, where

neurons were targeted and studied only if they expressed GFP
in 3 different mouse strains, we cannot rule out that a wider
sample, such as a large randomized characterization of inter-
neurons, could result in less sharp distinctions. Nevertheless, an
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overall consideration of our dataset, particularly in relation with
the peculiar axonal morphologies that are characteristic for
cach cell class, makes it simpler to assume that each class
explores a relatively narrow subset of phenotypic variability.

Although based on a reduced sample of neurons from
a specific neocortical area, our results are consistent with
the increasingly more complete molecular understanding of
neuronal differentiation in other parts of the central nervous
system (CNS), which is providing strong evidence for the
existence of different functional neuronal cells types. For
example, in the spinal cord, different population of motoneur-
ons, sensory neurons, and interneurons appeared to be specified
by one or a specific set of transcription factors whose
expression is controlled by a different combination of inducer
molecules, set up by the neuron’s coordinate in anteroposterior
and dorsoventral axes (Lee and Jessell 1999; Jessell 2000; Dasen
and others 2005). These transcription factors specify not only
the morphological features of the axon and dendrites but also
the precise synaptic connectivity. Moreover, the axonal mor-
phology in the spinal cord is not only a predictor of the neuronal
identity, as it reflects the choice of transcription factors that the
neuron expresses, but also of neuronal function because it
determines the targets that the neuron contacts.

Correlation between Morphological and

Physiological Parameters

In our quantitative analysis, we uncovered a systematic relation-
ship between electrophysiological and morphological parame-
ters, along the independent parameter defined by the
neurochemical content. We then used the correlation matrix
to explore which are the key variables that can be best used to
define each cell group. We encounter that the morphological
variables associated with the axonal arborization have the
highest correlation with the physiological variables that cluster
the different interneuron classes. Lorente de No (1922) pre-
sciently proposed that axonal morphology is the most impor-
tant parameter in the classification of cortical neurons. More
than 80 years later, we are able to offer quantitative evidence for
his intuition.

We have detected that several aspects of the axonal mor-
phology are differentially correlated with the 3 types of
interneurons. The differences in dendritic and axonal centroid
distances from the soma, as well as the difference in ratio of
bifurcation type could be related to differential sampling and/or
innervation of specific cortical sublamina. Whereas the more
compact, symmetrical NPY cells are likely to function within
specific laminar or sublaminar microcircuits, the more skewed
and broadly branching SOM cells would monitor or exert their
influence over a larger territory. The differences in fractal
dimensionality could also have implications to the local con-
nectivity. The higher dimensional axons of PV cells could enable
them to target more proximal dendrites of local cells, whereas
the lower dimensional SOM cells may target cells farther away.
Even if the overall number of postsynaptic cells might be equal
for a PV and SOM cell, the target zone will vary significantly.
Finally, the differences in bifurcation are quite intriguing
because in mammalian neurons the exact morphology of the
axonal arbor is not thought to matter, other than in different
delays caused by axons of different lengths or widths. Neverthe-
less, in invertebrates it has been demonstrated that different
branches of an axon can respond preferentially to action
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potential trains of different frequencies (Debanne 2004), so it
is possible that in neocortical interneurons different branching
patterns could have a physiological impact.

In addition to morphological predictors, our study points out
a difference in physiological parameters among the 3 different
types of neocortical interneurons studied, and we could spe-
culate about the meaning of these findings. Interneurons in
hippocampus are thought to fine-tune the cortical network
activity, thus molding it into meaningful information (Somogyi
and others 1998). The precise, submillisecond, firing time of an
interneuron could therefore be a very important part of the
cell’s role in the network. Pouille and Scanziani (2001) showed
that the subcellular location of GABAergic synapses onto a
principal cell can have different effects on the subsequent firing
of the principal cells, acting to optimize coincidence detection
in the soma, but allowing a broader integration window in the
dendrites. Combining this principle with our finding that SOM
cells, which target distal apical dendrites, receive PSCs with
slower kinetics than PV cells, which target somas, we could in-
fer that the differentiation of average kinetics between different
classes of interneurons provides the cortex with a method of
clongating the overall window of temporal summation.

Correlation between Input Kinetics and

Axonal Morphbology

In addition to uncovering specific morphological and physio-
logical characteristic of different interneuron classes, our
results also show that the postsynaptic target of an interneuron
correlates with the kinetics of synaptic inputs. These data are
consistent and confirm similar earlier findings in hippocampus
(Cossart and others, 2006). In both systems, the correlation
between axonal topology and synaptic temporal characteristics
is strong and is therefore likely to apply also to other parts of the
CNS. What is the functional significance of this intriguing
correlation? Why would the kinetics of synaptic input in the
somata or dendrites of an interneuron be correlated with the
specific properties of its axonal morphology?

Neocortical interneurons appear to target different regions of
the pyramidal neuron’s dendritic tree. PV neurons target somata
or proximal dendrites, whereas SOM cells are thought to
preferentially contact distal dendrites (Fairen and others 1984;
Somogyi and others 1998). Less is known about the specific
targets of NPY neurons, although they could correspond to the
neurogliaform cells, which are known to target spines (Tamas
and others 2003). Therefore, there be a functional logic, by
which interneurons with faster synaptic current kinetics
contact somata, whereas those with slower kinetics contact
dendrites or spines. This system of parallel channels seems
designed to carry our processing of temporal information at
different temporal frequencies and would generally agree with
the finding that different classes of hippocampal interneurons
are preferentially activated at different temporal phases of the
network oscillations in vivo (Klausberger and others 2003).
Thus, each interneuron class would have, as its signature,
particular temporal properties, which could play an important
role for oscillations or for more complex temporal patterning
(Ikegaya and others 2004).

Supplementary Material

Supplementary material can be found at http://www.cercor.
oxfordjournals.org/
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