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FIGURE 7 | Variability of brain size and external topography. Photographs 
and weights of the brains of different species. Primates: human (Homo 
sapiens, 1.176 kg), chimpanzee (Pan troglodytes, 273 g), baboon (Papio 
cynocephalus, 151 g), mandrill (Mandrillus sphinx, 123 g), macaque (Macaca 
tonkeana, 110 g). Carnivores: bear (Ursus arctos, 289 g), lion (Panthera leo, 
165 g), cheetah (Acinonyx jubatus, 119 g), dog (Canis familiaris, 95 g), cat (Felis 
catus, 32 g). Artiodactyls: giraffe (Giraffa camelopardalis, 700 g), kudu 

(Tragelaphus strepsiceros, 166 g), mouflon (Ovis musimon, 118 g), ibex (Capra 
pyrenaica, 115 g); peccary (Tayassu pecari, 41 g). Marsupials: wallaby 
(Protemnodon rufogrisea, 28 g). Lagomorphs: rabbit (Oryctolagus cuniculus, 
5.2 g). Rodents: rat (Rattus rattus, 2.6 g), mouse (Mus musculus, 0.5 g). The 
chimpanzee brain was kindly supplied by Dr. Dean Falk. The rest of non-human 
brains were from material used in Ballesteros-Yánez et al., 2005). Scale 
bar: 5 cm.
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FIGURE 8 | Cytoarchitectonic differences in the mammalian cortex. Photomicrographs from 100 µm thick Nissl-stained sections showing some cytoarchitectonic 
differences between frontal, parietal, and occipital cortical areas of the human (areas 10, 3b, and 17, respectively) and several mammals. Scale bar: 250 µm. Adapted 
from Ballesteros-Yánez et al. (2005).

 telencephalon of an avian species (Gallus gallus), which has been 
proposed to be similar to the columnar organization of the neocor-
tex (Wang et al., 2010). Nevertheless, columns are not an obligatory 

cortical feature and they can be found in non-cortical structures 
(Rockland, 2010). In turn, the neocortex of all species contains a 
set of elements similar to that of any other part of the brain (i.e., 
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Circuit organization across the cortical column

Canonical Microcircuit

Cortical Microcircuit

Columnar microcircuits convey adaptive advantages to 
perform several neuronal computations
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Circuit microarchitecture promotes oscillatory 
compartmentalization

firing of narrow APs (Figure 6A, inset; n = 20 from 6mice, AP half-
width 382 ± 41 ms), whereas pyramids had regular-spiking firing
patterns with broader APs (Figure 6C, inset; n = 28 from 5 mice,
AP half-width 498 ± 29 ms).

Pv-INs were more often bimodal compared to pyramids
(66%—12/18 responsive cells versus 39%—11/28 cells, respec-
tively). Figures 6B and 6D compare the AP responses of a Pv-IN
and a pyramid in response to unisensory and multisensory

Figure 6. Parvalbumin-Positive Interneurons Have Much Scarcer Multisensory Enhancement Than Pyramids
(A and B) Example raster plots (top) and peristimulus time histograms (bottom) for a two-photon-targeted juxtasomal recording of a bimodal Pv-IN upon T, V, and

M stimulation (blue, red, middle and green, respectively) from a mouse expressing the red protein tdTomato selectively in Pv-INs (the pipette is filled with the

green Na+-salt dye Alexa 488). Note the high-frequency bursts of APs with deep afterhyperpolarizations (white). Arrows are stimulus onsets.

(C and D) Same as in (A and B) but for a regular-spiking pyramid targeted under the two-photon with the ‘‘shadow patching’’ technique (Alexa 488 being gently

ejected in the extracellular matrix to visualize pyramidal cell bodies as dark structures. Note themore pronouncedME in the regular-spiking pyramid compared to

the Pv-IN.

(E) Boxplots showing responses of Pv-INs (left) and regular-spiking pyramids (right) to T (blue), V (red), andM (green) stimuli and to the preferred unimodal stimulus

(black), all recorded in juxtasomal configuration. The M response was statistically similar to the preferred unisensory responses for Pv-INs (p = 0.9), but it was

larger in pyramids (p < 0.05).

(E) ME indexes of pyramids were larger compared to Pv-INs (p < 0.05).
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Neuronal subtypes are functionally organized 
across layers and specific neuronal subtypes 
exert specific computations 

This circuit organization increases the efficiency of cortical 
computations

The mechanisms underlying cortical microcircuits 
functionality are not yet fully understood



CANON aims to reveal the functional micro-architecture 
governing cortico-cortical integration  

Questions to answer:

CANON

1. How are the different forms of cortical communication (e.g 
feedforward, feedback) performed at the level of distinct layers 
and neuronal subtypes?  

2. How do the feedforward and feedback forms of cortical oscillatory 
activity relate to the function of individual neurons and to specific 
computations?  

3. Do different mammals share the same micro-architecture for 
cortical integration? Can we observe traces of a similar 
architecture in intracranial recordings in humans? 



CANON Circuit architectures for multisensory integration 

1. Multi-species approach

Mice Ferrets

Primarily drivenby increasing the sampling rate capacity of dig-
ital amplifiers, our view of the high-frequency ECoG signal has
significantly expanded over the past 15 years (Lachaux et al.,
2012). In the human sensorimotor cortex, Crone found that there
is an evoked high-frequency component of the spectral power
between about 70 and 150 Hz, which was (1) reliably stimulus-
locked, (2) very spatially focal, and (3) temporally precise (Crone
et al., 1998). While high-frequency responses in experimental
animal work had previously been observed, Crone’s was a
sentinel finding because it was one of the first demonstrations
in humans that these signals could be safely and practically
detected from the cortical surface—thereby catalyzing wide-
spread interest in human intracranial recordings. Functionally,
this technique has been ‘‘re-discovered,’’ as it is one of the
oldest methods of human intracranial neurophysiology.
What is the significance of the high-frequency signal for

interpreting cortical surface recordings? The high-frequency
component was initially interpreted as related to the oscillatory
gamma band (around 40 Hz) and therefore termed ‘‘high
gamma.’’ However, accumulating evidence suggests that the
origin of the high-frequency component is not oscillatory, like
most other lower EEG/LFP frequency bands, but rather is part
of a larger ‘‘broadband’’ spectral source generated by local
nonrhythmic synaptic activity and action potentials and is not
directly related to oscillatory gamma (Manning et al., 2009;
Miller et al., 2014; Ojemann et al., 2013). Indeed, the value of
‘‘high gamma’’ as an index of population spiking activity has
a rich history in experimental animals (usually exploited as
multiple unit activity, MUA), and the relationship between LFP,
EEG, ECoG, high gamma, and unit firing has been comprehen-

sively described in two recent excellent reviews (Buzsáki et al.,
2012; Einevoll et al., 2013).
These observations have been transformative for the applica-

tion of ECoG to the interrogation of human cortical circuits. For
example, high gamma signal in the human auditory cortex is
evoked robustly by speech sounds. A depiction of human tempo-
ral lobe cortical response to a speech sound (/sa/) is provided in
Figure 2. The spectrogram of the neural response is shown in
Figure 2C. The high gamma portion is primarily above 70 Hz.
Despite the relatively low magnitude, the signal-to-noise ratio of
thehighgammaresponse isveryhighandcanbeobservedonsin-
gle trials. As a result, high gammafield potential responses canbe
shown as single-trial rasters, as is often done with single-unit re-
cordings (Figure 2D). Not surprisingly, the high gamma power
has been strongly correlated with neuronal firing rate (Manning
et al., 2009; Ray and Maunsell, 2011; Steinschneider et al.,
2008) and, interestingly, also with the fMRI BOLD signal (Conner
et al., 2011; Mukamel et al., 2005; Ojemann et al., 2013). High
gamma amplitude has also been shown to couple with the phase
of lower-frequency signals (e.g. theta or beta) during behavior
(Canolty et al., 2006) and abnormally in disease states (de Hemp-
tinne et al., 2013). Complementing the lower-frequency signals
commonly measured from scalp EEG, intracranial detection of
cross-frequency interactions may provide a critical approach to
understanding how local neuronal processing is coordinated in
broad, distributed networks. Overall, the high gamma signal in
ECoG has already provided significant indications for the value
of intermediate-scale neural recordings—for understanding sys-
tems-level behavior as well as achieving multi-scale integration
across microelectrode and noninvasive modalities in humans.
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Figure 2. Implanted Intracranial Electrodes Superimposed on 3D Reconstruction of the Cerebrum
(A) Electrode position and relative size in red. Shown are a standard 1-cm-spaced array over frontal lobe (20 electrodes) and ‘‘high-density’’ 4-mm array over the
lateral cortex covering peri-Sylvian regions (256 electrodes). Subtemporal and orbitofrontal strip electrodes are also shown. These are typically placed by gently
sliding electrodes subdurally beyond the exposed areas in the open craniotomy. Exposed areas of electrodes are to scale.
(B) Speech sound stimulus acoustic waveform.
(C) Example neural response spectrograms (Z score) from an electrode on the superior temporal gyrus.
(D) Single-trial, high gamma response raster at an individual electrode.
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2. Multi-level approach

Perrenoud et al. (2016) PLOS Biol e1002383

visual stimulation but also occurred spontaneously. While the firing of PVs was entrained by
spontaneous and visually evoked gamma bouts, the firing of PYRs only phase locked to gamma
during visual stimulation. Taken together, our findings indicate that gamma activity emerges in
response to correlated background synaptic activity and that layers 2/3 pyramidal neurons syn-
chronize their firing to gamma activity selectively when engaged in visual processing.

Results
To determine the intracellular correlates of gamma activity in V1, we performed two-photon
targeted patch-clamp (TPTP) recordings of pyramidal cells (PYRs) and parvalbumin-expressing
interneurons (PVs) combined with local field potential (LFP) recordings in layers 2/3 of head-
fixed awake mice (Fig 1A; Materials and Methods). Recordings were obtained in the whole-cell
(PYR: n = 10; PV: n = 10) or cell-attached configuration (PYR: n = 1; PV: n = 13). One whole-
cell PYR recording did not yield spike and was only used for the analysis of membrane poten-
tials (Vm). LFPs were acquired simultaneously with glass pipettes positioned close to the
recorded cell (Distance (μm); PYR: min: 76.6, max: 301.5, median: 200.2; PV: min: 22.9, max:

Fig 1. LFP Gamma power correlates with the membrane potential dynamics of PVs and PYRs. (A) Experimental design: LFP and two-photon targeted
whole-cell (WC) or cell attached recordings of V1 L2/3 PVs and PYRs are performed in awake mice visually stimulated with drifting gratings. Right:
micrograph taken during an example PV whole-cell recording. (B) Visual stimulation elicits an average increase in LFP power in the beta (12–28 Hz) and
gamma (30–80 Hz) range. Left: grand mean spectro-temporal representation of LFP power around stimulation (n = 34; grey rectangle: visual stimulation
period). Right: average power spectra during (Stim On: grey) and outside (Stim off: black) visual stimulation (shaded areas: +/- standard error of the mean (s.
e.m); horizontal black line: statistical significance, False Detection Rate (FDR) corrected signed-rank test, α = 0.05). (C, D) Simultaneous LFP and whole-cell
recordings of a PV (C) and a PYR (D) (Top: whole-cell recording; Middle: inverted LFP recording; Bottom: spectro-temporal representation of the LFP; grey
rectangle: visual stimulation period). (E) Vm is correlated with the inverted LFP (-LFP) in PVs (n = 10) and PYR (n = 10; thin lines: individual neurons; thick
line and filled circles with error bars: mean +/- s.e.m; **: p < 0.01, signed-rank test). (F) Vm is correlated with gamma power in PVs (n = 10) and PYRs
(n = 10; thin lines: individual neurons; thick line and filled circles with error bars: mean +/- s.e.m; *: p < 0.05, signed-rank test).

doi:10.1371/journal.pbio.1002383.g001
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Two-photon targeted patch clamp recordings of pyramidal 
cells and parvalbumin-expressing interneurons, combined 
with Local Field Potentials (LFPs)
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2. Multi-level approach
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3. Model of Cortical Computations

equipotential neuron does not generate any EC. Furthermore, in a
voltage-clamped situation dVm/dt ¼ 0, thus IC ¼ 0 and IR can be
directly measured by an IC electrode.

From the CSD to the EC potential and back – the forward and
the inverse problem

Extracellular space was considered a homogeneous and isotropic
electrolytic volume conductor with conductivity re ¼ 0.003 S/mm
based on Varona et al. (2000). This low-frequency quasistatic
approximation allows a spike to be represented by a series of
consecutive independent spatial potential patterns, denoted by V. The
relation between CSD distribution and the EC potential in a
homogeneous electrolytic volume conductor is described by Poisson’s
equation (Malmivuo & Plonsey, 1995):

r2V ðr; tÞ ¼ $ Iðr; tÞ
re

ð3Þ

Here !2 is the sum of the second spatial derivatives in the 3D space,
and re is the conductivity of the neural tissue. The forward problem
of the Poisson equation is to find the V(r,t) potential distribution if
the I(r,t) source distribution is known, while the inverse problem is the
reconstruction of the I(r,t) source distribution, if V(r,t) is known.

Equation (3) is analogous to the first law of Maxwell, describing the
electrostatics, but the source of the field on the right side is the CSD
instead of the charge density distribution. A well-known solution of
the forward problem is the electric potential field of a monopole,
decreasing with the inverse of the distance. In a homogeneous and
isotropic medium, the forward problem could be solved in general
case by using the linearity of the electric fields and discretizing
the sources – the field generated by any arbitrary CSD distribution can
be described as the sum of the fields of the point sources. With the
general assumption, that the source consists of N point sources, the
solution for the forward problem, the Vi potential on the ith electrode
can be obtained as:

ViðriÞ ¼
1

4pre

XN

j¼1

Ijðr0jÞ
jri $ r0jj

ð4Þ

where ri and r¢j are the position vectors of the electrodes and the
sources, respectively.
Adopting matrix formalism it can be read as

V ¼ TI ð5Þ

where I and V denote the vector of N source intensities and the vector
of M measured potentials values, respectively. T denotes the M · N

A

B C

Fig. 2. (A) The experimental setup. The extracellular (EC) potential is measured by a chronically implanted linear micro-electrode array (MEA) parallel to the main
axis of the majority of the cortical neurons. The current source density (CSD) on the neuron as well as the potential at the electrode is color-coded. The forward
solution at d cell-to-electrode distance is given by the T(d) matrix, which transforms the CSD to the EC potential at the MEA. (B) A simple electric circuit
representation of the origin of the EC potential. The sum of IR resistive and the IC capacitive currents forms the CSD which serves as the source of EC potential.
(C) Schema of the new sCSD method. The measured spatial potential pattern is transformed into a series of normalized CSD distributions [I(d)] in order of their
assumptive source distances. Without normalization, these source distributions generate the same V pattern at different distances. The I(d) distributions are evaluated
by the spike measure S(d). The distance of the sharpest peak dopt is used to determine the unique momentary inverse solution, I(dopt), and the inverse transformation
matrix T)1(dopt). Finally, the whole spatio-temporal EC potential map is transformed to the sCSD map by applying T)1(dopt).

Localization of single-cell current sources: the sCSD 3301

ª 2012 The Authors. European Journal of Neuroscience ª 2012 Federation of European Neuroscience Societies and Blackwell Publishing Ltd
European Journal of Neuroscience, 36, 3299–3313
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Finally,- we- will- evaluate- the- model- in- human- data- obtained- from- medical- intractable- epilepsy-
patients,-implanted-with-deep-electrodes-recordings-during-preCsurgical-evaluation-(see)WP5).---

-
Section 3: Implementation 

3.1 Work plan and work packages  

3.1.1 Work plan 
The- project- involves- three- partners- from- different- European- countries.- Each- partner- has- the-
expertise-required-to-successfully-achieve-the-aims-of-the-project-Work-Plan:-

Partner- 1- (UvACCoordinator) includes- researchers- with- a- background- in- Cognitive- &- Systems-
Neuroscience,- with- a- longCstanding- record- in- systems- neurophysiology,- highCdensity- electrode-
technology-development,-and-mathematical-analysis-of-neural-data-

Partner- 2- (INSERM)- includes- researcher- with- a- background- in- vivo- whole- cell- recordings- and-
optogenetics.-

Partner-3-(Wigner)-includes-researchers-with-a-background-in-anatomy,-modeling-and-mathematical-
analysis-of-neuronal-data.-

CANON-will-include-five-different-Work-Packages:-

C WP1,-led-by-partner-1,-will-generate-a-common-experimental-platform,-to-be-used-by-WPs-2-
and-3-

C WP2,-led-by-partner-2,-will-contribute-to-the-identification-and-characterization-of-different-
neuronal-subtypes-in-mice-

C WP3,- led- by- partner- 1,- will- contribute- with- extracellular- recordings- and- interCspecies-
comparison-of-electrophysiological-data-in-mice-and-ferrets--

C WP4,-led-by-partner-3,-will-lead-the-integration-and-analyses-coming-from-WP2-and-WP3-and-
it-will-produce-a-model-of-microcircuit-integration-

C WP5,- led- by- partner- 1,- will- verify- model- predictions- elaborated- by- WP4- in- human-
electrophysiological-data-obtained-from-epilepsy-patients-

C WP6,-led-by-partner-1,-is-concerned-with-Management-and-Dissemination-

Figure%4.-Demonstration-of-two-different-identified-laminar-input-patterns-on-the-same-CA1-neuron-in-the-
rat-hippocampus.-Warm-colors-denote-the-negative-values- in- the- spikeCtriggered-extracellular-potentials-
caused-by-current-sinks,-corresponding-to-excitatory-synaptic-currents.-Green-corresponds-to-zero,-while-
cold- colors-denote- the-effects- of- the- counter- currents.- The- same-neuron- (denoted- by-a- star,- upCleft)- is-
activated-by-two-different-pathways-and-emits-action-potentials-during-theta-(left)-and-sharpCwave-ripple-
(right)-oscillations.-(Work-of-Z.-Somogyvári-and-A.-Berényi)-Image-from20-. 

spike Current Source Density, (sCSD) is a 
method able to reconstruct full spatio-temporal 
CSD dynamics of single neurons

Cell type specific laminar distribution of 
synaptic currents

CANON

Somogyvári et al. (2012) Eur J Neurosci, 36: 3299
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4. Comparative functional architectures in mice, ferrets and humans

1.1 Introduction 3
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Figure 1.1: Diagrams of three neurons. A) A cortical pyramidal cell. These are
the primary excitatory neurons of the cerebral cortex. Pyramidal cell axons branch
locally, sending axon collaterals to synapse with nearby neurons, and also project
more distally to conduct signals to other parts of the brain and nervous system.
B) A Purkinje cell of the cerebellum. Purkinje cell axons transmit the output of
the cerebellar cortex. C) A stellate cell of the cerebral cortex. Stellate cells are
one of a large class of cells that provide inhibitory input to the neurons of the
cerebral cortex. To give an idea of scale, these figures are magnified about 150 fold.
(Drawings from Cajal, 1911; figure from Dowling, 1992.)

neuron generates an action potential. An action potential is a roughly 100 action potential
mV fluctuation in the electrical potential across the cell membrane that
lasts for about 1ms (figure 1.2A). Action potential generation also depends
on the recent history of cell firing. For a few milliseconds just after an
action potential has been fired, it may be virtually impossible to initiate
another spike. This is called the absolute refractory period. For a longer
interval known as the relative refractory period, lasting up to tens of mil- refractory period
liseconds after a spike, it is more difficult to evoke an action potential.
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Test the predictions derived from the model about 
computational architecture in electrophysiological 
data obtained from humans (collaboration with 
Matthew Self and Pieter Roelfsema from NIN, NL). 

Fig 1. Localization of the microwires and retinotopy. (A) A schematic of the side-wire electrode. The body
of the electrode was a hollow polyurethane tube. The gray-shaded regions depict the clinical macrocontacts
used to measure intra-cranial EEG. The microwires were 40 μm diameter platinum-iridium wires situated
between the macrocontacts. (B) Post-explantation fMRI measures of the retinotopic organization presented
on an inflated representation of the patient’s left hemisphere. The left panel shows the eccentricity map and
the right panel, the representation of polar angle. The solid lines indicate the representation of the vertical
meridian and the dashed lines the representation of the horizontal meridian. The small blue patch outlined by
a dashed line shows the estimated location of microwires E6 and E7 based on a spherical region-of-interest
(diameter 5 mm) centered on the midpoint between macrocontacts M3 and M4 (see below). (C) (Left panel).
The locations of the macrocontacts (turquoise regions) were obtained from a post-implantation CT scan, co-
registered with a post-explantation structural MR image. The electrode track was clearly visible on the post-
explantation scan as a region of signal dropout, depicted here in blue. The areas V1d–V3d are overlaid on the
gray-white matter boundary. (Right panel) An inflated version of these areas and the estimated location of
electrodes E6 and E7, which were situated very close to the representation of the horizontal meridian that
marks the boundary between V2 and V3, and most likely within V3. Data is available from the Data Access
Committee of the Netherlands Institute for Neuroscience: data-access@nin.knaw.nl.

doi:10.1371/journal.pbio.1002420.g001
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