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Abstract. Primary visual cortex (V1) in the mammalian brain computes on the 
fly perceptual primitives (form, motion, visual flow) from the feedforward 
bombardment of retinal events channeled through the thalamus. At the same 
time, it integrates the distributed feedback of higher cortical areas involved in 
more elaborate cognitive functions. The reverberating activity evoked by the in-
terplay between these two streams has been hypothesized to form the trace of 
the low-level computational operations written on the “high resolution buffer” 
of primary cortical areas [1]. In vivo intracellular electrophysiology in V1 of-
fers the unique possibility of listening to the synaptic echoes of the effective 
perceptual network at work. On the basis of the comparison between functional 
synaptic imaging and voltage sensitive dye imaging, I will show that the emer-
gence of macroscopic features of perception (Gestalt and motion flow related 
percepts) in early sensory cortical areas can be predicted from the read-out of 
analog graded events (synaptic potentials) operating at a more microscopic in-
tegration level.  

The field of neuromorphic computation has grown from the idea that inspiration for 
future computational architectures can be gained from a better understanding of in-
formation processing in biological neural networks. An illustration of the impact of 
Biology in Artificial Vision and Image Processing is given by studies of the early 
visual system in the mammalian brain. Information coding of the sensory world in our 
brain is both digital, in terms of spike-based events, and analog, in terms of slower, 
subthreshold changes in membrane voltage resulting from the ongoing or evoked 
barrage of synaptic inputs. In vivo intracellular electrophysiology during sensory 
processing in primary cortical areas offers the unique possibility of listening to the 
“synaptic rumour” of the effective network at work, extracting primitives of our envi-
ronment (local contrast, form, retinal flow, ..). The analysis of synaptic echoes cap-
tured by the recording electrode in a single V1 cell allows to infer, indirectly in cor-
tical space, the dynamics of the effective input network afferent to the recorded cell.  

We have applied this reverse engineering method to demonstrate the propagation 
of visually evoked activity through lateral (and possibly feedback) connectivity in the 
primary cortex of higher mammals. This approach, based on functional synaptic im-
aging at the microscopic integration level, is compared here with a macroscopic imag-
ing technique, based on the use of voltage sensitive fluorescent dyes. The conceptual 
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novelty of this multi-scale imaging approach is to explore to what extent emerging 
macroscopic features of low level (non attentive) perception in early sensory cortical 
areas (V1, V2, V4, MT), related to motion flow and form processing and Gestalt psy-
chological laws, can be predicted from more microscopic levels of neural integration 
(conductance and membrane potential dynamics, synaptic receptive fields).  

1   A Topological Paradox in the Early Visual System 

The biological foundations of low-level visual perception in the mammalian brain 
show an apparent paradox:  

On the one hand, the functional specificity of the early visual system underlying 
non-attentive perception seems to be best explained by a parallel cascade of serial 
filters from retina to cortex [2]. The synaptic impact of this topographic feed-forward 
projection is strong and results in multiple ordered point-to-point representations of 
the retinal periphery onto central target neural structures: most thalamic and cortical 
neurons express in their discharge a “tubular” view of the visual world. Spiking res-
ponses are evoked only when visual stimuli are presented within a small retinal win-
dow, defined as the “minimal discharge field”.  

On the other hand, the anatomical architecture along the visual thalamo-cortical 
pathway includes a profusion of feedback routes, from cortex to thalamus and from 
higher-order processing stations to primary visual cortex (V1), as well as intrinsic 
lateral and recurrent connections confined within each processing relay stage [3].  

Thus, the functional binding of distant points in the primary cortical representation 
by lateral and feedback connectivity introduces a mismatch with the retinotopic order 
imposed by the feedforward projections. How this topological conflict is solved by 
the early visual system is still poorly understood (review in [4]).  

2   New Methodologies in Multi-scale Brain Imaging 

In order to visualize the functional influence of lateral connections, experimental 
approaches, more invasive methods than fMRI, allow to detect subthreshold neural 
activation in addition to evoked spike activity. One method is to monitor the spread of 
evoked activation relayed across the superficial cortical layers, the representation 
plane of the retinal space, using the voltage-sensitive dye (VSD) imaging [5]: CCD 
cameras reach a spatial (<50 mm) and temporal precision (<1 ms) compatible with the 
structural columnar scale and the time-course of synaptic responses. The most ade-
quate stimuli (oriented luminance gratings) are optimized to fire cortical columns 
sharing the same orientation preference, and can be limited (focal) or not (full field) to 
visual cortical receptive fields extent [6]. Such techniques provide the macroscopic 
imaging of functional networks across areas V1 and V2 in rodents, ferrets, cats and 
monkeys. 

Rather than looking at the global evoked dynamics of the network, a complementa-
ry approach is to address the microscopic organization scale and focus on the synap-
tic bombardment of a single neuron. Intracellular electrophysiology with sharp  
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electrodes can be used to continuously monitor the membrane potential of a single 
neuron for several hours, even in vivo [7,8]. The recorded irregular asynchronous 
spiking activity is the result of the transient but repeated convergence arising from 
multiple synaptic sources in the network. For the past 25 years, my lab has been de-
veloping a reverse engineering approach, based on demultiplexing the composite 
rumour of synaptic echoes recorded in a single cell. This new method, called “Func-
tional synaptic imaging” [7], considers cortex as a chamber of echoes produced by 
visual activation. Its principle is similar to that of echography in the etymological 
sense (transcription of echoes) and equivalent to the principle of time reversal mir-
rors in acoustic physics and medicine [9]. Its validity relies however on the assump-
tion that the input sources are separable in space and their synaptic influence travels 
in time with similar speed. This condition is rarely met in the general case, but seems 
to be valid for sparse stimulation regimes or during ongoing activity. Thus, functional 
synaptic imaging gives a prediction of the macroscopic activation of the network in 
space and time, which can be confronted with the direct observation of the spatio-
temporal cortical dynamics evoked in the superficial layers of cortex, using voltage-
sensitive dyes [6,10]. 

3   Predicting Travelling Waves from Synaptic Echoes 

The hypothesis of a travelling wave [7] was made initially on the assumption of 
symmetry in exuberant intrinsic connectivity: since V1 is a highly recurrent network, 
we assume that each cell is connected reciprocally to any other cell, with identical 
propagation delays from and to. This theoretical shortcut allows the inference of 
propagation patterns (the cell being seen as a “wave emitter”) solely on the basis of 
the spatio-temporal maps of stimulus-locked synaptic responses recorded in a single 
cell (the cell being seen as an “echo receiver”). This suggests that the information 
received from the RF center in the cortex through the feedforward afferents is then 
propagated radially by the horizontal connectivity to neighboring regions of the visual 
cortex over a distance that may correspond to up to 10 degrees of visual angle. These 
data led successfully to the functional identification and reconstruction of a 
propagating wave of visual activity relayed by the horizontal connectivity.  

The principle of calculation of the propagation speed of the intracortical 
“horizontal” wave is straightforward when comparing the synaptic effects of two 
elementary stimuli (white bar), one in the core of the minimal discharge field, the 
other in the “silent” surround. The distance between the primary points of the feed-
forward impact produced in cortex by the two stimuli can be predicted on the basis of 
their relative retinal eccentricity Δxv and the value of the retino-cortical magnification 
factor (RCMF). This factor can be measured electrophysiologically ([11] in cat), by 2-
deoxyglucose metabolic labeling ([12] in monkey), by intrinsic imaging ([13] in 
mouse and [14] in ferret) and by fMRI ([15] in humans). Thus, beyond a certain scale 
of spatial integration (larger than the columnar grain), any distance in visual space 
Δxv can be converted to a distance in visual cortex Δxc. The spatial range of the 
subthreshold field extent agrees with the anatomical description of 4-7 mm horizontal 
axons running across superficial layers [16]. Furthermore, the electrophysiological 
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recordings give access to the delay Δtc between the two synaptic echoes obtained 
through the feed-forward and the horizontally-mediated pathways. By dividing the 
inferred cortical distance Δxc in cortex by the recorded delay Δtc, an apparent 
horizontal propagation speed can be computed within the cortical map, hence in the 
plane of the layers of V1. This rough estimate assumes a linear transformation 
between retinal and cortical coordinates, which is not the case in the human visual 
system, but, in the cat, the non-linear logpolar transformation [17] has a reduced 
impact in the representation domain of the 5° around area centralis. The propagation 
speeds we inferred with or without logpolar correction range between 0.02 and 2 m/s, 
with a peak between 0.1 and 0.4 m/s.  

These velocity values have since been confirmed for other sensory cortical struc-
tures, such as somatosensory cortex [18]. They are thus ten times slower than X-type 
thalamic input and feedback propagation from higher cortical areas (2 m/s in [19]) 
and one hundred times slower than the fast Y-pathway (8-40 m/s in [20]). They are in 
fact within the order of magnitude of conduction speeds measured in vitro and in vivo 
along non-myelinated horizontal cortical axon fibers [21]. Recent reports based on 
cortical LFPs triggered on LGN spike activity rule out the possibility that divergence 
of LGN axons may also contribute to the build-up of the observed latency shifts (see 
for instance [22]).  

4   Visualizing Travelling Waves with VSD Network Imaging 

The macroscopic reconstruction of intra-V1 waves on the basis of microscopic 
echoes, described in the previous section, remains however an extrapolation made 
between two scales of spatial organization differing by two orders of magnitude (neu-
ron vs map). The VSD technique, particularly adapted to layered structures, takes 
advantage of the fast changes in the fluorescence by the dye as a function of the state 
of depolarization of the membrane in which it is incorporated. It gives an unprece-
dented view of the state of dendritic tuft membrane depolarization in the superficial 
layers of the cortex, with a time sensitivity close to that of intracellular recordings 
[5,23,24]. Since their pioneering study of cortical spread function [5], the team of 
Amiram Grinvald has provided detailed quantifications of intracortical dynamics 
evoked by various inducer stimuli (square, annular grating) and documented the slow 
propagation of an activation wavefront, in area 17 or 18, consistent in speed with the 
conduction velocity of horizontal connections [6,26].  

Many groups have since confirmed the propagation of spontaneous and evoked 
waves across the cortical laminar planes in visual primary and secondary cortical 
areas of rodents [27], ferrets [28,29] and higher mammals [30]. The visually evoked 
waves exhibit sterotyped features and show invariance with the parameters of the 
drifting grating, such as orientation and temporal or spatial frequency. In a contrasted 
way, the “ongoing” (spontaneous) waves vary in kinetics. They do not respect area 
boundaries, and propagate without interruption throughout the entire imaged area (up 
to 4 mm) more slowly than the evoked activity. It is likely that the two forms of prop-
agating activity are generated by different mechanisms and that the slowest waves is a 
polysynaptic column-to column propagation of “up” states [31], similar to the « roll-
ing waves » previously reported with calcium imaging in vitro [32].  
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In summary, these different imaging studies fully corroborate the prediction of a 
travelling wave across cortex, that we extracted some fifteen years ago from our 
intracellular recordings [7,8]: synaptic responses elicited by stimuli placed far from 
the center of the receptive field showed decreasing amplitude and increasing onset 
delay with the relative eccentricity. Most remarkably both types of imaging methods 
(microscopic or mesoscopic) give the same mean estimate of propagation speed 
(0.10-0.40 m/s) although they are based on different measurements and analysis.  

5   Gestalt Principles as an Emerging Feature of Visual Cortical 
Dynamics 

One of the functional roles attributed to long-distance horizontal axons in visual  
cortex is to link columns sharing similar orientation preference [33]. However, the 
anatomical evidence in favor of such bias remains rather scarce in the cat cortex. 
Combinations of optical imaging and intracellular labeling show indeed a diversity of 
potential links established between orientation columns which do not obey, at least at 
the statistical significance level, the rule “who is alike tend to be coupled together”. 
As a consequence, at a more integrated mesoscopic level, the net functional effect 
cannot be predicted. A recent collaborative work between our lab and the group of 
Amiram Grinvald, addressed this issue by combining VSD and functional synaptic 
imaging [6]. It showed unexpectedly that a local oriented stimulus evoked an orienta-
tion selective activity component which remained confined to the feed-forward cor-
tical imprint of the stimulus (space constant~1mm). Thus, a single local stimulus does 
not propagate orientation preference through the long-range horizontal cortical con-
nections. In contrast, when increasing spatial and temporal summation, both optical 
imaging and intracellular measurements showed the emergence of an iso-orientation 
selective spread. We conclude that stimulus-induced cooperativity is a necessary con-
straint for the emergence of iso-functional binding. 

Such a contrasted and conditional behaviour may serve two functions: 1) for the 
local oriented stimulus, a non-selective divergent connectivity pattern may facilitate 
detection of high-order topological properties (e.g. orientation discontinuities, cor-
ners, geons). 2) summation of multiple oriented sources in the far “silent” surround 
can optimize the emergence of iso-orientation preference links. For instance, oriented 
annular stimuli may recruit iso-oriented sources collinearly organized with the orien-
tation preference axis of the target column/cell; similar synergy may be obtained in 
the temporal domain when sources, independent of their exact location, share the 
same motion direction sensitivity as the target grating. Both of these configurations, 
which are confounded in annular aperture protocols, correspond to the neural imple-
mentation of the Gestalt’s continuity and common fate principles [34,35]. 

This conclusion might explain why multiple stroke animations with oriented ele-
ments favor the propagation of perceptual biases such as observed during apparent 
motion illusions. We hypothesized from our own intracellular findings that the per-
ception of speed could be differentially modulated during apparent motion sequences 
of oriented stimuli, either collinear and aligned with respect to the motion axis or at 
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an angle to it [36]. We devised a series of psychophysical experiments in humans that 
aimed at testing the influence of orientation relative to the motion axis on perceived 
speed [37]. Observers were asked to discriminate during a forced choice task between 
the relative speeds of two apparent-motion (AM) sequences. Results showed the in-
duction of a "speedup" illusion which was observed for retinal speeds compatible with 
intracortical horizontal wave propagation. For this range of speed (equivalent to sac-
cadic displacement), a Gabor patch moving along its orientation axis appears much 
faster than a Gabor patch oriented at an angle to the motion axis.   

 

 

Fig. 1. The “Dynamic Association Field” Hypothesis 
Left: two-forced choice apparent motion protocol, where human observers report which  
sequence of oriented elements is seen “faster” [36,37]. Two configurations were compared 
(collinear and parallel), in which the orientation of each element was respectively collinear or 
orthogonal to the motion axis. Human subjects perceive the “collinear“ apparent motion (AM) 
configuration as being more than two times faster than the “parallel” one, when the feedforward 
input evoked by the three-stroke AM stimuli travels in V1 cortex at the speed of horizontal 
propagation (0.1 to 0.3 m/s). Right: the “dynamic association field” hypothesis; local oriented 
inputs (Gabor patches) induce a facilitation wave of activity travelling along horizontal connec-
tions intra V1. This wave binds in space and time proximal receptive fields with co-linear pre-
ferred orientations, thus creating a contiguous path of temporal integration. The associative 
strength of the perceptual effect is maximal when the asynchronous feedforward sequence 
produced by joint strokes of apparent motion (arrow) travels in phase in the cortical network 
with the visually evoked horizontal propagation. The retinal flow speed at which this effect 
predominates is compatible with retinal slip produced by saccadic eye-movements during  
active scanning of contours. 
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These different experimental observations led us to formulate the concept of the 
“dynamic association field” [10], which adds a temporal coordination dimension to 
the static “association field” introduced originally by Hess and Field [38,39]. In its 
dynamic version, the revised concept assumes that local oriented inputs (Gabor 
patches) induce a facilitation wave of activity travelling along horizontal connections 
intra V1 (Figure 1, right panel). This coordination wave tends to bind proximal recep-
tive fields with co-linear preferred orientations, thus creating a contiguous path of 
temporal integration. The associative strength of the perceptual effect is maximal 
when the asynchronous feedforward sequence produced by joint strokes of apparent 
motion travels in phase with the visually evoked horizontal intracortical propagation. 
Recent intracellular work from our lab shows that sparse apparent motion two-stroke 
noise appears as a powerful stimulus condition to trigger the coordination of synaptic 
activity along centripetal motion streaks attuned to the orientation preference of the 
target cells (Carelli, Pananceau, Gerard-Mercier, Baudot, Monier and Frégnac, unpub-
lished).  

6   Conclusion: Propagation of Network Belief and Bayesian 
Models of Perception  

This comparative overview of synaptic and network imaging in visual primary cortex 
summarizes two important findings: 1) intracellular recordings can be used to detect 
at the single cell level the synaptic trace of waves of visual activation travelling along 
long-distance horizontal connections; 2) VSD imaging methods reveal the 
macroscopic propagation pattern predicted from these synaptic echoes. One obvious 
consequence is that the V1 network should not be considered as an ordered mosaic of 
independent “tubular” analyzers, but rather as a constellation of wide field integrators, 
integrating simultaneously input sources arising from much larger regions of visual 
space than previously thought. The collective behaviour of these integrators is 
coordinated during sensory processing by the anisotropic propagation of stimulus-
induced facilitatory waves travelling at slow speed along unmyelinated axons within 
the superficial cortical layers. Thus, primary visual cortical neurons have the capacity 
to combine information originating from different points of the visual field, in a 
spatio-temporal reference frame centered on the discharge field itself. This ability 
imposes precise constraints in time and in space on the efficacy of the summation 
process of elementary synaptic responses, and could subserve the emergence of 
elementary self-organizing processes necessary for implementing Gestalt principles. 

A likely role of horizontal propagation is to favor the build-up of coherent self-
organized knowledge in the network, and broadcast it to distant parts of the network. 
The functional features of these slow waves support the hypothesis of promoting a 
“dynamic association” field, which facilitates the integration of feed-forward inputs 
yet to come. During perceptual illusions (apparent motion, line motion), these waves 
propagate the network belief of the possible presence of a global percept (the 
“whole”: here, continuous motion of a space-invariant shape) before the illusory per-
cept becomes validated by the sequential presentation of the “parts” (signaled by  
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direct focal feed-forward waves). Such dynamics obey closely the Gestalt prediction 
that the emergence of the “whole” should precede in time the detection of the “parts”.  

These cortical processes result, at the perceptual level, in the propagation of func-
tional biases (binding of collinear contour and iso-directional motion) which spreads 
beyond the scale of the cortical hyper column. It remains to be determined whether 
the correlations we report between perception and horizontal propagation result solely 
of neural processes intrinsic to V1, or whether they reflect the reverberation in V1 of 
collective feedback from multiple secondary cortical areas. It may be indeed envi-
sioned that the primary visual cortex plays the role of a generalized echo chamber fed 
by other cortical areas (visual or not) which participate in the coding of shape and 
motion in space: accordingly, the waves travelling across V1 would signal the  
emergence of perceptual coherence when sufficient synergy is reached between the 
different cortical analyzers. A new challenge is launched at the interface between 
electrophysiology and brain imaging, where multiscale imaging approaches give un-
precedented access to generic principles of binding between Form and Motion, which  
operate in the early visual system during low-level (non attentive) perception.  
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