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Abstract

One advantage of cortical synchronization as a binding mechanigsability to account for phenomena such
as perceptual grouping. Such a mechanism requires the abibynébronize groups of cellnd to desynchronize
these groups from each other. We present a striate cortical maagdceptuagrouping in which synchronization
and desynchronization is carried out by a single, common mechanism. Quytaraidalcells andinterneurons are
simulated using multi-compartmental models. Cells in different orientation columns are inter-connected via two sets
of long-distance connections that differ in axonal delays and spatial projections. The nefatdrece of these two
connections determines whether synchronization or desynchronization occurs. Once one group of cells synchronizes,
inputs from these cellfacilitate synchronization in other orientatimelumns. Weaddressthe role of these
synchronizing and desynchronizing connections in mediating perceptual grouping and metastable percepts.
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1. Introduction

It has beerproposedthat neuronal synchronization in primary visw@rtex mayserve asthe basis for the
organization of elementary visual features into perceptual groups [7]. There are a number of thadvetitages to
the use of synchronization and spike timing in general. For instance, cells in primaryceitealhave relatively
small receptive fieldswith a high degree ofoverlap, thus providingine-grainedvisual resolution.Oncethe cells
responding tadifferent features othe same object synchronize, thag better able tadrive cells in higher visual
areas(with correspondingly larger receptive fieldsyhich presumablycarry out more complex processirtgsks.
More generally, use oprecisespike timing provides higher informationcapacity and superior signal-to-noise
properties for cellular and network computations [8].

One consequence of this synchronization-based framewahe iequirementhat groups of cell¢corresponding
to different perceptuabbjects) besynchronized independently shat they may be uniquelyepresented. A
mechanism for “desynchronization” is thus required to distinguish cells respondiiffgtent perceptuajroups. A
number of models havachieveddesynchronizatiothrough the use of a global inhibitory cell [12, 13]. Global
inhibition requires a desynchronizirgell which has connections both andfrom all the cells in striateortex--a
biological implausibility. Wepresent a more biologically plausibtiesynchronizingmechanism that works in
tandem with the synchronizing mechanism to allow different synchronized populations to emerge.
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Fig. 1. Connections for network simulations. a) The figure on the left illustrates the stimulus configuration, made waldbaesdirranges so
that the dominanpercept is for the bars to be grouped alongdblemns. b) the figure on the right illustrates the connectiwoitkin the
network. The connections labelled (i) connect all the cells in each group to one another, with no axonal delays. Halfsointtead® group
make long-distance co-axial connections to half the cells in groups lying along the orientation axis. These connectibs)|hiasksaxonal
delays of 5 ms, and mediate the synchronization of the cells in a column. The oblique connections, labedie fGiijned between half of
the cells in each group and half of the cells in groups that are not spatially aligned. These connections have axondlsdeiays of

(1)

2. Model

To study the cortical mechanisms of synchronizatinddesynchronization, we implemented a compartmental
model of cortical synchronizatiooased orthe mechanisnproposed by Traubndcolleagues [11]. Irthis model,
synchronization isachievedthrough mutual inhibition of interneuronsinterneurons fire closelgpaceddoublet
spikes, and synchronization is achieved when the timing of the doublet inter-spike interval matches thdelayonal
between groups. In our simulations, each cortical orientation column is modeled as a grpymofi@alcells and
8 interneurons. Waised aslight modification of Traub’s 66-compartment pyramidz¢ll [9] and his 51-
compartment interneuron [10]. Both cells contain the following currents: fast soqjgndéayedrectifier (k pg),
calcium-dependentotassium {{ ), transient potassium (h), calcium-dependent after-hyperpolarizipgtassium
(I« anp), @nd high-threshold calcium.f) currents. Withineachorientation column, cellare densely inter-connected
with excitatory (NMDA and AMPA) and inhibitor¢GABA,) synapses, with no axondelay. Half ofthe cells in
eachcolumn arealso connected tocells of the same orientation in neighboring hypercolumnslorig-distance
horizontal connections (as shown in Figure 1b). The axonal delays of these connections are assumed to be a function
of their spatial relationships as well as the separdt@weenthe orientation columnsnd weassume thathese
inter-column connections fall into two classe®ne set of connectiorextendsroughly parallel to the axis of the
orientation preference of the cell (co-axial connections) and has short axonal delays (raughly®hesereciprocal
connections serve to synchronize the neuronal activity of cellsatbapatially alignedwith respect to eachther.
We have previouslyshown that theseco-axial connectionsmay underlie a number of physiological and
psychophysical results on contour salience [14, 15]segondset of connectionextendsobliquely with respect to
the orientation axis of the celindhas longer axonalelays(approximately 15ms). Previousstudies [1, 2]have
shown that connectiortsetween neuronaiscillators with axonatielays ofmore than 5 msare desynchronizing.
These connectionthus act to desynchronizeells thatarenot spatiallyaligned. Thesimulationswere performed
using Parallel Genesis [4] running on a SGI Origin 2000.
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Fig. 2. Voltage traces of all pyramidal cells. The traces of tHeg. 3. Results of simulation wittifferent axonal delays foco-axial
pyramidal cells in each group aptotted on top ofeach other. The and oblique connections. Current injection and the properties of the
position of the group in the stimulus array is shown in the left colunintra-group connections are the same as Figure 2. The coiatéal
Current injection to the pyramidal cells is 1#6 0.1 nA. In this group connections have 5 ms axonal delays, and pealluctances
simulation, there are no axonal delays in the intra-group connectiafs, AMPA - 8 nS,GABA, - 1.5nS, NMDA - 2 nS. The oblique

and the peak conductances afMPA - 8 nS, GABA, - 1.5 nS, connections have 15 ms axonal delays, and peak conductances of:
NMDA - 2 nS. The co-axial and oblique inter-group connection8MPA - 1.5nS,GABA, - 0.3nS, NMDA - 0.4 nS. The co-axial

have 5 ms axonal delays, and peak conductances of: AMPA - 1.6ao®nections serve to synchronize cells in a coluomte the cells in
GABA, - 0.3 nS, NMDA - 0.4 nS. When the axonal delays of the core column synchronize, the oblique connections desynchronize the
axial and obligue connectionare similar, the entire population cells in one column from the cells in other columns.

synchronizes.

3. Results

The network was tested on a series of 3x3 arrays of vertically oriented bars as shown in Figure 1a. Networks of
9 groups of cellsvere connected ashown in Figure 1b. In the first experiment, the stimuére arranged in a
regular square array with equal spacing between all elements. Figure 2 shows thetraokagefall the pyramidal
cells from the simulation. In this case, the co-axial and oblique connebtadtise same axonalelaysandall the
cells become synchronized together, corresponding to a uniformly bound 3x3 square.

In the secondexperiment, the stimulivere groupednto 3 columns: thevertical inter-element spacing was
smaller than the horizontal spacing. The results, in Figure 3, show thasyr@lwonizewith other cells in the
same column but are desynchronized from cells in other columns. This is consistent vai#ncept of 3 distinct
columns, and illustrates the use of the oblique connections in providing local desynchronization.

We noticedthat when the cells in a columpecame synchronizedhe synchronous inputprovided by the
oblique connections facilitate synchronization of cells in neighbociolgmns. Inorder to investigatethis
phenomenon, we removed the oblique connections, and reduced the connection weights of the co-axial connections to
the point where the cells i@achcolumnwere nolonger synchronized. Theesults of the simulatiomare shown in
Figure 4. We then added the oblique connections, and increased-dél connections for cells ionly one of the
columns so that they are now able to synchronize. The resakfiown in Figure 5. Thpresence ofhe oblique
connections allowed synchronization to propagatthécells in the other columns. The celle now once again,
synchronized within the column and desynchronized between columns

4. Discussion

Our results show that synchronizatiand desynchronization of corticalells may bemediated bythe same
mechanism. In this model, co-axial connections have a slustsr andhus allow cells tdbecome synchronized.
Oblique connections have a longer delay that desynchronizes a celpdmutations innearbyorientation columns.
Synchronous input from these oblique connections may enable post-synaptic populations to synchronize.

These resultsuggest a way for synchronizatiandlocal desynchronization to be obtainé@m very similar
mechanisms. In addition, it is interesting that lad@dynchronizatiomechanisms might play a role in promoting
and propagating synchronization. The useegarate co-axiandoblique connections is motivated by anatomical
studies [6]and psychophysical studies, whictlemonstratespatially specific interaction®etweenstimuli [5].
However, the 5 mand 15 msaxonal delays ofthe co-axial and oblique connections is arbitrargnd probably
represents an unrealistic disparity fbe range ofvisual anglesised inthe visual stimuli. In realityperceptual
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Fig. 4. Results of simulation with only weak co-axial connections. ThRi#g. 5. Results of simulation withweak co-axial and oblique
current injection and the properties of the intra-group connecti@m®nections. The current injection and network connectéwasthe
are the same as Figure 2. The co-axial inter-group connedtenns same as Figure 4, with the exception that the co-axial connections of
5 ms axonal delays, and peak conductancesABfPA - 0.4 nS, the groups in the right colummave been increased to the levels in
GABA, - 0.75 nS, NMDA - 0.2 nS. The co-axial connections are téagure 3. The oblique connections tinis simulation have 15 ms
weak to allow the cells in eacholumn to synchronizenith each axonal delays, and peak conductances of: AMPA -n@85ABA, -
other. 0.15nS,NMDA - 0.2 nS.The presence ahe oblique connections

allows the synchronization in one column to propagate toother

columns.
grouping depends upon thaelative distance between elements. For example, in a 3x3 array, @iflienns orrows
can beperceived dependingpon the relative verticahnd horizontal element spacing. A mechanismthisrefore
required toadjust the threshold for synchronization/desynchronizdiémed orthe actualdistancesnvolved. One
possibility for such a mechanism might involve neuromodulators, which can alter both the connection strengths and
synchronization properties of cortical cells. Another possibility might be to modulate the time constants of the cells
in the orientation columns, which hasenshown by [3], toinfluence the synchronizing atesynchronizingeffect
of delayedsynaptic inputs. Thesemechanisms, as well as tkdfects of feedbackconnections on the ability to

synchronize and desynchronize groups of cells, are directions for future research.
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