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Abstract. Minicolumn has been widely accepted not only as the basic structural
element of the cortex anatomically, but also as the fundamental functional unit
physiologically. And, it is believed by many theorists that the minicolumn may
function as a Potts spine, only takes on finite discrete states. But its feasibility is
unclear. In order to provide a biophysical evidence for the Potts assumption, a
model is proposed to analyze the dynamics of minicolumn. With simulation, we
found that Potts states may originate from the temporary high synchronization of
neuronal subsets. Furthermore, after analyzing the average number of
synchronous spiking neurons, we propose a novel and important assumption that,
intrinsically-busting neurons may play a critical role in stabilizing the Potts states.
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1 Introduction

When analyzing the structure and function of the neocortex, a more macroscopic scale
may be a better choice though neurons are the fundamental units. Not only for the size
of neurons, 10", is computationally exhaustive, but also for the detailed synaptic and
dendritic structures may be unimportant for the systematic analysis. The minicolumn
assumption, first proposed by Mountcastle in 1957[1], and the later findings of
anatomical and physiological evidences bridge the huge gap between the tiny neurons
and the macro cortex.

But what is the functional role plays by the minicolumn? Or it is just a mediate
motif towards the structure of the cortex. Neural theorists, like Treves[2] and
Lansner[3], have assumed that they may function as Potts spins in statistical physics.
That is, each minicolumn can only take on several finite discrete states, and it can be
in only a single state at any time. But the feasibility and availability of the assumption
is unclear. In order to understand the dynamics of minicolumn and provide a
biophysical evidence for Potts assumption, a network model, which takes into
consideration of the spiking characteristics of regular-spiking (RS) neurons,
intrinsically-bursting (IB) neurons and fast-spiking (FS) inhibitory neurons, is
constructed to explore the mechanisms underlying Potts assumption. Not only do we
figure out the origination of Potts states, but also, we propose that IB neurons may be
important in stabilizing the so-assumed “Potts states”.
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Fig. 1. Schematized graph of several typical neurons in the neocortex. Neurons with long
dendrites and axons are pyramidal cell, and showed in black. Blue neurons are basket cells, and
red for spiny stellate neurons. Orange for double bouquet cell and green for chandelier cell.
Some neurons are redrawn from [7].

2 Minicolumn Model

The neurons in neocortex could be classified into spiny neurons and nonspiny
nonpyramidal neurons, and the spiny neurons can be subdivided into pyramidal
neurons and spiny stellate neurons. Almost all kinds of neurons are widespread in
each layer, though with structural difference in synapses, dendrites, and the size of
somas, except that spiny stellate cells mainly appears in layer IV. Though nonspiny
nonpyramidal inhibitory neurons take up 15-30% of the total neuron populations,
their subtypes are very complex and their roles are essential. According to their
morphologies and spiking dynamics [4-5], we simply group them into three types,
basket cells, bitufted cells, bipolar cells and chandelier cells, also see Fig.1. What’s
more, when the systematic dynamics is considered, we omit chandelier cells and use a
generalized integrate-and-fire differential equation proposed by Izhikevich [6] to
model the spiking dynamics of all the other inhibitory neurons.

According to the anatomical evidences [8] and computation speculations [9-10], we
believe that 80 is typical for the total number of neurons in a single minicolumn. Also,
the ratio between non-GABAergic excitatory cells and the GABAergic inhibitory cells
is approximately 4:1. What’s more, McCormick have reported that 35% of neocortical
pyramidal cells are of the IB type[11], and the rest are RS neurons. So in the end, the
neuronal distribution can be calculated, as showed in table 1.

In order to faithfully reflect the synaptic connections between neurons in layers, we
adopted the results recorded from cat and rat by Thomson [12] (also see in Héusler et
al. [13]). So now, we can construct a comprehensive network model for a
minicolumn, as shown in Fig.2. See the caption for details.
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Fig. 2. Synaptic connections and weights in neocortical area, and data are adapted from[12]
and [14]. Yellow cells stand for excitatory pyramidal neurons and blue for inhibitory
interneurons. Note that, for convenience, the excitatory spiny stellate neurons in layer IV are
incorporated into pyramidal cells. Arrows stand for synapses, blue for interneurons to
pyramidal cells and yellow the reverse, red and deep blue for connections between pyramidal
neurons and interneurons respectively. Intra-layer connections between the same kind of
neurons are showed in dashed arcs, red for inter-pyramidal connections and deep blue for
inter-interneuron connections. Also note the afferents and efferents. Afferents: cortical input
sent into layer II/IIl and thalamic input mainly directed to layer IV. Efferents: the axons of
pyramidal neurons in layer II/IIl directed into the superficial layers of higher cortical
areas and the axons of deeper layers directed to lower cortical areas and nonspecific thalamus.
* stands for Hopfield synapses.

2.1 Layer VI

It should be noted that, due to the following reasons, we simply omit layer VI in the
network model.

Firstly, as it can be seen from Fig.1, pyramidal cells in layer VI collect information
from layer IV and send their information to other tissues via their axon tufts. As
Richardson et al [14] showed that, after external information transmitted to layer IV,
forward information pathway passes layer II/III and targets layer V. Information in
layer V either send to other areas directly, or send to thalamus and claustrum by relay
of layer VI. So their main functions have been embodied in layer V.

Secondly, according to Callaway et al.[15], the synapses from thalamus to layer
IV, from layer IV to II/III and then from layer II/III to layer IV of next higher cortex
areas form the forward pathways. But the projection from pyramidal cells in layer V
and layer VI to superficial layers have widespread synapse braches, in charge of the
modal connection of neocortex, also see Fig.3. So the modality function is also
embodied in layer V.



20 S. Song and H. Yao

IVC_alpha

IVC_beta

v

Vi

Magnocellular Parvicellular
pathway pathway

Fig. 3. Layer VI provides local modulatory feedback to superficial layers. The pyramidal cells
that project to layer IVC_alpha can only receive inputs from layer IVB. Similarly, The cells
that project to layer IVC_beta can only receive inputs fro layer II/IIL.

Table 1. Neuron distribution in a typical minicolumn

Non-GABAergic GABAergic Layer_Total
RS IB (FS)
TI/II 12 6 5 23
v 20 10 7 37
v 10 6 4 20
Class_Total 42 22 16 80

Finally, Héusler et al. [13] have ever conducted simulation to compare the basic
function of data provided by Binzeger et al.[16] and Thomson et al.[12], and their
results showed that there is no radical differences between the two models, though the
data provided by [12] lacks layer VI.

2.2 Afferent and Efferent

Sensory information from outside world primarily enter layer IV through the thalamus.
Even though, the dominant afferents of the cortex areas are from the recurrent
connections themselves. Besides afferents from the thalamus and other areas,
neocortex also receives neuromodulatory inputs from brainstem, like norepinephrine,
serotonin, acetylcholine and dopamine [14]. And for convenience, they are all
considered to be weak external excitatory inputs in later simulations.

2.3 Dynamical Model

There are numerous neuron models in neuroscience that can be used to analyse the
spiking characteristic of neurons and the system dynamics of networks. They are
systematically classified into two types, with the first the biophysical model like
Hodgkin-Huxley model and the second the integrate-and-fire model like Izhikevich
model [6]. Here, the Izhikevich model is adopted for its biological plausibility and
computational efficiency.
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Assume V,’: denotes the membrane potential of the j th neuron in class = of layer !/,

where subscript & represents the excitatory type, excitatory (e ) or inhibitory (i), the
ordinary differential equation of membrane potential can be written as
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Note that U ’ =, the membrane recovery variable, which provides a negative feedback
to membrane potential Vl’: , is used to account for the activation of K™ and the
deactivation of Na™ion channel[6], I, - denotes the magnitude of external constant
current that controls the global excitability of excitatory and inhibitory ( =) networks
of layer /. And wf ;H'Ek represents the synaptic strength between neuron j in layer/ and

neuron k in layer m . Parametersa , b , ¢, d are used to control the spiking behavior of

different type of neurons, also refer to Fig.4.
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Fig. 4. Top: the spiking models of isolated RS, IB and FS neurons are shown from left to right
respectively. Model parameters: RS (left): a=0.02, b=0.2, c=-65, d=8; IB (middle): a=0.02,
b=0.2, c=-55, d=4 [6]; FS (right): a=0.1, b=0.2, c=-65, d=2. Bottom: typical firing style of an
IB neuron in minicolumn.

3 Results and Discussions

The electrode-recorded data from Thomson et al.[12] only roughly reflects the
connection weights between layers rather than detailed synaptic weights between
neurons, also see Hiusler et al.[13]. In order to introduce Potts states into minicolumn,
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Fig. 5. The highly temorary synchronization represents the existence of Potts states. Top: the
spiking of excitatory neurons in layer II/IIl. Middle shows the spiking activity in two time
windows. Bottom shows the distance matrix between neuronal spiking series. See text for
details.

more information should be stored in the layered minicolumn network. And we simply
stored finite patterns into layer II/III according to Hopfield rule.

Treves et al.[17] has ever simply split the complex layered cortex into three layers,
that is, a granular cell layer (layer IV) “has been inserted” into the original single
pyramidal layer. It is said to be that the enlargement of memory capacity of layer
II/TIT and layer IV lays the foundation for the emergence of human cognition. And
also as discussed above, the recurrent connections from other areas mainly enter layer
II/TII. So we only store information in layer II/III.

EEG recordings show that only in Rapid Eye Movement or walking or complete
action state, that the cortex exhibit rhythmic activity [18], when the thalamic inputs
are inhibited. And what’s more, only when the systematic dynamics is rhythmic, can
we analyze the Potts states efficiently. So we set the afferents of layer II/III far
stronger than that of other layers. By the way, the weak neuromodulatory inputs from
brainstem are incorporated into the weak afferents.

3.1 Potts States

To scrutinize the temporary spiking synchronization of neurons, we compartmentalize
the spiking series into short time windows, as shown in Fig.5. Then we calculate the
distance between each pair of neuronal spiking series. Now that the distance is
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symmetric, only the above triangle of the matrix is shown for convenience. As it can
be easily seen from Fig.5, only a subset of neurons are spiking synchronously. In the
first window, neuronal pairs (1, 2), (1, 12) and (7, 9) have very similar firing timing in
that particular period, with the pair (7, 9) firing in best synchronization. Similarly,
neuronal pairs (9, 16), (13, 15) are the most synchronous pairs in the second window.

And several interesting solutions can be drawn directly from these simulations.
Firstly, it is the highly synchronization of a subset of neurons underlies Potts states.
When all excitatory neurons in layer II/IIl are in-phase, there would be only two
discrete states, on or off, for each minicolumn. If so, the memory capacity of human
brain would be too restricted for the cognitive behaviors. What’s worse, no latching
phenomenon [2] would appear. But if all neurons are asynchronous, or phase-locked,
the dynamics of minicolumn would be chaotic. If so, the semi-rhythmic activity
appeared in several status would disappear.

Secondly, all neurons in minicolumn are almost equal-active. That is, their average
firing activities are stable, which not only excludes the assumption of Potts states by
the number of total spikes of all neurons in a short period, but also demonstrates firing
stability of minicolumn.

Lastly, we can simply estimate the Potts states each minicolumn has. As shown in
Fig.7, the average number of most synchronous neurons is 3.8143, with standard
deviation 1.8205. If the number of synchronous spiking neurons is simply taken to be
4, then there would be 3e+3 Potts states. If the surface area of human cortex area is
2400cm’, [14] and the diameter of minicolumn is 0.05mm [19], there would be
1.2e+8 minicolumns in total. And according to [20], if the neurons are fully connected
(only roughly estimate the upper bound), then the total patterns that could be stored in
our neocortex would be 1.5e+14, almost infinite.

3.2 Intrinsically-Bursting Neurons

As discussed above, besides RS neurons, IB neurons also take up a large part of the
excitatory neurons. And it is curiously that this obvious phenomenon sometimes even
has been neglected, like Golomb et al.[21].

To probe the probable role for IB neurons, we also run the network when all the
excitatory neurons are RS neurons. And a comparison between minicolumn networks
with and without IB neurons is showed in Fig.6 and Fig.7. There is nearly no
difference between the rhythmic spiking activity between two network models. But in
Fig.7, we found that not only the average number of most synchronous spiking
neuron, but also the standard deviations of the network with IB neurons are smaller.
With the former, the maximum amplitude of rhythmic waves is lower, and with the
later, the Potts states are more uniform and stable.

The more uniform synchronous group-spiking shows that the firing activity of
excitatory neurons are affected by stronger synaptic inputs, and we think the bursting
behavior of IB neurons (Fig.4, bottom) is an ideal choice. Also, when FS inhibitory
neurons are excited by stronger presynaptic neurons, they depress the excitability of
the whole network, lowering the amplitude. So it comes about a probable role that IB
neuron plays in the neocortex, enhancing the spiking stability of minicolumns.
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Fig. 6. Minicolumn dynamics with (top) and without (bottom) IB neurons. And there is nearly
no difference between the rhythmic activity of two models. Note that the afferents from
thalamus are inhibited, so neurons in layer IV seldom firing. e stantds for excitatory, I for
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It should be noted that French et al. [22] have ever proposed that IB neurons are
primarily in charge of the synchronous spiking of the total network. But as it can be
seen from Fig.6, even when the IB neurons are excluded from minicolumn, the

systematic rhythmic synchronization activity also appears.



Probe the Potts States in the Minicolumn Dynamics 25

10
9, |
8, _
()
5
S 7ol N
A
9 6r h o A AR
2
5 95
E -l L
2 4f
>
»
® 3
=
2
1l |
0O 20 40 60 80

Experiments

Fig. 7. Comparison of the number of the most synchronous spiking neurons in networks with
(red) and without (green) IB neurons. The solid line represents the average number, and the
dashed line shows the standard devidations. The statistics is 3.8143 £ 1.8205 when IB neurons
are involved, and 4.5551 £ 2.2498 when not.

Perhaps IB neurons have other particular physiological or other biochemical
functions, but the conclusion we draw here provides a novel viewpoint for their
functional roles.

4 Conclusions

In this paper, we try to explore the feasibility and availability of so-assumed
functional role that minicolumn plays in the systematic dynamics of neocortex, Potts
states. We found that Potts states probably originate from the temporarily high spiking
synchronization of a subset of neurons. Furthermore, we analyzed the role played by
the IB neurons and proposed that it may have much to do with the stability of Potts
states. Future work includes how the most synchronous spiking pairs evolves and how
the minicolumn functions when thalamus inputs appears and when the proportion of
IB neurons changes.
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