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Abstract  The objective of this study was to inves-
tigate the role of intracortical recurrent connections in
the exponential increase of basic response functions with
rise in depth of layer 4C in the Macaque monkey pri-
mary visual cortex. Electrode penetrations by Blasdel
and Fitzpatrick (1984); Hawken and Parker (1984) in
single nerve cells, led to the conclusion that the basic re-
sponse functions for receptive eld size (RFS) and con-
trast sensitivity (CS) increase exponentially with rise in
depth of layer 4C. Bauer (1998) created several models
which gave plausible causes for this exponential increase.
However, her models lacked three dimensional (3D) ac-
curacy and therefore this study recreated her intracor-
tical model with a single LGN-M population in true 3D
space. Special attention was given to two anatomically
observed deviating structures in upper layer 4C . The
rst is the presence of widely spreading out axonal ar-
bor clusters belonging to spiny stellate cells, which are
not present in lower regions of layer 4C Asi et al. (1998).
The second is a change of inhibitory type interneurons;
in upper layer 4C the clutch cell is replace by the -6
cell (Lund, 1987). Di erences in physiological parame-
ters between these two inhibitors could account for a
chance in inhibitory strategy. Unfortunately, one of the
side e ects of building the model in 3D space is a reduced
chance for inhibitory synapses to connect to the very
small somatic contact regions of the nerve cells. Because
of limited computer resources, the neuron count in the
model was too low to provide su cient inhibitory con-
nections to the neurons, making a change of inhibitory
strategy unnoticeable. Therefore, the nal conclusion is
that the present intracortical 3D model of layer 4C does
accurately predict the RFS and CS increase in the lower
and middle parts of layer 4C, but cannot do the same
for upper 4C . Whether a functional inhibitory strat-
egy change could allow the stepped connections and/or
the -6 cells to produce the exponential increase in up-
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per 4C , remains unclear. However, good results similar
to those of Bauer (1998), are still expected should the
model be expanded to 64.000 neurons.

1 Introduction

The mammalian brain is a fascinating instrument which
enables the mammals to actively interact with their sur-
roundings. The brain consists of an incredibly large num-
ber of single nerve cells, organised in functional groups
to handle a wide range of tasks. For instance, to ob-
serve the surroundings, a mammal utilises the region in
the brain known as the visual cortex (Peters and Rock-
land, 1994b). Although a great deal is known about the
principle task of many regions in the brain and func-
tional principles of single nerve cells, surprisingly less
is known about the functional logic of cortical micro-
circuits. These microcircuits are restricted assembliesfo
interconnected neurons and constitute the elementary
functional units of the cerebral cortex. Understanding
the algorithmic principles of the cortical microcircuits i s
a necessity for understanding the processing strategy of
the cortex.

The macaque monkey has been the primate of choice
for neuroscience research for many decades. Recently,
extra- and intracellular signal recording in this monkey's
visual cortex have led to speculations on the responsible
anatomical structures. The region of interested is located
in the primary visual cortex and is known as layer 4C.
Layer 4C is the principal recipient of two mayor sub-
cortical information channels, provided by the magno-
(M) and parvocellular (P) ganglion cells in the lateral
geniculate nucleus (LGN, see Fig. 1). The LGN inputs
are processed in layer 4C and subsequently redirected
to di erent strata in the more super cial layers for fur-
ther interpretations (Levitt et al., 1996). This arrange-
ment ensures that most of the visual information passes



Fig. 1 Overview of the peripheral and subcortical pathways
in the primate visual system. Retinal projections relayed v ia
the magno- (M) and parvocellular (P) subdivisions of the

lateral geniculate nucleus (LGN) result in visual percepti on.
Almost all LGN cells terminate within the primary visual cor -
tex. The optic nerves partially crosses at the optic chiasma.
Visual information originating from the left and right visu al
eld are processed in the right and left cortical hemisphere .
(Figure adapted from Hubel and Wiesel, 1977)

through layer 4C before it becomes available to other
layers in the visual cortex.

Visual nerve cells can be characterised with proper-
ties like receptive eld size or contrast, orientation, or
direction sensitivity, but cells in layer 4C lack these last
two. The remaining and more basic receptive eld size
(RFS) and contrast sensitivity (CS), however, show an
almost exponential increase in the upper third of layer
4C (Blasdel and Fitzpatrick, 1984; Hawken and Parker,
1984, see Fig. 2).

To explain the depth dependent exponential increases
in RFS and CS, a simulation model of layer 4C is made.
The model is based on relevant anatomical and physio-
logical ndings and should provide better understanding
of the responsible mechanisms.

2 Method
2.1 Relevant backgrounds

Literature on the response properties of layer 4C intra-
cortical cells reveals an exponential response increase in
the upper third of layer 4C. To nd the mechanisms
which accomplish this, both the anatomical and physio-
logical data of layer 4C intracortical cells is investigated.
Three principle neuron population projecting intracor-
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Fig. 2 Basic response properties of layer 4C nerve cells as
a function of anatomical depth. The upper plot (a) repre-
sents the normalised contrast sensitivity (CS) and the lowe r
plot (b) the receptive eld size (radius). The dots, squares
and x-marks are single cell recordings by electrode pene-
tration (Blasdel and Fitzpatrick, 1984; Hawken and Parker,
1984). The solid lines in each panel indicate mean values (
standard deviations) at eight equally sized depth interval s
through layer 4C.

tically can be found in layer 4C: the excitatory spiny
stellate cells, and the inhibitory clutch and -6 cells.

The LGN cells are the primary information source for
layer 4C cells, and therefore deserve special attention.
The LGN cells can be functionally and anatomically di-
vided into two groups: LGN-P and LGN-M. Connections
percentages to layer 4C cells depend on the depth of the
cortical cell in layer 4C, opening up possibilities for ex-
plaining the exponential increase of the response prop-
erties.

2.1.1 Physiological ndings Extensive physiological stud-
ies have quanti ed the response properties of LGN-P and
LGN-M cells of the macaque monkey for di erent stim-
uli (Spear et al., 1994; Croner and Kaplan, 1995). The
physiological parameter values given in Table 3 illustrate
that LGN-M cells have on average a larger RFS, higher
ring rate and higher CS than LGN-P cells.
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Fig. 3 Anatomical organisation of layer 4C of the macaque
primary visual cortex, together with the lateral geniculat e
nucleus (LGN) inputs. The LGN-P a erents span the whole
depth of the layer 4C subdivision. The LGN-M a erents
span the whole depth of the layer 4C subdivision. Input to
the LGN cells is provided by the retinal ganglion cells. Out-
put of the LGN cells is received by the spiny stellate neuron
population (excitatory neurons) and the -6 and clutch in-
terneuron populations (both inhibitory neurons). Note tha t
spiny stellate neurons can be found throughout the depth of
layer 4C, whereas the clutch interneurons are restricted to
the mid- and lower divisions and the -6 interneurons to the
upper divisions of layer 4C.

Functionally, LGN-P cells provide information at high
spatial resolution (Derrington and Lennie, 1984, amongst
others), while LGN-M cells are more sensitive to small
changes in luminance contrast (Kaplan and Shapley, 1982).
In the temporal domain, LGN-P cells convey informa-
tion mainly about stimuli that are static or slowly mov-
ing while LGN-M cells emphasise more rapid motion or
high temporal frequencies in luminance contrast (Pur-
pura et al., 1988). The most intriguing di erence, al-
though highly controversial, is that only LGN-P cells
convey information about colour (De Monasterio, 1978;
Livingstone and Hubel, 1987), but the evidence is am-
biguous.

To study RFS and CS as a function of vertical posi-
tion within the layer 4C, Blasdel and Fitzpatrick (1984)
and Hawken and Parker (1984) made tangential elec-
trode penetrations and recorded single cell responses.
While Blasdel and Fitzpatrick (1984) measured RFS and
contrast threshold (the inverse of CS) of a population of
non-oriented cells, Hawken and Parker (1984) reported
CS of a population of largely orientation selective or ori-
entation biased cells. Although they used di erent tech-
niques for the CS measurements, the qualitative changes
of CS as a function of depth in layer 4C is seen in
both studies. To combine the experimentally obtained
CS data into one representation, the contrast threshold
data of Blasdel and Fitzpatrick (1984) is converted to
the reciprocal CS. Subsequently, each single cell mea-
sure in the data set of Blasdel and Fitzpatrick (1984)
and Hawken and Parker (1984) was divided by the mean
contrast sensitivity value of the whole data set. This pro-
cedure leads to normalised CS values representing the

Fig. 4 Above: Drawing of an intracellular lled spiny stel-
late neuron in layer 4C of the macaque primary visual cor-
tex. The cell has a small dendritic eld (thick lines) and
wide projecting axon collaterals forming terminal cluster s lat-
eral away from the cell body (adapted from Anderson et al.,
1993). Below: Two examples of patterns of terminal elds
established by lateral projections of spiny stellate neurons in
upper 4C (adapted from Asi et al., 1998). The circles indi-
cate the injection site of the tracer. The axonal bres which
leave the injection sites form extended bar or stripe shaped
regions of terminals in upper 4C .

relative CS with respect to the mean value in each sam-
ple. Fig. 2 shows the analysed CS data sets.

Unpublished experiments in the laboratory of the
Institute of Ophthalmology in London, England, sug-
gest that many cells in the principle input layer 4C can
sum visual signals over a distance corresponding in size
with the spread of lateral connections. This suggests that
LGN feed-forward excitation together with the intracor-
tical connections, determine RFS and CS of cells in layer
4C.

The experimental data is lumped into eight equally
sized depth intervals. For each depth interval, mean val-
ues and standard deviations of RFS and CS were cal-
culated by Bauer (1998) (see Fig. 2). While changes of
basic response properties through lower 4C are small,
the steep increase of CS in the uppermost part of 4C
is emphasised. Unfortunately RFS data for this region
is sparse and it is speculated that RFS increases more
rapidly in upper 4C than through the rest of layer 4C.
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Table 1 Summarised relevant anatomical and physiological ndings , as collected by Bauer (1998).

Parameter

Value

Source

Linear Magni cation
LGN magni cation factor
Cortical magni cation factor

300 mm / degree

1500 mm / degree

Connolly and Van Esse n (1984)
Van Essen et al . (1984)

Relative Cell Densities

LGN-P to LGN-M cells 6:1 Livingstone and Hubel (1988)
LGN to layer 4C cells 1:100 Chow et al. (1950)

4Ca to 4Cb cells 3.5 O'Kusky and Colonnier (1982)
4C excitatory to inhibitory cells 8:2 Lund (1987)

LGN Axonal Arbor Dimensions

LGN-P axonal arbor diameter 200 mm Blasdel and Lund (1983)

LGN-P axonal arbor height
LGN-M axonal arbor diameter

LGN-M axonal arbor height

0.5 * depth 4C
600 mm

0.5 * depth-4C

Freund et al. (1989)
Blasdel and Lund (198 3)
Blasdel and Lund (1983)

Freund et al. (1989)
Blasdel and Lund (19 83)

All 4C Cortical Cells
Dendritic arbor spread diameter

Dendritic arbor spread height
Somatic inhibitors contact region diameter
Somatic inhibitors contact region height

200 mm

0.5 * depth 4C
30 mm
0.075 * depth 4C

Lund (1990)

Kisvarday et al. (1986)
Callaway and Wis er (1996)
Bauer (199 8)

Ca llaway and Wiser (1996)

4C Spiny Stellate Cells
Number of spines per cell
LGN synapses per cell

Excitatory synapses per cell

Somatic inhibitory synapses per cell

Ratio of excitatory to inhibitory synapse

Axonal arbor spread diameter (at any depth)

Axonal arbor spread height (at any depth)

Lateral stepped connections diameter
Spread from the soma in middle 4C
Spread from the soma in upper 4Ca

Lateral stepped connections height

Constant
Approx. 10%

Approx. 90%
Constant

8:2

250 mm

0.6 * depth 4C

300-500 mm (step-1)
300-500 mm (step-1)
800-1000 mm (step-2)

0.3 * depth 4C

Lund and Holbach (1991)
Peters et al. (1994a)
Latawiec et al. (1997)
Ahmed et al. (1994)
Bauer (1998)
Beaulieu et al . (1992)
Lund (1980 )
Calla way and Wiser (1996)

Yoshiola et al. (1994)
Fitzpatrick et al. (1985)
Anderson et al. (1993)

Asi et al. (1998)

Callaway and Wiser (1996)

4C Inhibitory Cortical Cells

Axonal arbor spread diameter (clutch cell)
Axonal arbor spread height (clutch cell)
Axonal arbor spread diameter ( -6 cell)
Axonal arbor spread height (-6 cell)

150 mm

0.5 * depth 4C
1000-1400 mm
0.3 * depth 4C

Lund (1987 )

Calla way and Wiser (1996)
Lund (1987)

Callaway and Wiser (1996)

2.1.2 Anatomical ndings Layer 4C in the macaque pri-
mary visual cortex is dominated by a population of exci-
tatory cortical neurons, called spiny stellate cells, whit
constitute to approximately 80% of the total amount
of cells in the layer. Some of these spiny stellate cells
project outside layer 4C, some do not. The remaining
20% of the cells are made up by di erent varieties of
inhibitory cortical neurons (Lund, 1987). None of these
inhibitory neurons project outside layer 4C. Fig. 3 sum-
marises the anatomical organisation of layer 4C; Table 1
summarises all relevant data.

Each spiny stellate cell in layer 4C has a constant
number of dendritic spines distributed on a roughly cir-
cular dendritic eld. Only a small portion, on average
10%, of the spines are occupied by a erent LGN synapses.

The majority of excitatory synapses comes from other
spiny stellate cells within the layer, with some synapses
coming from cortical layer 6 (Ahmed et al., 1994). How-
ever, Ahmed et al. (1994) and Stratford et al. (1996) sug-
gest that the input from layer 6 neurons can be neglected
because they stimulate layer 4C cortical cells too weakly.
The average ratio of excitatory to inhibitory synapses on

a single cortical cell is approximately 8:2 (Beaulieu et al,

1992).

Using a tracer, Asi et al. (1998) demonstrated that
the spiny stellate cells in upper 4C stimulate a series of
stripe- or bar-like terminal regions surrounding the injec
tion site (see Fig. 4). Using another tracer, the study in-
dicated the reciprocity of connections between bars and
the injection site.
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Fig. 5 Best ts for RFS (left) and normalised CS (right)
curves for the feed-forward models | (top) and Il (bottom) of
Bauer (1998) as functions of depth and based on the data
sets of Croner and Kaplan (1995, dots) and Spear et al.
(1994, squares). The measured experimental values (Blasdé
and Fitzpatrick, 1984; Hawken and Parker, 1984) are denoted
by diamonds. The plots show the mean values and standard
deviations for the eight layers of her layer 4C model. Model
Il is similar to model |, except for the LGN-M cells being
split up into two sub-populations.

The organisation of neurons in layer 4C has been
studied in detail by Lund (1987). Interestingly, the den-
dritic arborisation and the local axonal projections of the
di erent varieties are restricted to di erent divisions of
layer 4C, suggesting depth dependent inhibition strate-
gies. There are at least two varieties of neurons at di er-
ent depths of layer 4C that are good candidates to pro-
vide inhibitory contacts to the cell bodies of the spiny
stellate neurons: the clutch cells and the -6 cells.

First, a variety of interneurons, apparently absent
from the upper half of layer 4C , is known to contact
the cell bodies and the dendrites of spiny stellate cells
deeper in the layer; the so called clutch cell (Kisvarday et
al., 1986) has a richly branched, very localised axon ar-
bor, and can contact both excitatory as other inhibitory
cells. The clutch cells may receive input from all sources
of excitatory input to layer 4C (Kisvarday et al., 1986;
Saint-Marie and Peters, 1985), including up to 10% af-
ferent LGN inputs (Martin et al., 1983; Freund et al.,
1989). The assumption is made that the clutch cell re-
ceives a small portion of direct input from the LGN, but
the majority of the excitatory input derives from the lo-
cal spiny stellate cells. In addition, it is assumed that the
clutch cell also gets inhibitory input from other clutch
cells.

Second, since the clutch cell is not found in upper
4C , its role may be taken instead by the -6 cell (Lund,
1987). The cell has rather horizontal spreading dendrites
that are mostly con ned to the top of layer 4C . The

Fig. 6 Best ts for RFS (left) and normalised CS (right)
curves for the intracortical models | (top) and Il (bottom)
of Bauer (1998) as functions of depth. The measured exper-
imental values (Blasdel and Fitzpatrick, 1984; Hawken and
Parker, 1984) are denoted by diamonds. The plots show the
mean values (for both the simulation and experimental data)
and standard deviations (for the experimental data) for the
eight layers of her layer 4C model. Model Il is similar to
model |, except for the LGN-M cells being split up into two
sub-populations.

stout axon provides trunks that spread laterally away
from the neuron for long distance. The synaptic input
and the targets of the -6 cell are unknown, but its
"basket" morphology suggests it contacts the soma of
the local spiny stellate cells (Somogyi et al., 1983; Mar-
tin, 1988).

2.2 Simulation model

Bauer (1998) used the physiological and anatomical nd-
ings in Sec. 2.1 to create four distinct models of the cor-
tical layer 4C. She compared the results for RFS and
CS with the measurements of Blasdel and Fitzpatrick
(1984) and Hawken and Parker (1984) and found three
out of four models to be a good match.

Her rst layer 4C model had no local intracortical
connections. The activation levels of the nerve cells in
layer 4C depended solely on feed-forward LGN inputs
to the cells. This model was not able to recreate the
exponential increase in RFS or CS (see Fig 5, model I,
upper plots). To improve the results, she used prelimi-
nary evidence suggesting a subdivision of LGN-M cells,
and found a good t for the experimental recordings (see
Fig 5, model I, lower plots). However, she felt that the
parameter values of this model were stretching realism.

With anatomical and physiological ndings pointing
at local intracortical connections for playing a major role
in cortical processing, she then created a layer 4C model
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Fig. 7 Simulation owchart for the layer 4C model. A blob
type visual stimulus is presented to the retina. The convo-
lution of this stimulation and signal processing in the LGN
is 0 ered to the cortical cells in layer 4C as |,ff (u). Intra-
cortical connections inside layer 4C are represented by the
feedback line Iic(u;t). The output of some of the spiny stel-
late cells in layer 4C is then passed on to other layers in the
primary visual cortex for further visual processing.

which included these connections. The results for this
model with one LGN-M cell population are given in Fig 6
(model I, upper plots) and for the model with two LGN-
M cell populations in Fig 6 (model I, lower plots). Both
these models were able to reproduce the experimental
RFS and CS ndings, and used more realistic parameter
values as compared to the second feed-forward model.
However, the neurons in her layer 4C model with in-
tracortical connections were located on just eight stacked
planes, with these planes spread evenly over the depth
of layer 4C. Intracortical connections were only possi-
ble between neurons on the same plane, thereby ignor-
ing possibly important vertical connection. The object
of this study is to recreate the layer 4C model with in-
tracortical connection, but with neurons located at ran-
dom depths and able to make vertical connections. This
makes this 3D layer 4C model biologically more realistic.
For simplicity, the model uses just the one LGN-M cell
population.

2.2.1 Neural network architecture The complete simu-
lation model represents the retina cells, the LGN cells
and the layer 4C cells (see the anatomical structure in
Fig. 1 and the owchart in Fig. 7). The retina cells are

connected to the LGN cells via the optic nerve, optic
chiasm and the optic tract. The LGN cells connect to
the layer 4C cells in the primary visual cortex via the

optic radiation.

The layer of retina cells is not modelled with individ-
ual neurons, but as a single visual eld layer providing
the visual stimuli to the LGN cells (see Sec. 2.2.3). The
LGN cells are split up into magno- and parvocellular
populations. The LGN-M cells project to the upper half
of layer 4C, known as layer 4C and the LGN-P cells
to the lower half of layer 4C, known as layer 4C (see
Fig. 8). To compare the results of the simulation model
with the models of Bauer (1998), layer 4C is divided into
eight stacked boxes with equal heights. These boxes are
numbered from 1 at the bottom of layer 4C to 8 at the
top of layer 4C . The dimensions of the neural network
architecture are given in Table 2.

Three types of neurons are modelled in layer 4C: the
excitatory spiny stellate cells and the inhibitory clutch
and -6 interneurons (see Fig. 3). Note that spiny stel-
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Table 2 Dimensions of neural network architecture.

Component  Property Value
Visual eld Width 3 deg
Height 3 deg
LGN Width 900 m
Height 900 m
Layer 4C Width 4500 m
Height 4500 m
Total depth 400 m
Single box depth 50 m

late neurons can be found throughout the depth of layer
4C, whereas the clutch interneurons are restricted to the
mid- and lower divisions and the -6 interneurons to the

upper divisions of layer 4C. The spiny stellate cells with

local terminals (as compared the the spiny stellate cells
with terminals ending in layers 4B, 4A or 3B, see Fig. 3),

project to di erent lateral side steps depending on the

depth of the cell in layer 4C (see Sec. 2.2.4.

The simulation model does not provide realistic cell
densities in the LGN nor in layer 4C, but the ratio of
LGN-P and LGN-M cells are chosen according to the
experimental ndings. In the model a constant synaptic
load is enforced for each cortical cell through normalising
the synaptic input weights to constant numerical values
(see Sec. 2.2.4). Therefore the particular number ratios of
excitatory and inhibitory cells do not a ect the outcome
of the simulations. On the other hand, it is important
to ensure that the density of excitatory and inhibitory
cells result in su ciently dense intracortical connectivi ty.
However, a lack of computational resources limited the
model to 500 excitatory and 500 inhibitory cortical cells
in every layer 4C box.

2.2.2 Neuron model The cortical neurons are modelled
as continuous-valued connectionist neurons (McCulloch
and Pitts, 1943). The output:
O(u) = f (I (u) 1)
of a cell at position u = (uz;u;uz) is interpreted as
the cell's ring rate. A suitable transfer function f (x)
maps the cell's input to the output ring rate. The input
I (u) represents the total synaptic input of the neuron at

position u. This synaptic input is a sum of inputs from

k dierent LGN and cortical cell populations:
X z
Fu)= lx(u) = wi (U; X) O (x)dx
k k R?

(2)

The function wy (u; X) is a weight kernel which gives the
connection weight between two neurons at positionau
and x = (X1;X2;X3). The connection weight wy (u; X)
depends on the overlapping volume of the axonal arbor
of the neuron u and the dendritical arbor or somatic
inhibitors contact region of the neuron x (see Table 1).
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Fig. 8 Upper: LGN projections to the layer 4C. P and M
are schematic drawings of the a erent axon arbors of LGN-P
and LGN-M cells terminating in layer 4C. The other eight
cylinders represent the dendritic elds of all neuron types
in layer 4C. To compare the results of the simulation model
with the models of Bauer (1998), layer 4C is divided into eigh t
stacked boxes with equal heights. These boxes are numbered
from 1 at the bottom of layer 4C to 8 at the top of layer
4C . Lower: initial LGN weight proportions W''N  S(ujy),
with us as a measure of depth in layer 4C. These proportions
are later normalised to satisfy W = 0:08.

2.2.3 LGN activity from visual stimulation The visual
stimuli are stationary Gaussian blobs of radiusr and
contrast c that are presented in the visual eld layer
centred at locationy = (yi, y2). After convolution with
a Di erence-of-Gaussians model for the LGN neurons
(Bauer, 1998), the input I'CN  S;S2fP;Mgofa LGN
cell at position z = (z3;2,) for a blob stimulus centred
at y = (0;0) becomes:

LGN S —
| (2)= ®3)
|
(z%+ z%) K (z%+ z%) ’
LK meem® ™ meme
c S

wherez = (z1;z,) is de ned as relative toy = (0;0). The
physiological parameters centre and surround radii and
integrated surround/centre sensitivity K of the LGN-P
and LGN-M were given in Bauer (1998) and are sum-
marised in Table 3.

Table 3 Physiological parameters for LGN-P and LGN-M
cells, as given in Bauer (1998).

Physiological Parameter LGN-P LGN-M
Centre Radius R. [degree] 0.087 0.103
Surround Radius Rs [degree] 0.53 1.16
Integrated Surround- 0.547 0.546
Centre Sensitivity K [-]
Contrast Gain G [spk/(s*contrast)] 0.66 1.43
Maximum Firing Rate M [spk/s] 31.11 45.05
Contrast Threshold cmin [contrast]  4.31 1.74

The output ring rate OGN s = f(|LCN ) of a

LGN cell is calculated via the transfer function:

X) = M( Xmin 1
m otherwise
with:
1 K
ILGN S - r2 (4)
fovt ®ORE+rEy)  (RE+TE)
Xmin =1 K + Cmin ”‘:;N s (5)
M
X0 = E':'O(;N S (6)

and the optimal radius rop: de ned for the maximal con-
trast sensitivity at:

dl LGN S(Z) B
a0 @

2.2.4 Cortical activity Each cortical neuron at position
u is characterised by a time-dependent 'membrane po-
tential' m(u;t). The dynamics of m(u;t) are given by:

EmP(u;t)= mP (ut)+ 12 (ut)y+ 15 (u) (8

dt

where P 2 f e;ig is the cell type, i.e. excitatory or in-
hibitory, I1F (u;t) the intracortical recurrent input and

I % (u) the stationary a erent input from the LGN cells.
The system of dierential equations describes cortical
nervous tissue of excitatory and inhibitory cell popu-
lations that are homogeneously distributed interacting
through recurrent intracortical connections (Wilson and
Cowan, 1973).

It is assumed that a cell receives a normalised and
constant amount of synaptic weights, summing to 1.0.
The ratio of excitatory to inhibitory synapses is set at
8:2 for each cell in layer 4C. Anatomical evidence indi-
cates that each individual spiny stellate cell has a con-
stant number of spines (excitatory inputs) together with
a constant number of somatic inhibitory contacts per
unit area of cell soma, where each spine or contact con-
nects to a single synapse. The LGN synapses occupy
roughly 10% of the spines, while the other 90% of the
spines are occupied by synapses from the local spiny stel-
late cells (Ahmed et al., 1994). The inhibitory contacts



Fig. 9 Proportion of weights to the intracortical neurons

from three dierent sources of synaptic input: LGN cells

(Wasr , excitatory), spiny stellate cells ( We, excitatory), and
clutch and -6 interneurons (Wi, inhibitory). The ! indi-
cates whether the excitatory or inhibitory cell is projecti ng
to an excitatory or inhibitory cell.

to the soma are provided by the clutch cell and the a-
6 neuron. The major postsynaptic target of the clutch
cell are the soma and proximal dendrites of the spiny
stellate cells in the lower two-thirds of layer 4C. How-
ever, a corresponding assumption is speculative, though
reasonable, in the case of the -6 interneuron.

The knowledge on the synaptic input of local cir-
cuit neurons is fragmentary. It is reasonable, however,
to assume that a small portion (10%) of their excitatory
weights derives from LGN cells while local spiny stellate
cells provide the rest of the excitatory input. In addition
it is assumed that each inhibitory cell receives a small
proportion of contacts from other inhibitory cells. Fig. 9
summarises the proportion of synaptic weights from the
principle sources of synaptic input that is used in this
model.

The aerent input 175, (u) to a cortical cell of type
P 2f e;ig at location u is given by:

Iar (u) = ©)
Z
WLGN S(US) dXW:;GN S(U;X)OLGN S(X)
s R3
LGN

where wp S(u; x) are weight kernels proportional to
the volume overlap between the a erent axonal arbor
of type LGN S projecting into layer 4C at position

x and the dendritic eld of a cortical cell of type P at

positipn u. The weight kernels are normalised to sat-
isfy dxwpCN  S(u;x) = Wy = 0:08 (see Fig. 9).
The proportion of a erent LGN weights are given by

the depth-dependent function WLCN  S(us), with S 2

fP; M g. Bauer (1998) explored the proportion of LGN
weights. This results in the weight distribution according

to Fig. 8.

The excitatory (e) and inhibitory (i) neurons in layer
4C are intracortical connected with excitatory weights
(Wer e;Wer ) and inhibitory weights (wj; ¢;wiy ). The
intracortical recurrent input to a cortical cell of type
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Fig. 10 Upper: cartoon of lateral reach for spiny stellate
cell axonal arbor rings of step-1 and step-2. Spiny stellate
cells in lower 4C only project to very local neighbours.
Cells in mid-4C project with one additional lateral side-st ep.
Cells in upper 4C have at least two side-steps at the same
depth. Lower: initial summed excitatory weight proportions
Wiocal (X3), Wstep  1(X3) and Wetep 2(X3), With uz as a mea-
sure of depth in layer 4C. These proportions are later nor-
malised to satisfy the weights in Fig.9.

P 2 f e;ig at position u is given by:

I (ust) = (10)

x Z
. POrnP Oy
dxwpor p(U;x)O" (M™ (X;1))

PO2f ejig RS

where OP°(mP’(x;t)) is the output of a cortical cell of

type PP at position x. Rhe individual weight kernels are

normalised to satisfy dxwpo p(U;X) = Wpo p (See
Fig. 9). Individual weight kernels wpo p are depth (us)

dependent due to changes with depth in the spatial ex-
tent of axonal and dendritic elds as well as the neural
composition.

Spiny stellate cells utilise depth dependent projec-
tion strategies in layer 4C. Cortical cells get excitatory
connections from local spiny stellate neighbours at all
depths. But from the middle of layer 4C upwards, the
step-1 lateral connections become more important. Sim-
ilarly, step-2 connections are only present in the topmost
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— Clutch
... Alpha6

Initial proportion of inhibitory weight kernels

Layer 4C Alpha Layer 4C Beta

Fig. 11 Upper: cartoon of the axonal arbors of the clutch
cell (light gray cylinders on the left for the lower three-
quarters of layer 4C) and the -6 cell (dark gray cylinder
at the upmost quarter of layer 4C, together with the soma
and proximal dendritic contact regions of the target cells o f
type P 2 f e;ig. Note that the clutch cell and the -6 cell are
somatic inhibitors which only contact the soma and proximal
dendrites of the target cell. Lower: initial inhibitory weight
proportions Weiuieh (x3) and W s(x3), with x5 as a measure
of depth in layer 4C. These proportions are later normalised
to satisfy the weights in Fig.9.

region of layer 4C . This can be seen in Fig 10. It is as-
sumed that the connection probability of a target cell of
type P at position u and a spiny stellate cell at location
x scales with the volume overlap of the dendritic eld
and the hollow-cylinder shaped axonal arbor. Hence, the
excitatory weight kernel at depths x3 can be written as:

Wer p(U;X) = (11)

WsWstep | (XS)WZ’!(epP ] (u;x) +
j=1;2
+Wo(X3)Wiocal (X3)WS*p (U; X)

with u the location of a cortical cell of type P 2 f e;ig, x
1 Ws

the location of the spiny stellate cell, Wy (x3) = W ooyt
Ws, Ws 2 [0; 1] the 'synaptic e cacy', and:
z
dxw!%a, (u;x) = 1 (12)

r3

Table 4 Parameters for the cortical cell sigmoid output
function gp (), as derived from Bauer (1998).

Parameter Spiny Stellate Cell  Clutch Cell -6 Cell
Pscale 5 5 5
Pshift 2.6 15 3.55
ps|0pe 12 05 04
Z
] dxw® T (uix)=1;) =1;2 (13)

r

Please note that the 'synaptic e cacy’ Wy controls the
ratio of the excitatory load of the stepped connections
relative to the excitatory weights from very local neigh-
bours.

Two distinct types of inhibitory neurons can con-
tact the soma and the proximal dendrites of the corti-
cal neurons. The small clutch cell is prominent in the
lower three-quarters of layer 4C. In the upper quarter of
layer 4C, the clutch cell is replaced by the -6, which
has a very large arbor region. The number of inhibitory
synapse per cell is constant for every cell in layer 4C.
The weight kernel w;, p is split up into two cell-type
speci ¢ components:

Wiy p (U;X) = (14)

Woeiuteh (Xa)WSUS (u;x) + W 6(x3)w;, S (u;x) (15)

where wis" (u;x) and w;, §(u;x) correspond to the
volume overlap between the soma and the proximal den-
drites of the type P target cell at location u and the
axonal arbor of the clutch or -6 cell at location u.
The depth-dependent change in inhibition type is mod-
elled by the inhibitory weight portions Weych (X3) and
W  5(x3). The inhibitory weight portions satisfy for all
depths x3 the constraint (see Fig. 9):

Woeiuteh (X3) + W 6(X3) = Wiy ¢ =0:2 (16)

Because the axonal arbors of the clutch and -6 cells
overlap in a small stratum at the top of layer 4C , it is
reasonable to assume that for that stratum a target cell's
inhibition originates from both inhibitory cell types. The
values for the weights can be found in Fig. 11.

The output spike rate OP (u;t) = gp (m(u;t)) of a
cortical cell is calculated by applying a sigmoid function:
Pscale

X Pshift
Pslope

o (x) = (17)

l1+e

The scale, shift and slope parametersfscaie » Pshirt  and
Psiope ) are derived from the rectifying, piecewise linear
transfer function as used by Bauer (1998). The values of
the parameters can be found in Table 4.

The excitatory and inhibitory cell populations have
di erent intrinsic physiological properties (McCormcick
et al., 1985). Therefore, di erent parameter values are
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chosen for the spiny stellate cells and the inhibitory in-
terneurons. And because the clutch and a-6 cell dier
in morphology it is also reasonable to assume that they
also di er in their physiological properties (Azouz et al.,
1997). It is the change in inhibitory strategy in upper
4C , however, which is crucial to the model. The e ect
of changing the parameters in Eq. 17 for the -6 cells,
relative to xed parameters for the spiny stellate and
clutch cells, are explored (see Results and Discussion).

2.2.5 RFS and CS measurements RFS is de ned as the
optimal circular summation area of a model cortical cell,
with which the cell will generate its highest response.
The area summation functions are calculated by a blob
stimulus of low contrast (20%, unless stated otherwise)
centred in the receptive eld of the cortical cell. The
radius r of the blob is systematically increased from 0.01
to 1.5 degree with steps of 0.01 degree. For each radius
the steady state response of the cortical cell is calculated

d b=
dtm (u;t)=0
The radius rpea at which the steady state response of
the cortical cell has reached its peak response was taken
as a suitable measure for the RFS. To avoid model bor-
der problems, cortical cells for the RFS and CS measure-
ments are always chosen out of a virtual vertical cylinder
at the horizontal centre of the model.

The CS is determined by a blob of optimal radius
Ipeak thatis centred in the receptive eld of the cortical
cell. Steps of 1% contrast from 0% to 100% systemati-
cally increase the contrast of the blob. The contrast at
which the steady state response (Eq. 18) of the cortical
cell has reached a threshold, is taken as the thresh-
old contrast c. CS is de ned as the reciprocal threshold
contrast 1.

(18)

2.2.6 Computational speedups To reduce the simulation
time required by the model, non-linear algorithms are
applied for reaching the steady state in the model, nd-
ing the maximum response in the RFS simulations, and
nding the threshold crossing response in the CS simu-
lations.

The steady state of the model is reached with a steep-
est descent iteration algorithm. Steepest descent has a
nice intuitive explanation. Solving Ax = b iteratively is
equivalent to minimising f (x) = %xTAx XT b step by
step. The negative of gradientr f (x) = Ax bis the
steepest descent direction on the level curve plot of the
energy function f (x). First an initial guess of minimum
Xo IS made, then the gradientr f (x) is computed, and
nally a step in the steepest descent direction minimises
the energy function. This process is repeated until the
algorithm converges. The convergence is guaranteed if
A is strictly positive de nite which implies that the en-
ergy function f (x) is strictly convex. Note that the two
consecutive search directions are always perpendicular
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Fig. 12 Results with changing stepped connections e cacy
for the spiny stellate lateral connections. The left plot gi ves
the normalised CS and the right plot the normalised RFS
for parameter Ws values of 0.00 (dots), 0.33 (pluses), 0.67
(x-marks), 1.00 (circles).

to each other, as they are actually the gradient direction
and tangent line of the level curves. When steady state
(Eq. 18) is reached, the nal membrane potential can be
measured.

To skip unnecessary steps in nding the the maxi-
mum response in the RFS simulations, the simulation
does not increase the radius from 0.01 to 1.5 degrees in
steps of 0.01 degree. Instead, it iteratively looks for the
region with the highest response and tries to increase its
accuracy there, until a accuracy comparable to Bauer
(1998) is reached. Basically, the iteration marks a start
and end point, takes two samples in the middle and looks
for the highest response. Remarking the radius just be-
fore the one with the highest response as the new start
point, and the radius just after the one with the highest
response as the new end point, the iteration process is
started again. The RFS is taken as the stimuli radius at
the maximum value of the membrane potential response.

Similarly, the CS is not computed for each percentage-
step from 1% to 100%. Starting at a stimulus contrast of
50%, the membrane potential response is checked against
the contrast threshold. When the response is higher, the
stimulus contrast is halved. When it is lower, the stim-
ulus contrast is increased by halve its value. Until the
accuracy of Bauer (1998) is reached. The CS is taken as
the inverse of the radius that crosses the contrast thresh-
old on the linear line between the two points just below
and just above the threshold.

2.3 Parameter exploration

In order to explore the e ects of the intracortical cir-
cuitry on the RFS and CS of cortical cells at di erent
depths of layer 4C, the parameter space of the computa-
tional model is explored. The parameters for the intra-
cortical model of Bauer (1998) with one LGN-M pop-
ulation serve as the starting point for the exploration.
Two of these parameters are subsequently varied: e -
cacy of stepped connections of the spiny stellate cell and
physiological parameters of the -6 cell.
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Table 5 Parameters for the -6 cell sigmoid output function
for the simulations of Fig. 13. The values were chosen to

mimic the -6 cell physiological properties search of Bauer
(1998).
P|Ot$ Marker pscale pshift pslope
Upper dot 5 1.83 0.50
plus 5 1.73 0.45
X-mark 5 1.63 0.40
Middle dot 5 2.63 0.50
plus 5 253 0.45
X-mark 5 2.43 0.40
Lower dot 5 3.44 0.50
plus 5 3.34 0.45
x-mark 5 3.24 0.40

2.3.1 Stepped connections e cacy Although it is known
that excitation from stepped connections increasingly
with the rise in depth of layer 4C, the particular bal-
ance of stepped excitation to local intracortical excita-
tion cannot be drawn from experimental data. In order
to test how a change in e cacy of stepped excitation af-
fects RFS and CS of cortical cells, the layer 4C model is
simulate with these values for parameterWs: 0.00, 0.33,
0.67, and 1.00 (Bauer, 1998).

2.3.2 -6 cell physiological parameters To explore how
inhibition strategy changes help to sharpen the gradi-
ent of the basic response properties, the physiological
parameters of the -6 cell are systematically varied. Pa-
rameters pshirt  and Psigpe  are varied, while parameter
Pscale €Mains constant (see Table 5). The values were
chosen to mimic the -6 cell parameter search of Bauer
(1998).

3 Results

The results for the stepped connections e cacy W5 ex-
plorations are given in Fig. 12. Clearly, the CS increases
almost exponentially with the rise in depth of layer 4C
for all choices of Ws. However, Ws does strongly in u-
ences the RFS; with lowWs values, the RFS decreases
instead of increases in layer 4C.

The -6 cell physiological parameters exploration is
done for two parameters, making the results more com-
plex (see Fig. 13 and Table 5). However, without high
values for pshitt , the RFS cannot sustain the response
increase in the upper third of layer 4C, nor does the CS
have an equally steep average slope. Because tpgope
parameters were chosen closer together, their variation
in uences the RFS and CS less (see Discussion).

And nally, using the best parameters from these
explorations (Ws = 1:00, pscae = 5, Pshiit = 3:25,
Psiope = 0:4), a best-t plot is given in Fig. 14. The op-
timal parameters are identical to those found by Bauer
(1998), but the resulting tis slightly less good for upper
4C .
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Fig. 13 Results with changing -6 cell physiological prop-
erties. In the left column are the sigmoid output functions

with -6 cell parameters according to Table 5. In the middle
and the right column are the normalised CS and RFS for the
sigmoid functions.

4 Discussion

The present 3D intracortical model of layer 4C is an
alternative to the purely feed-forward and lateral con-
nected intracortical models of Bauer (1998). Although
the results of the intracortical model of Bauer (1998)
did suggest that the intracortical recurrent connections
in layer 4C together with changing inhibition strategy
in the top of the layer could account for the depth-
dependence of the RFS and CS, the present model is less
clear on this. The current results are more inline with the
purely feed-forward model of Bauer (1998), suggesting
too little intracortical connections in the 3D model.

The 3D layer 4C model does accurately predict the
RFS and CS in the lower and middle parts of the layer.
Di erentiating in LGN-P and LGN-M feed-forward in-
put into the model accomplishes this, but more is ex-
pected of the di erence in intracortical connections in
layer 4C . There, the stepped connections of the spiny
stellate neurons and the -6 cells instead of the clutch
cells, should have provided a more exponential increas-
ing RFS and CS.

4.1 Model di erences

The 3D layer 4C model was built using the exact same
data as Bauer (1998) had available. The main di erence
with her models, is that the present model utilises ax-
onal and dendritical arbor models which can span (and
thus make connections over) more than half the depth of
the entire layer 4C, where the neurons in Bauer's models
could only connect to other neurons in the same depth
division. Clearly this is more realistic, but at the same
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Fig. 14 Best t for CS and RFS. The line with diamonds

mark the mean and standard deviation of the single cell
recordings done by electrode penetration (Blasdel and Fitz-
patrick, 1984; Hawken and Parker, 1984), the line with trian -
gles the results of the intracortical model with one LGN-M

population of Bauer (1998) and the thicker line with pluses
the results of the layer 4C model of this paper. Final param-
eters: Ws = 1:00, pscaie =5, Pshiit = 3:25, and Psigpe = 0:4.

time these large axonal and dendritical arbors average
out much of the depth speci c structures. Using restric-
tive normalising weights W for speci ¢ neuronal subpop-
ulations counters this e ect. The justi cation for using
these weights should be sought in the ability of spines to
be selective on which synaptic types can make connec-
tions, or in the relative spine or synaptic densities in the
axonal or dendritic arbor regions. However, with large
arbors, stimulation to a neuron could be just as strong
from above or below when the stimulation neurons are
both of the same type and the overlapping axonal and
dendritical volumes and densities are identical.

4.2 Insu cient intracortical connections

The total number of neurons used probably is below the
minimum to achieve su cient connections. Because a
neuron can connect to any other neuron in the model,
restricted only by the need for overlapping arbors, the
computational demands for the model are a multiple of
the models of Bauer (1998). Due to sparse resources,
Bauer's total of 32.000 neurons was cut back to a quar-
ter, but with hindsight this was not the best strategy.

If anything, the total number of neurons should prob-
ably have been doubled to 64.000, because the lateral
plane placements of Bauer (1998) bene tted connections
to the smallest receiving regions: the somatic contact
regions. The somatic contact region is the only region
to which inhibitory connections are possible, and there-
fore the inhibitory populations should be the most detri-
mentally a ected. In Bauer (1998) models, the far less
responsive -6 cells created a lack of inhibition in the
top of layer 4C , but in the present model, inhibition
is probably lacking throughout the model, making the
di erences with upper 4C neglectable and preventing
the exponential increase of RFS and CS.

Stienen

4.3 Conclusion

Increasing the number of neurons was not an option, for
the computational resources were unavailable. For in-
stance, using 64.000 neurons instead of 8.000, would have
increased the computational needs by 8 = 64 times.
Therefore, the nal conclusion is that the present intra-
cortical 3D model of layer 4C does accurately predict
the RFS and CS increase in the lower and middle parts
of the layer, but cannot do the same for upper 4C.
Whether a functional inhibitory strategy change could
allow the stepped connections and/or the -6 cells to
produce the exponential increase in upper 4C, remains
unclear. However, good results, similar to those of Bauer
(1998), are still expected should the model be expanded
to 64.000 neurons.
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