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Abstract

A model of LGN-input to layer 4C of macaque primary visual cortex has been used to test the hypothesis that feedforward
convergence of P- and M-inputs onto layer 4C spiny stellate neurons is sufficient to explain the observed gradual change in
receptive field size and contrast sensitivity with depth in the layer. Overlap of dendrites of postsynaptic neurons between M- and
P-input zones proved sufficient to explain change in the lower two-thirds of layer 4C, while more rapid change in upper 4C was
matched by proposing two different M-inputs with partial overlap in upper 4Ca. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The aim of our modeling work is to develop sound
hypotheses about cortical circuits of macaque monkey
primary visual cortex where details of the actual cir-
cuitry are difficult to explore experimentally. We wish
to determine how the neuron response properties of
layer 4C (the primary input zone of thalamic fibers) are
generated—specifically, to what degree the response
properties of the thalamic recipient spiny stellate neu-
rons of layer 4C can be explained simply on the basis of
convergent feedforward excitation from the lateral
geniculate nucleus (LGN). There has been a great deal
of interest in exploring how cortical orientation and
direction selectivity could arise from direct thalamic
fiber convergence (reviewed by Das, 1996), but the
emergence of more basic response properties, like re-
ceptive field size and achromatic contrast sensitivity—
on which other response properties depend—has been
surprisingly little investigated. The present study is a
first attempt to fill this gap. The knowledge about the
generation of basic response properties can then be
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used as a sound base to address for the first time
realistic neural circuitry for generating other response
properties of cortical neurons.

Layer 4C is of particular importance since it is the
principal recipient zone of two major channels of infor-
mation, provided by the M and P ganglion cells of the
retina (Leventhal, Rodieck & Dreher, 1981). These
channels relay through the magnocellular (M) and par-
vocellular (P) layers respectively of the LGN to cortical
area V1; the M fibers terminate in the upper, «, division
of 4C and the P fibers terminate in the lower, £, half of
the layer (Hubel & Wiesel, 1972; Blasdel & Lund,
1983). Three separate relays, with cells of origin stag-
gered in depth of the layer, pass from layer 4C to
different strata in the more superficial cortex, each
stratum containing key sets of efferent neurons (Yosh-
ioka, Levitt & Lund, 1994). The model attempts to
establish how the thalamic afferents distribute on post-
synaptic excitatory neurons of layer 4C to produce the
pattern of physiological response properties recorded in
depth of the layer.

We interpret the responses of the neurons of layer 4C
from top to bottom of the layer, as observed in the
studies of Blasdel & Fitzpatrick (1984) and Hawken &
Parker (1984), as a gradient in achromatic contrast
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sensitivity and receptive field size between the afferent
M and P properties. It is this functional gradient that
we are seeking to replicate in our model, and how it
emerges from the initial entry of thalamic information
in two non overlapping territories. The model is based
on purely monocular ON input from the LGN and
considers first two thalamic input channels, M and P,
with biologically appropriate anatomical and physio-
logical properties. Secondly, the model considers three
thalamic channels, where the M pathway contains two
fiber components, M1 and M2, terminating in two
partially overlapped zones, M1, occupying the upper
half of layer 4Ca and M2, occupying the full depth of
the « division. Examples of these two M populations
are found in the anatomical studies of Blasdel & Lund
(1983) and Freund, Martin, Soltesz, Somogyi & Whitte-
ridge (1989).

The results of our modeling work using purely feed-
forward simulated thalamic input persuade us that den-
dritic overlap by spiny stellate neurons in depth of 4C,
especially across the boundary between o and f divi-
sions, is an important factor leading to the observed
physiological gradient between M and P properties in
depth of the layer. However this overlap is not suffi-
cient to account for the precise shape of the gradient in
contrast sensitivity and receptive field size recorded in
neurons through the depth of layer 4C. Only when we
include two partially overlapped populations of M-
fiber-inputs, each emphasising somewhat different func-
tional properties within the range of values recorded in
the LGN, do we achieve a near perfect match to the
real contrast sensitivities and field sizes seen in depth of
the layer.

The physiological properties of LGN neurons in M
and P layers, accurate arbor size and degree of overlap
of thalamic axon arbors and appropriate vertical spread
of spiny stellate neuron dendritic arbors are fundamen-
tal to our model. Therefore, the first part of the paper
reviews the relevant anatomical and physiological prop-
erties used to constrain the model. The detailed net-
work architecture, the mathematical description of the
model neuron and the algorithms which were used to
establish realistic connectivity and reasonable transfer
functions for our model neurons follow this review.
Although sophisticated mathematical theories exist that
allow detailed modeling of morphological and biophys-
ical features of single neurons, we believe this level of
detail unnecessary to test the nature of projections to
layer 4C. The most compelling reasons, however, to
discard a more sophisticated compartmental model ap-
proach are the lack of precise experimental values for
the biophysical parameters of the neurons involved and
the large numbers of cells that must be modelled in
order to obtain quantitative predictions. The third part
of the paper presents the numerical results of our
modelling study; this is followed by a discussion of the

likelihood of this circuitry versus other possibilities and
suggestions for new experiments that may confirm or
refute the circuitry suggested by the model. Preliminary
accounts of our exploratory models have been pre-
sented previously (Lund, Levitt & Wu, 1994; Wu, Lund
& Levitt, 1994; Lund, Wu, Hadingham & Levitt, 1995;
Bauer, Scholz, Levitt, Obermayer & Lund, 1997).

2. Anatomical and physiological background
2.1. Overview of relevant anatomical findings

Fig. 1 summarises our anatomical observations of
layer 4C (see Lund, 1990). Studies of the terminal fields
of single thalamic axons (Blasdel & Lund, 1983) show
that the axon terminals of single LGN-P cells are
restricted to 4Cf (i.e. half the depth of layer 4C—see
Blasdel & Lund (1983), for laminar boundary positions,
which are best defined by cytochrome oxidase—CO-
staining); each P axon terminal field has an approxi-
mately circular axon spreading in the lateral dimension
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Fig. 1. Anatomical organization of LGN-inputs into layer 4C of
macaque monkey primary visual cortex, together with the dendritic
organisation and axon projections of the postsynaptic spiny stellate
neurons within the layer (modified from Lund, 1990). The LGN
afferents entering layer 4C in V1 can be divided into three sets: P
fibers from the parvocellular LGN layers, and two sub-groups of
fibers, M1 and M2, from the LGN-M layers: P axons terminate only
in layer 4Cf3, M2 axons cover the whole depth of layer 4Cx, and M1
axons occupy only the top half of layer 4C«. Note that the existence
of two M fiber groups is supported by both anatomical studies which
have examined M axon morphologies by intracellular filling tech-
niques: Blasdel & Lund (1983), Freund, Martin, Soltesz, Somogyi &
Whitteridge (1989) and personal communication; Lund (1990). See
text for further discussion. Within layer 4C, spiny stellate neurons are
the major postsynaptic targets of LGN axon terminals. Through the
depth of layer 4C, these spiny stellate cells have dendritic overlap
over one another. Particularly, cells in the mid layer 4C have den-
dritic intrusion into both 4Cx and 4Cp regions. Outputs from the
layer form three sets from top to bottom of the layer: to layer 4B
from cells in upper 4C, to layer 3B from cells in middle depth and to
layer 4A from the deepest part of the layer.
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no more than 200 xm but spanning the whole depth of
4Cp. Single LGN-M axons terminating in layer 4Co
have fields that can spread up to 1.5 mm along an
ocular dominance stripe and up to three ocular domi-
nance stripes (each approximately 400 ym wide) in the
other dimension. The ratio of mean field width of single
P to M axon arbors is about 1:3 (Blasdel & Lund,
1983). Most single M axon terminal fields occupy al-
most the whole depth of 4C«, though terminals may
become sparse in upper-most 4Cx. We have termed
these M2 axons. Rare, large arbor M axons can be
restricted in their terminal field to the top half of 4Cx
overlapping the upper half of the M2 fiber distribution
(Blasdel & Lund, 1983, their figure 7; Freund, Martin,
Soltesz, Somogyi & Whitteridge, 1989, see their Figure
1A but note that the boundary between 4Ca and 4Cp is
placed too high in this Figure—T. Freund, personal
communication). We have called them M1 axons. Up-
per 4Cu is characterized by a band of heavily myeli-
nated, horizontally oriented, large diameter fibers which
may partially correspond to these largest thalamic ax-
ons (Lund, 1973).

Within layer 4C, excitatory spiny stellate neurons
constitute approximately 80% of the total cell popula-
tion in the layer and are the major post-synaptic targets
of LGN axon terminals. There is a gradual increase in
cell density from 4Ca to 4Cf; the ratio of total number
of 4Cu cells to that of 4Cf cells is about 3:5 (O’Kusky
& Colonnier, 1982) which is invariant with eccentricity
(Livingstone & Hubel, 1988). Cortical cells in layer 4C
are about 50-100 times more numerous than LGN
cells (Chow, Blum & Blum, 1950; Peters, Payne &
Budd, 1994); but while we have created realistic lateral
overlap factors in cortical space for thalamic fiber
arbors, we have not attempted to replicate realistically
the cortical cell density since it does not bear on the
results of this particular model.

Throughout the depth of the layer, the spiny stellate
cells have their dendrites heavily overlapping one an-
other (Fig. 1). While P axon terminals occupy only
4Cf, cells in the lower part of 4Co have dendritic
intrusion into the 4Cf division, and we suggest that
LGN-P axons would therefore also contribute inputs to
these lower 4Cu cells. Similarly, neurons in upper 4Cf
have dendrites extending into M axon territory, and
therefore these neurons should also receive some LGN-
M-inputs. A related important observation is that the
total number of excitatory spine synapses per spiny
stellate neuron is approximately constant through the
depth of layer 4C (Lund & Holbach, 1991; Peters,
Payne & Budd, 1994)

While geniculocortical synapses account for only
about 5-19% of total excitatory synapses on spiny
stellate neurons in layer 4C (Peters, Payne & Budd,
1994; Anderson, Douglas, Martin & Nelson, 1994) they
do appear to provide a reliable and potent drive to

these cells (Stratford, Tarczyhornoch Martin & Jack,
1996); the rest of the excitatory terminals are derived
from recurrent axon collaterals of layer six pyramidal
neurons (Anderson, Douglas, Martin & Nelson, 1994),
intralaminar local projections from other layer 4C spiny
stellate neurons (Fitzpatrick, Lund & Blasdel, 1985)
and a light subcortical input from the claustrum
(Carey, Bear & Diamond, 1980; LeVay & Sherk, 1981).
Despite the presence of these other inputs, we make the
assumption (important to our model) that the total
number of geniculocortical synapses per spiny stellate
neuron is constant throughout the depth of layer 4C.
Taking this assumption together with the fact that
dendritic overlap of spiny stellate neurons occurs
through the depth of layer 4C, we postulate that layer
4C cells receive different numerical proportions of
synapses from the LGN-M and -P afferent sets to make
up their constant proportion of LGN-inputs. The pro-
portion of M to P terminals depends on the position of
the cell in the depth of the layer.

The axons of the LGN-M and -P cell populations are
heavily overlapped laterally within their respective o
and f territories of layer 4C; this suggests that any
single postsynaptic spiny stellate cell has a dendritic
field receiving input from many laterally overlapped
axon fields. The dendrites of single spiny stellate neu-
rons are of much the same length and richness for
single cells through the depth of the layer. However, the
overall orientation of the dendritic field of single neu-
rons changes through the layer from a slight emphasis
on vertical extent for neurons in the £ division to an
emphasis on horizontal stratification in upper 4Co. The
lateral spread of the dendritic arbor is however close to
200 um for single cells at any depth in layer 4C (Lund,
1980).

2.2. Qverview of relevant physiological findings

Physiological studies of the macaque monkey show
the P and M cells in the LGN at any given eccentricity
to differ in their mean receptive field size, contrast
sensitivity, and maximum firing rate. As first shown by
Kaplan & Shapley (1982), M cells’ firing rates typically
exceed those of P cells at each contrast level of stimula-
tion. Fig. 2a, adapted from Derrington & Lennie
(1984), shows that at ecach contrast level of visual
stimulation, M cells’ firing rates typically exceed those
of P cells. Fig. 2a shows that the contrast sensitivity for
P cells is lower than that of M cells, where contrast
sensitivity is typically defined as the reciprocal of the
contrast level which can elicit criterion responses in the
cells. Fig. 2b shows the contrast sensitivity versus spa-
tial frequency tuning curves for a typical M cell and a
typical P cell in the LGN. As the M cell has a lower
peak spatial frequency, it can be inferred that the
receptive field centre size of the M cell is larger than
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Fig. 2. (a) Response versus contrast curves for a typical LGN-M cell
and a typical LGN-P cell; adapted from Derrington & Lennie (1984).
Smooth curves drawn through the points are best-fitting solutions of
a Michaelis—Menten function (Naka & Rushton, 1966). Reflected in
this data is the fact that P and M neurons have different mean
response characteristics in terms of maximum firing rate and contrast
sensitivity—if defined as the reciprocal of the contrast level which
would elicit a criterion response. (b) Contrast sensitivity versus spatial
frequency curves for a typical LGN-M cell and a typical LGN-P cell;
also adapted from Derrington & Lennie (1984). Smooth curves drawn
through the points are best-fitting solution of a difference-of-gaus-
sians function.

that of the P cell centre. The receptive field size of M
cells is on average two to three times larger than that of
P cells at any particular eccentricity across the visual
field representation, although there is considerable vari-
ation as well as overlap in the receptive field size of
both populations (Hicks, Lee & Vidyasagar, 1983; Der-
rington & Lennie, 1984; Spear, Moore, Kim, Xue &
Tumosa, 1994). Similar results using various measure-
ment techniques have also been obtained by many
other investigators (e.g. Shapley, 1990).

Blasdel & Fitzpatrick (1984) and Hawken & Parker
(1984) recorded from cells in layer 4C while making
tangential electrode penetrations through the depth of
V1. Blasdel & Fitzpatrick measured both receptive field

size and achromatic contrast sensitivity for a popula-
tion of non-oriented cells; they used small slit or spot
stimuli to determine a minimum response field for each
cell. The cell’s contrast threshold was then measured by
using stimuli fitted to the cell’s receptive field center and
by gradually changing the contrast of the stimuli.
Hawken & Parker used drifting sine-wave gratings to
measure achromatic contrast sensitivity for a group of
cells most of them classified as being orientation selec-
tive or orientation-biased. Though the absolute values
of contrast sensitivity as measured in the two studies
differ, reflecting the different measurement techniques,
the changing trends as a function of depth in layer 4C
are compatible. Two noticeable features are that there
is a gradual decrease in receptive field size and contrast
sensitivity in the cells recorded from top to bottom of
layer 4C, and that the rate of decrease is much more
rapid through the upper half of layer 4Ca than through
the rest of layer 4C, particularly for contrast sensitivity.
Since both sets of data show similar trends, despite
differences in absolute sensitivity values, we combined
them in one representation. The data of Blasdel &
Fitzpatrick were readily converted to the reciprocal
contrast representation used by Hawken & Parker.
Since the absolute sensitivity values of both studies
were not comparable we scaled them to the mean value
of each sample thus obtaining normalized contrast sen-
sitivities. The re-analysed contrast sensitivities are
shown in Fig. 3a. The receptive field sizes which are
shown in Fig. 3b are exclusively from the data of
Blasdel & Fitzpatrick (1984) since Hawken & Parker
(1984) did not measure them. We interpret the data as
exponential looking gradients for field size and contrast
sensitivity through depth of layer 4C. In both plots of
Fig. 3 we have divided the depth of layer 4C into eight
equally sized intervals and calculated the mean value
and standard deviation of the single unit measures
falling in each depth interval. Since there is consider-
able scatter in the experimental data we use the statisti-
cal representations (solid curves in Fig. 3) as the data
that should be matched in our simulated layer 4C
neuron outputs.

In our second model we have anatomically classified
LGN-M cells into two sub-groups (M1 and M?2); possi-
ble physiological counterparts of the M1 axons, tenta-
tively identified anatomically as terminating in the
upper part of layer 4Ca, are the data reported by
Bullier & Henry (1980), when their boundary positions
for layers 4B, 4Ca, and 4Cf are corrected to conform
with CO staining (compare their nissl stained cytoarchi-
tecture boundaries with the CO boundaries of Blasdel
& Lund, 1983; Fitzpatrick, Lund & Blasdel, 1985).
With corrected boundaries, the units they report as
having shortest latency input lie in upper 4Cu« (not in
layer 4B), medium latency input occurs to cells of
middle depth in 4C, and slowest latency is seen in the
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lower half of 4Cf. Nowak, Munk, Girard & Bullier
(1995) used the same cytoarchitectural boundaries as
Bullier & Henry and so it is very likely that their fast
thalamic inputs lie in layer 4Co rather than in 4B as
reported but they do not provide a precise plot of
latency in cortical depth. Maunsell & Gibson (1992)
recorded multiunit latencies in depth of V1 in alert
monkeys; we believe by comparison to proportional
depth measures compared to CO stained V1 that layer
4C lies between — 0.1 and + 0.3 in the plot of all units
in their Figure 12 and that in this case the shortest
latencies occurred in the upper 2/5th of layer 4C.

2.3. Extrapolations from comparison of anatomical and
physiological findings

The model hypothesis is that the functional gradient
for contrast sensitivity and field size in layer 4C is
derived from a changing ratio of M- versus P-inputs on
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Fig. 3. Basic response properties of layer 4C spiny stellate neurons.
The solid line in each panel intersect mean values ( + standard
deviations) at eight equally sized depth intervals through layer 4C. (a)
Normalized contrast sensitivity of layer 4C spiny stellates (see text);
plots are combined for the results of Blasdel & Fitzpatrick (1984),
Hawken & Parker (1984). (b) Minimum response field (diameter) of
layer 4C spiny stellate neurons as reported in the study of Blasdel &
Fitzpatrick (1984). Since there are only two receptive field size
measures falling in the interval at the top of layer 4Cx, it is impossi-
ble to give a reliable expectation in this region.

Table 1
Anatomical findings and magnification data used in this study

Property Value Source

LGN magnification 300 um/degree Connolly & van Essen,
factor 1984

Cortical magnification 1500 um/degree Van Essen, Newsome &
factor Maunsell, 1984

No. of LGN-P to no. 6:1 Livingstone & Hubel,

of LGN-Mcells 1988
LGN-P axonal arbor 200 #m Blasdel & Lund, 1983
(n=32) Freund, Martin,
LGN-M2 axonal 600 pum Soltesz, Somogyi &
arbor (n=10)* Whitteridge, 1989
LGN-M1 axonal 1100 #m
arbor (n=3)®
4C spiny stellate 200 um Lund, 1980
denritic arbor (n=25)

All parameters are taken from adult macaque monkeys and corre-
spond to 5-8° eccentricity. The ratio of LGN-M2 to LGN-M1 cells
was taken to be 7:1 if not mentioned otherwise. The numbers given in
brackets indicate the sample size on which axonal and dendritic arbor
sizes are based.

¢ n from Blasdel & Lund (1983).

® 5 from both Blasdel & Lund (1983) and Freund, Martin, Soltesz,
Somogyi & Whitteridge (1989).

spiny stellate neurons at different depths in the 4C
layer. As the position of spiny stellate neurons in layer
4C shifts from the very top of the layer to its base, they
change the degree of their dendritic overlap into the
terminal zones of M and P axons, and therefore we
suggest that the relative weights of these thalamic in-
puts change accordingly. The combination of sets of
physiologically distinct inputs to create a vertical func-
tional gradient is of considerable importance to under-
standing the properties of the relays shown
anatomically to emerge from layer 4C and which feed
information to different sets on neurons providing ex-
trinsic relays from the region.

3. Methods

3.1. Anatomical and physiological parameters

Table 1 summarises the known anatomical data on
which our modelling study is based, together with its
sources. The data are taken from adult macaque mon-
keys from a region in the visual field at excentricity
5-8°.

Table 2 shows the corresponding physiological data
for which two sets of data were used. The data set by
Spear, Moore, Kim, Xue & Tumosa (1994) was taken
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from macaque LGN P- and M-layers but mostly
mean values were reported which were averaged over
different animals and over a range of excentricities
from 0 to 10°, together with the corresponding stan-
dard deviations. The data set by Croner & Kaplan
(1995) provides a large sample of cells, but the data
were collected from retinal P and M ganglion cells
rather than their geniculate counterparts. As Croner
& Kaplan note, however, differences in these physio-
logical properties between the retinal and the genicu-
late populations is small.

None of these studies distinguish between two
populations of geniculate M cells, but it is reason-
able to assume that M1 cells have larger receptive
fields: Sclar, Maunsell & Lennie (1990) report that
increase in field size is accompanied by increase in
contrast sensitivity along the visual path from LGN
to area MT, thus larger fields imply higher contrast
sensitivities. Therefore we hypothesize that LGN-M1
cells correspond to the upper fraction of the LGN-M
population with respect to contrast sensitivity and re-
ceptive field size and we study the effect of varying
the ratio between LGN-M1 and LGN-M2 cells in
Sections 4.2.2 and 4.2.3.

Center (R,), surround (R,) radii, and the ratio
K=(K#R?)/(K,xR?) of the integrated surround/cen-
ter sensitivities are drawn independently from normal
distributions given by the mean values and standard
deviations of Tables 2 and 3. Although the different
receptive field parameters may be correlated and the
distribution of parameter values may be skewed,
there are not sufficient experimental data available to
estimate the corresponding parameters and to infer
more complicated distributions.

Table 2
Physiological parameters of P and M cells

3.2. Neural network architecture

Our model consists of three sets of layers, which
correspond to the visual field, the LGN and cortical
layer 4C (Fig. 4). The visual field layer is used to
present the grating, bar and spot stimuli. Each genicu-
late layer corresponds to a different population of
geniculate cells, hence there are two layers for the P-
and M-, and three layers for the P-, M2- and Ml
populations of the corresponding versions of the net-
work model. Layer 4C consists of eight sublayers, four
for the o and f divisions, which correspond to eight
different depths. The cells in each sublayer lie on
quadratic grids of size N5N x N5ON and N x Niy,
where S € {P, M, M2, M1} and D € {l1..., 8}. The grid
size of the LGN-P layer is chosen to ensure a receptive-
field coverage factor of greater than 1 and the grid size
of the LGN-M layer(s) is proportional to the densities
of the M population (M or M2 4+ M1) relative to the P
population. Since the ratio between the total number of
layer 4C cells to the total number of geniculate cells is
not critical to our model it was much less than 100:1.
For computational reasons no realistic total cell num-
bers, neither in the LGN layers nor in cortical layer 4C
are used, but the ratio of P to M (M2 + M1) cells
(Table 1) and the ratio of 4Cu« to 4Cf neurons which is
3:5 (O’Kusky & Colonnier, 1982) match the experimen-
tal data. Layers are connected in a feedforward man-
ner. Lateral and recurrent projections are ignored,
because the purpose of this study is to single out the
effect of the feedforward convergence of LGN afferents
to spiny stellate neurons in layer 4C.

All neurons are modeled as continuous connectionist
neurons, whose output values O,

Physiological parameters Croner & Kaplan Spear et al.
LGN-P Center radius R, 0.05+0.03 0.087 4+ 0.046

Surround radius R, 0.43 +0.28 0.53 +0.39

Integrated surround-center sensitivity K 0.547 +0.181 —

Contrast gain G 0.963 4+ 0.483 0.66 +0.32

Max. firing rate M 31.11 +£11.32
LGN-M Center radius R, 0.10 +£0.02 0.103 +0.021

Surround radius R, 0.724+0.23 1.16 £ 0.48

Integrated surround-center sensitivity K 0.546 +0.120 —

Contrast gain G 5.896 +2.161 1.43 +0.87

Max. firing rate M — 45.054+24.45

The table provides median + interquartile range for the Croner & Kaplan (1995) data and mean values + standard deviations for the data of
Spear, Moore, Kim, Xue & Tumosa (1994). Radii are given in degrees of visual field, contrast gains are given in (spikes s ! % contrast~!), and
neural responses are given in (spikes s ). Although the Croner & Kaplan data are from retinal ganglion cells, we assume that the organization
of receptive fields found in the LGN does not differ much from those of retinal ganglion cells, especially at eccentricities near the fovea. The
integrated surround / center sensitivity K is defined as (K,R2)/(K.R2). As reported in Croner & Kaplan the average ratio of surround/center
sensitivity is constant across the visual field and equal for P and M cells. Since Croner & Kaplan (1995) do not report maximum firing rates of
P and M cells we have used the values given in the study of Spear, Moore, Kim, Xue & Tumosa (1994).
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Fig. 4. (a) Neural network architecture. The model consists of three sets of layers. The visual field is represented by one, the LGN cell populations
by either two (M and P, left) or three (M1, M2, and P, right) and layer 4C by eight sublayers (eight different depth values), four sublayers each
for 4C aand 4Cp. The numbers denote grid sizes (N5 x N%) and are—for the geniculate and the cortical layers— proportional to the cell number
densities (taken from Livingstone & Hubel (1988), O’Kusky & Colonnier (1982)). A ratio of 3:5 for layer 4Cx to 4Cp cells is adopted by linearly
increasing the grid size from top to bottom of layer 4C. (b) Cartoon of afferent axon arbors in comparison with spiny stellate dendritic fields.
Numbers indicate lateral spread. P axon arbors project to the f, M (M2) arbors to the o sublayers respectively. M1 arbors are restricted to the
top half of 4Cx. Width and height of spiny stellate dendritic arbors is assumed to be approximately independent of depth (but see Section 4.1.3
for numerical simulations with varying dendritic arbor parameters). The figure is a summary of data from Lund (1980).
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Table 3

Four sets of physiological parameters of LGN-M2 and LGN-M1 cells(

(a) Receptive field size

Set A Set B Set C Set D
LGN-M2 R, 0.097 +0.02 0.096 +0.019 0.094 +0.019 0.093 +0.018
R, 0.724+0.21 0.71 +0.21 0.70 +0.20 0.69 +0.20
LGN-M1 R, 0.103 +0.022 0.110 +0.021 0.116 £+ 0.025 0.121 £ 0.026
R 0.75+0.21 0.84 +0.24 0.93+0.24 0.98 +0.25
M2:M1 (%) 59:41 72:28 80:20 88:12
(b) Contrast processing
Set A Set B Set C Set D
LGN-M2 G 5711 +£1.974 5.599 + 1.877 5.472 +£1.791 5.313 +£1.899
M 44.58 +19.90 43.46 +18.46 43.07 £17.82 41.65 +16.76
LGN-M1 G 6.270 + 1.899 6.920 + 1.811 7.899 + 1.383 8.806 + 0.988
M 56.23 +21.14 66.06 + 19.96 70.28 +20.37 79.32 +23.43
M2:M1 (%) 59:41 72:28 80:20 88:12

Note that number ratio of LGN-M2 and LGN-M1 cells for corresponding sets in both tables are identical. (a) Four sets of receptive field sizes
and number densities (last row) of LGN-M2 and LGN-M1 cells used in this study (R, = center radius; R, = surround radius). Mean values and
standard deviations of center and surround radii are given in degrees visual field. The mean values and standard deviations for the total LGN-M
population, R, =0.10 + 0.02 and R, =0.72 + 0.23 (Croner & Kaplan, 1995) are constant over all sets. Note further, that the value of the integrated
surround/center sensitivity K is independent of the specific cell population (0.55 + 0.12); therefore K remained constant for all parameter sets. (b)
Four sets of contrast gains (G) and maximum spike rates (M) for LGN-M2 and LGN-M1 cells used in this study. Number densities of LGN-M2
and LGN-MI1 cells are given in the last row. Mean values and standard deviations of contrast gains and maximum spike rates are given in (spikes
s~! % contrast ") and (spikes s~!), respectively. The maximum spike rates are taken from the data set of Spear et al. since Croner & Kaplan
do not report them. The mean values and standard deviations for the total LGN-M population, G = 5.896 + 2.161 and M = 45.05 + 24.45 (Croner
& Kaplan, 1995; Spear, Moore, Kim, Xue & Tumosa, 1994), are constant over all sets.

0, = f(l,), Ii:ZW{/'Oj (1

denote the cells’ firing rates. /; is the total input of
neuron j, w; the weight of the connection between
neurons j and 7, and f is a sigmoid transfer function
which is specific to each population of cells.

3.3. Visual stimulation

Stimuli are coded by the activity O(x, y) of the units
at positions (x, y) in the visual field layer. We used:
—Spots of radius r and contrast ¢ at position (X, ¥,)

in the visual field:
lc+1) if(x—x,)*+ @ —y,)<r?
= 2
Ox. ) { l, otherwise @

—Bars of size (d,, d,), orientation a €]0, x], contrast ¢
at position (x,,, y,,) in the visual field:

lolc+1)
O(x,y)=

if |(x —x,,)cos a+ (y —y,,)sin a|
<0.5d.and |—(x —x,,)sina+ (y —
ym)cos a| <0.5d, (3)

—Sine wave gratingstbérwaseable spatial frequency v,
contrast ¢ and phase defined by

O(x,y) =1, + cl, sin(Qmvx + ¢p) 4)

Stimulus contrast is given by ¢ = (I, — 1)) ;' where [,
denotes the luminance of the spot, the bar or the
maximum luminance of the sine wave grating, and [, is
the Iuminance of the background or the mean
luminance.

3.4. LGN neurons

3.4.1. Receptive fields

The response properties of the LGN cells are mod-
eled by a Difference-of-Gaussians (DoG) model
(Rodieck, 1965; Enroth-Cugell & Robson, 1966; Lin-
senmeier, Frishman, Jakiela & Enroth-Cugell, 1982).
The corresponding weights w;; are given by:

! e — VR Iy =X + 0+ 97

v 27R,.

K; o — VR 20y — X2+ (0= ) 5)

2nR 1
R, and R, denote the center and surround radii, K; the
int'egrated’surround/center sensitivity and (x;, y;) the
position of the receptive field center of the geniculate
neuron i in visual space. (x;, ;) is the position of a unit
j in the visual field layer. To save computation time,
weights were set to zero outside a circular region of
radius ZRA‘,-'

w

S
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3.4.2. Transfer functions
Transfer functions are rectified sigmoid functions

1— —p1(x —p2)
f;:GN(x) = max<p01+em(xpz) + ps, O) (6)

parameterized by the maximum spike rate p,, the gain
p: and the horizontal and vertical offsets p, and p,. In
the following we consider transfer functions of type 1
(p;~0) and transfer functions of type 2 (p;=0.5
Po)-Contrast response functions are usually described by
a Michaelis-Menten relationship (Naka & Rushton,
1966)

(o) = i€ ™

(Ci+0)

where r; is the response of cell i, ¢ denotes the %
contrast of an optimal sine wave grating, M, is the
maximum response and C; is the % contrast at which
the response has reached 50% of its maximum (semi-
saturation). The contrast gain G of a geniculate cell is
defined as the slope of the initial rising phase of the
response versus contrast function (see Spear, Moore,
Kim, Xue & Tumosa, 1994; Croner & Kaplan, 1995). It
therefore directly follows that the semi-saturation con-
trast is related to the contrast gain G, via C,=
M,(G,)~". Contrast gain, maximum response and
receptive field parameters were randomly assigned to
each LGN neuron according to the normal distribu-
tions with parameters given in Tables 2 and 3.

The parameters p,...p, of the type 1 transfer function
were subsequently determined via a least squares fit of
the model predictions—Eqs. (1) and (4) and Eq. (5) for
sine wave gratings of optimal spatial frequency—to the
actual reponse given by Eq. (7). If not explicitly men-
tioned in the text, transfer functions of type 1 are used.

Type 2 transfer functions are used only in one special
case and only for model LGN-P cells (see Section 4.1.2)
to account for differences in the response of geniculate
P- and M-cells to low contrast stimuli (Spear, Moore,
Kim, Xue & Tumosa, 1994; Livingstone & Hubel,
1987).

The parameters p,...p, of the type 2 transfer function
were determined in the same way as described above,
but with the following exception: to obtain a realistic fit
for low contrast stimuli, the actual response was given
by Vl-(C) = Mi (C - cmin)/(ci +c— cmin) 713 Where Cmin de'
notes the contrast threshold of the geniculate cell. Be-
cause we are seeking to explain the nonlinearity in the
gradient of basic response properties in depth of layer
4C, it was necessary to test whether the difference in
low contrast processing between P- and M-cells could
affect the shape of the curves in a qualitative way, i.e.
induce symmetry breaking at the top of layer 4Ca.
Therefore we chose an extreme value for the contrast
threshold of P cells (¢, = 10% taken from Livingstone
& Hubel (1987)).

3.5. Cortical neurons

3.5.1. Geniculocortical connectivity

Fig. 4b shows a cartoon of the afferent axon arbors
in comparison with spiny stellate dendritic fields in
layer 4C. P and M (M2) axon arbors project to the full
f and « sublayers respectively; M1 arbors are restricted
to the top of 4Ca. Width and height of spiny stellate
dendritic arbors are assumed to be approximately inde-
pendent of depth (but see Section 4.1.3).

The weight w;; of the connection between a geniculate
cell j of population S and a cortical cell i in layer D is
calculated via the two-dimensional areal overlap a;
between the circular cross-sections of the corresponding
axonal and dendritic arbors. The areal overlap a; can
be derived from the anatomical parameters (see Fig. 4b
and Table 1).

The weight w; of a geniculate cell of population S
also scales with the vertical overlap of cylinders in
depth D of layer 4C. This is indicated by the different
heights and locations of cylinders in depth D (see Fig.
4b).

Because it is the overlap in depth of layer 4C which
is crucial to our model we have introduced a separate
set of parameters. The layer specificity of afferent ter-
mination and dendritic sampling zones is taken into
account by the thalamic weight portion WLSN-S(D)
which denotes the probability that a spiny stellate neu-
ron receives a synaptic contact from a cell of the
geniculate subpopulation S. Thus the thalamic weight
portions for depth D of layer 4C satisfy the constraint

LN (D) =1 (8)

Since the number of spines is fairly constant for each
spiny stellate cell i and a constant percentage of spines
is occupied by thalamic axon terminals, we determined
synaptic weights w; by normalizing

WLGN— S D
wy= D) ©)

Z/’ a;

The change of the quantities WXSN-S(D) with depth
must be consistent with the overall anatomical data i.e.
there should be a linear transition from P- to M-input
with rise in depth of layer 4C (see Fig. 4b). Nevertheless
the numerical values cannot be derived from the data.
In order to explore the influence of thalamic weight
portions on receptive field sizes and contrast sensitivi-
ties we have tested different thalamic weight distribu-
tions (see Section 4).

3.5.2. Measurement of receptive field size and contrast
sensitivity

Receptive field size and contrast sensitivity are calcu-
lated as described in Blasdel & Fitzpatrick (1984): A
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small bar of low contrast, Eq. (3) with d, = 0.03°,
d,=0.3° and c¢=20%, is systematically moved along
each of eight directions /= n/4, n/2,..., 2n from the
center towards the border of the receptive field. The
angle a of the bar in Eq. (3) was chosen perpendicular
to the orientation of movement. The average distance r’
at which the total input I; (see Eq. (1)) of the cortical
cell i falls below a given threshold 7, is interpreted as
the radius of the receptive field. Subsequently a spot of
radius r is fitted to the individual minimum response
field, and its contrast is increased until the cell’s input /;
reaches another fixed threshold ¢,. Contrast sensitivity
is then defined as the reciprocal threshold contrast for
the corresponding total input ¢,. Contrast sensitivities
curves are normalized to the average contrast sensitivity
of the total sample in order to allow a comparison with
data (for details refer to Section 2.1).

4. Results

In the following we consider both neural network
architectures of Fig. 4 which we call model I (one M
population) and model II (two M populations), and we
systematically explore their parameter spaces. Both
data sets, Spear, Moore, Kim, Xue & Tumosa (1994),
Croner & Kaplan (1995), were used to estimate the
parameters of geniculate neurons, but numerical simu-
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lations lead to virtually identical conclusions. There-
fore, in most cases we present only the results for the
Croner & Kaplan data. Variations of cortical threshold
parameters #, and ¢, over a considerable large range
(t,=0.5-3.0 and ¢,=5.0—-15.0) lead to different abso-
lute values of receptive field size and contrast sensitivity
curves, but leave the shape of both curves unchanged.

4.1. Model I: one LGN-M population

4.1.1. Percentage of P- versus M-inputs as a function
of depth

We performed numerical simulations for the four
sets of thalamic weight portions WISNF(D) and
WESN-M(D) shown in Fig. 5. The predicted receptive
field sizes and contrast sensitivities are summarized in
Fig. 6a. The overall shape of the curves changes from a
step function for segregated inputs to an almost linear
function in the case of heavily convergent thalamic
input. As the degree of convergence increases, the
curves become smoother and the flat plateaus at the top
and bottom of layer 4C which resemble pure LGN-M
and LGN-P properties become less significant. Note
that none of the curves shows the dramatic increase of
contrast sensitivity in upper 4Cx seen in the experimen-
tal data. A good match, however, is obtained for lower
4Cp and mid-4C for the weight distribution of Fig. 5c,
which is the biologically most realistic given the
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Fig. 5. Proportion of P- and M-inputs to spiny stellate cells as a function of depth in model layer 4C. Each plot shows the thalamic weight
portions WECN-P (D) and WESNM (D) at eight discrete depths of layer 4C. (a) Full segregation of P- and M-inputs. (b) Small zone of convergence
at the border between layers 4Ca and 4Cp (D =4, 5). (c) Spiny stellate neurons deeper in the f and o« divisions (up to sublayer D =3, 6) are
allowed to listen to both types of incoming afferents. (d) Spiny stellate neurons at almost every depth of layer 4C (up to sublayers D =2, 7) make
intrusions into the termination zones of both pathways. The weight distribution (¢) corresponds to the cartoon in Fig. 4b and thus represents the
proportional overlap of dendritic and axonal fields in depth of layer 4C as observed anatomically. It results in the best fit of simulated and real
physiological data in depth of layer 4C and it is furthermore the most plausible configuration in terms of anatomical evidence.
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Fig. 6. Parameter exploration of model I (one M pathway). The figure shows receptive field size (left column) and contrast sensitivity (right
column) of layer 4C spiny stellate neurons as a function of depth D, D =1,..., 8. Symbols denote mean values of 20 cells selected at random from
each sublayer. Each curve corresponds to a particular choice of model parameters; plots of the experimental data from Fig. 3 are added for
comparison. Threshold parameters were 7, =2.45 and ¢, = 13.75. (a) Convergence of P- and M-inputs: Each curve refers to the corresponding
thalamic weight distribution of Fig. 5. (b) Plots of response properties for type 1 versus type 2 LGN-P transfer functions. The thalamic weight
distribution was taken from Fig. 5(c). The higher normalized contrast sensitivity at the top of layer 4C« in the type 2 versus the type 1 curve is
an artefact of normalization; the absolute contrast sensitivities at the top of layer 4Co are equal for both type 2 and type 1 simulations. (c) Effect
of changes in the dendritic arbor geometry of the spiny stellate neurons. The lateral spread of the dendritic fields changed from 150 ym at the
bottom to 250 um at the top of layer 4C. The thalamic weight distribution of Fig. Sc was adapted to account for the vertical versus horizontal
elongation of the dendritic fields at the bottom and top of layer 4C. The response properties for spiny stellate cells with uniform dendritic field
geometry are also shown (compare plot (@), weights (¢)).

anatomical findings. This set of weights is used as a Fig. 6b shows the effect of the type 1 and 2 transfer
baseline for further modeling steps. functions when applied to geniculate P cells. Given the
fact, that type 2 transfer functions lead to model P cells

4.1.2. Transfer functions of geniculate P-cells which remain basically silent below contrast values of
We seek to explain the nonlinear gradients of basic 10%, it is not surprising that the differences in contrast
response properties in depth of layer 4C. Therefore it sensitivity and receptive field size between cells in lower
was necessary to test, if differential processing of low 4Cf and upper 4Co become more pronounced and that
contrast stimuli of the P- and M-cells could affect the region of strongest increase of receptive field size is
receptive field size and contrast sensitivity of cortical shifted into 4Cf. Without normlization of the simula-
cells in a qualitative way, i.e. could induce symmetry tion data a similar shift into 4Cp is also apparent for
breaking in depth of layer 4C. Therefore, for sim- the contrast sensitivity curve. Unfortunately this obser-
ulation results discussed in this section, a type 2 trans- vation is obscured by the normalization procedure and
fer function was chosen for model P-cells (Section thus a shift in the normalized contrast sensitivity curve

3.4.2). in Fig. 6b is not clearly visible. The overall shape of the
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curves remains sigmoidal, though, and the contrast
sensitivity remains plateau-like in upper 4Ca. Note that
the higher values of the normalized contrast sensitivity
at the top of layer 4C« in the type 2 curve is an artefact
of normalization. The values of the absolute contrast
sensitivity at the top of layer 4Co are equal for both
type 2 and type 1 simulations.

4.1.3. Dendritic arbor size of layer 4C spiny stellate
neurons

So far we have assumed that the lateral and vertical
spread of layer 4C spiny stellate neurons are indepen-
dent of depth but anatomical findings suggest that
spiny stellate dendritic arbors at the bottom of layer 4C
are more strongly elongated in the vertical direction
while dendrites of neurons at the top of layer 4C show
an increased lateral spread (see also Section 2.2).

In order to study the effect of changing dendritic
arbor geometry, dendritic fields of neurons at the bot-
tom of layer 4C were allowed to reach into the termina-
tion zone of the M pathway while dendrites of upper
4Co neurons were confined to the 4Ca subdivision.
Also, lateral diameter of spread of the dendrites was
assumed to change linearly from 150 gm at the bottom
of 4C to 250 um at the very top. The simulation results
(Fig. 6c) still show curves of receptive field size and
contrast sensitivity which saturate at the top of layer 4C
similar to the other results shown in Fig. 6. Thus a
more realistic model of dendritic field lateral spread is
still not able to explain the exponential increase of
contrast sensitivity at the top of layer 4Co.

4.2. Model 1I: two LGN-M populations

The numerical simulations of the previous section
showed that model I is not able to produce a good fit to
the data in upper 4Co, though it leads to reasonable
results for the rest of 4C. In this section we, therefore,
concentrate on the assumption of two LGN-M popula-
tions and explore parameter space of model II with
focus on the upper 4Ce region and on the properties of
the postulated M1 and M2 afferents.

4.2.1. Percentage of M- versus M2-inputs as a
function of depth

As already mentioned in the Section 2, it is reason-
able to assume that M1 cells have larger receptive field
size, contrast gain and maximum spike rates than the
M2 cells (for details see Set D in Table 3a, b and the
caption of Fig. 8).

Because the response properties of spiny stellate cells
in lower 4Cf and mid-4C should not be affected by
LGN-M1-input to upper 4Cx we may use the distribu-
tion of synaptic contacts between the P- and the M-af-

ferents from Fig. 5c as a starting point and just split the
weight portion WLSN-M between the new subpopula-
tions WLCGN-MI gnd WLOGN-M2 Fig 7 shows four sets of
thalamic weight portions with different degrees of M1—
M2 convergence which were explored in numerical
simulations.

Fig. 8a shows the corresponding predicted curves for
receptive field size and contrast sensitivity. Both re-
sponse properties are dramatically increased at the top
of layer 4Co as soon as M1-input is present. The best
match with the experimental data is obtained for the set
of weights depicted in Fig. 7b, which is also consistent
with the anatomical finding that LGN-M1 axon arbors
are restricted to the top of layer 4Ca with little intru-
sion of dendrites from cells in the lower parts of 4Co.
This set of weights will be used as a starting point for
further parameter explorations.

4.2.2. Effects of receptive field size of LGN-M1 neurons

The physiological parameters of LGN-MI1 versus
LGN-M2 cells are hypothetical and cannot be fully
constrained by data. In order to explore their influence
on model predictions we consider the four sets of
parameter values listed in Table 3a, b and we concen-
trate on receptive field parameters first.

The size of the LGN-MI fields were increased from
sets A to D of Table 3a such that the mean values and
the standard deviations for the whole LGN-M popula-
tion (LGN-MI1 plus LGN-M2)—which had been mea-
sured experimentally by Croner & Kaplan
(1995)—remained constant (see caption Fig. 3a). As a
consequence, the mean receptive field sizes of the LGN-
M2 population slightly decrease from sets A to D
but—more important—the ratio of LGN-M1 to LGN-
M2 cells also decreases: While LGN-M1 cells form the
topmost 41% fraction of the LGN-M population for set
A they occupy only the topmost 12% for set D. Con-
trast gains and maximum spike rates were taken from
Table 2 and were—for the numerical simulations pre-
sented in this section—assumed to be identical for both
M populations. The weight distribution was set accord-
ing to Fig. 7b.

Fig. 8b shows the corresponding receptive field size
and contrast sensitivity curves. The shape of the curves
is almost identical for all four sets of parameters given
in Table 3a, hence the changes in receptive field size of
the LGN-M1 cells do not have a strong impact on the
gradient of physiological properties in 4C. The fact that
both populations of M-cells are now assigned similar
contrast gain values leads to a drop of the contrast
sensitivity in upper 4Ca and to an increase in mid 4C
when compared to Fig. 8a. This is to be expected,
because the sensitivities (spikes s~! % contrast—!
deg=?) were increased for the LGN-M2 cells, which
dominate mid 4C-input, and decreased for the LGN-
M1 cells, which dominate the input to upper 4Co.
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Contrast sensitivity in upper 4Co, however, is even
less than in mid 4C, although equal values were cho-
sen for the contrast gains of LGN-M1 and LGN-M2
cells. This is also due to the larger receptive field
area of the MIl-cells at similar contrast gain which
leads to a lower average sensitivity (spikes s=!' %
contrast —! deg—?).

4.2.3. Effects of contrast sensitivity of LGN-M2 and
LGN-M1 neurons

From the results presented in the previous section
it becomes clear that contrast sensitivity as well as
receptive field size must differ between LGN-M1 and
LGN-M2. Therefore, contrast gain values and maxi-
mum spike rates were now also increased, according
to Table 3b. The weight distribution was set accord-
ing to Fig. 7b and the physiological properties of
LGN-P cells were taken from Table 2.

The results are shown in Fig. 8c. As differences in
receptive field size and contrast sensitivity between
LGN-M1 and LGN-M2 cells increase (Table 3a, b)
both response properties increase for cells in upper
4Co and decrease for cells in mid 4C until the curves
finally match the experimental data. A perfect match
is achieved with parameter set D of Table 3a, b for
which DoG parameters, contrast gains and maximum
spike rates of the M1 cells are roughly one standard
deviation above the mean value of the total LGN-M
population.
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4.3. Best predictions

So far only the results of simulations using the
Croner & Kaplan data set have been presented, al-
though parameter explorations were also performed
for the Spear, Moore, Kim, Xue & Tumosa (1994)
data set. To conclude our study, we summarize the
optimal fits of mo2del II to the experimental data
for both data sets (Spear, Moore, Kim, Xue & Tu-
mosa, 1994; Croner & Kaplan, 1995), including error
bars, in Fig. 9.

The experimental data match the model predic-
tions obtained for both sets of data, but the optimal
values for the free model parameters differ slightly as
shown in Table 4. While the data of Croner &
Kaplan suggest a ratio of M and P contrast gains of
5:1, the ratio for the Spear et al. data is only 3:1
(see Table 2). Therefore, the exponential change of
response properties through depth of layer 4Cx re-
quires an onset of Ml-input deeper in layer 4Ca for
the Spear et al. than for the Croner & Kaplan data.
The model results indicate that Ml-input cannot be
confined to a sharp border in depth of layer 4C; in
fact, intrusion of depth 6 spiny stellate cell dendrites
into the upper half of layer 4Cqx, i.e. into M1 axon
territory as predicted for the Spear et al. data
(compare Table 4), is consistent with biological find-
ings.
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Fig. 7. Proportion of P-, M1- and M2-inputs to spiny stellate cells as a function of depth in model layer 4C. Each plot shows the thalamic weight
portions WEGN-P (D) WLGN-ML (D) and WESN-M2 (D) at eight discrete depths of layer 4C. The proportion of P- versus the total M-input was
taken from model I (Fig. 5c). (a) Full segregation of M1- and M2-inputs. (b) Small zone of convergence of M1- and M2-inputs in upper 4Cux
(D =1,8). (c) M1 afferents now also project to sublayer D = 6. (d) All spiny stellate cells in layer 4Ca sample from both LGN-M afferents. Since
the sample of anatomically identified M1 cells is small it is not possible to decide if weight distribution (b) or (c) is the most plausible configuration

in terms of anatomical evidence (see also Section 4.3).
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Fig. 8. Parameter exploration of model II (two M pathways). The figure shows receptive field size (left column) and contrast sensitivity (right
column) of layer 4C spiny stellate neurons as a function of depth D, D = 1,..., 8. Symbols denote mean values of 20 cells selected at random from
each sublayer. Each curve corresponds to a particular choice of model parameters; plots of the experimental data from Fig. 3 are added for
comparison. Threshold parameters were ¢, =2.20 and ¢, = 11.25 (a) Convergence of M1- and M2-inputs: Each curve refers to the corresponding
thalamic weight distribution of Fig. 7. LGN parameters were taken from Table 2 (P cells), Table 3a, b (M2 + M1 cells; Set D). (b) Plots of
response properties for different receptive field parameters of the LGN-M1 and LGN-M2 cells. The parameters for the different datasets are listed
in Table 3a; contrast gains and maximum firing rates were identical for both LGN-M populations and taken from Table 2. The thalamic weight
distribution was taken from Fig. 7. (c) Plots of response properties for different receptive field parameters, contrast gains and maximum spike rates
of the LGN-M1 and LGN-M2 cells. The parameters for the different datasets are listed in Table 3a, b. The thalamic weight distribution was taken

from Fig. 7b.

5. Discussion

Our simulation results suggest that the rapid rate of
change in field size and contrast sensitivity values
through the upper half of layer 4Ca cannot be due to
purely feedforward excitation from what we have called
the classical thalamic input i.e. single populations of M
and P fibers that have individual axon arbors dis-
tributed through the depth of the upper and lower
halves of layer 4C respectively. Interestingly, however,
the simulation provides a good match for the real
physiological data through the lower half of the layer
and just over the border into 4Co suggesting that the
concept of dendritic overlap across the «/f border

allowing single neurons to sample both M- and P-input
is likely to have functional relevance.

While the real physiological data could not be
matched using single M- and P-LGN cell populations,
when we introduced two populations of M fibers with
partial terminal overlap in upper 4Cx and with re-
sponse properties constrained within the known range
for LGN-M cells, a very close match to the physiologi-
cal data from more than one laboratory could be
obtained with simple feedforward excitation. Using
staggered dendritic overlap of the spiny stellate neurons
and changing weight of synaptic input from these three
fiber sets (P, M1, M2), realistic response properties
were achieved.
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Fig. 9. Best fits for receptive field size and contrast sensitivity curves for model II (two LGN-M populations) based on the Croner & Kaplan
(1995) and Spear, Moore, Kim, Xue & Tumosa (1994) data sets. The plots show mean values and standard deviations for the eight layers of
model-layer 4C. Left column: Receptive field size as a function of depth. Threshold parameters were #, = 2.20 (for Croner & Kaplan, 1995) and
to=1.25 (Spear, Moore, Kim, Xue & Tumosa (1994)). Right column: Normalized contrast sensitivity as a function of depth. Threshold
parameters were ¢, = 11.25 (for Croner & Kaplan, 1995) and ¢, = 8.50 (Spear, Moore, Kim, Xue & Tumosa (1994)). The physiological parameters
of P, M2 and M1 population are listed in Table 2, Table 3a, b and the thalamic weight portions are given in Table 4. For the definition of cortical

threshold parameters see Section 3.5.2

We have earlier reviewed the fragmentary anatomical
and physiological data that exists concerning the pres-
ence of two M fiber groups terminating in layer 4Co.
We suggest that the results of this modeling study
provide a strong impetus for further examination of the
M cells in the LGN and their inputs to the striate
cortex. The model shows that certain characteristics
given to the population we term LGN-MI1 input: their
larger receptive field sizes, higher contrast sensitivity,
wider axon arborization and restricted termination to
the upper half of 4Ca compared to the LGN-M2-input,
may be crucial identifiers of this fiber population.

As mentioned in our review of the literature, physio-
logical data with corrected laminar boundaries shows
the fastest conducting (i.e. largest diameter) M axons to
terminate in upper 4Co (Bullier & Henry, 1980). Sam-
pling problems in recording from LGN units may,
however, have precluded recognition of a distinct M1
population since our model suggests the M1 population
need be no more frequent than 12% of LGN-M cells. It
is also apparent that there can be some overlap in
properties in the two M populations without significant
loss of the match between model and real physiological
data. This is important since recent extensive quantita-
tive characterizations of the macaque LGN (Spear,
Moore, Kim, Xue & Tumosa, 1994; Levitt, Schumer,
Sherman, Spear & Movshon, 1998) have failed to reveal
distinct subclasses of M neurons. We suggest that fea-
tures to search for in new physiological studies aimed at
identifying distinct M subpopulations might include
investigation of firing rates and patterns of response in
LGN-M cells; in layer 4C postsynaptic cell NMDA and
non-NMDA EPSPs in relation to input conduction
velocity might produce useful signatures; and in both
layer 4C and M layers of the LGN an investigation of
cells following 60 Hz refresh rate of the stimulus moni-
tor or having fast oscillatory responses could be useful.

It is important to ask if factors other than direct

excitatory input from the LGN could determine the
increasingly rapid change in properties with rise in
depth of layer 4C. One factor that might enter into
differences in receptive field size and contrast sensitivity
of neurons at the top of layer 4Co is differences in
inhibition to the spiny stellate neurons at different
depths in layer 4C. A decreasing level of inhibition with
movement up in the layer could give a decreasing
threshold to thalamic input. This in turn could lead to
a larger apparent receptive field size and higher contrast
sensitivity in neurons higher in the layer. However, in
our own unpublished electron microscopic studies there
appears to be no significant difference in number of
type 2 (GABAergic) synapses per unit area of cell soma
surface through the depth of layer 4C. There may,
however, be different numbers of inhibitory contacts on
the dendrites or inhibition coming from different in-
terneuron types that could lead to different thresholds.

Table 4
Optimal proportions of P-, M1- and M2-inputs to spiny stellate cells
as a function of depth in layer 4C for the results shown in Fig. 9

Depth (D)  Layer 4Ca (%) Layer 4Cp (%)

8 7 6 5 4 3 2 1
LGN-P 0 0 13/10 35 65 87 100 100
LGN-M2 25/17  62/50 87/72 65 35 13 0 0
LGN-M1 75/83 38/50 0/18 0 0 0 0 0

The table shows the thalamic weight portions WCGN-P (D), LGN MI
(D) and WLEGN-M2 (D) at eight discrete depths of layer 4C for the
Croner & Kaplan (1995) data, left numbers, and the Spear, Moore,
Kim, Xue & Tumosa (1994) data, right numbers. If only one number
is specified equal values were obtained for both datasets. While it was
sufficient to assign thalamic M1-input to the top of layer 4Ca (D =8,
7) in case of the Croner & Kaplan (1995) data, the Spear, Moore,
Kim, Xue & Tumosa (1994) data suggest M1-input also to neurons
deeper in the o subdivision (D = 6).
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Another factor that could lead to the change in
response properties in depth of layer 4C is the presence
of lateral excitatory connections known to exist be-
tween the spiny stellate neurons. These connections
increase in lateral spread in stepwise fashion from the
lower third, to mid third, to upper third of layer 4C
(Fitzpatrick, Lund & Blasdel 1985; Yoshioka, Levitt &
Lund, 1994) being widest in upper 4Ca. The lateral
connections could potentially create the large receptive
fields (and higher contrast sensitivities) in upper 4Co
rather than the receptive fields being due to direct
Ml-input as we have proposed in our model. It might
be expected that in such circumstances the earliest
responses from upper 4Co neurons should convey a
smaller receptive field than the later parts of the re-
sponse; or that earlier responding neurons should have
smaller receptive fields than later responding neurons
(on which the earlier responders—perhaps the purely
intrinsically projecting cells—terminate) at the same
depth in layer 4C. However, in support of the hypothe-
sis that direct thalamic relays may be the effective
determinant of the basic properties we have modeled,
we have used: (i) data of Blasdel & Fitzpatrick (1984)
who recorded from a population of non-oriented cells,
which are most likely to be first order cells; and (ii) data
of Hawken & Parker (1984) who recorded from a group
of orientation specific cells which are more likely to
receive lateral recurrent input (in addition to thalamic
input) refining or even inducing orientation specific
responses; since both data sets show the same form of
progression in contrast sensitivity with depth, our inter-
pretation is that contrast sensitivity can be accounted
for by the pattern of direct thalamic input. As well, we
have demonstrated that realistic dendritic overlap and
feedforward excitation is sufficient to explain neuron
properties in the lower two-thirds of layer 4C-despite
there being an abrupt change in length of lateral con-
nections halfway through layer 4Cp. In addition, de-
spite their small number relative to intrinsic lateral
connections, the thalamic inputs drive spiny stellate
neurons (in cat V1 layer 4) with large and reliable
EPSPs whereas the intracortical synaptic connections
are individually less reliable than thalamic inputs as a
driving force (Stratford, Tarczyhornoch, Martin &
Jack, 1996). These are parameters that will be simulated
in future versions of our model, which will include
recurrent intracortical connections, and as well be ex-
amined in new anatomical and physiological
experiments.

If our model is correct in predicting two M popula-
tions, it is the M1-input that is almost entirely restricted
to neurons projecting to layer 4B and perhaps predom-
inating in driving the generation of direction selectivity
that is seen in upper 4Cx and in layer 4B. The large
axons presumed to be M1 axons, provide extensive
collateral input to layer 6 which also contains direction

selective neurons (Blasdel & Lund, 1983; Hawken,
Parker & Lund, 1988; Freund, Martin, Soltesz, Som-
ogyl & Whitteridge, 1989). The M2 population, while
contributing to neurons in upper 4Ca has a primary
role in combining with P-input to neurons of mid layer
4C; these neurons project to the superficial layers,
particularly to interblob territories of layer 3B. Pure
P-input is seen predominantly in neurons of the lower
half of 4Cp and their relays pass on to engage layer 4A,
itself the recipient of direct LGN P-input.

6. Summary

Purely feedforward excitation has proved sufficient to
produce a good match to the physiologically observed
response properties of layer 4C neurons. The model
predicts that: (i) there are two M pathways entering
layer 4Ca with different emphasis of the range of
properties currently assigned to M cells in the LGN; (ii)
that dendritic overlap in depth of layer 4C allows single
cells to receive both M- and P-inputs; and (iii) that
inhibition is not an essential determinant of the size of
the minimum response field and contrast sensitivity of
layer 4C neurons.
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