


for different lateral connectivity schemes (Fig. 6).NCWCb is ap-
proximately the slope of the postsynaptic membrane potential as a
function of the presynaptic firing rate if the postsynaptic mem-
brane potential is close to the reversal potential (see section “The
cortical layer”). In both figures the tuning width and the cortical
activity is coded by brightness values. In Figs. 5a and 6a dots
indicate the region in parameter space for which the response of
the cells saturates (equivalent to the black region where the max-
imal steady-state activity is 1 in Figs. 5b and 6b).

The phase diagram shows three regimes for the model (cf. Som-
polinsky & Shapley, 1997). If the recurrent excitation is not strong
enough then the cortical response is not orientation selective and very
weak. Towards stronger recurrent excitation, when the network am-
plifies the afferent input tuned response emerges (cf. Douglas et al.,
1995). The tuning is sharpest if the depolarizing load (the genicu-

late and the lateral excitatory input) is just at the limit when it still
can be balanced by the hyperpolarizing effects (lateral inhibition and
the leakage) (cf. Tsodyks & Sejnowski, 1995). In other words, given
a certain lateral inhibition strength, sharpest tuning emerges at the
strongest lateral excitation when the cortical response still con-
verges to a steady state. Note that because the number of excitatory
connections is much larger than inhibitory ones (see Table 1), and
the excitatory connections are less distributed among the orienta-
tion columns (they are more specific), balanced excitation and in-
hibition requires stronger inhibitory connections. Sharply tuned
responses emerge when the effective strength of the single excit-
atory connections fulfillWC~e,$e, i %! ' 3.11 0.03{WC~i,$e, i %!, a
linear relationship. Thus, the model predicts that sharp orientation
tuning is robust against changes in the lateral activity as long as ex-
citation and inhibition remain approximately balanced. If the visual

Fig. 6. (a) Orientation tuning (half-width at half-height) as a function of the specificity of the lateral excitatory and inhibitory
connections. The free parameters were the slopes@P~ p,0! 2 P~ p,15 deg!#015 deg of the percentages of excitatory and inhibitory lateral
connections as a function of angular difference. Gray values indicate tuning widths between 15 deg and 45 deg, similar to Fig. 5. The
arrow in (a) indicates the connectivity pattern which was typically used for the numerical simulations presented throughout this paper;
dots mark the region in parameter space for which cells begin to saturate (the black region in b). (b) The maximal steady-state cortical
activity as a function of the strengthsWC of the specificity of the lateral excitatory and inhibitory connections. The gray values indicate
the maximal steady-state cortical activity. Stimuli were gratings with optimal spatial frequency andc 5 60% contrast. Parameters are
given in Table 1, and Fig. 1. (c) Instead of labels in (a, b), to give an intuitive understanding of the varied parameters, we plotted nine
representative connection percentage configurations of the excitatory (solid line) and inhibitory (dotted line) lateral connections as a
function of angular difference. The plots correspond to the parameter values from the upper left cornervia the midpoints to the lower
left corner of the plots in (a, b).
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cortex operates at high recurrent lateral excitatory and inhibitory load
(cf., e.g. Peters et al., 1994), then the model predicts that at a high
but not complete reduction of lateral activity, orientation tuning re-
mains sharp. As a consequence, the cooling experiment by Ferster
et al. (1996) is not necessarily decisive evidence for the afferent or-
igin of the orientation tuning, assuming that inactivation of cortical
activity was effective but not complete. Increasing the excitatory
connection strength leads to saturation at optimal orientation, hence
to broader tuning.‡ For reasons mentioned in the previous para-
graph, close to the optimal tuning width the time to reach the
steady state grows with the specificity of the response (data not
shown). The phase diagram remains similar if iso-orientation in-
hibition is increased and cross-orientation inhibition is decreased
(data not shown), but stronger excitation is needed to establish a
tuned response and the region in parameter space for which cells
do not saturate shrinks.

Figs. 6a shows the orientation tuning width as a function of
different lateral connectivity patterns. The slopes of the excitatory
and inhibitory connection percentages as a function of angular
difference were taken as free parameters. The connectivity patterns
are indicated in Fig. 6c for nine representative examples which
cover the range of slopes shown in Figs. 6a and 6b. Sharply se-
lective response emerges in a wide regime where the slope of the
percentage of connections as a function of angular difference for
the excitatory connections is changed from26.6%0deg to20.2%0
deg and the slope for the inhibitory connections is changed from
20.2%0deg to10.4%0deg. In a relatively large part of this regime
the response saturates (dotted area), which again hints at the ne-
cessity to consider additional mechanisms to control runaway ex-
citation for these lateral connectivity schemes. Sharpest tuning is
achieved for fairly specific excitatory connectivity patterns and a
slight dominance of iso-versuscross-orientation inhibition. If the
specificity of excitatory connections is decreased, stronger cross-
orientation inhibition is required for a tuned response. If excitatory
cells are connected in a highly specific pattern, then stronger iso-
orientation inhibition is needed to control runaway excitation. If
the excitation is too localized in the orientation domain, then cell
groups with close preferred orientation mutually suppress each
other, and no tuned response emerges. Furthermore, extremely
specific lateral inhibitory and excitatory couplings separate the
different orientation columns and give rise to multimodal, periodic
response patterns in the orientation domain (Carandini & Ringach,
1997) (data not shown).

Spatial frequency tuning and spatial receptive fields

Fig. 7a shows plots of the half-width at half-height of the orien-
tation tuning curves as a function of spatial frequency of the grat-
ing stimuli. Figs.7b–7d show the spatial frequency tuning curves
for the afferent geniculate input to a single cell (thick line) and for
the output at different stimulus orientations~Da 5 15 deg, top to
bottom). Orientation and spatial frequency tuning were investi-
gated for four different lateral patterns of excitatory connections:

highly specific (h) and strong (s) connections covering a distance
of 500 mm, less specific (l) but strong (s) excitatory connections
covering a distance of 500mm, highly specific (h) but weak (w)
connections covering a distance of 500mm, and highly specific (h)
but weak (w) connections covering a distance of 1500mm. Here
“specificity” relates to the slope of the percentage of connections
as a function of the differenceDQ in preferred orientation; “strength”
relates to thetotal amount of lateral excitationWC exerted by a
single cell onto its targets.

While the preferred orientation is independent of spatial fre-
quency, the width of orientation tuning may change (Fig. 7). As
long as the total lateral excitation is strong enough the tuning width
remains constant (Fig. 7a, dotted and dash-dotted line). For weaker
lateral excitation (Fig. 7a, dashed and solid line), however, the
width of the orientation tuning curve decreases with increasing
spatial frequency as the initial columnar orientation bias grows. In
this case, the orientation tuning width and the cortical amplifica-
tion depend on the initial orientation bias. This is in accordance
with data obtained for cat (no measurements exist yet for layer 4C
cells in macaque V1) (Webster & De Valois, 1985; Vidyasagar &
Sigüenza, 1985; Hammond & Pomfrett, 1989). Note that this model
prediction confutes previous claims by Troyer et al. (1998) that
cortical amplifier models cannot exhibit spatial frequency depen-
dent orientation tuning. This effect is most pronounced for long
lateral couplings (Fig. 7a, solid line) which integrate over a larger
area in the visual field and for which a tuned response to lower
frequencies can emerge even at weak excitation.

If the lateral excitation is sufficiently strong (Fig. 7b dash-
dotted line), the peak frequency is independent of stimulus orien-
tation and the tuning curve follows the spatial frequency tuning
curve of the total afferent inputA (thick line). Although the spec-
ificity of the excitatory connections is low in this example, the
increased value of the total excitation preserves tuning width for a
wide range of spatial frequencies. In this region of parameter space
the Fourier spectrum is polar separable, that is, it can be decom-
posed into an orientation tuning curve multiplied by a spatial fre-
quency tuning curve. While polar separable receptive-field profiles
in the frequency domain have been reported for a large group of
visual cortical simple cells in cat area 17 (Webster & De Valois,
1985), no detailed experiments have yet been done in macaque V1.

For the case of weak lateral excitation (Figs. 7c and 7d), the
shape of the spatial frequency tuning curves depends on stimulus
orientation. The peak spatial frequency decreases if stimulus ori-
entation differs from the optimal value leading to nonpolar sepa-
rable tuning curves. Note that in contrast to models using elongated
geniculocortical projection patterns, the spatial frequency tuning
curves of the cortical cells affected by the lateral input, and differ
from the spatial frequency tuning of their total geniculate input.
Fig. 7c also shows that below a critical frequency, whose value
depends on the spatial extent of the lateral interactions, the initial
orientation bias is too small to be amplified and no orientation
tuning emerges. As a consequence of this low frequency cutoff,
spatial frequency tuning of cortical model cells is sharper than the
tuning of the afferent geniculate cells (cf. De Valois et al., 1982;
Hawken & Parker, 1987). The larger the spatial extent of the lateral
interactions, the lower is the critical value for the spatial frequency,
and the spatial frequency tuning of cortical cells eventually ap-
proaches the tuning properties of the LGN (Fig. 7d).

In summary, the strength of the recurrent excitation determines
if the orientation tuning depends on the initial orientation bias,
hence it determines if the two-dimensional spatial frequency spec-
tra are polar separable. The specificity of the recurrent connections

‡Since cells have not been observed to saturate at their maximum firing
frequency, mechanisms other than recurrent excitation and inhibition must
be present to control runaway excitation if excitatory connections are too
strong. The problem is connected to the problem of how to explain the
saturation of the cortical neurons’ contrast-response function (see, e.g.
Albrecht & Hamilton, 1982). Candidate mechanisms include adaptation
effects at the synaptic summation or spike generation, but they are still a
matter of controversy.
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determines the orientation tuning width and the range of the an-
isotropic recurrent excitation affects the size of the initial columnar
orientation bias and thus the robustness of the orientation selectivity.

In the following, we describe the receptive-field profiles of the
modeled cortical cells by two different experimental paradigms
(cf. Jones et al., 1987; Jones & Palmer, 1987a,b). Simulating the
first paradigm, the receptive-field profile was calculated (Figs. 8a
and 8d) by presenting stationary sinusoidal gratings§ with various
values of horizontal~k1! and vertical~k2! spatial frequency com-
ponents, and the total inputI [eqn. (6)] arriving to a modeled
cortical cell was calculated. The corresponding receptive-field pro-
file pattern in spatial domain (Figs. 8b and 8e) was then computed

by inverse Fourier transformation. In the second paradigm, the
total cortical inputI was calculated for small, circular symmetric
Gaussian spots which were presented at different locations in the
visual field (Figs. 8c and 8f ).

The resulting receptive-field profiles resemble simple cells and
are composed of an elongated excitatory center flanked by two
elongated suppressive domains. Receptive-field size in the grating-
paradigm decreases for higher contrast but the receptive fields
remain larger than when measured in the spot-paradigm [cf. Jones
& Palmer (1987a) for cat area 17].** This effect is a consequence
of the finite thresholds of the thalamic and cortical transfer func-
tions. At low contrast geniculate and cortical cells do not respond
to high spatial frequencies and the total input of the cells remains
below threshold. Consequently, receptive fields are small in the
frequency domain and become large when transformed back to the
spatial domain. At higher stimulus contrast the cells operate mainly
in the linear regime of their transfer function and respond also to
higher frequencies. Therefore, as the response profile in the fre-

§As the simulated experiment assumed linearity, we took into account
only the significant response to a cosine grating with zero phase with
respect to the cell’s receptive-field center and neglected the small response
to sine grating which is only due to the nonlinear rectification of the
modeled cells, and in the case of an idealistic linear cell should be zero.
This approximates the original experiment and implicitly takes into ac-
count the model assumption that the cortical cells targeting the investigated
modeled cell occupy a point symmetric region in the visual field with
respect to the cell’s receptive-field center. Hence, the receptive-field profile
of that cell is expected to be point symmetric as well.

**No measurements exist yet for the two-dimensional spatial profile of
layer 4C cells in macaque V1.

Fig. 7. (a) The width of the orientation tuning curves (half-width at half-height) as a function of spatial frequency for four different
cortical patterns of lateral connections. Parameters were (maximal connection distance; slopes of percentage of the excitatory and
inhibitory connections as a function of the differenceDQ in preferred orientation; the strength of excitation and inhibitionWC) 500mm,
21.6%0deg, 20.06%0deg, 3.73,225.4 (h, s); 500mm, 20.06%0deg, 20.06%0deg, 4.33,225.4 (l, s); 500mm, 21.6%0deg,
20.06%0deg, 3.33,225.4 (h, w); 1500mm, 21.6%0deg,20.06%0deg, 3.33,225.4 (h, w). (b,c,d) Spatial frequency tuning curves
for the afferent geniculate input to a single cell (thick line) and for the output at different stimulus orientations~Da 5 15 deg, top to
bottom). The figures (b,c,d) show results for the (500mm, l, s), (500mm, h, w), and (1500mm, h, w) set of parameters, respectively.
All spatial frequency curves are normalized to their maximum and the geniculate afferent input is shifted vertically up by 0.1 for clearer
visualization. Stimulus contrast wasc 5 60%; other parameters were taken from Table 1 and Fig. 1.
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quency domain increases, the resulting receptive field in the spatial
domain shrinks (cf. Schumer & Movshon, 1984; Jagadeesh &
Ferster, 1990), and the receptive-field profile becomes closer to
the profiles determined by spot stimuli. The aspect ratio of the
receptive fields (length0width) is similar for both experimental
paradigms and it is independent of stimulus contrast, but the
receptive-field profiles determined by spot stimuli predict a broader
width of the orientation tuning curve at low spatial frequencies
(Volgushev et al., 1996) because they are smaller than the recep-
tive fields obtained by the grating-paradigm. The diameter of the
receptive field determined by the spot paradigm is 0.2–0.4 deg,
and it fits to the experimental data (Hubel & Wiesel, 1974; Blasdel

& Fitzpatrick, 1984). The differences in the receptive-field profiles
and orientation selectivity obtained by the different measurement
methods indicate that simple cells cannot be fully described by
linear spatial filters. Rectification by the transfer function changes
the response to gratings of different spatial frequencies and thus
the receptive-field structure in the space domain.

The inhibitory subfields in the receptive-field profiles are gen-
erated by lateral inhibition, and the model predicts that blocking
inhibition erases the subfield structure (Sillito, 1975). Similarly,
the elongation of the receptive fields is generated by the aniso-
tropic lateral excitatory connections, thus the model predicts that
by blocking lateral excitation, the receptive-field profiles become

Fig. 8. Contour plots of the spatial receptive field for an excitatory cell which is tuned toQ 5 90 deg. The contour lines mark intervals
of 10% of the maximal positive input value. Solid and dashed contours denote excitatory and inhibitory subfields, respectively. (a,d)
Receptive-field profiles in frequency domain was measuredvia grating stimuli of different spatial frequencies and orientations.
Contours indicate lines of constant total input for cosine gratings with different spatial frequencies along the horizontal~k1! and the
vertical~k2! axis. Stimulus (Michelson) contrast wasc5 4% in (a) andc5 60% in (d). (b,e) Receptive-field profiles in spatial domain.
The patterns were computed by an inverse Fourier transform of the patterns shown in (a,d). (c,f ) Receptive-field profiles in spatial
domain calculated by small spot stimuli withc 5 60% (c) andc 5100% (f ) Weber contrast. Spot size wass1 5 0.04 deg,s2 5 0.04 deg
[eqn. (1)]. The stimulus contrast was chosen such that the maximum total input for a bar contrast of 60% (100%) roughly corresponds
to the maximum total input for a grating contrast of 4% (60%). Note the different scale factors in (b,e) and (c,f ).

Intracortical origin of orientation selectivity 313



more and more circular. The model also predicts that the local
distortions in the visuotopic map investigated systematically by
Das and Gilbert (1997) could be due to the strong lateral recur-
rency. The thalamocortically defined receptive-field shape can be
changed and shifted by the recurrent connections. Strong recurrent
excitatory connections result in a shift of the receptive fields to-
wards the “center of mass” of the strongly connected group of
activated cells. Hence small clusters of cells with similar orienta-
tion preference emerge, which are characterized by strongly over-
lapping receptive fields.

Additionally to test whether our simplifying assumption of ne-
glecting ON–OFF interactions modifies qualitatively the behavior
of the modeled simple cells, we calculated the receptive-field pro-
files including OFF pathways too (data not shown). In the simu-
lations the OFF geniculate cells project to a cortical simple cell
from a circularly symmetric ring which overlaps slightly with the
inner ON center. The simulations lead to receptive fields very
similar to those calculated only with the ON pathway. The in-
cluded OFF projections do not alter the cells’ nonlinear behavior,
because it is a simple consequence of the nonzero firing threshold.

Discussion

We have investigated a model for the generation of orientation
preference and tuning and demonstrated that it is not essential to
have orientationally biased afferent inputs to individual cortical
cells; rather cortical cells can acquire an orientation biasvia an-
isotropic excitatory lateral intracortical connections. Our model
predicts that if the orientation bias is both generated and amplified
via recurrent excitation and inhibition, the emergent response prop-
erties are quite similar to the response properties which are ob-
served experimentally. Because tuning properties are determined
to a large extent by recurrent amplification it is not surprising that
model predictions are quite similar also to the predictions of cor-
tical amplifier models based on a Hubel and Wiesel style afferent
orientation bias. Therefore, the hypothesis of an intracortical ori-
entation bias due to lateral excitatory connections is a sensible
alternative to the notion of an afferent bias due to elongated ge-
niculocortical projection patterns, and experiments must yet be
designed to decide between both hypotheses. In the following, we
will discuss model assumptions and model predictions in more
detail.

Model assumptions

We tried to involve as few mechanisms as seemed to be necessary
to explain orientation selectivity, which allowed us to have an
understanding of the behavior of a “clear-cut” system instead of
having mixed effects originating from a mixture of assumptions.
(1) For this we did not include an additional afferent orientation
bias, which—as we discuss later (see next section)—is very likely
to be present. This restriction allowed to demonstrate that aniso-
tropic lateral excitatory connectivity itself is sufficient to generate
the initial orientation bias and sharp tuning. (2) To avoid assump-
tions regarding the arrangement of ON- and OFF-center geniculate
cells in the projective field to a simple cell in visual cortex the
presented model framework contains only ON geniculate projec-
tions. However, additional simulations showed (see section “Spa-
tial frequency tuning and spatial receptive fields”) that OFF
projections arranged in a circular symmetric ring around the ON
geniculate center—in accordance with biological findings (see sec-
tion “Overview”)—do not alter the emergence of sharply orienta-

tion tuned response, but rather increase robustness of tuning.
(3) The cortical circuit is modeled within a mean-field framework.
The drawback of this approach is that it is hard to relate the state
variables directly to physiological properties of real neurons. To
avoid overinterpretation of the neural activity dynamics, neural
activity and time is given in arbitrary units in our presentation. The
mean-field approach was motivated by computational efficacy and
it gave the possibility of direct comparison of our phase-diagrams
to previous results (Ben-Yishai et al., 1995; Sompolinsky & Shap-
ley, 1997). The simplified simple cell model also demonstrated
clearly the necessity for additional mechanisms for contrast satu-
ration and gain control. Exploration of dynamics of orientation
tuning and contrast processing within a spiking framework have
been done in our accompanying studies (Adorján et al., 1998;
Stetter et al., 1998).

Intracortical versus afferent origin of the orientation bias

In a recent study of orientation-selective cells in macaque V1,
Ringach et al. (1997a) report orientation tuning dynamics which
leads from an initially orientation nonspecific to a sharply tuned
response within 10–15 ms for some cells in layer 4Ca. This study
provides a strong indication for our hypothesis that intracortical
factors play an important role in generating orientation selectivity
in macaque monkey V1. While the large stimuli they used may
have recruited influences from beyond the core orientation-selective
mechanism of their cells, this study nonetheless provides strong
evidence for our hypothesis that intracortical factors play an im-
portant role in generating orientation selectivity in macaque V1.
We note, however, that other factors, such as delays in propagation
of different synaptic potentials which might manifest themselves
as different response timings across the receptive field (Reid et al.,
1991; Livingstone, 1998), could be responsible for the temporal
dynamics of orientation tuning.

Although LGN receptive fields are rarely perfectly nonoriented
(Smith et al., 1990), given the need for retinotopy and the sub-
stantial overlap among individual geniculocortical terminal fields,
it is hard to imagine how these slight orientation biases of single
LGN cells could be reflected in the aggregate postsynaptic input to
cortical neurons. While such a mechanism might well serve to
generate orientation selectivity in other species, it seems less likely
in the primate. It seems odd to us that one portion of the thalamic
input zone (layer 4Cb) should lack orientation selectivity, while
another (4Ca) has it in abundance. This difference is accompanied
by a difference in lateral connectivity supporting our suggestion
that it is the lateral intrinsic cortical connections that might gen-
erate orientation selectivity in the primate.

A much larger body of physiological data are available for cats
and ferrets but experimental data are partially contradictory. Pei
et al. (1994) and Volgushev et al. (1995) report orientation tuning
dynamics with an initially unspecific “bump” of excitatory input
followed by an amplification of the optimally oriented cells’ output
and a shutdown of the activity of cells tuned to the null orientation.
Other groups, however, report highly orientation specific EPSPs
for cats (Ferster, 1986; Douglas et al., 1991). The experimental
results, however, should be interpreted with some care. Douglas
et al. (1991) showed sharply direction-specific excitation on cor-
tical cells in cat primary visual cortex, although, as they mention,
the cell received nondirection-specific input from the LGN. This
indicates that it may not has been possible to fully separate the
small afferent excitation from the intracortical contributions. Fur-
thermore, small nonspecific EPSPs present for a few milliseconds

314 P. Adorján et al.



do not necessarily evoke spikes (Adorján et al., 1998), hence it
could be difficult to detect an initially unspecific responsevia
single cell spike trains (Celebrini et al., 1993). Cross-correlation
techniques (applied for monkeys) (Ringach et al., 1997a,b) on the
other hand should be more reliable because they accumulate non-
specific neural responses and thus show more realistic orientation
tuning dynamics. Strongest evidence for an afferent orientation
bias in cat is provided by the study of Ferster et al. (1996), al-
though Vidyasagar et al. (1996) questioned whether all local in-
tracortical circuits and all cortical afferents to area 17 were truly
silenced by the cooling procedure.

In summary, the experimental facts remain somewhat ambigu-
ous for cat and are very sparse for primates, hence our model study
should be regarded as an alternative hypothesis to the idea of an
afferent orientation bias which now needs to be explored experi-
mentally. Though one major outcome of our modeling study is that
the predictions of the “intracortical hypothesis” are quite similar to
the predictions of the previous cortical amplifier models, there are
important differences. (1) The tuned response gradually emerges
after stimulus onset with a nonspecific small initial excitatory re-
sponse which depends on the strength of lateral excitation (Fig. 4).
(2) The orientation tuning completely vanishes when the recurrent
excitation is perfectly blocked. (3) The receptive-field profiles in
the spatial frequency domain are polar separable and the spatial
frequency tuning of the cortical cells follows the geniculate input
to cortical cells if lateral excitation is strong. The response profiles
in the spatial frequency domain are non polar separable and the
cortical spatial frequency tuning is different from the spatial fre-
quency tuning of the geniculate input to cortical cells at weak
lateral excitation (Fig. 7).

It could well be that different species have implemented ori-
entation selectivity in different ways; after all, the rabbit generates
orientation specificity within its retina (Bloomfield, 1994). It could
also be that elongated convergence of geniculate arbors and an-
isotropic lateral connections parallel to the preferred orientation
areboth present in different species, and jointly contribute to the
emergence of an orientation bias. This would explain the existence
of orientationally biased EPSPs and at the same time explain the
results of the developmental experiments (Kim & Bonhoeffer, 1994;
Bonhoeffer & Goedecke, 1996)via the existence of a cortical
“trace”. The addition of an afferent bias as long as the orientation
preferences are similar would serve as a cooperative mechanism. If
the recurrent lateral excitation is strong, and thus the orientation
tuning width is independent from the initial orientation bias, it
would increase the robustness of the tuning to noise. If the lateral
excitation is not strong enough to ensure bias independent tuning
width, an additional afferent orientation bias would sharpen the
tuning. The addition of an afferent bias which is different from the
lateral bias would weaken the orientation bias a cortical cell re-
ceives; depending on the strength of the lateral excitatory feedback
this would decrease the noise robustness and0or increase the tun-
ing width. However, this case is unlikely to happen because during
development of the cortical maps, cells with similar tuning prop-
erties tend to build strong connections.

Sidestep connections and orientation bias

Layer 4C in macaque striate cortex contains spiny stellate cells
with axon collaterals which project laterally along one axis and
which terminate in one or several patches (Lund, 1987; Anderson
et al., 1993; Yoshioka et al., 1994). Cells of this kind are absent in
lower 4Cb where neurons lack orientation selectivity, but are found

in mid 4C and upper 4Ca where orientation selectivity emerges
(Blasdel & Fitzpatrick, 1984; Hawken & Parker, 1984). The num-
ber of cells with sidesteps increases from the middle to the upper
part of the layer and correlates with increasing distance of the
lateral spread of the sidesteps, and with increasing number of
orientation selective cells and with sharpness of orientation tuning.
If these cells are indeed responsible for the orientation bias, lateral
sidesteps have to link neurons with co-oriented and co-axially
aligned receptive fields. Studies on stepped connections (Bolz &
Gilbert, 1989; Schwartz & Bolz, 1991; Bosking et al., 1997) sup-
port this idea in general but the data relate to different species (cat,
tree shrew) and to different layers (5, 6, and 203). No data of this
kind exist yet for layer 4C in macaque V1, hence the above as-
sumptions should be regarded as model predictions. Note, how-
ever, that in the model the width of the orientation tuning curve
depends on the range of the lateral sidesteps for weaker recurrent
excitation (Fig. 7), which could explain the observation that in-
creasing distance of the lateral sidesteps in upper layer 4Ca cor-
relates with increase in sharpness of orientation tuning in depth of
the layer.

Are lateral sidesteps, similar to the axon collaterals actually
found in layer 4C, necessary to explain the generation of an intra-
cortical orientation bias? “Sidestep” axon collaterals in upper layer
4Ca project laterally over a distance of 1500mm from the injected
point, that is, 3 mm total diameter which corresponds to a distance
of 1.2 deg in the visual field at 5-deg eccentricity. This corresponds
to four times the diameter of a receptive field of a nonoriented
unit. This offset leads to a fairly large and robust bias. Depending
on the magnitude of neuronal noise, however, a less strong bias
may also suffice, for example a bias generated by a lateral offset of
receptive fields which is of the order of the receptive-field scatter
in layer 4C [300–400mm (Hubel & Wiesel, 1974; Blasdel &
Fitzpatrick, 1984)]. If this is the case the anatomical correlate of
the orientation specific lateral excitatory connections would be
harder to detect.

For the lateral connectivity our model predicts that those cells
are connected together by strong lateral excitatory connections
whose receptive fields as determined by the thalamic input alone
are shifted along the axis of their preferred orientation. In other
words, (1) the projection patterns of cortical excitatory cells mapped
back to the visual field coordinate system are elongated and
(2) cells with parallel elongation in their projection patterns are
more likely to be connected by excitatory connections. Note that
the shape of the patches of the strongly connected cells or the
lateral connectivity pattern is not necessarily similar to the shape
of the area they cover in the visual space, because of the slight
scatter in the cortical retinotopy (Hubel & Wiesel, 1974; Blasdel &
Fitzpatrick, 1984; Das & Gilbert, 1997). The functional conse-
quences of the anisotropy of the projection pattern are (1) orien-
tation bias is generated intracortically so that the preferred orientation
of the cells is parallel to the axis of elongation and (2) the lateral
excitation is highly orientation specific.

One approach to test whether sidestep projections could sub-
serve generation of orientation selectivity would be to use small
injections of the retrograde tracer cholera toxin, injecting small
points in layer 4C, and examining the pattern of retrogradely la-
beled cells both in the LGN and within cortex. This could indicate
the aspect ratio of connectional fields providing input to a point in
4C. Furthermore, LGN afferents terminate in both the alpha and
beta divisions of layer 4C, while orientation selectivity is essen-
tially restricted to the middle and upper portions of the layer. Thus,
if our model is correct, one might expect to find the kinds of local
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circuits we describe to be missing from the lower portion of layer
4C. Electrophysiological studies might also be used to test our
model. We have earlier cited pharmacological studies that inacti-
vated inhibitory circuits within cortex. If suitable methods could be
found to selectively inactivatecortical excitatorycircuits, while
leaving excitatory geniculocortical transmission unaffected, one
could distinguish between the afferent and intracortical hypoth-
eses. We have earlier suggested that blocking local cortical exci-
tation might also make local receptive fields more circular in shape,
and could eliminate the local distortions in the retinotopic map of
visual space. One could also measure whether cells in 4C are
capable of responding to multiple orientations at a single retino-
topic position (Carandini & Ringach, 1997). Such studies could
also provide evidence to distinguish between purely afferent and
recurrent intracortical hypotheses.
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Appendix

A. Correction of receptive-field parameters of LGN-M cells

Data from Spear et al. (1994) and Croner & Kaplan (1995) showed thatrc

andrs depend roughly linearly on eccentricity, hence the valuer at 5-deg
eccentricity is approximately equal to the averageSr over the interval
0–10 deg provided by Spear et al. (1994).

Croner and Kaplan (1995) showed for retinal ganglion cells that the
integrated sensitivity of the ON and OFF subfields is constant regardless of
the eccentricity, that is, the peak sensitivityk is approximately proportional
to 10r 2. Hence, peak sensitivitieskc,s can be obtainedvia

k 5 a0r 2. (A1)

The constanta can be calculated from the average valueNk

log~ Nk! 5
1

r ~0 deg! 2 r ~10 deg! Er ~0 deg!

r ~10 deg!

dr logS a

r 2D, (A2)

which is given in Spear et al. (1994).

B. Parameters of the geniculate transfer function

The parameters of the transfer functiongM~R!, eqn. (3), were determined
as follows. The thresholdTM was set equal to the afferent activity which a
geniculate M-cell receives for a grating stimulus of optimal spatial fre-
quency at the contrast thresholdcM

min:

TM 5 kcprc
2 2 ksprs

2 1 cM
min F~ fopt!, (B1)

where

F~ fopt! 5 kcprc
2 exp~2~pfoptrc!

2 ! 2 ksprs
2 exp~2~pfoptrs!

2 !.
(B2)

To determineb, we assume that a grating stimulus is presented whose
positive half is centered on the cell’s receptive field. The transfer function,
eqn. (3), can then be rewritten as a function of the contrastc of the grating,

gM ~c! 5 5
0 if c # cM

min,

c 2 cM
min

c 2 cM
min 1

b
F~ fopt!

otherwise,
(B3)

from which we can obtainb via the averaged contrast gain normalized to
the maximal geniculate activityMmax.

Mmax

G 5
b

F~ fopt!
. (B4)
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