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Review of Fournier et al.

Hubel and Wiesel’s (1962) hierarchical
model of simple and complex cell recep-
tive fields (RFs) has shaped our under-
standing of the structure and function of
the primary visual cortex (V1). They pro-
posed that the characteristic elongated
ON or OFF subregions of simple-cell RFs
are constructed from the spatial align-
ment of lateral geniculate cells. In addi-
tion, the ON-OFF regions of complex-
cell RFs may arise from the alignment of
spatially offset iso-oriented simple cells.
Simple-cell activity is usually described
by LNP models (linear—nonlinear—Pois-
son), where the stimulus is filtered by a
single linear spatiotemporal filter, then
rectified by a fixed nonlinearity, and
passed through a Poisson process to gen-
erate spikes. The linear spatiotemporal fil-
ter is usually estimated by reverse
correlation of the stimulus pattern on
spikes to obtain a spike-triggered average
(STA). STA approaches are not suitable
for estimation of linear filters in complex
cells because the linear filters of these cells
have similar responses to bright and
dark stimuli, which cancel on average.
Accordingly, complex cells have histor-
ically been modeled using “motion en-
ergy” approaches that predict firing rate
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by squaring the output of two linear filters
with similar feature selectivity.

These canonical models reflect two
inherent dichotomies: the anatomical dis-
tinction between thalamic and intracorti-
cal inputs, and the functional distinction
between linear and nonlinear stimulus—
response relationships. It has proven dif-
ficult to directly compare the RFs of
simple and complex cells given the differ-
ences between these types of models.

A more recent approach combines
STA with spike-triggered covariance
(STC) analysis, which uses reverse corre-
lation to characterize the second-order
nonlinear (covariance) properties of the
spike-triggered stimuli. Just as STA finds
the mean stimulus that precedes a spike,
STC estimates the covariance among
stimulus dimensions that precede a spike
(the spike-triggered stimulus set). The
STC matrix is high dimensional and in-
cludes many features that do not affect the
response of the cell. To estimate the rele-
vant features, eigenvalues of the STC ma-
trix are compared with null eigenvalues of
the covariance matrix of the entire stimu-
lus set. Eigenvectors of the STC matrix
whose associated eigenvalues are signifi-
cantly greater than those of the null set
represent stimulus features (subunits)
that increase the response of the cell,
whereas eigenvectors with significantly
smaller eigenvalues correspond to sub-
units that suppress the response. These
subunits reflect the balance of excitation

and inhibition. For example, a reduction
of excitation or an increase in inhibition
can both give rise to suppressive subunits.
Each subunit contributes to the cell’s re-
sponse according to an estimated weight,
which can be confirmed by playing these
subunits back to the cell. Just as the STA
subunit captures the aggregate input pro-
cessed linearly by the cell, STC subunits
capture the aggregate input that is pro-
cessed nonlinearly. A subunit does not
necessarily reflect a specific thalamic or
cortical input.

Several investigators have applied STC
methods to V1 (Touryan et al., 2002; Rust
et al., 2005; Chen et al., 2007). Their re-
sults generally indicate that simple and
complex cells are not purely linear and
nonlinear operators but instead form a
continuum between these extremes. A
new standard model is being developed
that accounts for linear and nonlinear re-
lationships and can be used to model both
cell types. The structural implication is
that simple and complex cells receive both
thalamic and intracortical inputs, albeit in
different amounts, and do not form a sim-
ple hierarchy. An important shortcoming
of these studies is the dependence of ro-
bust RF characterization on spike count.
Using spikes, it is impossible to determine
whether the set of subunits reflects the full
selectivity of the neuron or whether this
set excludes subunits that elicit only weak
spiking responses.
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Figure 1.

Predictions of the canonical and new standard models of simple and complex cell receptive fields in V1. The canonical model predicts one excitatory STA subunit (greyscale) for simple

cells and a pair of excitatory covariance subunits (red) for complex cells. The newer models recovered both excitatory and suppressive (blue) covariance subunits for simple cells, although their
contribution was less than the STA subunit (relative weights reflected by color intensity). Complex cells also exhibited more subunits than predicted by the canonical model, including a weak STA
subunit. The orientation preference of the suppressive subunits was found to be opposite to the excitatory subunits. Fournier et al. (2014) also found additional subunits for simple and complex cells.
However, they found a wide range of orientation preference across subunits.

Fournier et al. (2014) extend these
STC-based approaches while circumvent-
ing the spike count shortcoming by using
intracellular measurements of subthresh-
old neuronal responses. This methodol-
ogy allows them to recover twice as many
covariance subunits (referred to as
complex-like subunits) at the synaptic
level than at spiking level. The synaptic
subunits contribute to spiking output ac-
cording to their weights, with the most
strongly weighted synaptic subunits corre-
sponding to the spiking subunits. Their
results indicate that intracellular measure-
ments can be used to improve the character-
ization of relevant RF properties.

Although the use of subthreshold mea-
surements introduces additional mathe-
matical complexity, the design of this
study is essentially the same as that previ-
ously conducted on the spiking output of
V1 cells in the macaque (Rust et al., 2005;
Chen et al., 2007). Similar to these studies,
Fournier et al. (2014) found more sub-
units in both simple and complex cells
than predicted by canonical models (Fig.
1). They found that the distinction be-
tween simple and complex cells is not in
the number of STA versus covariance sub-
units, but rather in their relative weights.

Simple-cell RFs reflect a stronger contri-
bution of the STA subunit, whereas
complex-cell RFs reflect a greater contri-
bution of the covariance subunits. They
conclude that simple and complex cell char-
acteristics alike arise due to different bal-
ances of thalamic and intracortical inputs,
which exhibit linear and nonlinear stimu-
lus—response relationships, respectively.

A notable distinction in Fournier et
al.’s (2014) findings is the feature selectiv-
ity of the excitatory and suppressive cova-
riance subunits. Previous studies (Rust et
al., 2005; Chen et al., 2007) found that
while excitatory covariance subunits were
tuned to the same direction as the STA
subunit, suppressive subunits were tuned
to the opposite direction. A similar rela-
tionship was found in the orientation do-
main (Chen et al., 2007). These studies
implied that suppressive subunits may
sharpen feature selectivity by reducing the
response to antagonistic features. In con-
trast, Fournier et al. (2014) generally
found covariance subunits with a wide va-
riety of orientation preferences and with
no systematic relationship with the STA
subunit preference (Fournier et al., 2014,
their Fig. 7). The authors consider this
mixture of orientation preference as sup-

porting evidence that some covariance
subunits reflect lateral connections be-
tween cortical columns.

Another new finding is a substantial
number of suppressive covariance sub-
units that exhibit no orientation selectiv-
ity, corresponding to spatial RFs with
broad inhibitory regions. Notably, these
untuned subunits appear more frequently
in simple cells (Fournier et al., 2014, their
Fig. 4). As the authors point out, nonori-
ented inhibition may play a role in con-
trast invariance of V1 cell selectivity and
other properties not accounted for by iso-
oriented push—pull type inhibition, such
as divisive gain control. It is unclear whether
the discrepancies between Fournier et al.
(2014) and prior studies arise due to species
or methodological differences.

Verification of these membrane poten-
tial covariance-based results with another
measure of synaptic input such as con-
ductance may help to clarify these find-
ings. In addition, conductance-based
analyses can distinguish between changes
in the balance of excitation and inhibi-
tion, which is important for defining the
synaptic basis of subunits revealed by
covariance-based analysis. The handful of
conductance studies that directly measure
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orientation tuning of excitatory and in-
hibitory synaptic inputs have produced
mixed results, but the current evidence
seems to favor iso-oriented excitation and
inhibition in both simple and complex
cells (Anderson et al., 2000; Tan et al.,
2011). There is no conductance-based evi-
dence to support untuned inhibition in cat
V1, although some studies discarded cells
with untuned conductances. Further stud-
ies are needed to align conductance- and
covariance-based measures of synaptic
input.

Aside from cat and macaque, mice are
becoming a popular species for the study
of visual processing due to available ge-
netic manipulations. Conductance stud-
ies have revealed fundamental differences
between inhibition in the mouse and cat
(Tanetal.,2011). Although inhibition ap-
pears to be iso-tuned with excitation in
the mouse, there is currently no evidence
to support asynchronous push—pull inhi-
bition in this species. Thus it would be
informative to repeat this analysis in the
mouse and compare conductance- and
covariance-based measures of synaptic in-
put across species. Another informative
experiment in the mouse would be to
compare fast-spiking putatively inhibi-
tory interneurons (FS) and regular-
spiking putatively excitatory cells (RS).
Mouse FS cells receive stronger and more
numerous projections from the thalamus
than RS cells (Cruikshank et al., 2007),

and should therefore reveal a greater ratio
of STA-to-covariance subunit weight
than RS cells.

The main hypothesis of Fournier et al.
(2014), also proposed by others, is that
simple and complex cells arise due to dif-
ferent balances of thalamic and intracor-
tical input. This framework predicts that
simple and complex cells, regardless of
their laminar location, should exhibit
some stimulus-dependent RF properties,
such as linearity of spatial summation.
Indeed, increased RF linearization as a
function of spatiotemporal stimulus
properties has been observed in cat V1
(Fournier et al., 2011) as well as in rat bar-
rel cortex (Ramirez et al., 2014). Studies
that simultaneously measure thalamic
and intracortical input are necessary to
better understand the effect of various
spatiotemporal stimulus distributions on
thalamocortical and intracortical drive.
Nonetheless, the cautionary message is
that RF properties estimated from one
stimulus type may not be appropriate for
prediction of responses to a different
stimulus. This may explain the inability of
the new standard models, estimated from
white noise, to reliably predict neuronal
responses to natural stimuli.
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