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Summary

Direction-selective neurons, which respond selectively to motion in one direction, have been
characterized in visual circuits across many species. Recently, the development of these directional
neurons has been explored in both retina and primary visual cortex. The development of direction-
selective cells in primary visual cortex requires visual experience. In contrast, direction-selective
ganglion cells in retina are present at the age of the earliest light responses. The vision-independent
signals guiding the asymmetric wiring underlying retinal direction selectivity remain unknown. The
details of how retinal and cortical circuits extract motion information could explain their differing
requirements for visual experience in development.

Introduction

Direction selectivity is a basic feature of visual systems that has fascinated neuroscientists for
over 100 years [1]. Direction selective neurons give larger responses to motion in the preferred
direction versus motion in the opposite, null direction. David Hubel first recorded the direction
selective responses in primary visual cortex in the awake cat [2]. Soon after, Barlow and Levick
characterized direction selective retinal ganglion cells (DSGCs) in the rabbit [3]. Directional
preference implies an asymmetry in wiring, however this asymmetry manifests itself
differently in retina versus cortex. While retinal direction selectivity relies heavily upon
inhibition induced by motion in the null direction, cortical direction selectivity relies more
upon the timing of excitatory and inhibitory inputs stimulated by motion in the preferred
direction.

Here we compare the results of recent experiments that reveal a fundamental difference in the
establishment of directional circuits in retina and visual cortex. Namely, retinal direction
selectivity is established at eye-opening independent of visual experience, while direction
selectivity in primary visual cortex (V1) requires visual experience during a critical period
around the time of eye-opening. Though direction-selective responses have been found in many
other locations throughout the nervous system, including subcortical visual pathways as well
as high order cortical areas, we restrict our discussion to direction-selective responses in retina
and primary visual cortex.
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General circuit organization of direction-selective responses in retina and
primary visual cortex
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Models have long been used to guide and interpret the physiological studies exploring the
underpinnings of direction selectivity [4]. The popular “Reichardt detector” exemplifies a
correlation model of motion detection, in which a temporal correlation is computed to obtain
the motion signal from the outputs of two spatially offset luminance receptors activated
sequentially by amoving stimulus [5]. To compare the circuits that mediate direction selectivity
in visual cortex and retina, here we present two other manifestations of the correlation model
originally described by Barlow and Levick (Figure 1). A directional response is obtained by
either facilitating the response to preferred motion and/or inhibiting the response to the null
motion. In the Excitatory (Facilitation) model (Fig 1A), the outputs of two spatially offset
receptors facilitate each other during preferred motion to produce a response that is greater
than the linear sum of the responses generated by each receptor separately. In the Inhibitory
model (Fig 1B), null motion elicits delayed inhibition that “vetoes” the excitatory inputs from
subsequent receptors [6].

The retina contains several types of direction-selective ganglion cells (DSGCs) that fall into
three categories: On-DSGCs, which mediate the optokinetic reflex, Off-DSGCs, a recently
described cell type with asymmetric dendrites, and the On-Off DSGCs originally described by
Barlow and Levick [7,8]. We will limit our discussion to the On-Off DSGCs because they are
the most well-studied. On-Off DSGCs have four subtypes, each preferring motion in one of
the four cardinal directions (posterior, anterior, superior, inferior) that may map onto the four
rectus muscles of the eye [9]. Based on their initial observations, Barlow and Levick concluded
that the Inhibitory model was the dominant component of retinal direction selectivity. They
predicted that the “symmetry-breaking” component of the circuit that provides null direction
inhibition was based on asymmetric inputs from inhibitory interneurons onto excitatory cells.
Indeed, several studies have identified a particular interneuron, the starburst amacrine cell
(SBAC), as the inhibitory cell providing null-side inhibition to direction-selective ganglion
cells [10,11]; for reviews see [12-14]. A surprising recent result revealed that SBACs
themselves have an asymmetric response to motion, with motion away from their somas
causing a larger calcium transient at their distal release sites than motion moving toward the
soma [15]. This has led to the hypothesis that individual processes of SBACs, functioning as
independent computational structures, selectively contact DSGC subtypes tuned to different
directions of motion. Under this hypothesis, any model for the development of direction-
selective circuits in the retina should include selective wiring of SBAC processes onto DSGCs
of different preferred directions.

Direction-selective cells in V1 have been explained both with the Excitatory and Inhibitory
correlation models described in Figure 1 [16]. V1 direction-selective neurons are organized
into subcolumns within an iso-orientation column, with each subcolumn preferring motion in
a different direction. Within a cortical column, V1 neurons show varying directional tuning
ranging from a slight directional bias to a strong bias similar to that seen in the retina. This
range of tuning may reflect a diverse set of mechanisms for generating directional responses
in simple and complex cells [17].

In addition to the models above, direction-selective cells in V1 are often described using
“Motion energy models” [18]. These models, which are formally equivalent to the correlational
models [18,19], square and sum the outputs of non-directional receptive fields to create a
directional receptive field [18,20,21]. These models formalize Hubel and Weisel’s intuition
that cortical direction selectivity can arise from appropriate pooling of non-directional
receptive fields [22]. Unlike retinal DSGCs, which receive asymmetric inhibition, some
directional cells in V1 selectively gather excitatory inputs from non-directional neurons in
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cortex and/or lateral geniculate nucleus (LGN) to create directional preferences [23]. In fact,
whole cell recordings from direction-selective cortical simple cells reveal that maximal
inhibitory currents are elicited by the preferred direction of motion, though they lagged relative
to the excitatory inputs [24]. These findings indicate that a model based on null-side inhibition
is not likely to apply to this subset of V1 directional cells, and a facilitory model based on
nonlinear summation of either geniculocortical inputs and/or intracortical circuitry is more
appropriate.

Development of directional responses in retina occurs independent of vision

How does the selective wiring that underlies direction selectivity in the retina wire up during
development? Three recent studies indicate that this process happens prior to eye-opening and
independent of vision. (Similar results were found for On DSGCs [25]). Using either cell-
attached recordings from single cells [26] or large-scale multi-electrode recordings from
populations of DSGCs [27], robust directional responses were detected before and around the
time eye opening in mice reared under control conditions or in the dark. At this young age,
neither the glutamatergic inputs [28] nor the intrinsic excitability of retinal ganglion cells
[26,29,30] are fully mature, and hence the firing rate in the preferred direction is lower than in
adult animals. In contrast, the firing rate in the null direction is as low as in adult, indicating
that the circuits mediating null-side inhibition are established early in development prior to the
maturation of excitatory pathways. Similar results were found in rabbit retina, where DSGCs
were detected at eye-opening and the strength of directional tuning was not altered by dark-
rearing, although light deprivation did influence the development of other forms of inhibition
[31].

The results above agree with an earlier study which attempted to bias the distribution of
preferred directions for On-Off DSGCs in the rabbit retina [32]. Dark-reared rabbits were head-
fixed daily from eye-opening to adulthood in a drum with vertical stripes rotating in one
direction. The experimenters saw no change in the distribution of DSGC preferred directions
in the adult rabbits, suggesting the training had little effect on the development of the DSGCs.
Together, these results show that retinal direction selectivity develops independent of visual
experience.

Development of directional responses in cortex depends on vision

In sharp contrast to the development of direction selectivity in the retina, direction selectivity
in V1 does not emerge until several days after eye-opening [33]. Dark rearing ferrets from one
week before until one to seven weeks after eye-opening prevented the formation of direction-
selective responses. Visual experience provided later in development did not rescue direction
selectivity, demonstrating that the establishment of direction selectivity in V1 requires visual
experience during a critical period around eye-opening. This is in contrast to other neuronal
response properties in primary visual cortex, such as orientation tuning and ocular dominance,
which are detectable at eye-opening in ferret.

Recently, strong evidence has been provided that visual experience does not merely play a
permissive role, but is a driving force behind the formation of direction selectivity in V1
[34]. Naive ferrets, whose eyes had been open for less than 48 hours, were shown orientated
gratings that moved back and forth along one axis. Remarkably, direction-selective responses
could be detected after as few as 6 hours of training using calcium imaging to monitor responses
in individual cortical neurons. In as little as 10 hours, direction-selective maps were induced
asassayed by intrinsic signal imaging, a technique sensitive to changes in activity in contiguous
neuronal populations with similar response properties. In the course of normal development,
direction-selective maps would have become detectable 2—3 days later [33]. The rapid
acquisition of direction-selective responses induced by the directional visual stimulus strongly
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suggests that vision plays an instructive role during normal development [35], possibly through
mechanisms such as spike-timing dependent plasticity [36] (see below).

Proposed models for the development of direction selectivity

Why is the establishment of direction selectivity in V1 more sensitive to visual stimulation
than the establishment of direction selectivity in retina? Here we explore the possibility that
the answer lies in the details of the circuitry underlying direction selectivity in these two
different parts of the visual system.

First consider the retina, where the computation of direction selectivity relies upon strong
inhibition of inputs triggered by motion in the null direction. The timing of this inhibition is
not critical so long as its duration is sufficient to suppress the subsequent excitatory inputs
[3,37]. Wiring up null-side inhibition requires matching SBAC processes, which act as
independent motion detectors, with DSGCs cells of appropriate directional preference. There
are several scenarios under which this precise wiring can occur. In one scenario, molecular
markers specific to each DSGC subtype ensure that DSGCs form synapses only with
appropriately oriented SBAC processes. A second scenario is that there is an initial bias in the
wiring of directional circuits that is reinforced by strengthening of appropriate synapses. In a
third scenario, there is initially a uniform distribution of inhibitory synapses that are later
pruned into directional circuits by eliminating synapses formed with inappropriate SBAC
processes.

Given the current data, any of the above three scenarios are possible. All three rely upon the
idea that there is a molecular signature that matches the four quadrants of SBAC processes
with the four subtypes of DSGCs. Though there is recent evidence that other types of DSGCs
have different molecular signatures [8,25,38], it remains unknown whether a single SBAC
expresses four different markers on its processes as predicted by the model.

In the second and third scenarios, where synaptic strengthening or pruning is involved, a critical
role is likely to be played by neural activity. Since retinal direction selectivity is established
early in development, independent of visually driven activity, an intriguing possibility is that
it relies on spontaneous activity present in the immature retina. This early patterned activity,
termed retinal waves, can serve as a directional source of activity prior to the maturation of
vision. Retinal waves provide important cues for the establishment of normal retinotopic and
eye-specific maps of retinal projections [39]. Do retinal waves play a role in the establishment
of DSGCs? During the first ten days after birth, retinal waves in mouse retina are mediated by
a temporary cholinergic circuit comprised of retinal ganglion cells and SBACs, later replaced
by a glutamatergic wave generation mechanism [40,41]. Using a mouse model with disrupted
cholinergic waves (2-nAChR-KO), we found DSGCs with robust tuning present at eye-
opening [27]. However, recent studies indicate that under different physiological conditions,
B2-nAChR-KO mice can exhibit non-cholinergic propagating waves [30], which, if present in
vivo, may compensate for the absence of normal wave activity. In addition, glutamatergic
waves appear 2—3 days earlier in f2-nAChR-KO mice compared to wild type mice. Therefore
additional experiments are required to determine whether correlated spontaneous activity of
the developing retina plays a role in the establishment of directional circuits.

In contrast to retinal DSGCs, directional responses in some cortical cells arise primarily from
facilitating the excitatory inputs triggered by preferred motion, a nonlinear summation process
that relies on the precise timing of those inputs [20]. White and colleagues [42] have postulated
that development of directional responses in V1 requires two components: (1) maturation of

receptive fields in the lateral geniculate nucleus (LGN), to ensure the precise timing of visual
inputs; and (2) modification of synaptic strengths in cortex via an activity-dependent plasticity
mechanism. The reliance upon retinotopic tuning of mature LGN receptive fields is consistent
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with the observations that dark rearing prevents the formation of robust center-surround
receptive fields in LGN [43,44]. The plasticity mechanism required for the modification of
synaptic strengths in V1 may come in the form of spike-timing dependent plasticity (STDP)
[36]. STDP relies upon correlated firing of inputs, but more importantly, it relies upon the
order of the activation of those inputs, and therefore provides a potential mechanism for
encoding the timing of inputs induced by motion [45]. Indeed, STDP has been implicated in
the establishment of direction responses induced in subcortical structures [46] by visual
training. The lack of a detailed understanding of the cortical circuitry mediating direction-
selectivity prevents more specific model predictions.

While our understanding of the circuitry behind direction selectivity has greatly improved since
the earliest reports over 50 years ago, our journey in solving the developmental questions
surrounding this remarkable feature of visual circuits is just beginning. Given the pace of recent
discoveries, we may not have to wait another 50 years for the answers.
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Figure 1. Two ways of implementing the correlation model of direction selectivity postulated by

Barlow and Levick

A The Excitatory (or Facilitation) model hypothesizes that the preferred motion elicits
excitatory responses from receptor A whose delayed output combines with the excitatory
output from B (via an ‘And’ conjunction gate) to produce a response that is greater than
expected from the linear sum of the responses generated by the individual receptor inputs.

B: The Inhibitory model relies upon delayed inhibition arising from null direction motion to
“veto” the excitatory responses of subsequent receptors. Using apparent motion stimuli
consisting of two bars flashed with a time delay in adjacent spatial locations, Barlow & Levick
found that the apparent motion in the null direction strongly suppressed the response to the
second bar. While they also detected facilitation in the preferred direction, the strong null
inhibition led Barlow and Levick to favor the Inhibitory model as the primary source of

directional responses in the retina.
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