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Does experience provide a permissive or
instructive influence on the development
of direction selectivity in visual cortex?
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Abstract

In principle, the development of sensory receptive fields in cortex could arise from experience-independent mechanisms
that have been acquired through evolution, or through an online analysis of the sensory experience of the individual
animal. Here we review recent experiments that suggest that the development of direction selectivity in carnivore visual
cortex requires experience, but also suggest that the experience of an individual animal cannot greatly influence the
parameters of the direction tuning that emerges, including direction angle preference and speed tuning. The direction
angle preference that a neuron will acquire can be predicted from small initial biases that are present in the naïve cortex
prior to the onset of visual experience. Further, experience with stimuli that move at slow or fast speeds does not alter
the speed tuning properties of direction-selective neurons, suggesting that speed tuning preferences are built in. Finally,
unpatterned optogenetic activation of the cortex over a period of a few hours is sufficient to produce the rapid
emergence of direction selectivity in the naïve ferret cortex, suggesting that information about the direction
angle preference that cells will acquire must already be present in the cortical circuit prior to experience. These
results are consistent with the idea that experience has a permissive influence on the development of direction
selectivity.
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Background
It is apparent that many features of our behavior, and thus
features of our brains, are learned. Children raised in an en-
vironment where a language such as French is not spoken
do not spontaneously speak French, while children raised
in a French-speaking environment typically learn to speak
French. We ski and use tools that must be learned. We
learn to avoid tastes of food that previously made us sick
[1]. We can learn to read with substantial training [2].
Clearly, experience has a major influence on our brain.
But in this work, we consider the more specific and re-

duced problem of the development of basic sensory
neuron receptive fields in the visual cortex of mammals.

Presumably, these receptive fields are designed in order
to optimally interpret the world as experienced by the
array of photoreceptors on the retina, which lies at the
end of an image-forming lens. That is, in the case of the
visual system, these sensory neurons would examine im-
ages and extract features that are necessary for basic
navigation within the environment, object segregation,
predator avoidance, mate identification, etc.
One might imagine two extreme hypotheses about the

development of sensory detector neurons in cortical sen-
sory areas. In principle, there is no reason why the prop-
erties of these basic sensory detectors could not have
been determined over generations of evolution and nat-
ural selection, without the need to rely on the sensory
experience of an individual animal [3]. The types of im-
ages that would be observed within a given ecological
niche have likely not changed considerably in hundreds
of millions of years.
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On the other hand, developing mammals undergo
a long, protected period of parental rearing, which
would enable an individual animal to have consider-
able sensory experience before attaining independ-
ence [4]. Therefore, perhaps the visual system can
develop its sensory response properties solely using
the statistics of stimuli that are experienced by an
individual animal. Several unsupervised computa-
tional learning models of development have shown
that neurons in randomly seeded networks, when
trained with images of natural scenes, acquire recep-
tive field properties that greatly resemble receptive
field properties of neurons in primary visual cortex;
they exhibit features like orientation selectivity and
spatial frequency tuning [5–7]. Until the last decade,
one could have reasonably argued whether the entire
visual system, including cells selective for high-level
features like faces, could really be built from scratch,
but modern deep learning systems that are trained
on enormous sets of data, such as a huge repository
of images and videos on the internet, exhibit the
ability to identify objects or faces (e.g., [8, 9]). These
deep learning networks show similarity to the hier-
archical organization of the visual system in pri-
mates, exhibiting progressively more complicated
and selective receptive fields as one moves away
from the analog of the photoreceptors. In the first
layers, deep learning unit response properties resem-
ble those of early visual cortical neurons, while
higher layers can exhibit selectivity for classes of ob-
jects or faces, much like neurons in the inferior tem-
poral (IT) cortex in primates [10–12].
This argument shows that a “thought analysis” of

the information processing problem to be solved by
the visual system (Marr’s “first level”) [13], in this
case, does not usefully constrain broad ideas about
nature vs. nurture with respect to how primary sen-
sory neurons actually develop in mammals. While
these thought analyses are useful in dissecting many
problems in systems neuroscience, they do not offer
much in the way of constraints for understanding this
development. In principle, the properties of primary
cortical sensory neurons could be built-in and not re-
quire the sensory experience of the individual animal,
or these properties could be learned via the sensory
experience of individual animals.
In this review, we consider the development of re-

ceptive field properties in the primary visual cortex of
carnivores. We focus in particular on the development
of orientation selectivity and direction selectivity
(Fig. 1), as many review articles already focus on the
development of visual acuity and ocular dominance
columns and the impact of deprivation such as in the
disease amblyopia (e.g., [14, 15]). We present evidence

from a series of recent studies from our group that
suggests that while experience is necessary for the de-
velopment of direction selectivity, the parameters of
the direction tuning that develops are largely deter-
mined before the onset of visual experience. There-
fore, we argue that visual experience has a largely
permissive role in the development of direction
selectivity.

b

a

Fig. 1 Orientation and direction selectivity in visual cortex. a Left: A
bar visual stimulus that is swept back and forth across the receptive
field of a cortical neuron. The orientation of the bar is varied over 4
angles, and the direction of motion of the bar is varied over 8
directions. Right: Responses to stimulation at different orientations and
directions. This particular neuron responds to many orientations and
directions, but provides particularly strong responses for stimuli
moving up and to the right. b A tuning curve graph of the responses
of the same cell as a function of direction angle. The preferred
direction and the “null” direction (direction opposite the preferred) are
indicated. Adapted from [36, 78]
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Main text
Orientation selectivity is present at the onset of visual
experience but direction selectivity requires visual
experience
At the time of eye opening, neurons in primary visual
cortex of cats and ferrets already exhibit substantial se-
lectivity for stimulus orientation [16–20]. These species
open their eyes postnatally, after several days or weeks
of life (approximately 1 week for kittens, and 1 month
for ferrets), and one may reasonably ask whether the low
resolution, low contrast vision that is permitted through
the closed lids, and drives visual responses [21, 22], is
necessary for the development of orientation selectivity.
However, orientation selectivity has also been found in
ferrets that have been dark-reared from before the time
that visual responses can be driven through the closed
eyes [23], suggesting that no visual experience of any
type is required for the development of orientation se-
lectivity. Orientation selectivity does increase in magni-
tude with visual experience [16], and can be degraded by
impoverished experience such as binocular lid suture
[24], but all current evidence suggests that the naïve vis-
ual cortex exhibits orientation selectivity.
In carnivore visual cortex, a majority of neurons are

not only selective for stimulus orientation, but also re-
spond more vigorously when a preferred stimulus moves
in a particular preferred direction [25–27]. Direction se-
lectivity is not present at the time of eye opening, and
matures greatly over the subsequent 2 weeks [19] (see
Fig. 2). Direction selectivity does require visual experi-
ence, as animals that are dark-reared do not acquire dir-
ection selectivity [19]. Further, there is a critical period
for the development of this selectivity: animals that are
dark-reared for about 2 weeks after the time of natural

eye opening, and subsequently reared in typical light/
dark conditions for 2–3 additional weeks, did not de-
velop direction selectivity [19]. These typical increases in
direction selectivity over the first 2 weeks after the onset
of visual experience allow for a more robust discrimin-
ation of direction by downstream neurons [28].
While there has been less research on the develop-

ment of direction selectivity in primary visual cortex of
primates, the available evidence shows that direction se-
lectivity also develops postnatally in macaques. The eyes
of macaque infants are open at birth; orientation select-
ivity is already present at birth, but direction selectivity
develops to adult-like levels over about the first 4 weeks
[29] (see Fig. 2). Direction selectivity is organized differ-
ently in the primate, as it is largely confined to specific
layers of primary visual cortex [30–32], whereas in carni-
vores like the cat and the ferret, direction selectivity is
found to some degree in all cells in columns that span
all layers. In carnivores, it appears that direction selectiv-
ity is the fundamental property that is mapped across
the cortical surface [25, 27, 33]. While we are not aware
of a physiological experiment that examines whether vis-
ual experience is necessary for the development of direc-
tion selectivity in primates (such as a dark-rearing
experiment with measurements of direction selectivity),
psychophysical studies in humans have shown that indi-
viduals who have experienced poor vision in both eyes
have much higher motion detection thresholds than
those who have had good vision in a single eye or both
eyes [34], suggesting that experience may be necessary
for direction selectivity in primates as it is in carnivores.
In the ferret, very little experience is required for the

emergence of direction selectivity. A study that used
2-photon imaging to monitor receptive fields over time

ba

Fig. 2 In ferrets and primates, direction selectivity develops postnatally. In ferrets, it has been shown that the development of direction selectivity
requires visual experience. a Profile of development of orientation selectivity and direction selectivity in ferrets [19] and rough equivalent in macaque
from [29]. b The influence of experience on the development of direction selectivity in ferret. Light-reared animals (that is, typically-reared animals)
exhibit strong direction selectivity for animals P63 or older [19]. By contrast, dark-reared animals P63 or older exhibit poor selectivity for direction
selectivity. Animals that were dark-reared until P45–50 and then reared under typical conditions (“Early dark-reared”) also failed to develop direction
selectivity, indicating that early visual experience is required for the proper development of direction selectivity [19]. Animals that were dark-reared
only until P35, and then allowed 2–3 weeks of visual experience, exhibited strong direction selectivity [19]. Finally, artificial experience with moving
stimuli for 3–6 h is sufficient to cause a rapid increase in direction selectivity in visually naïve ferrets [35]. Adapted from [19]
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found that just 3–6 h of visual experience with a stimu-
lus that moved back and forth was sufficient to cause
the rapid emergence of direction selectivity in anesthe-
tized ferrets [35] (Fig. 2b). These results indicated that
direction-selective neurons are initially orientation-se-
lective only, and then acquire direction selectivity with
experience. By contrast, experience with a flashing ori-
ented stimulus did not cause an increase in direction se-
lectivity, indicating that visual experience with a moving
stimulus was important for this rapid development.
Given that experience is necessary for the emergence

of direction selectivity, it is interesting to ask how the
parameters of direction tuning – magnitude of selectiv-
ity, direction angle preference, and speed tuning – are
derived. Are these tuning parameters already specified in
the naïve circuit, such that visual experience simply
serves a permissive role to complete processes that are
fully seeded at the onset of visual experience? Or, is the
cortex performing some sort of information analysis on
the images that it sees, and deriving these tuning param-
eters based on the qualities of visual experience, such
that experience instructs the determination of these tun-
ing parameters?

Initial biases predict eventual direction preferences
The fact that experience with a bidirectional motion
stimulus could cause the rapid emergence of direction
selectivity raised an interesting conundrum. There was
no information in the stimulus that would have
instructed the neurons to choose one particular direc-
tion to prefer over another. So, what factors caused the
neurons to express a direction preference? Even though
individual cells initially exhibited very weak direction se-
lectivity that, in most cases, was not statistically signifi-
cant (see [36]), an analysis of the similarity of physically
nearby cells (< 100 μm) indicated that there were very
slight but significant initial biases in the emerging map
[35] (Fig. 3a). That is, cells in small regions of the map
were more likely to exhibit similar tiny biases towards a
particular direction than was expected by chance. These
initial biases were predictive of which direction angle
preference neurons would acquire during stimulation
with a bidirectional stimulus. These initial biases were
also found in dark-reared animals, suggesting that ex-
perience through the closed lids is not necessary for
their formation. This is the first indication that informa-
tion about some of the parameters of the direction se-
lectivity that will emerge – in this case, direction angle
preference – is already weakly present in the circuit be-
fore the onset of visual experience.
Are these initial biases immutable, in that they com-

pletely determine the direction preference that will
emerge? Or can appropriate experience alter the direction
preference that a cell will acquire? To address this

question, we provided animals with experience with stim-
uli that moved in a single direction [23, 35]. We found
that the direction selectivity that emerged depended
greatly on the position of cells within the emerging map
(Fig. 3b). Cells in regions of the emerging map that
matched the direction of visual stimulation that was pro-
vided exhibited very strong increases in direction selectiv-
ity. Cells in regions of the emerging map that exhibited
biases for the direction opposite to that provided exhibited
no significant change in direction selectivity. And cells in
regions that did not exhibit a coherent bias became
slightly more selective to the direction of the visual stimu-
lus that was provided.
This evidence is consistent with both permissive and

instructive processes. The fact that neurons in regions
that exhibited biases to the direction opposite to that
provided in the training stimulus did not show increased
selectivity indicates that these neurons did not flip their

b

a

Fig. 3 Initial biases in the naïve cortex correlate with the direction
angle preference that is acquired. a Left: Sketch of imaging field in
ferret visual cortex at the onset of visual experience. Neurons exhibit
very weak direction selectivity, as indicated by small arrows. Nevertheless,
there are regions that have statistically significant biases for particular
directions, such as right (green) and left (blue) as shown [35]. These
biases are found even in animals that have been dark-reared [23],
suggesting that they are formed independent of any visual experience,
including that through the closed lids. Middle: Artificial experience of
3–6 h with moving visual stimuli is sufficient to produce the rapid
emergence of direction selectivity in visual cortex. In this case, stimuli
moved in one of two opposite directions (random alternation), 5 s on,
5 s off, in 20 min blocks, with a 10 min rest period. Right: Sketch of
imaging field after bidirectional experience, with enhancement of
direction selectivity in both regions [35]. b Left: Sketch of initial imaging
field at the onset of visual experience. Middle: Animal is provided with
3–6 h of artificial experience with moving stimuli, but here the stimuli
move only in a single direction. Right: Sketch of imaging field after
unidirectional experience. Neurons in regions that were biased toward
the “trained” direction exhibit robust increases in direction selectivity.
Neurons in regions that were biased to the opposite direction showed
little change. Neurons in intermediate regions could be recruited to
exhibit selectivity for the trained direction [23]
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direction angle preference to match the training stimu-
lus. This result is consistent with a permissive role for
experience; those regions did not receive experience with
a stimulus that matched its biases, so selectivity did not
increase. However, this experiment does not settle the
issue, as one could object that we simply did not provide
stimulation of sufficient duration (only 3–6 h of stimula-
tion was used) to alter these preferences. Further, neu-
rons in regions that did not exhibit coherent biases did
gain some selectivity to the trained stimulus, indicating
that there may be some instructive processes that con-
tribute to the emergence of direction selectivity.

In principle, instructive mechanisms could be at play
In the face of inconclusive evidence for permissive and
instructive processes, we sought to build a computa-
tional model that was instructive but that could also ac-
count for the reinforcement of initial biases [37]. We
hoped that this model would yield experimental predic-
tions that would provide strong tests for instructive
processes.
We constructed a feed-forward model of lateral gen-

iculate nucleus (LGN) inputs onto a single V1 neuron.
We represented the LGN as an array of spot detector
neurons with a range of position and latency prefer-
ences, much as cells in the real LGN (Fig. 4a, b). We fur-
ther postulated that Hebbian plasticity mechanisms were
operating at LGN-to-V1 synapses, so that connections
from LGN neurons that fired before the V1 cell would
be strengthened, while connections from LGN neurons
that fired after the V1 cell would be weakened. As is typ-
ical in Hebbian models, we constrained synaptic weights
to be smaller than a ceiling value, to prevent runaway
excitation.
We imagined that, initially, the V1 neuron would re-

ceive weak inputs from many LGN neurons with a wide
range of position and latency preferences. If the neuron
were provided experience with unidirectional stimula-
tion at a particular speed, then connections from LGN
neurons at the appropriate positions and latency prefer-
ences would be strengthened while other connections
would be weakened, and the neuron would exhibit
strong responses to the experienced stimulus. However,
in the presence of bidirectional visual stimulation, the
V1 neuron would become more responsive to stimula-
tion in both of the stimulated directions, which would
have resulted in a more responsive neuron but a neuron
that exhibited no increase in direction selectivity, oppos-
ite to what is observed in V1 neurons in ferret visual
cortex.
To address this issue, we added feed-forward inhibition

to the cortex. Further, we added activity-dependent in-
creases in the strength of the input from the feed-forward
cortical interneuron onto the V1 excitatory neuron, as was

observed in slice recordings in rat visual cortex [38]. This
feature forces a competition among the inputs to the V1
neuron; with each stimulus, the feed-forward inhibition
rises, so only those inputs that can drive the V1 neuron
above the rising inhibition will persist; others will be weak-
ened by the Hebbian plasticity. When this feed-forward
inhibition was added, then bidirectional training produced
a direction angle selectivity that matched the cell’s initial
bias, whether that bias was subthreshold or suprathres-
hold (Fig. 4c, d). In addition, unidirectional stimulation
still caused the emergence of a direction angle selectivity
to the experienced stimulus.
This model posited several testable hypotheses: a) that

the initial feed-forward LGN input to cortical neurons is
diffuse and broad, with inputs from cells with a variety
of spatial preferences and latencies possible; b) that Heb-
bian synaptic plasticity rules are operating at LGN-to-V1
synapses; c) that intracortical inhibition provides for
competition among feed-forward inputs to force select-
ivity; and d) that, in addition to the formation of direc-
tion selectivity, the emergence of speed tuning should be
experience-dependent (follows from point a).

Short-term experience with stimuli at particular speeds
does not alter speed tuning
In our next project, we tested some predictions of our
modeling work in an experiment. To test the model fea-
ture that initial feed-forward LGN inputs were diffuse
and broad – that is, that inputs from LGN cells with
many possible positions and latencies were capable of
providing input to individual V1 neurons – we examined
whether the speed of the experienced stimulus would in-
fluence both the direction and speed tuning that would
be acquired. The diffuse and broad hypothesis is con-
trasted with an alternative hypothesis – that inputs are
initially sparse and constrained – in Fig. 5a. Under the
broad hypothesis, experience with stimuli at a particular
speed should cause inputs from LGN cells with positions
and latencies that support responses to that speed to
increase, and the neuron should acquire direction se-
lectivity and also speed tuning that matches the expe-
rienced stimulus (Fig. 5c, d). On the other hand, if
connections are initially sparse and constrained to
grow according to a predetermined pattern, then the
speed of the experienced stimulus should increase dir-
ection selectivity but should not influence the speed
tuning that emerges (Fig. 5e, f ).
To accomplish this, we measured speed tuning and

direction selectivity before and after visual training in
3 groups of naïve animals that were provided with
different types of visual experience. One group of ani-
mals was provided experience with moving visual
stimuli that drifted at 12.5°/sec; a second group of an-
imals was provided experience with moving visual
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stimuli that drifted at 50°/sec; and a third group of
animals simply observed a gray screen and served as
a control. Experience with either slow or fast stimuli
(but not a gray screen) caused an increase in direc-
tion selectivity as expected, but the visual stimulus
that was experienced by the animal did not influence
the speed tuning of V1 neurons. All neurons main-
tained a preference for 25°/sec. This evidence suggests
that information about speed tuning is already present
in the visual system before the onset of visual experi-
ence, and indicates that short-term exposure to stim-
uli at different speeds does not alter speed tuning in

V1 neurons [39]. This result suggests that cortex cannot
selectively amplify inputs with arbitrary spatial position
preferences and arbitrary latencies/delays, and is more
consistent with the idea that the positions and latencies/
delays are already specified prior to the onset of experi-
ence. That is, these data are most consistent with the pic-
ture presented in (Fig. 5e, f ).

Direct cortical stimulation causes the rapid emergence of
direction selectivity
We also sought a more direct test to examine the ability
of neural activity to shape – or not to shape – the

a

c

b

d

Fig. 4 A feed-forward model with Hebbian plasticity and increasing feed-forward inhibition can, in principle, develop direction selectivity in an
instructive manner. a Schematic of the feed-forward model [37]. An array of LGN neurons with a broad array of different position preferences and
response latencies provide input to a cortical excitatory neuron and a feed-forward cortical inhibitory neuron. The cortical inhibitory neuron provides
input to the excitatory neuron. The picture shows an immature network that has a slight (subthreshold) bias for downward motion (darker LGN cells
indicates slightly stronger weight). Connections from LGN to the cortical excitatory neuron undergo spike-timing-dependent plasticity, while the
synapse from the cortical inhibitory neuron onto the cortical excitatory neuron increases with each bout of stimulation, forcing competition among
the inputs [38]. b Responses from the naïve model cortical neuron and LGN neurons to upward and downward stimuli. Each row of LGN cells
responds to stimuli at a particular position, with varying latencies. Each black square represents the spiking activity of a single LGN cell. In the middle
of the stimulus, the 5 LGN cells along each diagonal are activated simultaneously, allowing the cortical excitatory neuron to fire. c Connections after
hundreds of bidirectional stimulation events. The increasing inhibition has forced the cortical excitatory neuron to develop selectivity for downward
motion; the LGN inputs that support upward motion (the direction opposite the initial bias) are eventually weakened, because they do not drive the
cell after the feed-forward inhibition has developed to full strength. d After training, the cortical neuron responds to stimulation in the downward
direction exclusively. Stimulation with downward motion at the appropriate speed (Δd/Δt) will cause the 5 cells that comprise the diagonal to be
activated simultaneously, providing strong drive to the cortical neuron. Stimulation with upward motion activates the same 5 LGN cells,
but asynchronously, such that they do not drive the cortical cell. Adapted from [37, 39]

Roy et al. Neural Development  (2018) 13:16 Page 6 of 11



parameters of selectivity of cortical neurons. The
light-activated channel channelrhodopsin2 (ChR2) al-
lows a neuron to be driven directly with light. We com-
bined viral expression of ChR2 in the cortex of naïve
ferrets with the use of a custom-built ProjectorScope
that allows the image of an LCD projector to be minified
and projected directly onto the surface of the cortex
[40]. Because there is a retinotopic map of the visual
field on the cortical surface, we could mimic a mov-
ing visual stimulus by producing a sweep of activity
across the cortex.

We specifically wanted to test if neural activity that
mimicked a moving visual stimulus was required to de-
velop direction selectivity, and to further test if we could
impose a direction angle preference by repeatedly pro-
viding sweeps of activity that corresponded to motion in
a particular direction in retinotopic space. We initially
measured orientation and direction tuning as in our pre-
vious experiments (Fig. 6a, b). Then, we provided experi-
ence with an optogenetic stimulus (Fig. 6c). In some
experiments, we provided a full-field flashing stimulus
(1 s on, 10s off ) to see if direct cortical activation was

a

b

c

e f

d

Fig. 5 Hypotheses about initial circuit and the effect of speed training. a Hypotheses about initial circuit. In Possible Juvenile State I, the cortical
neuron can receive input from an array of LGN cells with a wide variety of position preferences and latencies. In Possible Juvenile State II, the
cortical neuron is pre-constrained to receive inputs from cells with particular position and latency values. b Hypothesized adult state. Neurons
with particular position and latency preferences converge on the cortical neuron, resulting in direction selectivity. c Impact of providing experience
with stimuli moving at different speeds. In Juvenile State I, only LGN neurons with positions and delays that were activated by a particular speed are
strengthened, resulting in speed selectivity that matches the experienced speed. d Speed selectivity before and after training under Juvenile State I.
e In Juvenile State II, the eventual speed tuning is built-in before the onset of experience, and visual experience with moving gratings merely
enhances this pre-constrained tuning. f Speed selectivity before and after training under Juvenile State II. Experiments in ferrets strongly resembled the
outcomes in (e) and (f) [39]. Adapted from [39]

a b c d

Fig. 6 Direct cortical activation in visually naïve ferrets produced an increase in direction selectivity. a Engineered viruses that cause the expression of
Channelrhodopsin-2 were injected in young ferrets several days before eye opening. b Initial orientation and direction selectivity were assessed with
visual stimuli. c Next, the visual display was switched off and patterned light was shone on the cortex to produce specific activity patterns for several
hours. d Periodically, the visual display was switched on and orientation and direction selectivity were assessed with visual stimulation. We found that
9 h of this direct cortical stimulation protocol resulted in an increase in cortical direction selectivity [40]. Adapted from [40]
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sufficient to produce direction selectivity [40]. In other
experiments, we provided a grating stimulus that drifted
in a particular direction across the cortical surface. In a
final group, we provided the drifting grating stimulus in
animals that did not undergo virus injections for ChR2,
to serve as a control.
We found that activation with either full-field flashing

stimuli or drifting grating stimuli was sufficient to cause
the rapid emergence of direction selectivity (Fig. 6d). Im-
portantly, animals that did not express ChR2 did not
show an increase in direction selectivity. These results
imply that information about the direction preference
that each neuron should acquire was already present in
the circuit at the onset of stimulation, and that
non-specific activation was sufficient to cause the forma-
tion of direction selectivity. Furthermore, in animals that
were provided drifting grating stimulation, we found no
tendency for neurons to acquire a direction angle prefer-
ence that matched the mimicked visual direction of mo-
tion, suggesting that direct activity in the cortex could
not, under these conditions, impose a direction angle
preference [40]. This evidence is again consistent with
the idea of a permissive role for visual experience in
the development of direction selectivity: information
about parameters such as direction preference appears
to be sufficiently encoded in the initial circuit and
difficult to modify.
These direct stimulation experiments raise the

question of how cortical mechanisms alone, without
stimulation of the retina and LGN, might underlie
the development of direction selectivity. In a recent
modeling study [41], we explored many models in
which cortical intrinsic connections could be modi-
fied by activity in order to increase direction select-
ivity. In one plausible model, we imagined that local
cortico-cortical connections were initially so strong
that they caused the cortical response to be un-
selective; that is, they “blurred” feed-forward input
that was selective. Cortico-cortical connections were
endowed with Hebbian plasticity with a slight bias
towards reducing synaptic weights on average. Activ-
ity patterns that simulated visual experience served
to reduce the coupling across direction columns so
that the pre-existing selective feed-forward input
could be more faithfully amplified. This model
reproduced the set of changes in selectivity with
unidirectional and bidirectional training that was
observed in vivo.
While our ProjectorScope experiments suggest that

modification of cortical circuits alone is sufficient to
produce increases in direction selectivity [40], it may be
the case that both feed-forward and cortical-intrinsic
mechanisms are at work in typical development of the
visual system.

Can the mouse help us uncover the origins of the circuit
mechanisms of cortical direction selectivity?
The short answer is that it’s complicated – some aspects
of the development of direction selectivity in the mouse
don’t depend on visual experience. The overall develop-
ment of direction-selective cells in mouse visual cortex
does not depend on visual experience [42], as it does in
carnivores and apparently primates. This is likely due to
the fact that the mouse has a high percentage of
direction-selective ganglion cells already in the retina (~
25%), and these cells project to LGN relay cells that pro-
ject to cortex [43]. Carnivore retina exhibits a much
smaller percentage of direction-selective retinal ganglion
cells (cats: ~ 1%) [44]. Therefore, while it is likely that any
feed-forward direction-selective input channel from the
retina is very small in carnivores and likely doesn’t con-
tribute meaningfully to cortical direction selectivity, this is
not the case in mice. However, it still may be possible to
study direction selectivity in the mouse that arises from
retina-independent channels. A recent study found that
some direction selectivity remained in the cortex after par-
tial or total genetic ablation of direction-selective retinal
ganglion cells in the mouse retina [45]. Retina-independ-
ent direction selectivity could, in principle, be studied in
these modified mice.

Conclusions
We have argued that the bulk of the present evidence
suggests that experience has a permissive role in the de-
velopment of direction selectivity in ferret visual cortex.
Experience is required in order for direction selectivity
to emerge, as it does not emerge in dark-reared animals
[19]. But, the experience of an individual animal appar-
ently has a limited ability to alter the parameters of
direction tuning, such as direction angle preference and
speed tuning.
These recent findings immediately beg two major

questions about the development of receptive field prop-
erties in the cortex.
If the parameters of direction tuning – magnitude of

selectivity, direction angle preference, and speed tuning
– are specified independent of visual experience, then
how are these parameters specified mechanistically? Are
the patterns of spontaneous activity in the developing
retina, LGN, and cortex critical to establishing these pa-
rameters [46–52]? Or are these parameters determined
by molecular cues that direct the early patterning of
connections among these areas [53], as is the case for
the initial retinotopic organization of these connections
[54]?
A second major mystery that remains is to understand

the circuit mechanisms that underlie the parameters of
direction tuning in adult animals. In the domain of orien-
tation selectivity, we are much more knowledgeable. The
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neural mechanisms underlying orientation selectivity has
been reviewed elsewhere (e.g., [55]), but, for example,
experimental work has identified several key features
that determine orientation selectivity, including the
projections of collinear LGN receptive fields onto sin-
gle neurons [56–58], and push/pull of excitation and
inhibition [59–62] that would be needed to allow
orientation selectivity across a range of contrasts [63,
64]. Local non-linearities arising from the clustering
of orientation-selective inputs on dendrites of cortical
neurons may also play an important role [65]. How-
ever, we know only a little about the arrangement of
LGN inputs with respect to position and latency. We
know more about how the timing of inputs from ex-
citatory and inhibitory neurons influences direction
selectivity [66], but the circuit origins of these inputs
are still unclear. The field has a number of hypoth-
eses about the circuit mechanisms [37, 67–71], but
the exact circuit mechanisms that underlie the emer-
gence of direction selectivity specifically in the visual
cortex of carnivores and primates remain to be de-
termined. Knowledge of the circuit mechanisms of
direction selectivity could shed light on the pro-
cesses of development, just as understanding the
processes of development can shed light on the cir-
cuit mechanisms in the mature animal.
It is worth noting that while we focused on basic ca-

nonical features of cells early in the visual pathway such
as orientation and direction selectivity in response to
full-field stimulation, neurons in the primary visual cor-
tex are known to respond in a more intricate manner
depending on the visual context of the stimulus falling
directly on their receptive field [72, 73]. The traditional
measures of direction and orientation selectivity do not
necessarily tap into these aspects of coding. Therefore,
we do not have the full picture of how the development
of these more complex characteristics of selectivity
might depend on early experience. Indeed, prelimin-
ary data using more sophisticated measures of
developmental changes of neural behavior suggest
that, while basic characteristics are left largely
unaffected, experience strongly influence the emer-
ging complex properties of cells related to integrat-
ing orientation and direction information into an
internal representation [74, 75].
Interestingly, we also found recently that cross-orien-

tation suppression and surround suppression emerged in
the ferret primary visual cortex regardless of whether
the animal had any visual experience [76]. Thus, a
picture is emerging, in which evolutionarily determined
and experience-permitted processes scaffold basic
mechanisms of the visual system, such as sensitivity to
orientation and direction information. We know that
experience must have significant influence on the brains

of individuals, as we can learn to read or learn other
practiced skills. But perhaps the properties that are
tuned by early experience are only observable by more
sensitive measures such as natural scene responses or
higher order statistics [77].

Abbreviations
LCI: Local coherence index; LGN: Lateral geniculate nucleus; V1: Primary
visual cortex

Acknowledgements
We thank Leonard White, David Fitzpatrick, and our colleagues in the Fitzpatrick
lab and elsewhere for many useful discussions on this topic over the
last decade.

Funding
EY022122 from National Eye Institute/National Institutes of Health, to SDV
and PM; IOS 1120938 from National Science Foundation to JF and SDV.

Authors’ contributions
SDV wrote the paper. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details
1Department of Biology, Brandeis University, 415 South St. MS008, Waltham,
MA 02454, USA. 2Volen Center for Complex Systems, Brandeis University, 415
South St. MS008, Waltham, MA 02454, USA. 3Sloan-Swartz Center for
Theoretical Neurobiology, Brandeis University, 415 South St. MS008, Waltham,
MA 02454, USA. 4Department of Cognitive Sciences, Central European
University, Budapest, Hungary.

Received: 10 January 2018 Accepted: 26 June 2018

References
1. Katz DB, Sadacca BF. Taste. In: Gottfried JA, editor. SourceNeurobiology of

sensation and reward. Baco Raton, FL: CRC Press; 2011.
2. Wolf M. Proust and the squid: the story and science of the reading brain.

NY: HarperCollins; 2007.
3. Purves D, Morgenstern Y, Wojtach WT. Perception and reality: why a wholly

empirical paradigm is needed to understand vision. Front Syst Neurosci.
2015;9:156.

4. Allman JM. Evolving brains. New York: Scientific American Library; 1999.
5. Bell AJ, Sejnowski TJ. The “independent components” of natural scenes are

edge filters. Vis Res. 1997;37:3327–38.
6. Olshausen BA, Field DJ. Emergence of simple-cell receptive field properties

by learning a sparse code for natural images. Nature. 1996;381:607–9.
7. Simoncelli EP, Olshausen BA. Natural image statistics and neural

representation. Annu Rev Neurosci. 2001;24:1193–216.
8. Le QV, Ranzato MA, Monga R, Devin M, Chen K, Corrado GS, Dean J, Ng AY.

Building high-level features using large scale unsupervised learning.
Proceedings of the 29th International Conference on Machine Learning,
Edinburgh, Scotland, UK; 2012.

9. Zeiler MD, Fergus R (2013) Visualizing and Understanding Convolutional
Networks.

10. Chang L, Tsao DY. The code for facial identity in the primate brain. Cell.
2017;169(1013–1028):e1014.

Roy et al. Neural Development  (2018) 13:16 Page 9 of 11



11. Gross CG, Rocha-Miranda CE, Bender DB. Visual properties of neurons in
inferotemporal cortex of the macaque. J Neurophysiol. 1972;35:96–111.

12. Ito M, Tamura H, Fujita I, Tanaka K. Size and position invariance of neuronal
responses in monkey inferotemporal cortex. J Neurophysiol. 1995;73:218–26.

13. Marr D. Vision: A computational investigation into the human
representation and processing of visual information. Cambridge,
Massachusetts: MIT Press; 1982.

14. Kiorpes L. Visual development in primates: neural mechanisms and critical
periods. Dev Neurobiol. 2015;75:1080–90.

15. Kiorpes L. The puzzle of visual development: behavior and neural limits. J
Neurosci. 2016;36:11384–93.

16. Chapman B, Stryker MP. Development of orientation selectivity in ferret
visual cortex and effects of deprivation. J Neurosci. 1993;13:5251–62.

17. Chapman B, Stryker MP, Bonhoeffer T. Development of orientation
preference maps in ferret primary visual cortex. J Neurosci. 1996;16:6443–53.

18. Hubel DH, Wiesel TN. Receptive fields of cells in striate cortex of very
young, visually inexperienced kittens. J Neurophysiol. 1963;26:994–1002.

19. Li Y, Fitzpatrick D, White LE. The development of direction selectivity in
ferret visual cortex requires early visual experience. Nat Neurosci.
2006;9:676–81.

20. White LE, Coppola DM, Fitzpatrick D. The contribution of sensory
experience to the maturation of orientation selectivity in ferret visual cortex.
Nature. 2001;411:1049–52.

21. Akerman CJ, Smyth D, Thompson ID. Visual experience before eye-opening
and the development of the retinogeniculate pathway. Neuron. 2002;36:
869–79.

22. Krug K, Akerman CJ, Thompson ID. Responses of neurons in neonatal cortex
and thalamus to patterned visual stimulation through the naturally closed
lids. J Neurophysiol. 2001;85:1436–43.

23. Van Hooser SD, Li Y, Christensson M, Smith GB, White LE, Fitzpatrick D.
Initial neighborhood biases and the quality of motion stimulation jointly
influence the rapid emergence of direction preference in visual cortex. J
Neurosci. 2012;32:7258–66.

24. Wiesel TN, Hubel DH. Comparison of the effects of unilateral and
bilateral eye closure on cortical unit responses in kittens. J
Neurophysiol. 1965;28:1029–40.

25. Gilbert CD. Laminar differences in receptive field properties of cells in cat
primary visual cortex. J Physiol. 1977;268:391–421.

26. Hubel DH, Wiesel TN. Receptive fields, binocular interaction and functional
architecture in the cat's visual cortex. J Physiol. 1962;160:106–54.

27. Weliky M, Bosking WH, Fitzpatrick D. A systematic map of direction
preference in primary visual cortex. Nature. 1996;379:725–8.

28. Smith GB, Sederberg A, Elyada YM, Van Hooser SD, Kaschube M, Fitzpatrick
D. The development of cortical circuits for motion discrimination. Nat
Neurosci. 2015;18:252–61.

29. Hatta S, Kumagami T, Qian J, Thornton M, Smith EL 3rd, Chino YM.
Nasotemporal directional bias of V1 neurons in young infant monkeys.
Invest Ophthalmol Vis Sci. 1998;39:2259–67.

30. Hawken MJ, Parker AJ, Lund JS. Laminar organization and contrast
sensitivity of direction-selective cells in the striate cortex of the old world
monkey. J Neurosci. 1988;8:3541–8.

31. Hawken MJ, Shapley RM, Grosof DH. Temporal-frequency selectivity in
monkey visual cortex. Vis Neurosci. 1996;13:477–92.

32. Orban GA, Kennedy H, Bullier J. Velocity sensitivity and direction selectivity
of neurons in areas V1 and V2 of the monkey: influence of eccentricity. J
Neurophysiol. 1986;56:462–80.

33. Ohki K, Chung S, Ch'ng YH, Kara P, Reid RC. Functional imaging with cellular
resolution reveals precise micro-architecture in visual cortex. Nature.
2005;433:597–603.

34. Ellemberg D, Lewis TL, Maurer D, Brar S, Brent HP. Better perception of
global motion after monocular than after binocular deprivation. Vis Res.
2002;42:169–79.

35. Li Y, Van Hooser SD, Mazurek M, White LE, Fitzpatrick D. Experience with
moving visual stimuli drives the early development of cortical direction
selectivity. Nature. 2008;456:952–6.

36. Mazurek M, Kager M, Van Hooser SD. Robust quantification of
orientation selectivity and direction selectivity. Front Neural Circuits.
2014;8:92.

37. Van Hooser SD, Escobar GM, Maffei A, Miller P. Emerging feed-forward
inhibition allows the robust formation of direction selectivity in the
developing ferret visual cortex. J Neurophysiol. 2014;111:2355–73.

38. Garkun Y, Maffei A. Cannabinoid-dependent potentiation of inhibition at
eye opening in mouse V1. Front Cell Neurosci. 2014;8:46.

39. Ritter NJ, Anderson NM, Van Hooser SD. Visual stimulus speed does not
influence the rapid emergence of direction selectivity in ferret visual cortex.
J Neurosci. 2017;37:1557–67.

40. Roy A, Osik JJ, Ritter NJ, Wang S, Shaw JT, Fiser J, Van Hooser SD.
Optogenetic spatial and temporal control of cortical circuits on a columnar
scale. J Neurophysiol. 2016;115:1043–62.

41. Christie IK, Miller P, Van Hooser SD. Cortical amplification models of the
experience-dependent development of selective columns and response
sparsification. J Neurophysiol. 2017;118(2):874–93.

42. Rochefort NL, Narushima M, Grienberger C, Marandi N, Hill DN, Konnerth A.
Development of direction selectivity in mouse cortical neurons. Neuron.
2011;71:425–32.

43. Cruz-Martin A, El-Danaf RN, Osakada F, Sriram B, Dhande OS, Nguyen
PL, Callaway EM, Ghosh A, Huberman AD. A dedicated circuit links
direction-selective retinal ganglion cells to the primary visual cortex.
Nature. 2014;507:358–61.

44. Cleland BG, Levick WR. Properties of rarely encountered types of ganglion cells
in the cat's retina and an overall classification. J Physiol. 1974;240:457–92.

45. Hillier D, Fiscella M, Drinnenberg A, Trenholm S, Rompani SB, Raics Z,
Katona G, Juettner J, Hierlemann A, Rozsa B, Roska B. Causal evidence for
retina-dependent and -independent visual motion computations in mouse
cortex. Nat Neurosci. 2017;20:960–8.

46. Chiu C, Weliky M. Spontaneous activity in developing ferret visual cortex in
vivo. J Neurosci. 2001;21:8906–14.

47. Feller BM, Wellis DP, Stellwagen D, Werblin FS, Shatz CJ. Requirement for
cholinergic synaptic transmission in the propagation of spontaneous retinal
waves. Science. 1997;272:1182–7.

48. Meister M, Wong ROL, Baylor DA, Shatz CJ. Synchronous bursts of action-
potentials in ganglion cells of the developing mammalian retina. Science.
1991;252:939–43.

49. Mooney R, Penn AA, Gallego R, Shatz CJ. Thalamic relay of spontaneous
retinal activity prior to vision. Neuron. 1996;17:863–74.

50. Weliky M, Katz LC. Disruption of orientation tuning in primary visual cortex
by artificially correlated neuronal activity. Nature. 1997;386:680–5.

51. Weliky M, Katz LC. Spontaneous activity in the developing LGN in vivo:
Differential regulation of correlational structure by retinal and cortical
inputs. Soc Neurosci Abstr. 1998;24:1517.

52. Wong RO, Meister M, Shatz CJ. Transient period of correlated bursting
activity during development of the mammalian retina. Neuron.
1993;11:923–38.

53. Fukuchi-Shimogori T, Grove EA. Neocortex patterning by the secreted
signaling molecule FGF8. Science. 2001;294:1071–4.

54. Cang J, Niell CM, Liu X, Pfeiffenberger C, Feldheim DA, Stryker MP.
Selective disruption of one Cartesian axis of cortical maps and
receptive fields by deficiency in ephrin-as and structured activity.
Neuron. 2008;57:511–23.

55. Ferster D, Miller KD. Neural mechanisms of orientation selectivity in the
visual cortex. Ann Rev Neurosci. 2000;23:441–71.

56. Ferster D, Chung S, Wheat H. Orientation selectivity of thalamic input to
simple cells of cat visual cortex. Nature. 1996;380:249–52.

57. Mooser F, Bosking WH, Fitzpatrick D. A morphological basis for orientation
tuning in primary visual cortex. Nat Neurosci. 2004;7:872–9.

58. Reid RC, Alonso JM. Specificity of monosynaptic connections from thalamus
to visual cortex. Nature. 1995;378:281–4.

59. Borg-Graham LJ, Monier C, Fregnac Y. Visual input evokes transient
and strong shunting inhibition in visual cortical neurons. Nature. 1998;
393:369–73.

60. Ferster D. Spatially opponent excitation and inhibition in simple cells of the
cat visual cortex. J Neurosci. 1988;8:1172–80.

61. Hirsch JA, Alonso JM, Reid RC, Martinez LM. Synaptic integration in striate
cortical simple cells. J Neurosci. 1998;18:9517–28.

62. Monier C, Chavane F, Baudot P, Graham LJ, Fregnac Y. Orientation and
direction selectivity of synaptic inputs in visual cortical neurons: a diversity
of combinations produces spike tuning. Neuron. 2003;37:663–80.

63. Lauritzen TZ, Miller KD. Different roles for simple-cell and complex-cell
inhibition in V1. J Neurosci. 2003;23:10201–13.

64. Troyer TW, Krukowski AE, Priebe NJ, Miller KD. Contrast-invariant orientation
tuning in cat visual cortex: feedforward tuning and correlation-based
Intracortical connectivity. J Neurosci. 1998;18:5908–27.

Roy et al. Neural Development  (2018) 13:16 Page 10 of 11



65. Wilson DE, Whitney DE, Scholl B, Fitzpatrick D. Orientation selectivity and
the functional clustering of synaptic inputs in primary visual cortex. Nat
Neurosci. 2016;19:1003–9.

66. Priebe NJ, Ferster D. Direction selectivity of excitation and inhibition in
simple cells of the cat primary visual cortex. Neuron. 2005;45:133–45.

67. Barlow HB, Levick WR. The mechanism of directionally selective units in
rabbit's retina. J Physiol. 1965;178:477–504.

68. Feidler JC, Saul AB, Murthy A, Humphrey AL. Hebbian learning and the
development of direction selectivity: the role of geniculate response timing.
Network. 1997;8:195–214.

69. Reichardt W. Autocorrelation, a principle for the evaluation of sensory
information by the central nervous system. In: Rosenblith WA, editor.
Sensory Communication. Cambridge, MA: MIT Press; 1961. p. 303–17.

70. Shon AP, Rao RP, Sejnowski TJ. Motion detection and prediction through
spike-timing dependent plasticity. Network. 2004;15:179–98.

71. Wenisch OG, Noll J, Hemmen JL. Spontaneously emerging direction
selectivity maps in visual cortex through STDP. Biol Cybern. 2005;93:239–47.

72. Fiser J, Chiu C, Weliky M. Small modulation of ongoing cortical dynamics by
sensory input during natural vision. Nature. 2004;431:573–8.

73. Weliky M, Fiser J, Hunt RH, Wagner DN. Coding of natural scenes in primary
visual cortex. Neuron. 2003;37:703–18.

74. Fiser J, Savin C, Berkes P, Chiu C, Lengyel M. Experience-based development
of internal probabilistic representations in the primary visual cortex. J Vis.
2013;13(9):600.

75. Savin C, Berkes P, Chiu C, Fiser J, Lengyel M. Similarity between
spontaneous and sensory-evoked activity does suggest learning in the
cortex. Salt Lake City, Utah: COSYNE; 2013.

76. Popović M, Stacy AK, Kang M, Nanu R, Oettgen CE, Wise DL, Fiser J, Van
Hooser SD. Development of Cross-Orientation Suppression and Size Tuning
and the Role of Experience. J Neurosci. 2018;38(11):2656–70. doi: https://doi.
org/10.1523/JNEUROSCI.2886-17.2018

77. Berkes P, Orban G, Lengyel M, Fiser J. Spontaneous cortical activity reveals
hallmarks of an optimal internal model of the environment. Science.
2011;331:83–7.

78. Hubel DH. Eye, brain, and vision. New York: Scientific American Library; 1995.

Roy et al. Neural Development  (2018) 13:16 Page 11 of 11

https://doi.org/10.1523/JNEUROSCI.2886-17.2018
https://doi.org/10.1523/JNEUROSCI.2886-17.2018

	Abstract
	Background
	Main text
	Orientation selectivity is present at the onset of visual experience but direction selectivity requires visual experience
	Initial biases predict eventual direction preferences
	In principle, instructive mechanisms could be at play
	Short-term experience with stimuli at particular speeds does not alter speed tuning
	Direct cortical stimulation causes the rapid emergence of direction selectivity
	Can the mouse help us uncover the origins of the circuit mechanisms of cortical direction selectivity?

	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

