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Abstract

It is widely appreciated that neuronal activity contributes to the development of brain 

representations of the external world. In the visual system, in particular, it is well known that 

activity cooperates with molecular cues to establish the topographic organization of visual maps 

on a macroscopic scale1,2, mapping axons in a retinotopic and eye-specific manner. In recent 

years, significant progress has been made in elucidating the role of activity in driving the finer-

scale circuit refinement that shapes the receptive fields of individual cells. In this review, we focus 

on these recent breakthroughs – primarily in mice, but also in other mammals where noted.

Introduction

Classic experiments demonstrate that activity in the developing visual system can drive 

circuit refinement. In this review, we discuss the contribution of both pre-vision, 

spontaneous activity as well as early experience-driven activity to the refinement of 

receptive fields (RFs). The receptive field (RF) of a neuron refers to the attributes of a visual 

stimulus that generates a response in that cell, and typically includes a description of visual 

field location and preference for other specific features, such as preferred orientation or 

direction of visual stimuli. The RF of a neuron is determined by the connectivity of 

underlying neural circuits, starting in the retina, which can then be further modified or 

elaborated at additional stages of the visual system. A RF’s location in space is tied to the 

topographic organization of projections, which relay information from photoreceptors that 

tile the retina to sample the visual scene. A preference for increments or decrements of light 

(ON- or OFF-responsiveness) results from the organization of pathways carrying 

information from ON- or OFF-bipolar cells in the retina. Further downstream, RFs can be 

defined by an ocular dominance preference, resulting from the segregation or combination of 
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inputs derived from each eye. Additionally, cells may prefer stimuli of a specific orientation 

or moving in a specific direction (orientation or direction selectivity, Figures 2f and 2g), 

either inheriting this property from presynaptic partners, or generating it de novo through the 

combination of untuned inputs. Here, we discuss recent reports exploring the contributions 

of activity-dependent interactions that regulate the development of visual receptive fields.

Retina

Circuit development throughout the visual system is in part regulated by neuronal activity 

that originates in the retina before visual experience, where retinal ganglion cells (RGCs) 

periodically discharge correlated activity that propagates across the retina, commonly 

referred to as retinal waves3–5. Three separate developmental wave epochs have been 

described in the mammalian visual system, the first of which occurs before birth and is gap-

junction dependent (stage I). Stage II waves, which are dependent on cholinergic receptors, 

propagate over large areas with low RGC recruitment, becoming smaller and denser as 

GABAA signaling matures around postnatal day (P)76,7. Glutamatergic influences dominate 

after P10 (stage III), causing profound changes in activity dynamics, with faster, smaller and 

more repetitive wave trajectories6. During glutamatergic waves, neighboring RGCs with 

opposite light responses (ON- vs. OFF-responsive) are recruited sequentially8, with AII 

amacrine cells coordinating a crossover circuit that allows ON CBCs to control glutamate 

release from OFF CBCs9,10. This suggests a role for stage III waves in building ON- and 

OFF-receptive subfields (Figure 2e), but it is still unclear how separate recruitment of ON 

and OFF RGCs in the retina affects RF properties in downstream circuits, or when ON and 

OFF subfields begin to form in primary visual cortex (V1)11. However, recent studies have 

shown that orientation selectivity in V1, which depends on separate ON and OFF subfields, 

matures rapidly around the time of eye opening but independent of vision12–15, suggesting a 

possible relationship with stage III waves. After eye opening, dark rearing suppresses the 

developmental decrease of ON-OFF-responsive RGCs and bistratified RGCs16, however, 

ON BC-specific silencing affects synapse number, but not stratification17. These 

observations may highlight a difference in the influence of spontaneously driven versus early 

visually evoked activity on circuit development.

Although the temporal properties of retinal wave bursts are important for activity-dependent 

refinement of retinal projections to central targets, they are not necessary for establishing 

direction selectivity observed in the retina, where a subpopulation of RGCs respond to 

movement in a preferred direction but not to stationary increments or decrements of light. 

CaV3.2 knockout mice exhibit disrupted waves during the period that direction selective 

circuits are established, from P11–P14, however, after eye-opening their direction selective 

ganglion cells (DSGCs) are indistinguishable from wild type mice18. Development of the 

retina’s direction selective circuits depends on an asymmetry in synapse number between 

inhibitory starburst amacrine cells (SACs) and DSGCs19, a circuit that emerges in an 

activity-independent manner20. However, a recent report found that the clustering of DSGCs 

preferred directions into cardinal axes does require vision during early development21. 

While studies have described orientation selectivity in rabbit and mouse RGCs22–26, the 

developmental mechanisms that give rise to this RF feature are not known. Thus, while 
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spontaneous activity cannot account for all receptive field properties, activity-dependent 

processes play an important role in shaping some circuits in the retina.

After eye opening, recent studies have shown that early sensory stimulation regulates local 

connectivity as early as the first few synapses in the retina. Specifically, dark rearing mice 

reduces synaptic strength between cones and certain cone bipolar cell (CBC) types by means 

of light-dependent localization of metabotropic glutamate receptors27*. Interestingly, rod 

bipolar cells and type 6 ON- CBCs remain unaffected despite using the same glutamate 

receptor, underscoring the specificity of activity-dependent developmental mechanisms27,28. 

However, dendrites of type 6 CBCs recruit fewer inputs when their transmitter release is 

silenced throughout development, and more inputs when their neighbors are silenced29, 

suggesting an activity-dependent, population-based retrograde signal from CBC outputs can 

modify afferent inputs. In mice with selective silencing of CBCs, RFs of ON retinal 

ganglion cells (RGCs) are smaller and spatially less homogeneous compared to wildtype 
retinas but show similar kinetics, suggesting that the remaining ON BCs are capable of 

relaying normal photoreceptor signals. At the axonal output of BCs, cells with silenced 

transmitter release form fewer synapses onto RGC dendrites, but active BCs that target the 

same RGC dendrites do not compensate for this loss, while genetic ablation of some BC 

neighbors increases synaptogenesis of the remaining axons in an activity-independent 

manner30. These findings reveal that BC dendrites (but not axons) engage in activity-

dependent competition, which ultimately can affect RF structure at even the first synapses in 

the retina.

Superior Colliculus

Further downstream in the visual pathway, recent work has more clearly defined the roles of 

molecular cues and spontaneous activity in circuit refinement. The expression of the axon 

guidance cue Ephrin-A controls RF size, whereas retinal waves guide the overlap of ON and 

OFF-responsive RF subfields31. Recent studies also demonstrate a direct, causal link 

between early synchronous retinal activity and the refinement of RGC axon projections32**. 

In the mouse, disrupting retinal waves causes a decoupling of activity in retinorecipient 

regions from their presynaptic RGC partners32**. On the other hand, stage III retinal waves 

are not necessary for normal eye-specific segregation (Figure 2a), as persistent stage II 

waves can compensate for the absence of stage III retinal waves in this process33. Eye-

specific segregation, however, is disrupted in a retinal knockout of the β2-containing 

nicotinic acetylcholine receptor (which exhibits disrupted retinal waves), whereas retinotopy 

(Figure 2b) is surprisingly spared in a competition-dependent manner34. The relationship 

between activity and axon guidance cues can be quite complex, as another study showed that 

altering the relative levels of the Ephrin receptor, EphA3, and activity patterns can influence 

the variability in map formation35**. Taken together, these studies indicate that molecular 

guidance cues and spontaneous activity can interact, but appear to serve largely distinct roles 

in early retinotopic map formation in the SC.

After the onset of vision, long-term visual deprivation during development alters response 

polarity and spatial frequency preference of RF properties in mouse SC, but does not alter 

orientation, direction selectivity, or subfield size36. Sensory experience is, however, 

Thompson et al. Page 3

Curr Opin Neurobiol. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



necessary for the maintenance of RF size in the SC of hamsters37, and short-term plasticity 

of inhibitory circuits in hamster SC is also altered by visual deprivation38, suggesting that 

inhibition contributes to the maintenance of refined RFs. Furthermore, in dark-reared mice, 

spontaneous or SC-evoked saccadic eye movements are larger than in controls, indicating 

that vision is required to fine-tune the gain of saccades and to establish normal eye 

movement maps in the SC39. The effects of dark rearing on SC neurons could result from 

changes in cortical inputs or intracollicular connections, but further experiments are 

necessary to isolate the role of cortical feedback on collicular RF development.

Lateral Geniculate

In the dorsal lateral geniculate nucleus (dLGN), postnatal development encompasses a 

period of prolonged refinement of RGC inputs onto thalamic relay neurons, a process that 

can be divided into 3 phases40. The first two phases are driven by molecular cues and 

spontaneous activity and function to segregate retinal projections from each eye into separate 

domains (by around P10 in mice), and then prune excess inputs while strengthening those 

that remain (from P10 to P20). Retinal waves have long been thought to play a role in 

driving eye-specific segregation1, and experiments with the aforementioned retinal β2-

nicotinic acetylcholine receptor knockout mice show that selectively disrupting retinal waves 

impairs eye-specific segregation. Pharmacological rescue of wave frequency improved this 

phenotype, but without the proper spatiotemporal character of the waves, retinotopic 

refinement remained abnormal, indicating the importance of different features of 

spontaneous activity on circuit development32**. Furthermore, in ferrets, increasing the 

frequency of waves accelerates the development of relay neuron receptive fields41. This 

effect is driven by a sharpening of the RF center (Figure 2d) rather than changes in the 

inhibitory surround, but recent work in mice also demonstrated a role for retinal activity in 

the initial recruitment of inhibitory interneurons into visual thalamic circuits42.

Much progress has also been made in elucidating the postsynaptic mechanisms underlying 

synapse refinement in dLGN relay neurons during these first two phases. The long-lasting 

plateau potentials mediated by L-type Ca2+ channels early in development43 appear to be 

necessary for proper retinogeniculate refinement, possibly due to CREB signaling44. 

Additionally, appreciation for the role of the immune system in synaptic refinement in the 

dLGN45,46 continues to grow, with the major histocompatibility complex I genes H2-Db and 

H2-Kb now implicated through their regulation of Hebbian plasticity mechanisms at the 

retinogeniculate synapse47.

In the third phase of refinement in the dLGN, retinal projections undergo experience-

dependent rewiring. Visual deprivation in this phase, but not earlier in development, disrupts 

refinement48,49. This vision-dependent stage of remodeling is distinguished from earlier 

stages by distinct cellular mechanisms. Mice deficient for the transcriptional regulator 

MeCP250 or the AMPA receptor auxiliary subunit stargazin51 exhibit normal development 

up until P20, but demonstrate a common defect in experience-dependent refinement, such 

that between P20 and P30 additional RGC inputs are recruited and connectivity reverts to a 

high convergence state. In addition, feedback from primary visual cortex influences 

retinogeniculate refinement during this phase, as manipulations of activity in the 
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corticothalamic pathway from layer 6 of V1 to the dLGN can also induce the recruitment of 

additional RGC inputs by relay neurons52**.

The purpose of this vision- and feedback-dependent remodeling of RGC to relay neuron 

connectivity is not entirely clear. Developmental pruning and strengthening at this synapse is 

typically thought to drive the sharpening of relay neuron RFs53. However, by P20 the 

number of functionally relevant RGC inputs to a relay neuron is substantially fewer than the 

~30 RGCs with overlapping RFs24,54, making it unlikely this final stage of refinement 

functions merely to prune RGCs with non-aligned RFs. Recent changes in our understanding 

of the visual processing performed in thalamus raise an alternative possibility. Neurons that 

prefer stimuli with a specific orientation or direction of motion (Figure 2f and 2g), while 

sparse in the dLGN of cat and monkey55–57, are common in the visual thalamus of 

mice26,58–60 and persist even without cortical feedback26,59. As such, the feature selectivity 

of mature relay neurons may require precise combinations of specific subtypes of 

RGCs24,54,58,60, the relative weights of which could be optimized through vision-dependent 

refinement (and with feedback from developing cortical circuits). This hypothesis is 

particularly attractive given recent findings that RGC axon arbors remain broad throughout 

development, and functional pruning seems to occur via the rearrangement of presynaptic 

boutons within a large and relatively stable axon arbor61**. Furthermore, serial EM 

reconstruction of a mouse dLGN at postnatal day 32 revealed an unexpectedly high 

structural convergence of RGCs onto relay neurons62. Many of these axon arbors contact a 

given relay neuron with just a few boutons that form single release sites, which are likely 

vestiges of the vision-dependent fine-tuning of synaptic connections from an initially large 

pool of possible presynaptic partners. The role of activity in the development of relay neuron 

feature selectivity and structural connectivity will be important questions to address in the 

future.

Primary Visual Cortex

In primary visual cortex (V1), receptive fields depend on combinations of RFs inherited 

from the retina by way of the dLGN. In other words, activity anywhere in this pathway 

during development could affect cortical RFs. As such, it is remarkable that the orientation 

maps found in higher mammals, consisting of columns of cells tuned to stimuli of similar 

orientations, can develop without vision63–65 (though to varying degrees of maturity and 

reliability64–68). Similarly, orientation selectivity (OS) in rodent V1, which occurs without a 

clear columnar organization, matures substantially in the weeks after eye-opening12*,69, but 

does not initially require vision13–15,69–72. However, in all species studied, OS is plastic to 

changes induced by artificial visual stimulation73–75, and proper maintenance of OS requires 

visual experience63,76,77, perhaps implying a role for vision in finer-scale refinement of the 

OS initially constructed via experience-independent mechanisms. Two lines of evidence 

support this idea: vision is required in mice during the critical period for ocular dominance 

plasticity to maintain and enhance the matching of orientation preference from each eye that 

is otherwise present at eye opening15,72,78, and the development of visual acuity in binocular 

V1 is slowed by dark-rearing76. Direction selectivity (DS), on other hand, develops after OS 

and requires vision in higher mammals67,79–81, but appears mature at eye-opening in 
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mice12,69. This may indicate a different strategy for constructing DS in the visual cortex of 

mice due to the presence of DSGCs and/or more highly tuned thalamic RFs.

Both of these features of cortical RFs (OS and DS) are directly related to the arrangement of 

a cell’s ON- and OFF- RF subregions (Figure 2e). Interestingly, two recent papers found that 

in cat and tree shrew, orientation hypercolumns are constructed in an “OFF-centric” fashion, 

with RFs in a given hypercolumn having clustered OFF subfields surrounded by ON 

subfields for a given localized region of visual space82*,83*. This suggests that clustering of 

OFF-driven thalamocortical afferents in a retinotopic manner seeds initial OS maps in V1 of 

higher mammals. Indeed, OFF-driven responses predominate in early postnatal V1 in cat84, 

lending further support to this model. It’s not yet clear whether an analogous process occurs 

in mice, where the organization of RFs into orientation columns is absent.

Toward a complete understanding of the development of V1 RFs, exciting recent work has 

progressed beyond the traditional characterization of single-cell responses to a standard 

battery of stimuli. Combined in vivo imaging and in vitro slice recordings from the same 

neurons in mouse V1 demonstrated that cells with similar visual responses preferentially 

form recurrent connections after eye opening, concomitant with a decrease in the variability 

of responses to drifting gratings13,85. Notably, this process still occurs in dark-reared 

animals, implying spontaneous activity may contribute, but the full extent of circuit 

reorganization requires visual experience14*. These findings are reminiscent of those in cat 

and ferret where horizontal axons linking matching orientation columns initially cluster with 

spontaneous activity, but further refine with visual experience65,86,87. Potentially related 

work in ferret reveals that population coding of visual responses matures rapidly after eye-

opening, with variability and noise correlations decreasing in an experience-dependent 

manner as the population response becomes increasingly sparse67**. Finally, offering insight 

into how such distributed yet fine-scale circuit refinement may relate to RF changes at the 

single-cell level, it was shown in mice that visual experience drives the maturation of precise 

surround suppression onto V1 neurons, imparting a sensitivity specifically for the higher-

order structure of natural stimuli88**. Taken together, these results indicate that 

understanding the maturation of visual function and its dependence on activity will require 

carefully characterizing responses of neural ensembles to naturalistic stimuli, rather than 

averaging responses from single units to repeated presentations of drifting gratings.

Collectively these findings suggest a general model for the development of visual RFs, 

wherein nuanced interactions between molecular cues and spontaneous activity guide the 

establishment of initial RFs, while vision subsequently refines these immature circuits to 

improve the selectivity and reliability of both single cell and population responses. This 

model appears to hold true across species, despite the fact that the region of the visual 

system where certain RF properties first emerge differs. Future studies will be required to 

further test this model, to characterize the emergence and activity-dependence of finer scale 

RF properties, the effects of retinal RF refinement on downstream visual areas, and to clarify 

the similarities and differences in these processes across species.
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Highlights

• Molecular cues and activity together shape visual circuit development.

• Activity influences development at all levels of the visual system.

• Prior to vision, activity is generated spontaneously in the retina.

• Sensory experience also fine-tunes development throughout the visual system.
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Figure 1. 
Summary of major activity-dependent receptive field features at each anatomical station in 

the mouse visual pathway, from the retina to the dorsal lateral geniculate nucleus (dLGN) 

and superior colliculus (SC), and dLGN to visual cortex (V1). Items listed in grey appear to 

be reliant on activity prior to the onset of vision (such as spontaneous retinal waves), 

whereas items listed in black appear to depend on vision for proper development.
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Figure 2. 
Examples of the major receptive field properties referred to in this review. (a–b) Large scale 

circuit refinement properties. (a) Eye-specific lamination is here depicted as the projections 

from each retina in a different color to their targets in the LGN and SC. In higher mammals, 

thalamocortical projections also tessellate V1 with ocular dominance columns. (b) 

Projections from four retinal positions are shown with their corresponding targets in the SC 

where their retinotopic positions are preserved. Retinotopy is also present in dLGN, V1 and 

extrastriatal visual areas, but is not shown for clarity. (c) Schematic depicting common 

methodology for recording receptive fields in mice while presenting various visual stimuli. 

(d) Example of an RF measured from a single ON responsive cell before activity-dependent 

refinement (left) and that same cell after refinement (right). Scale bar indicates 2 visual 

degrees (see reference 34). (e) Schematic of the ON and OFF responses of a single neuron 

and their corresponding RF positions. In this example the neuron responds to an elongated 

ON (red) region in space (where an increment in light best produces a response), that is 

close but not overlapping with an OFF (blue) field (where a decrement in light best produces 

a response) Scale bar indicates 20 visual degrees (see reference 81). (f) Example of an 

orientation selective (OS) neuron that responds preferentially to gratings in two opposite 

directions, thus non-selective for direction but rather for the orientation of the moving bars. 
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Each spoke on the rose plot represents a direction of motion of drifting gratings presented to 

the mouse (see 2c). The amplitude along each direction represents the relative strength of 

firing for a neuron to a given direction. (g) Lastly, a direction-selective (DS) response 

example where this neuron only responds to leftward movement. Both OS and DS are most 

highly tuned in V1 in all species studied, but also occur in subcortical regions, at a 

seemingly higher frequency in rodents and rabbits than other mammals with higher visual 

acuity. Likewise, OS in subcortical regions of mice is less sharp than OS in the cortex.

Thompson et al. Page 15

Curr Opin Neurobiol. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Retina
	Superior Colliculus
	Lateral Geniculate
	Primary Visual Cortex
	References
	Figure 1
	Figure 2

