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Since the discovery of ocular dominance plasticity, neuroscientists have understood that changes in visual
experience during a discrete developmental time, the critical period, trigger robust changes in the visual
cortex. State-of-the-art tools used to probe connectivity with cell-type-specific resolution have expanded
the understanding of circuit changes underlying experience-dependent plasticity. Here, we review the visual
circuitry of the mouse, describing projections from retina to thalamus, between thalamus and cortex, and
within cortex. We discuss how visual circuit development leads to precise connectivity and identify synaptic
loci, which can be altered by activity or experience. Plasticity extends to visual features beyond ocular
dominance, involving subcortical and cortical regions, and connections between cortical inhibitory interneu-
rons. Experience-dependent plasticity contributes to the alignment of networks spanning retina to thalamus
to cortex. Disruption of this plasticitymay underlie aberrant sensory processing in some neurodevelopmental
disorders.
Vision is so inseparable from our conception of the world that

‘‘seeing is believing.’’ Sight is crucial to recognize friends, find

savory food, and plan movement. While some aspects of the vi-

sual system form in utero, visual circuits have significant sponta-

neous activity- and experience-dependent reorganization early

in life. Developmental refinement is robust to perturbations and

small errors, imparting uniqueness based on experience without

an exhaustive molecular code specifying each connection.

Developmental circuit changes occur at specific time points.

The best-known changes occur during sensitive periods (SPs)

and critical periods (CPs). SPs are developmental time windows

when neuronal circuits exhibit experience-dependent modifica-

tion. Such changes are easily evoked and of greater magnitude

during the SP, but can be evoked to a smaller extent at other

ages. CPs are a subset of SPs, distinguished by a strict temporal

onset and closure and the fact that experience during the period

is required for subsequent normal connectivity and function

(Voss, 2013). This change is not reversible except during the CP.

The early developmental CP was described by Hubel and

Wiesel. In binocular visual cortex, responsiveness to visual input

from a deprived eye is attenuated by weeks of monocular depri-

vation (MD). This change in ocular dominance (OD), called ocular

dominance plasticity (ODP), only occurs for deprivation early in

development. Moreover, the circuit changes include a reduction

in acuity in the deprived eye, called amblyopia. While changes in

ODP and acuity can be reversed during the CP, recovery is not

possible once the CP closes.

Growing evidence suggests that ODP is not entirely extin-

guished by the CP closure. Substantial adult plasticity outside

of the CP can be activated, often with stimulus paradigms

distinct from those effective during the CP (Espinosa and

Stryker, 2012; Fong et al., 2016; Hensch and Quinlan, 2018;

Sato and Stryker, 2008). Thus, ODP is perhaps more accurately
defined as occurring during an SP. This ambiguity highlights the

difficulty in distinguishing between CP and SP, especially as

more sensitive tools to monitor function are developed. Different

synaptic loci along the visual pathway can vary in their sensitivity

to experience (Kang et al., 2013), and a change in one synapse

that may exhibit reversible plasticity can have an enduring effect

on overall function because of its influence on downstream syn-

apses that change irreversibly. Homeostatic responses can also

be activated to compensate for changes in one synapse, but not

another synapse (Whitt et al., 2014). In the end, the visual circuit

is indelibly altered by experience. Therefore, for the purpose of

this review, we define CPs as a window of time during which

there is a distinct onset of plasticity in response to experience

that is followed by a clear diminishing responsiveness to the

same stimuli.

CPs in the Mouse Visual System
Since Hubel and Wiesel, ODP has served as a robust model for

studying CP plasticity. Changes in ODP following MD can be

measured by comparing the neuronal response (by single unit

recordings, visual evoked responses [VEPs], or in vivo imaging)

to visual stimulation of each eye. These straightforward mea-

surements have made ODP a canonical experimental system.

More recently, tools enabling the measurement of other visual

features such as orientation preference suggest that many visual

features show plasticity, occasionally with different rules. This

implies that the plasticity of traditionally monocular circuitry,

such as thalamic relay cells, may show developmentally regu-

lated plasticity in features unrelated to OD shifts.

Considerable effort has been devoted to understanding the

underlying circuit and molecular basis of CP plasticity (Fagiolini

et al., 2004). The means to label, monitor, and manipulate these

circuit components independently is crucial to understand the
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Figure 1. Ascending Pathways to Visual Cortex
(A) Visual information enters the brain via the retina. Retinotopy is represented by the yellow-blue gradient, corresponding to (D). Output from the eyes is shown as
red (left) and blue (right). (B) Output via the optic nerve projects to targets in the SCN, SC, and dLGN. Insets show SC and dLGN in coronal brain sections. Output
crosses the midline to represent a given visual field in the contralateral thalamus and cortex. The right dLGN receives strong input from the left eye in rodents,
whose eyes have reduced visual field overlap compared to binocular species such as primates. Retinal projections segregate into eye-specific layers (or zones) in
adult dLGN. These then project to the cortex. Locations of neurons with binocular RFs are marked with red and blue stripes outside the ipsilateral patch.
(C) Mouse primary visual cortex (V1 or VISp) is predominantly monocular, with a smaller binocular field.
(D) Retinotopic organization in elevation and azimuth in dLGN (left), SC (center), and cortex (right) is preserved (Piscopo et al., 2013).
(E) Higher-order visual cortex in mice includes 9 areas adjacent to V1. V1(VISp), primary visual area; VISa, anterior area; VISal, anterolateral visual area; VISam,
anteromedial visual area; VISl, lateral visual area (also LM in some papers); VISli, laterointermediate area; VISpl, posterolateral visual area; VISpm, posteromedial
visual area; VISpor, postrhinal area; VISrl, rostrolateral visual area. Scale bar: 1 mm.
Structures in (A)–(E) not to relative scale.
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basic visual circuit and to identify the loci where plasticity results

in synaptic changes. Thus, the mouse has been a powerful

experimental model. Despite a smaller binocular zone and lower

visual acuity (Fagiolini et al., 1994), mice exhibit an MD response

similar to that of primates and cats. This ODP has a clearly

defined CP between postnatal day 19 (P19) and P32 (Gordon

and Stryker, 1996). Mice offer the possibility of genetic access

to defined neuron populations during ODP, including subsets

of excitatory (Gerfen et al., 2013) and inhibitory neurons (Tanigu-

chi et al., 2011). Such genetic approaches allow targeted

recording, optical manipulation (Madisen et al., 2012), and

calcium indicators to monitor activity (Chen et al., 2013).

We review advances in circuit changes underlying experience-

dependent plasticity, focusing on the mouse visual system. CPs

across other species, adult plasticity, and molecular mecha-

nisms are reviewed elsewhere (Hensch and Quinlan, 2018;

Kiorpes, 2015). We refer to work in other sensory cortical areas,

extrapolating to the visual cortex. Studies have revealed that

CPs apply to more than simply OD. With a variety of manipula-

tions of visual experience and quantifying changes in receptive

field (RF) properties, including orientation, luminance, and
22 Neuron 106, April 8, 2020
spatial and temporal frequency tuning, findings suggest the rules

for plasticity in these features may differ from those for ODP.

These studies also demonstrate that subcortical areas, including

the thalamus, show experience-dependent changes.

Visual System Circuitry Underlying Experience-
Dependent Plasticity
To understand where and how visual system plasticity is instan-

tiated, a detailed system map is needed, including long-range

connections between major brain structures (Figures 1 and 2)

and the connections of specific cell types (Figures 3 and 4).

This is especially true in the neocortex, which contains many

distinct cell types, organized in layers, with multiple cell types

per layer. A near-complete census of mouse cell types (Sugino

et al., 2019; Tasic et al., 2018) promises to identify the full range

of molecular subtypes. This provides a parts list for the local cir-

cuit. Given a map of visual cortical circuitry, can we identify the

connections that are profoundly altered during plasticity? Our

aim is to place the temporal order of circuit changes in context,

assessingwhether there is a hierarchy such that plasticity occurs

earlier or in a different way for circuit nodes in thalamus and
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Figure 2. Thalamocortical (TC) Organization
(A) Visual thalamus includes dorsal and ventral
subdivisions (dLGN and vLGN, blue and purple).
Core and shell areas of dLGN receive inputs from
distinct RGC cell types. Higher-order visual thal-
amus includes LP (red).
(B) Thalamic axons in V1 arborize in distinct cortical
laminae.
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thalamocortical (TC) afferents compared to the intracortical cir-

cuitry of L4 and L2/3.

The Thalamus

The visual pathway of mammals begins in the retina, with retinal

ganglion cell (RGC) projections that target a number of subcor-

tical regions, including the superior colliculus (SC), dorsal lateral

geniculate nucleus (dLGN), and suprachiasmatic nucleus (SCN;

Figures 1A–1C). Blue and red in the figure illustrate projections

corresponding to ipsilateral and contralateral eyes, with eye-

specific segregation inmouse dLGN. In themouse, the ipsilateral

projection to dLGN is a small rounded patch surrounded by a

larger area of contralateral input. Some binocular overlap in the

mouse dLGN also exists (Figure 1B; Howarth et al., 2014).

The dLGN (Figure 2) can be subdivided into a core and shell

region, with the core projecting principally to layer 4 (L4) of pri-

mary visual cortex (V1, also VISp in the reference atlas; Kuan

et al., 2015). The shell largely targets L1 (Cruz-Martı́n et al.,

2014). Higher-order visual thalamus, called the lateral posterior

nucleus (LP) in mice (similar to the pulvinar of primates), projects

strongly to L1, with some input to deeper layers, including L5A.

The laminar structure of LP output may vary across visual areas

(Bennett et al., 2019).

Two classes of dLGN neurons are excitatory TC neurons and

intrinsic GABAergic interneurons, in which the former outnumber

the latter �4:1. Intrinsic interneurons make dendrodendritic and

axodendritic inhibitory connections onto TC neurons and other

dLGN interneurons (triads; Bickford et al., 2010; Morgan et al.,

2016; Rafols and Valverde, 1973). These two cell types receive

excitatory RGC and corticothalamic (CT) inputs as well as inhib-

itory inputs from thalamic reticular neurons (TRNs). TC neurons,

also called relay neurons, project to the cortex, sending collat-

erals to TRN. Interneurons in the thalamic reticular nucleus are

parvalbumin positive (PV+), whereas intrinsic interneurons are

largely PV�, although detailed characterization is not complete

(Kalish et al., 2018). CT inputs, in turn, also send collaterals to

TRNs. This circuit integrates, modifies, and relays visual informa-

tion passing from the retina to V1.

Experience-Dependent Plasticity in the Thalamus. In the cat,

studies revealed much more plasticity in cortical than in dLGN
circuits (Wiesel and Hubel, 1963a). MD

leads to the shrinkage of TC neuron

somata in dLGN, but to little change in

OD (Sherman and Spear, 1982; Wiesel

andHubel, 1963b).MDalso has little effect

on eye-specific segregation in mice (Gu-

zik-Kornacka et al., 2016). These studies

led to the view that CP plasticity was pre-

dominantly a cortical phenomenon.
In contrast to the cat, studies have uncovered more plasticity

in the mouse thalamus than previously recognized. The tradi-

tional view divides dLGN into distinct eye-specific territories,

with a predominantly contralateral area and a much smaller ipsi-

lateral region. However, in vivo recordings from dorsomedial

dLGN show a significant number of TC neurons that are respon-

sive to binocular stimulation, indicating that convergent retinal

inputs from both eyes are present in adult mice (Howarth et al.,

2014). These findings suggest that some TC neurons in the ipsi-

lateral patch extend dendrites into the contralateral dLGN layer

(Krahe et al., 2011). Moreover, MD during the developmental

window corresponding to the OD cortical CP described below

(�P18–P32) shifts the relative TC neuron response magnitude

evoked by the contralateral and ipsilateral eye. This thalamic

plasticity depends on the GABAA receptor a1 subunit (Som-

meijer et al., 2017). Future studies are needed to reveal whether

the potential for thalamic OD plasticity onsets at eye opening or

during the cortical CP, and whether thalamic OD shifts are

reversible. Notably, TC boutons terminating in L4 of binocular

V1 show changes in OD following MD, even in adult mice (Jaepel

et al., 2017; Rose and Bonhoeffer, 2018). The fact that plasticity

in TC responses persists in adult micewhile those in cortical neu-

rons diminish in response to MD suggests that some synaptic

mechanisms for the closure of the OD CP exist downstream of

the thalamus.

Studies using dark rearing rather than MD demonstrated a

previously unrecognized CP in the thalamus. Changes in visual

experience alter the number and strength of retinal inputs inner-

vating a given TC neuron beginning at �P20. Similar changes in

vision before P20 or after P30 fail to alter retinogeniculate

convergence (Hooks and Chen, 2006, 2008). The timing of this

retinothalamic CP overlaps with that of the cortical CP (Gordon

and Stryker, 1996), suggesting that cortical and thalamic

changes are interrelated. Changes in L6 CT activity during this

developmental window can regulate the number of retinal inputs

onto TC neurons, even without visual deprivation (Thompson

et al., 2016). These studies suggest that experience sculpts

both cortical and subcortical circuits and that CT interactions

are necessary for the proper formation of sensory circuits. One
Neuron 106, April 8, 2020 23
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Figure 3. Inhibitory and Excitatory Local Connectivity in Cortex
(A) Inhibitory interneurons vary in their laminar distribution across the cortex. 5-HT3AR

+ neurons are concentrated in L1 and L2/3, including the VIP+

interneurons. PV+ and SST+ interneurons are present across all of the layers, except L1 (after Lee et al., 2010; Xu et al., 2010). Subtypes are highlighted in the
table at right.
(B) In L2/3, bipolar VIP+ interneurons disinhibit the cortex by specifically inhibiting SST+ neurons. SST+ cells tonically inhibit PV+ neurons and pyramidal (Pyr)
neuron apical dendrites. Tonic inhibition is released when VIP+ neurons become active (Pfeffer et al., 2013). Input to VIP neurons (black andmagenta arrows) may
vary across cortical areas. Local inhibitory circuits differ in L4, where SST+ interneurons also inhibit PV+ cells, but VIP+ neurons are less abundant.
(C and D) Major excitatory connections of the granular and supragranular visual cortex. The local excitatory circuit includes connections from excitatory cells in a
given layer to those in nearby layers (Xu et al., 2016). Ascending (left) and descending projections (right), with thicknesses proportional to excitatory connection
strength. Laminae targeted by thalamic input shown in blue and red. Strength is shown in the illustration (C) and as a connectivity matrix (D), with pre- and
postsynaptic layers labeled.
(E) Local excitatory connectivity in L2/3 and L4.
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role of such plasticity may be to align the RF tuning of feedfor-

ward and feedback information in the thalamus.

The TC Circuit

The dLGN in turn projects to the visual cortex, with the monoc-

ular zone covering the largest territory, medial to a smaller binoc-

ular zone (Figure 1C). The mouse primary visual cortex contains

retinotopically organized neurons that respond to visual stimuli

of different orientations and directions. As in other sensory

cortices, a major thalamorecipient layer, L4, is the middle layer

of the cortex. This layer is often called granular due to the dense

packing of neurons in L4; the layers superficial to it toward pia

are called supragranular (L1 and L2/3), and the deeper layers

are infragranular (L5 and L6).

Development of the TC Circuit. Ascending and descending

projections connect the thalamus and cortex. The strongest

projection from dLGN connects most to L4 following early

development (see below; Catalano et al., 1991; Ghosh et al.,

1990). This input also arborizes near the L5/6 boundary, and

thus may also directly excite some deep-layer neurons (Morgen-

stern et al., 2016).

TC afferents reach the cortex by embryonic day 13 (E13) in

mice, invading the subplate by E14, and growing radially into

the cortex at E15 (Auladell et al., 2000). In contrast, L6 CT axons

arrive in the visual thalamus by P0.5, but do not finish innervating
24 Neuron 106, April 8, 2020
dLGN until P14.5. Therefore, the visual TC loop is not fully con-

nected until approximately eye opening at P12–P14 (Jacobs

et al., 2007; Seabrook et al., 2013), 1 week before the onset of

the cortical CP. Influences of visual experience on the develop-

ment and plasticity of the TC circuit are therefore an underappre-

ciated contributor to CP plasticity.

A Transient Circuit Develops Before the CP. The circuit orga-

nization described in Figures 3 and 4 is the configuration upon

which cortical CP plasticity occurs in V1, although the details

of how synaptic weights throughout the circuit change before,

during, and after the CP are still a topic of intense investiga-

tion. Studies of the somatosensory cortex (S1) suggest that

transiently formed TC circuits involving different inhibitory neu-

rons in the cortex exist early in development. There are three

main classes of cortical interneurons: those expressing

PV, somatostatin (SST), and the 5-HT3A receptor (5-HT3AR)

(Figure 3A; Lee et al., 2010). Each class contains further sub-

types (Tremblay et al., 2016). PV+ neurons are mainly fast-

spiking interneurons targeting pyramidal (Pyr) neuron somata.

SST+ interneurons include low threshold spiking (LTS) inter-

neurons, especially Martinotti cells, whose axons target

Pyr neuron dendrites and arborize extensively in L1. SST+ neu-

rons are heterogeneous, expressing a range of markers (calre-

tinin, neuronal nitric oxide synthase [nNOS], and neuropeptide
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Figure 4. Developmental Changes in Cortical Connectivity Near the Critical Period (CP)
(A) For granular and supragranular layers, developmental changes in the connectivity of local circuits are illustrated. Excitatory neurons are illustrated in black. PV+

(blue), SST+ (burgundy), and VIP+ (green) inputs are color coded, along with neuromodulatory inputs such as acetylcholine (purple). Excitatory TC inputs are
shown in black. Developmental age and time are annotated at the bottom. L4 changes in interneuron connectivity precede L2/3 changes (Jiang et al., 2010), with
PVmaturation in L2/3 correlated in time to CP onset and closure (Fagiolini et al., 2004). L2/3 connectivity matures during this period (Cossell et al., 2015; Ko et al.,
2013). SST+ connectivity to PV+ neurons, initially strong, grows weaker during this time and loses sensitivity to cholinergic modulation (Yaeger et al., 2019).
(B) Mature connectivity is summarized.
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Y [NPY]). SST+ neurons in L4 of V1 are mostly Martinotti cells,

while the same layer in S1 contains mainly non-Martinotti SST+

neurons, suggesting regional differences in SST+ subtypes

(Scala et al., 2019). 5-HT3AR
+ neurons include two major

groups: Lamp5+ interneurons and vasopressin intestinal pep-

tide (VIP)+, an important subset that targets SST+ neurons

(Tremblay et al., 2016).

Studies using rabies virus labeling, laser scanning photosti-

mulation, and optogenetics in S1 showed that SST+ inter-

neurons act as an intermediate between TC inputs and PV

interneurons. This transient circuit is thought to act as a devel-

opmental scaffold to establish the mature synaptic network

(Marques-Smith et al., 2016; Tuncdemir et al., 2016), like the

circuit formed by V1 subplate neurons that is essential for the

proper formation of functional architecture (Ghosh et al.,

1990; McConnell et al., 1989). In the first postnatal week, TC

axons innervate SST+ neurons more strongly than PV neurons

(Tuncdemir et al., 2016). Over the second postnatal week, there

is an activity-dependent shift in TC innervation in which TC

inputs onto SST interneurons weaken, while those onto PV

neurons strengthen (Chattopadhyaya et al., 2004). Intracortical

connections between SST / PV and SST / Pyr neurons,

which are of comparable strength in the first postnatal week,

diverge in the third postnatal week. While SST / Pyr synapses

strengthen, those onto PV neurons weaken, and disruption of

the SST circuit prevents PV circuit maturation (Butt et al.,

2017). Whether a similar transient inhibitory scaffold exists in

the developing visual cortex and how it relates to CP plasticity

is not known.
The TCCircuit during the CP. By the third week, TC axons in L4

innervate fast spiking interneurons (PV+ interneurons), LTS neu-

rons (SST+ interneurons), and excitatory Pyr neurons in V1

(Figure 4; Gouwens et al., 2019; Scala et al., 2019). In the mature

circuit of V1 and S1, the excitatory TC drive is stronger onto PV

neurons than onto SST+ interneurons or Pyr neurons (Cruikshank

et al., 2010; Miska et al., 2018). TC synaptic responses onto PV

and Pyr neurons also differ in short-term synaptic plasticity—

synaptic depression is greater at TC inputs onto PV (Cruikshank

et al., 2010). Thus, TC activation leads to stronger evoked

spiking of PV neurons when compared to Pyr neurons and

feedforward inhibition from L4 PV interneurons. Despite the

asymmetry in TC drive, comparison of the TC-evoked excitatory

postsynaptic current (EPSC) to the disynaptic inhibitory postsyn-

aptic potential (IPSC) from the same cell shows that the

excitation-to-inhibition (E/I) balance is comparable for PV and

Pyr neurons (Miska et al., 2018).

The Effects of Sensory Experience on the TCCircuit.Howdoes

MDduring theCPchange thedynamics of the TCcircuit?Closure

of one eye is believed to reduce visually evoked activity fromRGC

to TC neurons. However, in vivo dLGN recordings from awake

mice revealed that MD does not decrease the average spike

rate of TC neurons innervated by the deprived eye (Linden

et al., 2009). Instead, MD results in a decorrelation between relay

neurons. Decorrelated TC inputs converging onto a given L4

neuron therefore contribute to the previously reported long-

termdepressionof TC/Pyr synapsewithdeprivation (Kirkwood

et al., 1996). Whether long-term depression of this synapse fully

accounts for the reduced cortical responsiveness is still a focus
Neuron 106, April 8, 2020 25
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of investigation (Crozier et al., 2007; Frenkel andBear, 2004;Hey-

nen et al., 2003).

Optogenetic tools have revealed distinct changes in the TC

versus intracortical circuitry to deprivation in mice. By optically

activating specific cell types in both the thalamus and L4 of

monocular V1, Turrigiano and colleagues demonstrated that

the deprivation of one eye depresses the strength of TC inputs

onto PV cells to a greater degree than TC inputs onto Pyr cells

(Figure 5). The E/I balance for synaptic responses to thalamic

stimulation increases due to a shift toward excitation. In contrast,

selective optogenetic activation of intracortical synapses re-

vealed a decrease in E/I ratio due to an increase in the strength

of Pyr / PV synapses that, in turn, enhances inhibitory drive

onto L4 Pyr neurons (Maffei et al., 2006; Miska et al., 2018).

Thus, MD leads to a divergence of the E/I ratios in TC and intra-

cortical circuits driven by the deprived eye. As intracortical excit-

atory synapses outnumber TC synapses, the net shift in the E/I

ratio from both circuits may lead to a greater degree of inhibition

in L4 than depression of the TC input alone (Miska et al., 2018).

Studies in cats andmice reveal that TC axon arbors remodel in

response toMD almost 1 week after functional changes in V1 are

detected (Antonini et al., 1999; Antonini and Stryker, 1993),

which is consistent with a dissociation between structure and

function described in other sensory circuits (Hong et al., 2014;

Oberlaender et al., 2012). In the cat, functional changes in L2/3

(within 1 day of MD [1d-MD]) precede that in L4 (3d-MD), sup-

porting the idea that feedback from intracortical circuits influ-

ences TC axon morphology and connectivity (Trachtenberg

and Stryker, 2001; Trachtenberg et al., 2000). In contrast, simul-

taneous recordings from L2/3 and L4 inmice show reduced visu-

ally evoked potentials in both layers by 1d-MD (Liu et al., 2008).

The difference in the sequence of laminar circuit changesmay be

due to a compressed developmental window in mice or other

species differences such as distinct intracortical circuitry or

homeostatic mechanisms. However, both species share a com-

mon theme involving circuit feedback during experience-depen-

dent plasticity, whether it be between laminae or between cortex

and thalamus (Thompson et al., 2016). Future studies will

continue to expand on this detailed account of complex circuit

dynamics. The assessment of other aspects of intracortical cir-
26 Neuron 106, April 8, 2020
cuits, including the effects of MD on PV / PV and PV /

SST+ neurons within L4, as well as connections between L4

and more superficial layers of V1 (Xue et al., 2014), will also

advance our understanding of CP plasticity.

Intracortical Connections and Their Plasticity

Local Excitatory Connectivity. Plasticity in V1 during the CP has

been attributed to changes in intracortical connectivity (Figure 4).

Intracortical excitatory connection strength has been mapped in

mouse V1, identifying intralaminar and translaminar pathways

(Xu et al., 2016). These are similar to the major pathways in S1

(Lefort et al., 2009) and can be quantitatively compared across

motor and sensory cortical areas (S1, S2, and M1; Hooks

et al., 2011; Weiler et al., 2008). For supragranular connections,

the major connections are L4 / L2/3 and L2/3 / L2/3. For in-

fragranular connections, these are the reciprocal L2/3/ L5, and

L5 / L2/3 connections (Figure 3).

Development and Plasticity of Local Excitatory Connections.

CP changes include long-term reweighting of synaptic connec-

tions, but not all affected circuit loci are known. The CP shift likely

includes changes in inhibitory circuitry, regulation of intrinsic

excitability, and alteration of excitatory inputs, including L4 to

L2/3 and within L2/3 connectivity. Some studies also investigate

changes in short-term plasticity, such as synaptic facilitation and

depression (Maffei et al., 2006). The temporal dynamics of intra-

cortical excitatory connections reach maturity in L4 near CP

onset, when TC inputs are already mature (Miao et al., 2016).

As L2/3 neurons are approachable, especially for in vivo imag-

ing, their strong interconnectivity and its plasticity has made

within-L2/3 excitatory connectivity a natural target for study.

Small-scale networks (Yoshimura et al., 2005) of excitatory neu-

rons exist within L2/3 neurons sharing similar orientation. Local

connectivity is twice as likely for L2/3 excitatory neurons sharing

the same orientation preference (Ko et al., 2011), and these con-

nections are stronger (Cossell et al., 2015).

What about plasticity during deprivation? The time course of

responsiveness changes in excitatory neurons suggests a multi-

phasic response to MD (Figure 6; Frenkel and Bear, 2004).

Initially, L2/3 responses are rapidly reduced to the deprived

eye (over a time course of days), with responses to the nonde-

prived eye strengthened more slowly (Mrsic-Flogel et al.,
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2007). Early weakening of the deprived contralateral eye inputs is

due to Hebbian long-term depression (LTD). A slower phase of

input strengthening from the non-deprived eye follows, along

with a slight strengthening of deprived eye inputs, due to a mix

of homeostatic andHebbianmechanisms (Espinosa andStryker,

2012). These mechanisms focus on changes in excitatory input

(inhibitory connections are discussed below). Supporting this,

MD in rats causes a biphasic shift in miniature EPSC (mEPSC)

amplitude, which matches the time course of initial weakening

(over 1–2 days), followedby strengthening (over 6 days) of synap-

tic inputs (Lambo and Turrigiano, 2013). The source of the

mEPSC inputs could be L2/3 or L4 inputs, as these two sources

are the strongest excitatory connections to L2/3 cells. Further-

more, intrinsic excitability of L2/3 pyramids contributes to this

strengthening (Lambo and Turrigiano, 2013).

As the ODCP coincides with development of intralaminar L2/3

connectivity, maturation of this circuit is a potential contributor to

CP plasticity (Figure 7). Before CP onset, L2/3 neurons show

tuned responses at eye opening (Ko et al., 2013), but similarly

tunedL2/3neuronsarenotpreferentially connected toeachother

at P13–P15. By the middle of the CP (P22–P26), however, L2/3

neurons of similar orientations have enhanced connectivity (Cos-

sell et al., 2015). Thus, early in development, L2/3 orientation

selectivity is likely inherited from L4 inputs. Later, selective con-

nectivity within L2/3 develops via plasticity, with increases in

the connection probability of similarly tuned cells and the elimina-

tion of connections between differently tuned ones (Ko et al.,

2013). Remarkably, this process is not disrupted by visual depri-

vation (Ko et al., 2014); MD results in a seemingly normal pattern

of orientation selectivity and connectivity. This suggests that

spontaneous activity suffices for this developmental change,

perhapswithoutCPplasticity for orientation selectivity. Binocular

matching, however, is disrupted by visual deprivation (see

below). It will be interesting to knowwhether prolongeddark rear-

ing results in a regression of matching in tuned neurons. That this

reorganization occurs during the CP for ODP suggests that many

circuit changes occur contemporaneously. Other paradigms

evoke L2/3 plasticity even in older mice, suggesting that some

cortical plasticity exists outside the CP for ODP. Associating

grating orientation with reward induces RF changes in excitatory

(Poort et al., 2015) and inhibitory cells in mice after the traditional

CP (Khan et al., 2018). However, it is unclear how the sensitivity to

learned associations changes developmentally.
Interneuron Connectivity in Local Circuitry. Inhibitory

GABAergic interneurons are �10%–15% of all cortical neurons

(Peters and Kara, 1985; Tremblay et al., 2016), outnumbered

by excitatory cells in all cortical layers, except in the cell-poor

L1. Local excitatory inputs to L2/3 interneurons suggest that

GABAergic cells integrate inputs frommost neighboring Pyr cells

in the mouse (Bock et al., 2011; Hofer et al., 2011). Consistent

with this, L2/3 interneurons of all classes have reduced orienta-

tion selectivity compared to nearby Pyr cells (Kerlin et al., 2010).

The first interneuron Cre-driver mouse, PV-Cre (Hippenmeyer

et al., 2005), enabled the manipulation of PV+ interneurons,

showing that L2/3 PV+ interneurons are broadly tuned and PV+

firing modulation bidirectionally altered Pyr neuron firing rates,

but they did not affect the orientation tuning width (Atallah

et al., 2012; Wilson et al., 2012). Thus, the PV+ neuron function

is not to shape the orientation selectivity of L2/3 pyramids. Simi-

larly, both SST+ and PV+ interneurons are relatively non-selective

in the excitatory neurons they inhibit, targeting most neighboring

Pyr neurons with high probability (Fino et al., 2013), typically neu-

rons whose somata are in the same cortical layer (K€atzel et al.,

2011). In other mammals, in which cortical orientation selectivity

is locally organized, interneuron tuningmay shape Pyr cell tuning

by specifically suppressing non-preferred responses (Wilson

et al., 2017, 2018). Alternatively, precise weighting of specific

connections may be achieved by reweighting inhibitory synap-

ses from PV+ neurons. Developmentally, visual cortex PV+ inter-

neurons show plastic connections in response to activity

changes in their targets, while SST+ neurons do not (Xue

et al., 2014).

The elucidation of cell-type-specific rules for local interneuron

connectivity is of great interest, especially in their connectivity to

other interneurons. A network for disinhibiting cortex has been

demonstrated across many cortical areas (Figure 3). VIP+ inter-

neurons specifically inhibit SST+ neurons (Pfeffer et al., 2013).

Since SST+ interneurons are often tonically active, this tran-

siently inactivates network inhibition, freeing the targets of

SST+ inhibition to fire. These targets are both PV+ interneurons

as well as Pyr neurons (Figure 3B). The net effect of VIP+-

mediated disinhibition is an increase in cortical responsiveness

(Fu et al., 2014). The disinhibitory VIP+ circuit motif seems to

be present across the cortex, with examples in auditory, somato-

sensory, and frontal cortex (Lee et al., 2013; Pi et al., 2013). How-

ever, the input that activates VIP+ interneurons varies across
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cortical areas. In the mature visual cortex, running results in an

increase in cortical gain (Niell and Stryker, 2010), mediated by

a brainstem circuit activating cholinergic inputs in the basal fore-

brain (Lee et al., 2014). Cholinergic input is thus proposed as one

source of VIP+ interneuron activation in V1. The VIP+ network

may be engaged by glutamatergic inputs in other areas, such

as motor cortex activation of VIP+ neurons in S1 during whisker

movement (Lee et al., 2013). In auditory areas, running de-

creases responsiveness. It will be interesting to see how this cir-

cuit explains disinhibition in the infragranular cortex, where

somata of VIP+ neurons are much less prevalent, but their axons

may be present and regulate inhibition and disinhibition (Yu et al.,

2019). Furthermore, differing subtypes of SST+ neurons, such as

apical dendrite targeting Martinotti cells in V1 L4 and nearby S1

L4 SST+ non-Martinotti cells (Scala et al., 2019), suggest

different disinhibitory rules across areas.

Plasticity of Intracortical Connections in Supragranular Layers.

Changes in inhibitory circuitry are amajormechanismofCPplas-

ticity. The development of cortical inhibition plays an important

role in triggering the onset of CP plasticity in V1 (Hensch, 2005).

The development of GABAergic circuitry precedes CP onset,

with inhibitory inputs to excitatory neurons strengthening in L4

and L2/3 after eye opening. Consistent with sequential matura-

tion along the ascending circuit, L4 GABAergic inputs strengthen

during the third postnatal week (�P12–P21), while L2/3 inputs

strengthen later (Jiang et al., 2010) (Figure 4). The development

of GABAergic connections is halted by dark rearing (Huang

et al., 1999), and their strengthening is needed to trigger the onset

of the CP for ODplasticity (Cynader et al., 1976). PV+ basket cells

have been proposed to be the circuit component whose matura-
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tion triggers CP plasticity for ODP, based on the manipulation of

specific GABAA receptor subunits (Fagiolini et al., 2004).

PV+ cells are well situated to regulate rapid changes in Pyr

neuron excitability, thus explaining changes in V1 responsive-

ness as rapidly as after 1d-MD during the CP (Figure 6). Local

excitatory inputs to Pyr neurons are unchanged, but responsive-

ness of L2/3 PV+ interneurons is reduced with a dramatic loss of

excitatory L4/L5A input (Kuhlman et al., 2013). Such inhibitory

circuit changes seem crucial for plasticity, as manipulation of

PV+ neuron firing, such as by inhibitory designer receptors

exclusively activated by designer drugs (DREADD) expression

targeted to these cells, can restore CP plasticity at ages after

the typical CP into adulthood (�P85; Harauzov et al., 2010; Kuhl-

man et al., 2013). This implies that the CP closure is due to

increased PV+ activity (but see Hoseini et al., 2019). The change

in PV+ input is due to deprivation and not competition between

open and closed eye inputs, since PV+ responsiveness is

reduced during binocular deprivation as well (Feese et al.,

2018). In the short term, 1-d MD results in the reduction of

PV+-mediated feedforward inhibition due to reduced PV+ neuron

firing. For longer manipulations, the reduction in the excitatory

neuron firing rate can result in reduced PV+ but not SST+ IPSC

amplitude (Xue et al., 2014). It is worth noting, however, that

the activity manipulations used to achieve this were chronic

from in utero expression to the time of the CP opening period

(�P17–P23). Thus, interneuron plasticity due to targeted manip-

ulations during the CP may differ.

SST+ interneurons also integrate into the cortical circuit at the

same developmental time (Figure 4). SST+ cell inhibition of PV+

interneurons is already strong in L2/3 by the CP and weakens
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over development after P28 (Yaeger et al., 2019). SST+ neurons

also show strong connectivity with PV+ cells and pyramids in the

infragranular layers (Butt et al., 2017; Tuncdemir et al., 2016). In

both of these layers, a developmental strengthening of glutama-

tergic input (local L2/3 and L4 input to L2/3 pyramids; TC input to

L5 pyramids) occurs concurrently with a reduction in SST+-medi-

ated inhibition. Such SST+-mediated inhibition of PV+ cells,

along with apical dendritic inhibition, may be required for CP

plasticity. Suppression of SST+ neuron activity during the CP

(assumed to increase PV+ neuron activity) blocks RF develop-

ment of excitatory cells (Yaeger et al., 2019).

Basal forebrain cholinergic inputs also regulate CP closure

through the modulation of inhibitory circuits. The Lynx1 gene,

an endogenous antagonist of nicotinic acetylcholine receptors

(AChRs), increases in expression in V1 PV+ neurons over devel-

opment, suggesting that some circuit components in V1 devel-

opmentally lose responsiveness to cholinergic input. Knockout

(KO) of Lynx1 prevents closure of the CP (Morishita et al.,

2010). More recently, activation of excitatory AChR projections

onto SST+ neurons was shown to disynaptically decrease PV

neuron activity early in development. This second form of cholin-

ergic modulation is lost in adulthood, leading to increased PV

neuron activity, thus implicating developmental reduction of

the cholinergic modulation of SST+ neurons in CP closure

(Figure 8; Yaeger et al., 2019).
In addition to SST+-mediated inhibition, a descending L1 input

from non-VIP-expressing 5-HT3AR
+ interneurons regulates PV+

excitability. Blockade of this input abolishes auditory cortex CP

plasticity (Takesian et al., 2018). This may explain the distinct

effects of AChR modulation on PV+ versus SST+ neurons. While

developmental changes may help explain CP closure, choliner-

geric input during arousal remains effective at modulating the

cortical state in adulthood (Fu et al., 2014; Niell and Stryker,

2010). Thus, it has been proposed that the cholinergic pathway

could be a target for future drug development in the treatment

of diseases such as amblyopia, in which prolongation of cortical

plasticity may contribute to recovery.

Themes in Cortical Plasticity. Reweighting of intralaminar L2/3

connections seems to be a major contributor to CP plasticity of

L2/3 excitatory neurons. The circuit mechanisms underlying

these changes implicate PV+ interneurons as a key node in

determining whether plasticity is possible, as cortical plasticity

does not occur before PV+ connections have begun to mature

(CP onset) nor after PV+ connectivity is fully mature (CP closure).

Once the CP is open, mechanisms regulating PV+ interneuron

excitability may gate whether plasticity continues. Inhibitory cir-

cuits that target PV+ cells may be manipulated to block or permit

CP plasticity (Takesian et al., 2018; Yaeger et al., 2019). Further-

more, mechanisms for altering excitation to PV+ neurons also

regulate rapid CP changes (Kuhlman et al., 2013). Since mature
Neuron 106, April 8, 2020 29
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PV+ inhibition reduces or prevents plasticity, one may hypothe-

size that a targeted reduction of PV+ inhibition in the adult would

be helpful in restoring plasticity, if runaway excitation could be

avoided. If this is how CP plasticity is regulated, and a second,

later window of CP plasticity was evoked, then it would address

whether such changes were indeed a one-time event, or whether

plasticity can be reopened multiple times. Transplantation of

immature GABAergic neurons into adult V1, even when their ac-

tivity is blocked, seems to make this possible (Hoseini et al.,

2019; Southwell et al., 2010).

How inhibitory development triggers the opening of the CP is

not straightforward. Without data, it seems that if disinhibition

is helpful for CP plasticity at ages�P20–P30, then the lack of in-

hibition before the development of PV+ interneurons should also

be helpful in enhancing plasticity. However, the data suggest

that dark rearing and other manipulations that disrupt the devel-

opment of PV+ interneuron-mediated inhibition also delay CP

onset. Perhaps a minimum level of perisomatic inhibition is

permissive for circuit changes, or perhaps a concert of other

changes linked to PV+ maturation occur that support the initia-

tion of the CP? One model proposes that without a sufficient

level of PV-mediated inhibition, it may be difficult to differentiate

excitatory inputs in a noisy background, while higher levels of in-

hibition assist in enhancing the signal-to-noise ratio and thus

select specific inputs for plasticity (Toyoizumi et al., 2013).

Distinct Roles for TC and Intracortical Circuits of the

Visual System

The two most commonly used in vivo assays for CP plasticity,

OD and spatial acuity, are assumed to track with each other.

However, conditions that dissociate plasticity in TC and intra-

cortical circuits suggest that their underlying mechanisms are

distinct (Liu et al., 2008). Chronic visual deprivation from birth

halts the onset of OD plasticity as assayed by single-unit record-

ings across all cortical lamina. However, the development of

spatial acuity, measured by in vivo VEP responses around the

granular layer, is slowed significantly but does eventually reach

adult levels (Kang et al., 2013). Mismatch in the maturation of

the TC and intracortical circuits may underlie the observation

that while the initial development of orientation selectivity is

normal, tuning is then degraded over time in dark-reared mice

(Wang et al., 2010). The loss of the extracellular matrix protein

NARP, an extracellular lectin that accumulates at excitatory syn-

apses onto PV interneurons, results in reduced inhibition and the

failure to express ODP. However, experience-dependent regula-

tion of spatial acuity (VEP responses) is intact (Gu et al., 2013). In

addition, the Nogo-66 receptor (ngr1), a myelin-associated

protein, plays a role in limiting OD plasticity, and deletion of the

protein in the adult brain leads to recovery of this plasticity and

improved acuity in amblyopic mice. Selectively deleting ngr1 in

excitatory cortical neurons leads to the recovery of OD but not

visual acuity. In contrast, deleting the protein from TC neurons

recovers acuity, but not OD plasticity (Stephany et al., 2018).

These findings suggest that TC and corticocortical connections

contribute to different features of visual circuit plasticity.

The Purpose of CPs
While many studies have identified molecular and circuit-based

mechanisms underlying the opening and closing of CPs, the
30 Neuron 106, April 8, 2020
fundamental purpose for this developmental window has also

drawn attention. Vision is encoded in many information lines

that represent different RF features. Accumulating data support

the idea that CPs allow for the precise matching of these infor-

mation lines within and across brain areas during developmental

fine-tuning of the neuronal network. For example, CT feedback

from V1 to dLGN, which develops relatively late, should ideally

match the retinotopy and feature selectivity of feedforward in-

puts from retina converging onto a given TC neuron. Fine-tuning

of the retinal-thalamo-cortical circuit may occur during the reti-

nogeniculate CP, when changes in experience can rewire

afferent retinal inputs (Thompson et al., 2016).

Another canonical example of alignment during the CP is fine-

tuning of binocular matching in mice. Similar to other species,

orientation preference of inputs from the contralateral and

ipsilateral eye converging on a given binocular neuron in V1

appear random early in development, but are well matched in

adult mice (Crair et al., 1998; Hubel and Wiesel, 1962; Wang

et al., 2010). With age, the difference in orientation tuning of in-

puts driven by the two eyes decreases (Gu and Cang, 2016;

Wang et al., 2010). This decrease occurs without experience,

but the final refinement of binocular matching occurs during

the CP and involves the late developmental refinement of synap-

tic circuits driven by the ipsilateral eye to match the orientation

tuning of those driven by the contralateral eye. Binocular match-

ing is disrupted by MD or dark rearing between P20 and P30, but

not at older ages. The restoration of normal visual experience

after the CP does not fully rescue these defects (Wang et al.,

2010). Notably, TC inputs serving the two eyes become substan-

tially matched before the CP, followed by matching of intracort-

ical circuits. The sequential timing suggests that, when

compared to TC circuits, binocular matching in intracortical cir-

cuits may bemore sensitive to experience during the CP (Gu and

Cang, 2016; Ko et al., 2014). Supporting this idea, inhibitory cir-

cuits between SST and PV neurons in L2/3 rewire during the CP

and contribute to binocular matching (Yaeger et al., 2019). Visual

deprivation paradigms that shift OD during the CP are also asso-

ciated with decreased binocular matching of orientation prefer-

ence. This plasticity cannot be entirely explained by on-off sub-

region correspondence (Sarnaik et al., 2014), and the deficits

induced by aberrant experience can be rescued by environ-

mental enrichment (Levine et al., 2017).

If the purpose of CPs is to fine-tune information flow such that

bottom-up, top-down, and intralaminar inputs to neurons match

in their preferences for OD, orientation selectivity, or other fea-

tures, then it is worth asking why the visual system uses this

method of developmental plasticity instead of a fully predeter-

mined molecular mechanism. In normal development, fine-

tuning is needed, even in systems in which molecular gradients

accomplish much in the service of retinotopy and somatotopy.

Perhaps the molecular code is insufficient to also instantiate

ocular preference and orientation and direction selectivity. An

activity-dependent approach allows the circuit to form, even

when the number of elements is not predetermined (as seems

to be the case for mammals but not all invertebrates). Closure

or reduction of plasticity at near-adult ages may confer an

advantage by reducing the cost of constant circuit refinement

after development in typical animals. However, since different
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cortical areas specialize for different sensory, motor, and cogni-

tive functions, there may be temporally different CPs using

potentially similar mechanisms to open and close the peak pe-

riods of cortical responsiveness to change. This accounts for

the accent-free acquisition of new languages and the ability to

learn new motor skills in adolescence, for example, the stereo-

typically poor risk management of teenagers learning to

drive—all changes occurring later than the visual cortex CP.

CPs and Neurodevelopmental Disorders: NDDs as
Synaptopathies
CPs are times when synaptic circuits are sensitive to environ-

mental changes, but these periods can also be windows

when aberrant experience leads to permanent disruption in

neuronal function. Supporting this idea are findings that chil-

dren raised in orphanages who are deprived of normal social,

cognitive, and emotional stimulation show developmental de-

lays and reduced intellectual abilities when compared to chil-

dren raised in families (Nelson et al., 2007). The younger that

an orphan is placed with a foster family, the more likely it is

that the child can recover his or her cognitive skills. Identifying

the circuits disrupted in environmentally deprived children is a

topic of active research. One network implicated in autism

spectrum disorders (ASD) is face recognition (Weigelt et al.,

2012). In non-human primates raised without exposure to

faces, higher-order cortical face processing is impaired (Arcaro

et al., 2017). These examples highlight how abnormal experi-

ence can derail cognitive and social development in an other-

wise healthy brain.

The majority of neurodevelopmental disorders (NDDs),

including ASD and schizophrenia, occur in the setting of a normal

environment. A disruption in CP refinement is potentially the

underlying pathophysiology. That is, abnormal plasticity re-

sponses during the CP may lead to improper consolidation

of synaptic circuits. In this model, experience-dependent plas-

ticity of synaptic circuits described in sensory systems is likely

generalizable to other regions of the brain, including the limbic

system.

Studies from many labs have focused on monogenetic mouse

models of NDDs to identify defects in specific circuits. Many of

these genes have also been associated with CP plasticity.

Studies have revealed a disruption in the incorporation of sen-

sory experience into circuits. For example, the Fmr1 KO mouse

line, a model for the most common intellectual disability disorder

for males, fragile X, exhibits an abnormal CP response. Rather

than normal depression of cortical responses to MD (Figure 6),

these animals exhibit a potentiation of the open eye response,

a feature that is typically only seen with longer periods of MD

in wild-type (WT) mice (Dölen et al., 2007). Disrupted mGluR5

signaling in Fmr1 KO mice is thought to underlie this abnormal

response to sensory experience, although the synaptic locus is

not clear. Abnormally increased dendritic spine density has

been observed in L3 of V1 (Dölen and Bear, 2008), implicating

the disruption of excitatory connections, likely from L4 andwithin

L2/3 inputs. Moreover, sensory-dependent plasticity in the so-

matosensory system, such as exposure of Fmr1 KO mice to an

enriched environment, does not lead to the normal increase in

spine density seen in WT mice (Arroyo et al., 2019).
The Ube3a KO mouse is a model of Angelman syndrome, an

NDD characterized by recurrent seizures and microcephaly.

Maturation of synaptic connections onto L2/3 neurons is

abnormal, and both L4 to L2/3-evoked long-term potentiation

(LTP) and LTD are impaired in these mice (Yashiro et al., 2009).

Curiously, late-onset dark rearing from P30 to P40 restores

LTD in the mutants. These abnormal synaptic responses to vi-

sual experience likely contribute to the attenuated OD plasticity

and diminished orientation selectivity in Ube3a KO mice (Sato

and Stryker, 2010; Wallace et al., 2017; Yashiro et al., 2009). In

other NDD mouse models, there is accelerated maturation of

PV interneurons. Mecp2 KO mice is a model for Rett syndrome,

an NDD notable for relatively normal initial development until

�18 months of age, followed by the regression of cognitive

and language skills (Zoghbi and Bear, 2012). Studies of Mecp2

KO mice show that the increase in PV interneuron maturation

corresponds to a precocious onset and ending of OD plasticity

(Durand et al., 2012; Krishnan et al., 2015). Defects in cholinergic

modulation of cortical circuits have also been described in a

number of NDD mouse models (Artoni et al., 2019), raising the

possibility that certain synaptic loci can be differentially affected.

A shift in the timing of plasticity of one synapse is likely detri-

mental to normal brain development as different layers of the

cortex have distinct windows of sensitivity to visual experience.

Therefore, disruption of the development of one synapse or

microcircuit can lead to progressively discoordinated develop-

ment of intracortical or TC circuits.

Many ASD mouse models have defects in synaptic function

and structure, in particular, brain regions and circuits (Lee

et al., 2017; Luo et al., 2018; Zoghbi andBear, 2012), yet the drive

to find a unifying theme that links different NDDs continues. One

common feature that has emerged is the finding of E/I imbalance

in the sensory cortex (LeBlanc and Fagiolini, 2011; Lee et al.,

2017; Nelson andValakh, 2015). This finding fitswell with another

autism model first proposed by Rubenstein and Merzenich

(2003), arguing that E/I imbalance toward hyperexcitability could

lead to a ‘‘noisy’’ cortex, reducing information processing and

enhancing the incidence of seizures. The model is also consis-

tent with the recent demonstration that acute manipulation of

E/I balance in the prefrontal cortex leads to the disruption of

normal social behavior (Yizhar et al., 2011). However, depending

on the ASD mouse model, and even specific synapses studied,

disruption of the E/I balance shifts in opposite directions (Dani

and Nelson, 2009; Durand et al., 2012; Gogolla et al., 2009).

Whether the disrupted E/I balance is causal for the disorder or

a compensatory response is still debated (Nelson and Valakh,

2015). Supporting the latter possibility, a recent electrophysio-

logical study systematically examined the feedforward circuitry

from L4 to L2/3 of several different ASD models. These mouse

models exhibit an increased E/I ratio in L4 of the S1, yet the firing

rates of L2/3 Pyr neurons were unchanged between mutant and

WT littermates (Antoine et al., 2019). However, while homeostatic

plasticity appears robust at the L4-to-L2/3 synapse in these

models, it is possible that it is disrupted in other feedforward syn-

apses, as has been described for Mecp2 and Fmr1 KO mice

(Blackman et al., 2012; Soden and Chen, 2010). Infragranular cir-

cuits have not been assessed to the samedegree as supragranu-

lar circuits and thus their involvement is unknown.
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Disruption of thalamic circuits has also been associated with

NDDs. Both the Ptched1 (patched-domain containing protein

1) gene and the Cacna1 gene, which encodes a low-voltage

activated calcium channel (T-type calcium channel), are highly

enriched in the thalamus and are associated with the risk of

ASD (for review, see Halassa and Kastner, 2017; Krol et al.,

2018). In the visual thalamus of Mecp2 KO mice, initial synaptic

development in the visual thalamus is relatively normal, but then

becomes abnormal during the experience-dependent period,

and changes in sensory experience no longer elicit a similar

response in synaptic connectivity (Noutel et al., 2011). As proper

interactions between cortex and thalamus are necessary for the

development of normal cognition, one can speculate that focal

defects in synaptic circuits of cortex or thalamus by the loss of

Mecp2 may lead to the progressive regression of sensory pro-

cessing during sensory CP (Durand et al., 2012; Thompson

et al., 2016).

Even disruption of peripheral sensory circuits can lead to per-

manent alterations in both behavior and sensory perception. In a

remarkable study, investigators selectively deleted individual

ASD-associated genes Mecp2 or Gababr3 (b3 subunit of the

GABAA receptor) from the dorsal root ganglion and trigeminal

somatosensory neurons (Orefice et al., 2016). Disruption of these

genes, whether during development or in adulthood, leads to

abnormal tactile discrimination and hypersensitivity to light

touch. However, abnormal sensory perception during develop-

ment was associated with disrupted social behavior and height-

ened anxiety, whereas new-onset disruption in the adult did not

affect behavior. Therefore, abnormal sensory processing during

CPs of social behavior led to indelible changes in behavior. This

study reveals how individuals exposed to abnormal sensory

experience, as in the case of orphans and individuals with

genetic defects leading to abnormal development of sensory

circuits, can share similar clinical presentations. The conse-

quences of abnormal sensory experience and disrupted mecha-

nisms underlying CP plasticity may converge on a common

synaptic circuit pathophysiology associated with NDDs.

Conclusions
Over the past 13 years (Hooks and Chen, 2007), studies taking

advantage of cell-type-specific Cre lines combined with tools

to activate, suppress, and monitor neurons have led to a deeper

understanding of the local cortical circuitry and the rules under-

lying experience-dependent construction of the visual system.

Themes emerging from these studies include the existence of

transient developmental circuits involving different types of

inhibitory neurons. These circuit motifs, reminiscent of the role

of subplate neurons in TC circuit development, appear to serve

as a scaffold for the maturation of intracortical circuits. Studies

have also uncovered an experience-dependent process of

matching specific tuning features that contribute to CP plasticity.

Such matching may occur not only within cortex but also be-

tween cortex and thalamus. Finally, studies have uncovered a

surprising degree of plasticity in the thalamus that may

contribute to downstream changes in cortical circuitry. We

have a better understanding of the molecular mechanisms by

which inhibitory circuits can regulate the closure of the CP, but

how they trigger the onset of the CP remains a compelling ques-
32 Neuron 106, April 8, 2020
tion. A more detailed understanding of specific mechanisms that

are unique to intracortical and TC circuits and that distinguish

experience-dependent plasticity during development from that

during adulthood will be essential for harnessing CP plasticity

to repair NDDs and degenerative disorders. Identifying the inter-

actions between different circuits underlying image- and non-im-

age-forming vision, including the SC, will also be important for

understanding the basis of visual behaviors. With the range of

techniques for targeted circuit manipulations, including the

means to manipulate specific Pyr cell types, the advances of

the next decade in cortical plasticity should be quite exciting

indeed.
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(Neuron 106, 21–36; April 8, 2020)

In the original version of this paper, the color map in Figure 1D in the superior colliculus was reversed from what it should be. The

authors also noticed that the color scheme in Figure 1D may be misunderstood as being the same as that of Figure 1A. These

have now been corrected online to show the appropriate visual field representationmaps across superior colliculus and visual cortex.

The scale has been relabeled to clarify that the coordinates refer to the visual field location. The authors apologize for the error.
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Figure 1. Ascending Pathways to Visual Cortex (corrected)
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Figure 1. Ascending Pathways to Visual Cortex (original)
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