REVIEW
published: 25 May 2021
doi: 10.3389/fncir.2021.665009

Cortical and Subcortical Circuits for
Cross-Modal Plasticity Induced by
Loss of Vision
Gabrielle Ewall 1† , Samuel Parkins 2† , Amy Lin 1 , Yanis Jaoui 1 and Hey-Kyoung Lee 1,2,3 *
1

Solomon H. Snyder Department of Neuroscience, Zanvyl-Krieger Mind/Brain Institute, Johns Hopkins School of Medicine,
Baltimore, MD, United States, 2 Cell, Molecular, Developmental Biology and Biophysics (CMDB) Graduate Program, Johns
Hopkins University, Baltimore, MD, United States, 3 Kavli Neuroscience Discovery Institute, Johns Hopkins University,
Baltimore, MD, United States

Edited by:
Julio C. Hechavarría,
Goethe University Frankfurt, Germany
Reviewed by:
Lutgarde Arckens,
KU Leuven, Belgium
Kai-Wen He,
Interdisciplinary Research Center on
Biology and Chemistry (CAS), China
*Correspondence:
Hey-Kyoung Lee
heykyounglee@jhu.edu
†
These authors have contributed
equally to this work and share first
authorship

Received: 06 February 2021
Accepted: 14 April 2021
Published: 25 May 2021
Citation:
Ewall G, Parkins S, Lin A, Jaoui Y and
Lee H-K (2021) Cortical and
Subcortical Circuits for Cross-Modal
Plasticity Induced by Loss of Vision.
Front. Neural Circuits 15:665009.
doi: 10.3389/fncir.2021.665009

Cortical areas are highly interconnected both via cortical and subcortical pathways, and
primary sensory cortices are not isolated from this general structure. In primary sensory
cortical areas, these pre-existing functional connections serve to provide contextual
information for sensory processing and can mediate adaptation when a sensory modality
is lost. Cross-modal plasticity in broad terms refers to widespread plasticity across the
brain in response to losing a sensory modality, and largely involves two distinct changes:
cross-modal recruitment and compensatory plasticity. The former involves recruitment
of the deprived sensory area, which includes the deprived primary sensory cortex, for
processing the remaining senses. Compensatory plasticity refers to plasticity in the
remaining sensory areas, including the spared primary sensory cortices, to enhance
the processing of its own sensory inputs. Here, we will summarize potential cellular
plasticity mechanisms involved in cross-modal recruitment and compensatory plasticity,
and review cortical and subcortical circuits to the primary sensory cortices which can
mediate cross-modal plasticity upon loss of vision.
Keywords: cross-modal plasticity, cortical plasticity, cortical circuits, subcortical circuits, sensory loss, multisensory interaction, metaplasticity, functional connectivity

Abbreviations: 5HT, 5-hydroxytryptamine; A1, primary auditory cortex; ACg, anterior cingulate cortex; AChR, acetylcholine
receptor; AL, anterolateral area; aLP, anterior-ventral lateral posterior nucleus; AM, anteromedial area; AMPA, αamino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; BCM, Bienenstock-Cooper-Monroe; cAMP, cyclic adenosine 3,
5-monophosphate; dLGN, dorsal lateral geniculate nucleus; EEG, electroencephalogram; EPSC, excitatory postsynaptic
current; fMRI, functional magnetic resonance imaging, GAD65, glutamic acid decarboxylase 65; GluN2B, glutamate
receptor N-methyl-D-aspartate receptor subunit 2B; HVA, higher order visual areas; IC, intracortical; IPSC, inhibitory
postsynaptic current; L1, layer 1; L2/3, layer 2/3; L4, layer 4; L5, layer 5; L6, layer 6; LD, lateral dorsal nucleus; LI,
laterointermediate area; LM, lateromedial area; LP, lateral posterior nucleus; LSD, lysergic acid diethylamide; LTD, long-term
depression; LTP, long-term potentiation; mAChR, muscarinic acetylcholine receptor; MD, mediodorsal nucleus; mEPSC,
miniature excitatory postsynaptic current; mIPSC, miniature inhibitory postsynaptic current; MGBv, ventral division
of medial geniculate body; mLP, medial lateral posterior nucleus; nAChR, nicotinic acetylcholine receptor; NMDAR,
N-methyl-D-aspartate receptor; NTSR1, neurotensin receptor 1; ODP, ocular dominance plasticity; PFC, prefrontal cortex;
PLC, phospholipase C; pLP, posterior-dorsal lateral posterior nucleus; PM, posteromedial area; PO, posterior thalamic
nucleus; POm, posterior medial thalamic nucleus; POR, postrhinal area; PV, parvalbumin; RL, rostolateral area; RSP,
retrosplenial cortex; S1, primary somatosensory cortex; SC, superior colliculus; SOM, somatostatin; STDP, spike timing
dependent plasticity; TMS, transcranial magnetic stimulation; TRN, thalamic reticular nucleus; TTX, tetrodotoxin; V1,
primary visual cortex; V2, secondary visual cortex; V2L, lateral secondary visual cortex; VEPs, visually evoked potentials;
VIP, vasoactive intestinal peptide; VPM, ventral posteromedial nucleus.

Frontiers in Neural Circuits | www.frontiersin.org

1

May 2021 | Volume 15 | Article 665009

Ewall et al.

Neural Circuits for Cross-modal Plasticity

to the cortex (Petrus et al., 2014, 2015; Rodríguez et al., 2018)
as well as functional refinement of the cortical circuits (Meng
et al., 2015, 2017; Solarana et al., 2019). Cellular mechanisms
underlying these two distinct plasticity modes involve both
Hebbian and homeostatic metaplasticity as we will describe
below, and are thought to be the plasticity of pre-existing
functional circuits.
Central to understanding the phenomenon of cross-modal
plasticity is the question of what functional circuits allow
multisensory information to influence cross-modal recruitment
and compensatory changes in primary sensory cortices. The
focus of this review will be identifying these potential cortical
and subcortical circuits. Most of our discussion will be focused
on studies from rodents, which recently have generated cell-type
specific data on functional and anatomical connections.

INTRODUCTION
It is well established that sensory experience can alter cortical
and subcortical circuits, especially during early development.
In addition, proper sensory experience is crucial for interacting
with our environment. Upon loss of a sensory modality, for
example, vision, an individual has to rely on the remaining
senses to navigate the world. It has been documented that
blind individuals show enhanced ability to discriminate auditory
(Lessard et al., 1998; Röder et al., 1999; Gougoux et al., 2004;
Voss et al., 2004), tactile (Grant et al., 2000; Van Boven
et al., 2000) or olfactory (Cuevas et al., 2009; Renier et al.,
2013) information. Plastic changes involved can be robust and
long–lasting. For example, individuals with congenital bilateral
cataracts demonstrate heightened reaction times to auditory
stimuli even in adulthood long after surgical removal of cataracts
(De Heering et al., 2016). Experimental evidence suggests
that there is a rather widespread functional plasticity in the
adult sensory cortices upon loss of a sensory modality (Lee
and Whitt, 2015), which could constitute the neural basis for
cross-modal plasticity (Bavelier and Neville, 2002; Merabet and
Pascual-Leone, 2010). Here we use the terminology ‘‘cross-modal
plasticity’’ in a broad context to refer to plasticity triggered across
sensory modalities to allow adaptation to the loss of sensory
input. Changes associated with cross-modal plasticity are often
attributed to two distinct plasticity mechanisms that take place
across various sensory cortices, some of which manifest at the
level of primary sensory cortices (Figure 1). One process is
functional adaptation of the primary sensory cortex deprived of
its own inputs, which is referred to as ‘‘cross-modal recruitment’’
(Lee and Whitt, 2015) or as ‘‘cross-modal plasticity’’ in its
narrower definition (Bavelier and Neville, 2002; Merabet and
Pascual-Leone, 2010). The other process, manifested as changes
in the functional circuit of the spared sensory cortices, is
termed ‘‘compensatory plasticity’’ (Rauschecker, 1995; Lee and
Whitt, 2015). A dramatic example of cross-modal recruitment
is the activation of visual cortical areas, including the primary
visual cortex, when blind individuals are reading braille (Sadato
et al., 1996; Buchel et al., 1998; Burton and McLaren, 2006).
Compensatory plasticity is observed as functional changes in
the circuits of primary auditory and somatosensory cortices of
blind individuals (Pascual-Leone and Torres, 1993; Sterr et al.,
1998a,b; Elbert et al., 2002). The former is thought to enhance
the processing of the remaining senses by recruiting the deprived
sensory cortex for increasing the capacity of processing the
remaining senses, while the latter is thought to allow refinement
of the ability of the spared cortices to process the remaining
sensory inputs.
At the neural level, depriving vision leads to specific
adaptation of functional circuits within the primary visual cortex
(V1), and a distinct set of changes in the primary auditory (A1)
and the primary somatosensory (S1) cortices (Figure 2). As
will be discussed in more detail in the subsequent sections, the
former involves potentiation of lateral intracortical connections
to the principal neurons in the superficial layers of V1 (Petrus
et al., 2015; Chokshi et al., 2019), and the latter manifests as
potentiation of the feedforward inputs that convey sensory inputs
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CROSS-MODAL RECRUITMENT
Cross-modal recruitment describes the co-opting of a cortical
area deprived of its own sensory input by the spared sensory
modalities, so that those spared modalities may better guide
behavior. While earlier studies have shown such cross-modal
recruitment in early-onset blind individuals (Sadato et al.,
1996; Buchel et al., 1998; Röder et al., 1999), a more recent
study suggests that this can also manifest more acutely in
adults. For example, temporarily blindfolding adults while
training on braille leads to activation of V1 within a week
as visualized in functional magnetic resonance imaging (fMRI;
Merabet et al., 2008). Furthermore, this study demonstrated
that V1 activity was essential for enhanced learning of braille
reading in blindfolded individuals by showing that transcranial
magnetic stimulation (TMS) of V1 removes this advantage
in blindfolded adults. Cross-modal recruitment is not only
restricted to the recruitment of V1 for other senses in blind
but has been observed as activation of the auditory cortex by
visual stimulation in deaf individuals (Sandmann et al., 2012).
Hence such plasticity is thought to be a general principle across
sensory cortices. While cross-modal recruitment is viewed as
providing adaptive benefits to an individual, it has also been
shown to restrict functional recovery of a deprived sense. For
example, the success of restoring speech perception in deaf
individuals using cochlear implants is inversely correlated with
the degree of cross-modal recruitment of A1 by visual inputs
(Sandmann et al., 2012).
Cellular and circuit-level plasticity related to cross-modal
recruitment can be inferred from studies using various
experimental paradigms designed to examine how the
deprived cortices change following the loss of their respective
sensory modalities. Sensory deprivation paradigms have been
traditionally used to examine how sensory experience sculpts the
developing sensory cortices. Starting from the initial pioneering
work of Hubel and Wiesel, various visual deprivation studies
have established the essential role of early visual experience in
the proper development of both subcortical and cortical circuits
serving visual processing (Hooks and Chen, 2020). While such
studies demonstrate that visual cortical plasticity, i.e., ocular
dominance plasticity (ODP), is limited to early development
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FIGURE 1 | Overview of cross-modal plasticity. Loss of a sensory modality, such as vision, triggers widespread adaptation across different brain areas referred to as
cross-modal plasticity. Largely there are two distinct aspects of cross-modal plasticity: cross-modal recruitment and compensatory plasticity. The former involves
recruitment of the deprived sensory cortex by the remaining senses, and the latter is manifested as a functional refinement of the spared sensory cortices. While
many brain areas are involved in cross-modal plasticity, some of these changes manifest as plasticity at the level of the primary sensory cortices. In this review, we
will discuss various cortical and subcortical pathways that are potentially involved in cross-modal plasticity of primary sensory cortices following loss of vision
primarily focusing on functional connectivity of the mouse brain.

its susceptibility to adult plasticity and its role in integrating
top-down multisensory inputs.

termed the ‘‘critical period,’’ the adult visual cortex is not
devoid of plasticity. In particular, total deprivation of vision,
for example in the form of dark-rearing, has been shown to
extend the critical period for ODP (Cynader and Mitchell,
1980; Mower et al., 1981), and the current model is that such
deprivation paradigm triggers homeostatic metaplasticity or
changes in cortical inhibition to promote Hebbian plasticity
involved in ODP (Cooke and Bear, 2014; Hooks and Chen,
2020). Furthermore, total deprivation of vision later in life,
in the form of dark-exposure, has been shown to restore
ODP in the adult visual cortex (He et al., 2007). At a cellular
level, the ability to induce long-term synaptic plasticity, such
as long-term potentiation (LTP) and long-term depression
(LTD), in sensory cortices is critically dependent on the lamina
location of these synapses. For example, across primary sensory
cortices, thalamocortical synapses to layer 4 (L4) has an early
critical period for plasticity (Crair and Malenka, 1995; Feldman
et al., 1998; Jiang et al., 2007; Barkat et al., 2011), but synapses
from L4 to L2/3 undergo plasticity through adulthood (Jiang
et al., 2007). Interestingly, L2/3 is considered a location where
top-down contextual information is provided for sensory
processing and has been shown to exhibit modulation of
activity by other sensory modalities (Lakatos et al., 2007; Iurilli
et al., 2012; Ibrahim et al., 2016; Chou et al., 2020). L2/3 is
a logical substrate for cross-modal recruitment because of
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Plasticity of V1 Circuit That Can Support
Cross-modal Recruitment
Vision loss alters the strength of both excitatory and
inhibitory synaptic transmission on V1 L2/3 principal neurons.
Experiments in rodents have demonstrated that even as little
as 2 days of visual deprivation leads to the strengthening
of excitatory synapses observed as increases in the average
amplitude of miniature excitatory postsynaptic currents
(mEPSCs; Desai et al., 2002; Goel and Lee, 2007; Maffei and
Turrigiano, 2008; Gao et al., 2010; He et al., 2012; Chokshi
et al., 2019). This plasticity, which was initially interpreted as
a form of in vivo synaptic scaling (Desai et al., 2002; Goel and
Lee, 2007), is observed around the 3rd postnatal week (Desai
et al., 2002; Goel and Lee, 2007) and persists through adulthood
(Goel and Lee, 2007; Petrus et al., 2015). However, strengthening
of excitatory synapses by visual deprivation is dependent on
the mode of visual deprivation, such that total loss of vision is
necessary, and it is not observed with bilateral lid-suture (He
et al., 2012). Lid-suture is different from other modes of visual
deprivation, such as dark-exposure, enucleation, or intraocular
tetrodotoxin (TTX) injection, in that visual stimuli through the
closed eyelids can elicit visually evoked potentials (VEPs) in V1
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FIGURE 2 | Vision loss triggers cross-modal recruitment and compensatory plasticity across primary sensory cortices. (A) Summary of synaptic plasticity observed
in V1 following the loss of vision. Synaptic connections that are examined are shown color-coded for potentiation (magenta), depression (dark blue), and no change
(yellow) in synaptic strength. Excitatory (Ex) synapses are shown as arrowheads and inhibition (In) synapses are shown as circles. Vision loss does not alter the
strength of excitatory feedforward connections from dLGN to Layer 4 (L4) or L4 to L2/3. There is no change in the inhibitory synaptic strength from PV interneurons
to L4 or L2/3 principal neurons. In contrast, intracortical synapses onto L2/3 principal neurons potentiate. Based on the fact that L2/3 principal neurons receive
multisensory information through long-range intracortical inputs, such adaptation is expected to allow cross-modal recruitment of V1 in the absence of vision. (B)
Summary of synaptic plasticity observed in the spared A1. Feedforward excitatory synapses from MGBv to L4 as well as L4 to L2/3 potentiate following a week of
visual deprivation. This is accompanied by a potentiation of PV inhibition to L4 principal neurons, but not to L2/3 principal neurons. In addition, intracortical excitatory
synapses onto L2/3 principal neurons depress. Such synaptic changes are predicted to favor feedforward processing of information at the expense of intracortical
influences, and may underlie lowered auditory threshold and refined frequency tuning of A1 L4 neurons following visual deprivation (Petrus et al., 2014).

few days of visual deprivation during the critical period leads to a
reduction in the frequency of miniature inhibitory postsynaptic
currents (mIPSCs; Gao et al., 2010, 2014). This decrease in
mIPSC frequency correlated with a reduction in the density
of perisomatic GAD65 punta (Gao et al., 2014) suggesting a
decrease in the number of inhibitory synaptic contacts likely
from local parvalbumin-positive (PV) interneurons. However,
visual deprivation-induced plasticity of inhibitory synapses in
the adult V1 L2/3 is different in that it is specific to action
potential-independent inhibitory synaptic transmission (Barnes
et al., 2015; Gao et al., 2017), which suggests that it is not
likely due to changes in the number of inhibitory synapses. The
selective plasticity of action potential independent mIPSCs is
thought to benefit sensory processing in the mature cortex by
maintaining temporal coding while providing homeostasis of
overall neural activity (Gao et al., 2017).
In terms of the mode of plasticity, initial studies have
interpreted the overall increase in mEPSC amplitudes following
visual deprivation in the framework of synaptic scaling (Desai
et al., 2002; Goel and Lee, 2007). However, recent data suggest
that the changes are not global across all synapses but are inputspecific and restricted mainly to intracortical synapses without
changes in the feedforward input from L4 (Petrus et al., 2015;
Figure 2A). Furthermore, the increase in mEPSC amplitudes
with visual deprivation requires NMDA receptor (NMDAR)

(Blais et al., 2008). This suggests that residual vision through the
closed eyelids is sufficient to prevent visual deprivation-induced
synaptic scaling. Sensory deprivation-induced strengthening of
excitatory synapses is not restricted to V1 L2/3 but is observed
in A1 L2/3 following a conductive hearing loss (Kotak et al.,
2005). Interestingly, whisker deprivation is typically unable to
increase the strength of excitatory synapses in barrel cortex
L2/3 neurons (Bender et al., 2006; He et al., 2012; Li et al., 2014;
see Glazewski et al., 2017 for exception) which suggests that
whisker deprivation may be similar to lid-suture in that it may
not completely remove all inputs to the barrel cortex.
In addition to the plasticity of the excitatory synapses,
inhibitory synapses on principal neurons in V1 also undergo
lamina-specific adaptation to visual deprivation, which differs
depending on the developmental age. In V1 L4 of rodents,
monocular deprivation before the critical period leads to
a reduction of inhibition, measured as a decrease in both
spontaneous and evoked inhibitory postsynaptic currents
(IPSCs) in the deprived monocular zone of V1 (Maffei et al.,
2004), whereas monocular deprivation during the critical
period leads to an increase in inhibition (Maffei et al., 2006;
Nahmani and Turrigiano, 2014). With L4 serving as the main
thalamorecipient layer, this increase in inhibition within L4 later
in development could serve to lower the recurrent activity and
reduce the propagation of sensory information in V1. In L2/3, a
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FIGURE 3 | Metaplasticity model for cross-modal synaptic plasticity induced by vision loss. The sliding threshold (or BCM) model of metaplasticity posits that the
synaptic modification threshold (θM ) for Long-term potentiation (LTP) and Long-term depression (LTD) slides as a function of past activity (Cooper and Bear, 2012).
(A) In V1, loss of vision is expected to reduce the θM to a new value (θM’ ), which will favor LTP induction. This will allow some of the stronger intracortical inputs (IC
Input 1) to cross the threshold and potentiate. However, the weaker intracortical inputs (IC Input 2) will still fall below the θM’ value and remain weaker. Such plasticity
is expected to allow V1 neurons to preferentially respond to IC Input 1 in the absence of vision. As many of these intracortical inputs are multisensory, such as
feedback projections from HVAs and other cortico-cortical connections, selective potentiation of intracortical synapses could allow V1 to process non-visual
contextual information. (B) In the spared primary sensory cortex, as given an example of A1, loss of vision is thought to increase the synaptic modification threshold
(θM” ) based on the observation that there is potentiation of feedforward excitatory inputs originating from MGBv. The resulting metaplasticity is expected to sharpen
the response properties of A1 neurons, such that the strength of inputs carrying two close sound frequencies (Freq 1 and Freq 2) will separate further by a
preferential strengthening of the most dominant frequency (Freq 1).

deprivation reduces the overall activity in V1, a recent study
reported that spontaneous activity is increased following a
few days of visual deprivation in the form of dark exposure
(Bridi et al., 2018). In addition, the study demonstrated that this
increase in spontaneous activity is critical for strengthening
excitatory synapses on V1 L2/3 neurons dependent on the
activity of the GluN2B subunit of NMDARs (Bridi et al., 2018).
It is possible that visual deprivation-induced reduction in the
inhibitory synaptic transmission (Gao et al., 2010, 2014; Barnes
et al., 2015) may contribute to enhance spontaneous activity or
help facilitate the induction of LTP. Collectively, these studies
suggest a novel model in which visual deprivation reduces the
threshold for LTP induction, and the increase in spontaneous
activity acts on NMDARs to trigger potentiation of excitatory
synapses, which tend to be of intracortical origin. Therefore,
understanding the potential source of these intracortical synapses
to V1 L2/3 will provide insights into how V1 may undergo crossmodal recruitment in the absence of vision.
In the following sections, we will review potential cortical and
subcortical structures that can mediate cross-modal plasticity
observed with vision loss. The anatomical locations of these
structures are highlighted in Figure 4. First, we will provide

activation (Rodríguez et al., 2018), which distinguishes it from
synaptic scaling which has been shown not to require the activity
of NMDARs (O’Brien et al., 1998; Turrigiano et al., 1998). On the
contrary, experimental evidence suggests that synaptic scaling
induced by inactivity is accelerated when blocking NMDARs
(Sutton et al., 2006). The observation that visual deprivationinduced potentiation of excitatory synapses in V1 L2/3 is inputspecific and dependent on NMDAR activity suggests that it is
likely a manifestation of Hebbian LTP following metaplasticity
as proposed by the Bienenstock-Cooper-Monroe (BCM) model
(Bienenstock et al., 1982; Bear et al., 1987; Cooper and Bear,
2012; Lee and Kirkwood, 2019; Figure 3). The BCM model,
often referred to as the ‘‘sliding threshold’’ model, posits that
the synaptic modification threshold for LTP/LTD induction
‘‘slides’’ is a function of the past history of neural activity.
An overall reduction in neural activity, as would occur in
V1 following visual deprivation, is expected to lower the synaptic
modification threshold to promote LTP induction. Indeed,
studies have demonstrated that visual deprivation can lower the
LTP induction threshold in V1 L2/3 (Kirkwood et al., 1996; Guo
et al., 2012). However, to induce LTP with the lowered synaptic
modification threshold, synaptic activity is required. While visual
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FIGURE 4 | Anatomical structures implicated in cross-modal plasticity induced by vision loss. Six coronal sections of a mouse brain are listed in order from posterior
to anterior. Structures involved in cross-modal recruitment are labeled in green (V1, LM, PM, AM, AL, RSP, ACg, LD, PO), structures involved in compensatory
plasticity are labeled in orange (A1, S1, MD, TRN), and those involved in both are labeled with stripes of green and orange (LC, superior colliculus (SC), RA, LP, BF).
Darker shades (V1, A1, S1) represent cortical structures that have been experimentally demonstrated to undergo plasticity with visual deprivation, while lighter
shades are tentative structures implicated in the plasticity. Primary sensory thalamic nuclei are labeled in gray (dLGN, MGBv, VPM). Inset in each panel shows the
location of the coronal section plane. (A) The locus coeruleus (LC) contains the cell bodies of most norepinephrine expressing neurons. These cells send vast
projections across cortical areas and are involved in both attention and arousal. Following vision loss, the increased salience of auditory and somatosensory cues
might be conveyed through norepinephrine projections, facilitating potentiation in spared sensory cortices (compensatory plasticity) as well as potentiation of spared
inputs into V1 (cross-modal recruitment). The relative concentration of norepinephrine is thought to play a role in determining the polarity spike-timing-dependent
(Continued)
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as other cortical areas (e.g., Wertz et al., 2015; Figure 5). A
recent monosynaptic tracing of presynaptic partners of a single
V1 L2/3 pyramidal neuron showed that these neurons receive
inputs from 70 to 800 neurons across many brain regions with
the majority of them (50–700 neurons) situated within V1 (Wertz
et al., 2015). In addition to these local inputs, V1 L2/3 neurons
receive multisensory information from other cortical areas via
direct long-range intracortical connections, as well as indirectly
via subcortical structures (Figure 5; ‘‘Subcortical Sources of
Inputs to V1 L2/3 That Can Mediate Cross-modal Recruitment’’
section). Therefore, V1 L2/3 could mediate a role in cross-modal
recruitment in the absence of vision.
Cortical inputs that reside locally within V1 serve as the
major source of excitatory inputs onto L2/3 neurons with local
L2/3 inputs being the most numerous (Binzegger et al., 2004;
Wertz et al., 2015) with connections heavily favored between
neurons showing similar functional properties (Ko et al., 2011;
Wertz et al., 2015; Lee et al., 2016). Neurons across the various
layers are interconnected to allow for the efficient processing
of information. Visual information is transmitted from the
primary visual thalamus (dLGN), which densely projects onto
V1 L4 neurons. L4 principal neurons relay this information
across V1, but most prominently onto L2/3 neurons (Binzegger
et al., 2004; Wertz et al., 2015). L5 is mainly an output layer,
projecting to HVAs, the contralateral cortex, the striatum, the
higher-order thalamus, and other subcortical targets, but it also
projects locally within V1 to L2/3 (Binzegger et al., 2004; Kim
et al., 2015; Ramaswamy and Markram, 2015; Wertz et al.,
2015). L5 neurons integrate inputs from a variety of sources,
including local inputs from L4 and L2/3 (Binzegger et al., 2004;
Wertz et al., 2015) as well as feedback projections from HVAs
and multisensory cortical areas such as the retrosplenial cortex
(Kim et al., 2015). The output from lower L5 (L5b) to higherorder visual thalamus (lateral posterior nucleus, LP; Kim et al.,
2015; Roth et al., 2016) allows indirect communication from
V1 to HVA forming a transthalamic or cortico-thalamo-cortical
loop (Sherman, 2016). L6 is a thalamorecipient layer, like L4,
and also receives local inputs from L2/3, L4, and L5 as well as
feedback projections from HVAs (Thomson, 2010). A subset
of L6 neurons, which are identified by the marker NTSR1
(Gong et al., 2007), project back to the dLGN to provide
corticothalamic feedback (Olsen et al., 2012; Bortone et al., 2014;
Sundberg et al., 2018), which also involves disynaptic inhibition
through the thalamic reticular nucleus (TRN; Olsen et al., 2012).
Corticothalamic L6 neurons also project locally within V1, and
it has been observed that they may provide net inhibition to
the other layers (Olsen et al., 2012; Bortone et al., 2014) via
recruitment of L6 fast-spiking interneurons with translaminar
projections (Bortone et al., 2014). While local connectivity within
V1 serves to process visual information, it can also convey
multisensory information to L2/3. In particular, infragranular
layers receive multisensory information from other cortical and
subcortical areas (Thomson, 2010; Kim et al., 2015).
A second major source of cortical inputs to V1 L2/3 is
feedback connections from HVAs (Wertz et al., 2015). In higher
mammals, including humans and primates, HVAs integrate
and process higher-order visual information, such as form and

FIGURE 4 | Continued
of plasticity (STDP; Seol et al., 2007). (B) The lateral medial visual area (LM)
and the posteromedial visual area (PM) are both HVAs, which flank V1. HVAs
process higher-order visual information and provide feedback connections to
V1 which modulate V1 activity. Visual deprivation leads to plasticity
specifically of intracortical inputs in L2/3 pyramidal neurons without changes
in the strength of feedforward inputs from the thalamus to L4 or from L4 to
L2/3 (Petrus et al., 2014, 2015; Chokshi et al., 2019; see Figure 2A). (C) This
section shows V1 in addition to the anterolateral visual area (AL) and the
anteromedial visual area (AM), which are both a part of the HVA. The section
also includes the SC, the primary auditory thalamus (MGBv), and the raphe
nuclei (RA). SC is an area of the brain that is in charge of processing sensory
input and is involved in the integration of visual, auditory, and tactile stimuli,
hence could play a role in cross-modal plasticity. MGBv transmits auditory
information to A1. Visual deprivation induces potentiation of MGBv synapses
to A1 L4 principal neurons (Petrus et al., 2014; see Figure 2B). RA is found in
the brain stem and contains serotonergic neurons. Serotonin is implicated in
cross-modal recruitment of V1 (Lombaert et al., 2018) and compensatory
plasticity of S1 (Jitsuki et al., 2011) following visual deprivation. (D) This
section contains the lateral posterior thalamic nucleus (LP), the retrosplenial
cortex (RSP), the primary visual thalamus (dLGN), and the primary auditory
cortex (A1). LP is a higher-order visual thalamus in rodents, which is
equivalent to the pulvinar in primates. LP receives input from SC and
influences V1, and it has been shown to reduce background noise to enhance
visual responses (Fang et al., 2020). SC to LP circuit mainly targets inhibitory
neurons in L1 of V1 (Fang et al., 2020). RSP is interconnected with the lateral
dorsal nucleus of thalamus (LD; Shibata, 2000). LD is a higher-order thalamic
nucleus that plays a part in learning and memory and may transmit
somatosensory information to V1. A1 processes auditory information and
undergoes compensatory plasticity in the absence of vision (Goel et al., 2006;
Petrus et al., 2014, 2015; Meng et al., 2015, 2017; Solarana et al., 2019; see
Figure 2B). (E) The retrosplenial cortex (RSP) along with the mediodorsal
nucleus of the thalamus (MD), the thalamic reticular nucleus (TRN), and the
primary somatosensory cortex (S1) are highlighted. RSP is a multisensory
cortical area that sends projections to V1 (see Figure 5). MD is a higher-order
thalamic nucleus that is reciprocally connected with the prefrontal cortex and
projects to TRN. MD is involved in attention and learning by gating sensory
inputs. TRN is a band of inhibitory neurons that provides the major
corticothalamic feedback inhibition to the primary sensory thalamic nuclei.
Hence, TRN is in an ideal position to regulate feedforward excitatory
thalamocortical input to A1 and S1 to mediate compensatory plasticity.
S1 processes tactile information and undergoes compensatory plasticity in
the absence of vision (Goel et al., 2006; Jitsuki et al., 2011; He et al., 2012).
(F) The basal forebrain (BF) and the anterior cingulate cortex (ACg) are
highlighted in this section. BF includes structures involved in the production of
acetylcholine, including the nucleus basalis and medial septum, which affects
attention and plasticity. ACg is a multisensory cortex that has direct and
indirect functional connections to V1 (see Figure 5).

information on potential functional circuits involved in crossmodal recruitment of V1, which involve cortico-cortical
connections from multisensory or spared sensory cortices. Some
of these cortical interactions involve indirect functional circuits
mediated by subcortical structures. In addition, we will outline
various neuromodulatory systems, which can enhance or enable
plasticity of these intracortical and subcortical inputs to V1.

Cortical Inputs to V1 L2/3 That Can
Mediate Cross-modal Recruitment
V1 L2/3 cells are a probable substrate for multimodal recruitment
of V1 due to their extensive and varied inputs. Intracortical
inputs onto L2/3 of V1 originate from various sources, including
local connections from within V1, feedback projections from
higher-order visual areas (HVAs), other sensory cortices, as well
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FIGURE 5 | Cortical and subcortical circuits for multisensory influence on V1. The laminar profile of subcortical inputs from dLGN and LP to V1 is shown on the left.
Major interlaminar excitatory connections are shown next in blue arrows followed by the inhibitory local circuit in L2/3. Next, the major outputs of L5 and L6 neurons
are shown. At the rightmost side, the origins and laminar profiles of cortical inputs to V1 are shown. Subcortical structures are shown below V1 and cortical
structures are listed on the right side. Arrows (→) depict excitatory inputs and inputs ending in a round circle (—•) show inhibitory connections. The extent of the
spread of inputs to V1 that span different laminae are depicted as vertical bars. V1 L2/3 and L5A neurons form reciprocal connections with HVA neurons (Kim et al.,
2015; Glickfeld and Olsen, 2017), which is omitted in the figure for clarity. Direct cortico-cortical connections that can provide multisensory information to V1 originate
from HVA, A1, S1, RSP, and ACg. In addition, as depicted in the figure many of the subcortical and cortical structures form cortico-thalamo-cortical loops that can
provide multisensory influence on V1: for example, HVA–LP–V1, PFC–MD–TRN–dLGN–V1, S1/A1–TRN–dLGN–V1, and S1/A1–SC–LP–V1.

Olsen, 2017). In addition to direct cortico-cortical connections,
HVAs and V1 are indirectly connected via the higher-order
thalamus. For example, HVAs send feedforward projections to
the pulvinar (lateral posterior nucleus, LP, in rodents), a higherorder visual thalamus, which then sends projections to L1 and
deeper layers of V1 (Roth et al., 2016; Zhou et al., 2017; Fang
et al., 2020). Hence, HVAs can influence V1 processing via both
cortico-cortical and indirect cortico-thalamo-cortical feedback
loops.
The influence of HVA feedback connections in V1 is
highlighted by a phenomenon called the perceptual ‘‘filling-in’’
effect (Weil and Rees, 2011). Individuals with a focal scotoma
will perceive the missing visual space as being ‘‘filled-in’’ such
that the person is often unaware of the scotoma (Bender
and Teuber, 1946). Because this ‘‘filled-in’’ percept contains
higher-order visual features, such as texture, the information is
thought to originate from HVAs (Ramachandran and Gregory,
1991; Zur and Ullman, 2003). Recent studies using rodents
also have shown that V1 neurons can respond to higherorder visual features in awake preparations and that these

movement of objects (Orban, 2008). In rodents, 10 HVAs
are anatomically identified, using intrinsic signal imaging,
surrounding V1 (Garrett et al., 2014; Glickfeld and Olsen,
2017). While in primates and carnivores, HVAs are mostly
hierarchically organized such that the main feedback to V1 is
from the secondary visual cortex (V2, area 18; Felleman and
Van Essen, 1991), in rodents each HVA is highly interconnected
with V1 and send direct feedback projections to V1 (Glickfeld
and Olsen, 2017). Direct cortico-cortical feedback connections
from HVAs originate in L2/3 and L5 and arrive through L1,
L2/3 as well as L5/6 of V1 (Glickfeld and Olsen, 2017). These
feedback connections from HVAs have been shown to synapse
onto pyramidal neurons as well as PV interneurons (Johnson
and Burkhalter, 1996; Yang et al., 2013; Lu et al., 2014), thereby
recruiting both the excitatory and inhibitory networks in V1 with
a functional bias towards excitation (Shao and Burkhalter, 1996).
In rodents, HVA neurons that provide feedback to V1 are
reciprocally connected to HVA projecting V1 neurons in L2/3
(Johnson and Burkhalter, 1997), forming a closed-loop circuit
which may amplify the feedback control of V1 (Glickfeld and
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primary sensory cortical activity by other sensory modalities
is not just restricted to rodents but has also been reported
in awake primates (Lakatos et al., 2007). While there are
direct anatomical pathways between primary sensory cortices
in primates (Falchier et al., 2002; Cappe and Barone, 2005),
the somatosensory evoked oscillations in L2/3 of A1 are
thought to occur via subcortical inputs based on their short
latency (Lakatos et al., 2007). Such subcortical sources will be
discussed in the next section. Overall, cross-modal influence
seems to be a general property of primary sensory cortices
across species.
Multisensory cortical regions serve as another source through
which V1 can be recruited by other sensory modalities after
the loss of vision (Figure 5). One such region is the anterior
cingulate cortex (ACg). Using tracing methods, it was shown
that ACg neurons contain two distinct populations, L2/3, and
L5 neurons that project directly to V1 and neurons primarily
in L5 that project to the superior colliculus (SC; Zhang et al.,
2016). Consistent with this anatomy, ACg has been shown to
directly (Zhang et al., 2016) and indirectly (Hu et al., 2019)
modulate the activity of V1 neurons. Optogenetic activation
of ACg axons elicits a short latency monosynaptic EPSC and
a longer latency disynaptic IPSC in V1 L2/3 neurons (Zhang
et al., 2014), which illustrates recruitment of both excitatory
and inhibitory networks. There are two indirect routes through
which the ACg exerts its modulatory activity on V1 neurons.
The first is through the SC and the posterior lateral posterior
nucleus of the thalamus (pLP; ACg-SC-pLP-V1) and the second
via the anterior LP (ACg-aLP-V1; Hu et al., 2019). Activating
both pathways enhances visual behavior as well as responses in
V1 neurons (Hu et al., 2019). While LP receives inputs from ACg
and projects to V1, whether the ACg recipient LP neurons are
the ones projecting to V1 is unclear. A recent study suggests that
ACg projects to medial LP (mLP), which does not project directly
to V1, but to HVAs (AL, RL, AM, PM; Bennett et al., 2019). Since
the HVAs project to V1, this suggests a more indirect pathway in
which ACg could influence V1 function.
The retrosplenial cortex (RSP) is another multisensory area
directly linked to V1. Neurons from the RSP were shown to
directly synapse unto V1 L2/3 neurons (Wertz et al., 2015)
and L6 cortico-thalamic neurons (Vélez-Fort et al., 2014).
These V1 projecting RSP neurons were also shown to be
responsive to rotation implicating them as a potential source
of head-related motion signals to V1 (Vélez-Fort et al., 2014).
The RSP also received inputs directly from A1 and indirectly
from S1 through the claustrum (Todd et al., 2019). RSP
also forms reciprocal cortico-cortical connections between ACg
and V1 (ACg–RSP–V1; Zhang et al., 2016). The influence of
multisensory cortex on sensory processing is not limited to V1.
Pairing of a tone with the activation of the frontal cortex leads
to enhanced frequency selectivity and functional organization in
A1 neurons (Winkowski et al., 2018).
Recently, posterior parietal cortex (PPC) has been suggested
to play a role in cross-modal recruitment (Gilissen and Arckens,
2021). This is based on the multisensory nature of PPC and its
functional modulation of V1 (Hishida et al., 2018). Recent studies
demonstrated that PPC is involved in resolving sensory conflict

responses are dependent on feedback connections from HVAs
as demonstrated using optogenetic silencing (Keller et al.,
2020; Pak et al., 2020). In addition to feedforward information
originating from V1, HVAs receive multisensory information via
connections from other sensory cortices (Gamanut et al., 2018).
For example, V2L, which is an HVA lateral to V1 corresponding
to anterolateral area (AL; Meijer et al., 2020) and lateromedial
(LM; Sanderson et al., 1991), receive connections from both
V1 and A1 (Laramee et al., 2011). A1 projections to V2L
mainly terminate in supra- and infragranular layers (Laramee
et al., 2011). L5 neurons in V2L provide major feedback to
V1 (Bai et al., 2004) and receive direct inputs from A1 on
their apical and basal dendrites (Laramee et al., 2011), thus
demonstrating an A1-V2L-V1 pathway. The rostrolateral area
(RL), another HVA in rodents, has been shown to receive tactile
information from S1 as verified through whole-cell recordings
and tracing studies (Olcese et al., 2013). Therefore, feedback
projections from HVAs can relay other sensory information
to V1.
In addition to the indirect route through HVAs, other sensory
modalities can also gain access to V1 via direct connections
(Figure 5). Anatomical tracing studies have demonstrated direct
cortico-cortical projections from A1 (Iurilli et al., 2012; Wertz
et al., 2015; Ibrahim et al., 2016; Deneux et al., 2019) and
S1 (Wertz et al., 2015), especially to the superficial layers of
V1. Recent studies showed that these projections are functional
and can influence V1 processing (Iurilli et al., 2012; Ibrahim
et al., 2016; Deneux et al., 2019). Ibrahim and colleagues
(2016) found that sound increases the spike rate and sharpens
orientation selectivity of V1 L2/3 neurons. This study further
demonstrated that sound activates a disinhibitory circuit in
L1 and L2/3 involving vasoactive intestinal peptide-positive
(VIP) and somatostatin-positive (SOM) interneurons, which is
mediated by a direct functional connection from A1 L5 that
arrives through V1 L1 (Ibrahim et al., 2016). A1 neurons also
have been shown to project directly to PV interneurons in V1
(Lu et al., 2014; Ibrahim et al., 2016), however, PV neuronal
responses are not effectively altered by sound (Ibrahim et al.,
2016). Interestingly, the influence of A1 on V1 appears to be
context-dependent. A1 projections to V1 have a net excitatory
effect in the presence of visual stimuli but a net inhibitory
effect in the absence of visual stimuli (Deneux et al., 2019).
These projections predominantly originate from A1 L5 neurons
encoding loud sound (Deneux et al., 2019). The role of SOM
inhibitory circuit in cross-modal recruitment is also evident
with monocular enucleation paradigm (Scheyltjens et al., 2018),
where the deprived monocular zone of V1 becomes reactivated
by whisker inputs (Van Brussel et al., 2011). In addition to
the inhibitory circuit within L2/3 of V1, L1 inhibitory neurons
can also provide multisensory influence on V1 functionality.
For example, L1 inhibitory neurons contain a subpopulation
of neurons that respond to whisker touch (Mesik et al., 2019).
Multisensory influence on neural activity is not limited to V1:
whisker stimulation and visual stimulation produce subthreshold
responses in A1, and likewise, auditory stimulation and visual
stimulation produce subthreshold responses in S1 (Iurilli et al.,
2012; Maruyama and Komai, 2018). Subthreshold influence on
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2020). In particular, it was shown that this subcortical circuit
allows a visual looming stimulus, which produces an innate
fear response in mice (Yilmaz and Meister, 2013), to sharpen
frequency tuning and increase the signal to noise ratio of auditory
responses in L2/3 of A1 (Chou et al., 2020). It was demonstrated
that SC-LP input to A1 activates inhibitory neurons in L1 as well
as PV interneurons in L2/3 (Chou et al., 2020). It is interesting
to contrast this with the previously discussed enhancement of
tuning and signal-to-noise ratio in V1 L2/3 with sound, which
involved direct input from A1 L5 (Ibrahim et al., 2016). Whether
similar indirect influence through LP can provide cross-modal
modulation of V1 responses remains to be determined.
The posterior thalamic nucleus (PO) and lateral dorsal
nucleus of thalamus (LD) also project directly to V1 (van Groen
and Wyss, 1992; Charbonneau et al., 2012). PO is a higherorder somatosensory relay nucleus, hence its direct projection
to V1 could become a channel for providing somatosensory
information and form the basis for cross-modal recruitment
following vision loss. In addition, PO has direct projections
to several HVAs (Sanderson et al., 1991; Olcese et al., 2013),
which might mediate indirect influence on V1. LD is extensively
interconnected with RSP (Shibata, 2000) and the hippocampal
formation (Todd et al., 2019), and LD contains head direction
cells that require visual inputs (Mizumori and Williams, 1993).
These findings have led to the characterization of LD as a higherorder thalamic nucleus involved in learning and memory. More
recently, the finding that neurons in LD respond to whisker
stimulation (Bezdudnaya and Keller, 2008) suggests that LD
might relay somatosensory information to V1.

during auditory-visual discrimination tasks (Song et al., 2017)
and is involved in transferring sensory-specific signals to higher
order association areas (Gallero-Salas et al., 2021). RL and AM,
two HVAs, are considered part of the PPC because they display
connectivity patterns similar to other components of the PPC
(Gilissen et al., 2021).

Subcortical Sources of Inputs to
V1 L2/3 That Can Mediate Cross-modal
Recruitment
In addition to inputs from cortical areas, V1 also receives
multimodal information from various subcortical regions
(Figure 5). The lateral posterior nucleus (LP), posterior thalamic
nucleus (PO), and lateral dorsal nucleus of the thalamus (LD)
all project directly to V1 and might be potential sources of
multimodal input subserving cross-modal recruitment.
The higher-order visual thalamus, called the lateral posterior
nucleus (LP) in rodents, is equivalent to the pulvinar in
primates (Baldwin et al., 2017; Zhou et al., 2017). A recent
study suggests that LP can be subdivided into three portions
based on connectivity: (1) posterior-dorsal LP (pLP) receives
input primarily from SC and HVAs which are considered the
‘‘ventral stream’’ equivalent in rodents (LI, POR); (2) anteriorventral LP (aLP) receives input primarily from V1 and HVAs
considered the ‘‘dorsal stream’’ (AL, RL, AM, PM); and (3) mLP
with inputs from frontal cortical areas (ACg and orbitofrontal;
Bennett et al., 2019). Most of the projections to LP are reciprocal,
but they also form a cortico-thalamo-cortical loop (Sherman,
2016) to connect different cortical areas. Cortical inputs to LP
originate from L5/6 of the cortical areas (Roth et al., 2016). The
major subcortical input to LP is from the SC (Ibrahim et al.,
2016; Roth et al., 2016; Zingg et al., 2017), which integrates
multisensory information and is implicated in spatial attention
(Krauzlis et al., 2013). Superficial layers of SC receive visual
information from both V1 and retina (Krauzlis et al., 2013; Zingg
et al., 2017; Cang et al., 2018), while intermediate and deep layers
receive multimodal inputs (Krauzlis et al., 2013; Cang et al., 2018)
and inputs from HVAs (Krauzlis et al., 2013). LP projects to
L4 of HVAs and predominantly to L1 and deep layers of V1
(Roth et al., 2016; Zhou et al., 2017; Bennett et al., 2019). Hence,
LP is in a position to influence V1 processing either directly
or indirectly through HVAs. It was recently demonstrated
in rodents that LP provides contextual information to V1,
especially pertaining to distinguishing self-generated motion,
and information from a wider visual field from that of local
V1 neurons (Roth et al., 2016). In addition, it was reported that
LP acts to enhance V1 L2/3 responses by subtracting ‘‘noisy’’
background information from visual stimuli (Fang et al., 2020).
This effect was shown to occur via a bottom-up alternative
pathway originating from the retina that routes through SC
to LP, which then makes functional connections to inhibitory
neurons in V1 L1 (Fang et al., 2020). Based on the multisensory
information it receives via SC, it is possible that LP inputs may
provide other sensory information to V1 in the absence of vision.
In support of this idea, a recent study demonstrated that LP
conveys visual information arising from SC to A1 (Chou et al.,
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Neuromodulatory Influences on
Cross-modal Recruitment
As described above, there are numerous sources of cortical
and subcortical input to V1 that could serve as substrates
for allowing other sensory systems to recruit V1. One
key plasticity mechanism that can aid in the cross-modal
recruitment is the potentiation of the lateral intracortical inputs
to V1 L2/3 observed following several days of total visual
deprivation (Petrus et al., 2015). This particular study did
not identify the source of these glutamatergic intracortical
inputs, and these synapses were defined as intracortical based
on exclusion criteria that they were not from L4 (Petrus
et al., 2015). Hence, in addition to ‘‘true’’ intracortical inputs
carrying multisensory information, they could also include
subcortical excitatory synapses described above. The functional
consequence of potentiating these intracortical excitatory
synapses is that it would allow the normally subthreshold
multisensory influences to potentially cross the action potential
threshold to recruit the dormant V1 for processing information
from the intact senses. As discussed in a previous section
(‘‘Plasticity of V1 Circuit That Can Support Cross-modal
Recruitment’’ section), the synaptic plasticity mechanism that
is thought to allow potentiation of these intracortical synapses
is likely a reduction in the synaptic modification threshold via
metaplasticity triggered by the loss of visually evoked activity
in V1. As intracortical inputs would retain activity driven
from the intact senses, it is possible that their activity would
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cross the lowered synaptic modification threshold to produce
NMDAR-dependent LTP (Figure 3A). However, in addition
to the lowered synaptic modification threshold, other factors
might be at play to enhance the plasticity of the intracortical
inputs.
Neuromodulators such as acetylcholine, norepinephrine, and
serotonin play a key role in facilitating plasticity (Gu, 2002).
In V1 L2/3, norepinephrine and acetylcholine are involved in
sharpening spike timing-dependent plasticity (STDP), and their
relative concentrations are thought to determine the polarity of
STDP (Seol et al., 2007; Huang et al., 2012). While the initial
studies showed that activation of beta-adrenergic receptors and
muscarinic acetylcholine receptors (mAchRs) are respectively
critical for LTP and LTD, it is now clear that this effect is due
to the differential coupling of these receptors to downstream
second messenger signaling. Regardless of the neuromodulators,
activation of cAMP-coupled receptors is critical for LTP while
phospholipase C (PLC)-coupled receptors are involved in LTD
(Huang et al., 2012). Both norepinephrine and acetylcholine have
been shown critical for in vivo sensory experience-dependent
plasticity, as they are necessary for (Bear and Singer, 1986;
Imamura and Kasamatsu, 1989) and can accelerate (Hong et al.,
2020), ocular dominance plasticity in V1. Norepinephrine and
acetylcholine are associated with arousal and attention, hence
if they are involved in cross-modal plasticity, it would suggest
that behavioral state would be a variable in engaging the cellular
mechanisms of plasticity.
Serotonin has received some attention as promoting plasticity
in the adult brain. The role of serotonin in sensory perception
has been historically revealed through studies of hallucinogenic
serotonin receptor agonists such as LSD and psilocybin, but
recent studies highlight its role in adult cortical plasticity.
For example, administration of a serotonin reuptake inhibitor,
fluoxetine, was found to reinstate ODP in adult V1 of rats
(Maya Vetencourt et al., 2008). This suggests that juvenile
forms of plasticity could be enabled in the adult brain by
serotonin. Of interest, serotonin has also been specifically
implicated in cross-modal recruitment in adults. Lombaert et al.
(2018) found evidence that serotonin tone is higher in the
deprived V1 using a monocular enucleation paradigm, and
that serotonin facilitates recruitment of the deprived V1 by
whisker stimulation (Lombaert et al., 2018). In particular,
long–term cross-modal recruitment was dependent on activation
of 5HT-2A and 5HT-3A receptors as determined by specific
antagonists.
At the circuit level, neuromodulators, in particular serotonin
and acetylcholine, act through VIP interneurons in the
superficial layers of V1 (Tremblay et al., 2016), which is the
same circuit element that allows cross-modal modulated of V1 by
sound (Ibrahim et al., 2016). Coincidently, VIP interneurons are
a subset of 5HT-3A receptor expressing inhibitory interneurons
(Tremblay et al., 2016), which may explain the dependence of
cross-modal recruitment on 5HT-3A receptors (Lombaert et al.,
2018). Collectively, these findings suggest that VIP interneuronmediated disinhibitory circuit may be a common element for
gating cross-modal information flow into L2/3 of V1 to mediate
cross-modal recruitment.
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COMPENSATORY PLASTICITY
In addition to cross-modal recruitment of V1, which may
add capacity to the processing of the remaining senses, there
is evidence that the cortical areas serving the spared senses
also undergo their own unique adaptation to enhance the
processing of their sensory inputs. This phenomenon is referred
to as ‘‘compensatory plasticity’’ (Rauschecker, 1995; Lee and
Whitt, 2015; Figure 1). Such compensatory changes are seen
in parts of the cortex serving both somatosensation and
audition. Blind individuals who use a single finger to read
Braille exhibit increased representation of that reading finger in
the sensorimotor cortex compared to nonreading fingers and
compared to sighted controls (Pascual-Leone and Torres, 1993).
The auditory cortex likewise undergoes expansion as measured
by magnetic source imaging (Elbert et al., 2002). In early blind
subjects, the response levels of auditory cortical neurons differ
from sighted controls, and these changes are interpreted as
supporting more efficient processing of auditory information
(Stevens and Weaver, 2009).

Cortical Plasticity of Spared Sensory
Cortices
In animal models, vision loss leads to plasticity within
A1 and S1. Mice deprived of vision since birth have enlarged
whisker representations in S1 (Rauschecker et al., 1992). Visual
deprivation from birth also results in decreased amplitude of
mEPSCs in L2/3 of A1 and S1 in rodents (Goel et al., 2006), which
as discussed later, may reflect a shift in processing of information
from intracortical towards feedforward sources (Petrus et al.,
2015). In an animal model, where visual deprivation can be
done before the development of retinogeniculate connections,
anatomical changes in cortical and subcortical inputs to S1 have
been observed (Dooley and Krubitzer, 2019). Plasticity is not
restricted to early-onset vision loss. At least in rodents, the
adaptation of neural circuits in A1 and S1 has been observed
even with a few days of dark exposure or bilateral lid suture
(Goel et al., 2006; Jitsuki et al., 2011; He et al., 2012; Petrus et al.,
2014, 2015; Meng et al., 2015, 2017; Solarana et al., 2019). Even
in adult mice, a short duration of visual deprivation has been
shown to trigger functional enhancement of feedforward inputs
and refinement of functional circuits within A1 (Petrus et al.,
2014, 2015; Meng et al., 2015, 2017). Specifically, when adult mice
are subjected to 7 days of dark exposure, potentiation of synapses
serving the feedforward pathway, thalamocortical inputs to L4,
and subsequent L4 to L2/3 inputs, is observed in A1 (Petrus
et al., 2014, 2015; Figure 2B). Potentiation of the feedforward
connections is accompanied by a weakening of intracortical
synapses onto L2/3 neurons of A1 (Petrus et al., 2015; Figure 2B),
which manifests as a decrease in the average amplitude of
mEPSCs (Goel et al., 2006; Petrus et al., 2015). Similarly, visual
deprivation leads to a reduction in the average amplitude of
mEPSCs in L2/3 of barrel cortex (Goel et al., 2006; He et al.,
2012) but not in the frontal cortex (Goel et al., 2006), which
suggests that this type of adaptation is common across the spared
primary sensory cortices. The shift in synaptic strength to favor
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deprivation (Goel and Lee, 2007; Gao et al., 2010; He et al., 2012;
Chokshi et al., 2019) than that required to observe plasticity in
A1 and S1 (Goel et al., 2006; He et al., 2012).
While compensatory plasticity observed in A1 and
S1 following vision loss is not critically tied to the plasticity
in V1, it nonetheless needs to be triggered by the loss of
vision. Therefore, there must be functional circuits that carry
information or convey the state of visual experience to A1 and
S1 to gate compensatory plasticity. There are several possible
functional circuits that can provide information on vision to
A1 and S1. One is via direct or indirect (via higher-order sensory
cortices or through higher-order thalamic nucleus) functional
projections between V1 and A1/S1. This may involve gating
inhibition in the target A1/S1 circuit to enable plasticity. A
second possibility is through neuromodulatory systems since
the loss of vision would likely change the global arousal or
attentional state of an individual to the spared sensory stimuli.
A third possibility is via a bottom-up ‘‘spot-light’’ attentional
control within each spared modality.

feedforward synapses in A1 with visual deprivation correlated
with heightened sensitivity to sound, observed as a decrease in
the threshold of A1 L4 neurons to sound (Petrus et al., 2014).
In addition, a few days of visual deprivation-induced sharpening
of tuning of A1 L4 neurons to sound frequency (Petrus et al.,
2014), which is likely a reflection of increased inhibition from
PV-interneurons to L4 principal neurons (Petrus et al., 2015).
Furthermore, the short duration of visual deprivation leads to
refinement of the spatial extent of connectivity within L4 and
L2/3 of A1 (Meng et al., 2015, 2017), as well as sparsification
of population-level coding of sound in L2/3 of A1 (Solarana
et al., 2019). These adaptations involving circuit refinement are
likely to maximize the coding capacity of A1 as demonstrated
by computational modeling (Meng et al., 2015). Collectively, the
compensatory plasticity observed in A1 with visual deprivation is
consistent with the notion that A1 would be better at processing
sound, which could underlie enhanced auditory discrimination
abilities often observed in blind individuals (Lessard et al., 1998;
Röder et al., 1999; Gougoux et al., 2004; Voss et al., 2004).
Improvement in auditory or tactile discrimination abilities
reported in blind human subjects is, however, not universal
and may depend on perceptual learning (Grant et al., 2000;
Wong et al., 2011). This may stem from the fact that
compensatory changes observed in the spared sensory cortices
are dependent on their own sensory inputs (He et al., 2012;
Petrus et al., 2014). Removing whiskers or deafening mice that
are undergoing visual deprivation prevents synaptic plasticity
changes observed in S1 barrel cortex (He et al., 2012) and A1
(Petrus et al., 2014), respectively. These findings suggest that the
potentiation of feedforward inputs to the spared primary sensory
cortices is likely driven by an experience-dependent synaptic
plasticity mechanism, such as LTP. Consistent with this idea,
deafening normal sighted mice recover LTP of thalamocortical
inputs to L4 in V1 of adult mice (Rodriguez et al., 2019).
Potentiation of feedforward connections is then expected to
induce metaplasticity to compensate for the increased overall
input activity, which would slide the synaptic modification
threshold up to promote LTD (Figure 3B). This shift in the
synaptic modification threshold would preferentially weaken
intracortical synapses via LTD to provide homeostasis in neural
activity.
One interesting aspect of compensatory synaptic plasticity
observed in the spared primary sensory cortices is that it requires
a less drastic loss in vision than is required for cross-modal
recruitment. As discussed earlier, V1 plasticity induced by vision
loss requires a complete loss of retinal inputs and is not observed
with bilateral lid-suture (He et al., 2012). However, lid-suture
is sufficient to induce compensatory synaptic plasticity in the
spared cortex (He et al., 2012). This suggests that total loss of
retinal input is required for cross-modal recruitment of V1, while
a milder degradation of vision that would hinder using vision to
guide behavior may trigger compensatory plasticity in the spared
cortical areas. This also indicates that cross-modal recruitment
and compensatory plasticity are likely induced independently.
Another difference between the two plasticity mechanisms is
the duration of visual deprivation required: V1 plasticity can be
triggered by a shorter duration (i.e., 2 days is sufficient) of visual
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Intracortical Circuits That Can Mediate
Compensatory Plasticity
As mentioned in a previous section (section 2.2), there are
direct cortico-cortical connections between the primary sensory
cortices, and there is evidence that this functional pathway can
gate plasticity. In gerbils, a direct connection from V1 gates the
critical period plasticity in A1, where early eye-opening leads to
termination of the critical period for A1 plasticity while delayed
eye opening extends it (Mowery et al., 2016). While this study
did not determine how the direct functional input from V1 gates
plasticity of the feedforward circuit in A1, the observation that
visual deprivation can extend the critical period is consistent
with other studies demonstrating recovery of thalamocortical
plasticity in the adult primary sensory cortices with cross-modal
sensory deprivation (Petrus et al., 2014; Rodríguez et al., 2018).
In addition to the direct projections, feedback from higherorder sensory cortices or multisensory cortical areas also
can provide information on visual experience to the spared
primary sensory cortices either through direct cortico-cortical
connections or indirect connections via the higher-order
thalamus. As explained previously, both cortico-cortical and
trans-thalamic connections arrive through L1 and influence the
inhibitory circuits present in L2/3 (Ibrahim et al., 2016; Roth
et al., 2016; Zhou et al., 2017). It is well documented that
inhibitory circuits are well poised to gate cortical plasticity (Jiang
et al., 2005). In the S1 barrel cortex, input from POm, a higherorder somatosensory thalamus, is critical for gating potentiation
of whisker inputs to L2/3 (Gambino et al., 2014). In particular,
POm activation generates NMDAR-mediated dendritic plateau
potentials in the principal neurons in L2/3, which are necessary
for the observed LTP (Gambino et al., 2014). A follow-up
study demonstrated that POm gating of L4 to L2/3 LTP in the
S1 barrel cortex is due to disinhibition of L2/3 principal neurons
via activation of VIP- and PV-interneurons and a concomitant
decrease in SOM-interneuron activity (Williams and Holtmaat,
2019). These studies suggest that POm activity stimulates
VIP-interneurons, which in turn inhibit SOM-interneurons.
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in further amplification of the spared sensory input at the level of
the primary sensory thalamus.
It is important to note that increasing activity of
thalamocortical inputs alone cannot support potentiation.
It is known that stimulation of thalamocortical inputs to L4 in
cortical slices is unable to induce LTP beyond the early critical
period (Crair and Malenka, 1995; Jiang et al., 2007; Barkat et al.,
2011; Rodríguez et al., 2018). In contrast, electrically stimulating
dLGN in vivo can produce LTP in adult V1 (Heynen and Bear,
2001), which suggests that there may be additional factors
present in an intact in vivo circuitry that may allow LTP at
thalamocortical synapses in the adult cortex.

SOM-interneurons are known to target inhibition to dendrites
(Tremblay et al., 2016). Hence, reduced SOM-interneuron
activity would cause disinhibition of dendrites of L2/3 principal
neurons, which could support the activation of NMDARmediated dendritic plateau potentials to induce LTP of the
feedforward synapses from L4. As mentioned before (see
‘‘Subcortical Sources of Inputs to V1 L2/3 That Can Mediate
Cross-modal Recruitment’’ section), trans-thalamic connections
through higher-order thalamic nuclei can transmit multisensory
information to primary sensory cortices. In particular, we
discussed evidence on how LP conveys visual information to
A1 to modulate auditory responses (Chou et al., 2020). Whether
such a functional circuit involving higher-order thalamic nuclei
could mediate compensatory plasticity upon loss of vision will
need to be examined.

Neuromodulatory Control of
Compensatory Plasticity
As discussed in the context of cross-modal recruitment,
neuromodulators play a critical role in enabling plasticity in the
primary sensory cortices, even in adults. There are reports that
the levels of serotonin and norepinephrine are relatively higher in
spared cortices than deprived cortex following visual deprivation
(Qu et al., 2000; Jitsuki et al., 2011). As will be discussed
in more detail below, VIP-interneuron mediated disinhibitory
circuit seems a key circuit component that can be recruited
for neuromodulatory control of compensatory plasticity, in
addition to cortical and subcortical control, following the loss
of vision.
Loss of vision could increase the behavioral relevance
or salience of the remaining sensory inputs (De Heering
et al., 2016). This suggests that auditory or somatosensory
inputs may be more likely to be paired with acetylcholine
or norepinephrine release based on the heightened attention
and/or arousal to these sensory inputs in the absence of vision.
Acetylcholine is particularly interesting as a candidate for
mediating compensatory plasticity because it has been observed
to facilitate potentiation of feedforward thalamocortical inputs
especially in adult primary sensory cortices (Dringenberg
et al., 2007; Chun et al., 2013). Furthermore, there is evidence
that acetylcholine can differentially alter the strength of
thalamocortical and intracortical synapses, such that only
the former is potentiated by nicotinic acetylcholine receptor
(nAChR) activation while both inputs depress when muscarinic
acetylcholine receptors (mAChRs) are activated (Gil et al., 1997).
Such dual action of acetylcholine is proposed to refine A1 tuning
by enhancing responses from the feedforward thalamocortical
receptive field while suppressing lateral intracortical inputs
(Metherate, 2011). Therefore, acetylcholine could in principle
coordinate potentiation of thalamocortical synapses and
depression of intracortical synapses, as well as refinement of
tuning properties, observed in A1 following visual deprivation
(Petrus et al., 2014, 2015). Acetylcholine is widely viewed as
setting the arousal level because the activity of acetylcholine
neurons in nucleus basalis is associated with a desynchronized
electroencephalogram (EEG) pattern, generally accepted to
indicate heightened attention (Metherate et al., 1992). It is
interesting to note that during strongly desynchronized EEG
activity, acetylcholine preferentially activates L1 interneurons
and VIP cells by acting on nAChRs expressed on these neurons

Thalamic Circuits That May Gate
Compensatory Plasticity
Considering that compensatory plasticity of feedforward circuits
in A1 and S1 depends on their respective sensory inputs (He et al.,
2012; Petrus et al., 2014), there is also a possibility that gating of
this plasticity could occur at the level of the thalamus. The TRN
is a thin band of inhibitory neurons that surrounds and projects
to the primary sensory thalamic nuclei, controlling information
flow to the primary sensory cortex (Halassa and Acsády, 2016;
Crabtree, 2018). Although TRN is divided roughly according to
modality, about 25% of TRN cells receive multimodal input from
multiple relay centers in the thalamus (Lam and Sherman, 2011;
Kimura, 2014). These multisensory TRN neurons could play a
role in regulating feedforward excitatory thalamocortical input
to A1 and S1 based on visual experience. There is potential for
multisensory TRN neurons to fire less upon vision loss, which
leads to disinhibition of auditory (MGBv) and somatosensory
(VPM) thalamic nuclei. This would increase feedforward activity
propagation to A1 and S1, which could be the basis for driving
potentiation of thalamocortical synapses in L4 as observed
following visual deprivation (Petrus et al., 2014).
Another potential mode by which TRN can gate activity
through the spared primary thalamic nucleus is via feedback
projections from the respective spared primary sensory cortex.
Corticothalamic L6 neurons provide feedback control of their
respective primary sensory thalamic nuclei via direct excitation
and disynaptic inhibition through the TRN. It was demonstrated
in the somatosensory system of rodents that the feedback
control is activity-dependent, such that low-frequency activation
of L6 neurons in the barrel cortex predominantly inhibits
VPM while higher frequency stimulation leads to activation
(Crandall et al., 2015). This effect was due to the difference
in short-term dynamics of excitation vs. inhibition; excitatory
synaptic transmission displays facilitation while inhibitory
synaptic transmission undergoes depression with a train of
stimulation (Crandall et al., 2015). As mentioned previously
(‘‘Cortical Plasticity of Spared Sensory Cortices’’ section), one
of the main adaptations of the spared cortical circuit is the
potentiation of feedforward synapses (Petrus et al., 2014, 2015;
Rodríguez et al., 2018; Figure 2B). Therefore, there is potential
for L6 to convey the heightened cortical activity, which can result
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higher mammals has been described as a neocortical attribute,
also heavily relies on subcortical mechanisms for directing
attention and cognitive resources towards one salient stimulus
or modality, while de-emphasizing others (Saalmann and
Kastner, 2011; Halassa and Kastner, 2017; Krauzlis et al., 2018).
Global neuromodulatory systems are likely enabling factors for
compensatory plasticity, while continued sensory input and
spotlight attentional mechanisms may play an instructive role
to shape the plasticity in the spared sensory cortices. Spotlight
attention is thought to act at a subcortical level to gate the
information ascending to the cortex, hence controlling the flow
of activity necessary for inducing activity-dependent plasticity.
Therefore, turning the attentional spotlight towards auditory and
somatosensory inputs in response to visual deprivation would
heighten or alter the pattern of activity reaching A1 and S1 in
such a way as to drive plasticity. As mentioned before, instructive
mechanisms, such as increased sensory gating, cannot alone
result in plasticity at synapses that have a defined critical period
for plasticity, such as the thalamocortical synapses (Crair and
Malenka, 1995; Jiang et al., 2007; Barkat et al., 2011; Rodríguez
et al., 2018). Therefore, especially in adults, we believe attentional
spotlight mechanisms would need to work together with enabling
factors, such as neuromodulators, to reopen plasticity. Indeed,
prior work examining adult plasticity has noted the importance
of attention and behavioral relevance in enabling plasticity
(e.g., Polley et al., 2006). Here, we will highlight two potential
substrates for attentional spotlight regulation of feedforward
circuit plasticity involved in compensatory plasticity: superior
colliculus (SC) and mediodorsal nucleus (MD). TRN is another
candidate to gate sensory input, as was discussed earlier
(‘‘Thalamic Circuits That May Gate Compensatory Plasticity’’
section).
Superior colliculus (SC) is an evolutionarily old part of
the brain which processes sensory input and computes a
saliency map of the environment (Krauzlis et al., 2013). As
discussed above (see ‘‘Subcortical Sources of Inputs to V1
L2/3 That Can Mediate Cross-modal Recruitment’’ section), SC
has long been appreciated to participate in visual processing
but also harbors multimodal cells in the deeper layers which
integrate tactile, visual, and auditory stimuli (Krauzlis et al.,
2013; Cang et al., 2018). These multimodal cells in deep
layers of SC account for the majority of output neurons
(Cang et al., 2018), sending collaterals to many structures,
including higher-order thalamic nuclei as well as TRN (Krauzlis
et al., 2013). SC input to POm, a higher-order somatosensory
thalamus, has been shown to allow attentional enhancement of
somatosensory stimuli in the cortex, as observed by enhanced
S1 responses to weaker whisker stimulation upon activation
of SC neurons (Gharaei et al., 2020). This effect may be
mediated by the aforementioned disinhibition of L2/3 principal
neurons upon POm activation (Williams and Holtmaat, 2019)
(see ‘‘Intracortical Circuits That Can Mediate Compensatory
Plasticity’’ section). SC also has been shown to sharpen
A1 processing via its connections to LP (Chou et al., 2020;
see ‘‘Subcortical Sources of Inputs to V1 L2/3 That Can
Mediate Cross-modal Recruitment’’ section). Therefore, SC is
in a prime position to provide multisensory information to a

(Alitto and Dan, 2012). This would disinhibit principal neurons,
potentially allowing for plasticity. On the other hand, lower
levels of cortical desynchronization preferentially activate PV
interneurons via mAChRs (Alitto and Dan, 2012), which would
enhance inhibition in the circuit. This observation suggests that
the degree of attention or behavioral alertness may factor into
how cortical circuits undergo plasticity.
The norepinephrine system has been shown to impact
network activity and plasticity in sensory cortices (Salgado et al.,
2016). For example, iontophoretic application of norepinephrine
to A1 of awake rodents causes A1 neurons to exhibit a
greater degree of frequency selectivity (Manunta and Edeline,
1997, 1999). This is reminiscent of the sharpened frequency
selectivity of A1 L4 neurons following visual deprivation (Petrus
et al., 2014). It has been shown that norepinephrine acting
through beta-adrenergic receptors facilitates the induction of
LTP and suppresses LTD (Seol et al., 2007; Huang et al., 2012).
Beta-adrenergic receptors have a lower affinity to norepinephrine
compared to alpha-adrenergic receptors (Salgado et al., 2016).
Therefore, higher noradrenergic tone in the spared cortical area
accompanying visual deprivation (Qu et al., 2000) could activate
these receptors and encourage potentiation of feedforward
circuits in A1.
Among the neuromodulators discussed here, serotonin has
the most concrete evidence to support a role in compensatory
plasticity. As mentioned in a previous section, serotonin is critical
for recovering adult cortical plasticity (Maya Vetencourt et al.,
2008) and cross-modal recruitment (Lombaert et al., 2018). Of
relevance to compensatory plasticity, which involves recovering
thalamocortical LTP in adults (Rodríguez et al., 2018), certain
serotonin receptor antagonists can block thalamocortical LTP
in anesthetized rats (Lee et al., 2018). Furthermore, there is
direct evidence that serotonin is specifically involved in the crossmodal compensatory plasticity of the feedforward circuit. In rats
that were visually deprived via bilateral lid suture, serotonin
levels were elevated in the barrel cortex, but not in V1 (Jitsuki
et al., 2011). Elevated serotonin levels triggered the insertion of
AMPA receptors into the synapse between L4 and L2/3 cells,
enhancing feedforward processing of whisker information after
visual deprivation (Jitsuki et al., 2011). How serotonin levels
increase specifically in deprived (Lombaert et al., 2018) vs.
spared sensory cortices (Qu et al., 2000; Jitsuki et al., 2011) is
unclear, but could be due to differences in the visual deprivation
paradigm. Lombaert and colleagues used monocular enucleation,
while Jitsuki and colleagues performed bilateral lid-suture. As
mentioned previously, lid-suture is ineffective at driving changes
in V1 but induces plasticity in S1 (He et al., 2012). In any case,
these studies highlight the importance of the serotonergic system
in coordinating cross-modal plasticity in adults.

Functional Circuits for Bottom-Up
“Spotlight” Attentional Control of
Compensatory Plasticity
A great deal of interest has been devoted recently to the concept
of an attentional spotlight, also referred to as selective attention
or feature-based attention. The attentional spotlight, which in

Frontiers in Neural Circuits | www.frontiersin.org

14

May 2021 | Volume 15 | Article 665009

Ewall et al.

Neural Circuits for Cross-modal Plasticity

key circuit motif involving higher-order thalamic nuclei that
can mediate localized enhancement of response properties in
primary sensory cortices.
The mediodorsal nucleus (MD) is a higher-order thalamic
nucleus considered to be important in attention and learning
(Mitchell and Chakraborty, 2013; Mitchell, 2015), in part due
to its extensive and reciprocal connections with the prefrontal
cortex (Zikopoulos and Barbas, 2007; Mitchell and Chakraborty,
2013; Mitchell, 2015). In addition, MD projects to all parts of
the TRN, which differs from primary thalamic nuclei which have
projections mainly limited to a subregion of TRN (Zikopoulos
and Barbas, 2007; Mitchell, 2015). These features suggest that
MD may provide a functional connection between prefrontal
cortical networks involved in the attentional selection and TRN
to gate sensory input (Zikopoulos and Barbas, 2007; Mitchell,
2015). The prefrontal cortex has been shown to modulate
performance on a multimodal attentional task via its effect
on TRN activity (Wimmer et al., 2015). The close connection
between MD and TRN thus offers a potential substrate for
attentional regulation of input from the thalamus to primary
sensory cortices.

metaplasticity in sculpting the cortical circuits for cross-modal
plasticity, which involves not only the plasticity of excitatory
synapses, but also that of inhibitory synapses. Cross-modal
plasticity across sensory cortices is likely coordinated globally via
direct connection across sensory cortices, indirect connectivity
through cortico-thalamo-cortical loops or indirect cortical
connections through multisensory cortical areas. It is likely
that global neuromodulatory systems are engaged to enable
plasticity across the sensory cortices. In parallel, multisensory
functional inputs that target cortical inhibitory circuits could
also gate plasticity within each cortical area. Instructive signals
for plasticity likely arise through activity from cortical and
subcortical multisensory inputs to V1 and feedforward inputs to
the spared cortices. The latter may involve subcortical structures
that provide ‘‘spotlight’’ attention to sculpt the spared cortices
to better process the most relevant information. While future
studies are needed to clarify the role of these diverse functional
circuits in cross-modal plasticity, this extensive network of
functional connectivity highlights the rich array of contextual
information that can influence sensory processing even at the
level of primary sensory cortices.

CONCLUSIONS

AUTHOR CONTRIBUTIONS

Primary sensory cortices are highly interconnected to
multisensory cortical and subcortical structures, which
under normal circumstances provide contextual and saliency
information needed for proper sensory processing. We suggest
that these cortical and subcortical functional connections
play a critical role in mediating cross-modal plasticity when a
sensory modality is lost, such that an organism can effectively
navigate its environment based on the remaining senses. As
summarized in this review, these functional connections will
allow cross-modal recruitment of the deprived sensory cortex
for processing the spared sensory information, as well as
enabling and instructing plasticity needed for refining sensory
processing of the spared sensory cortices. Visual-deprivation
studies highlight the involvement of Hebbian and homeostatic

GE, SP, and H-KL wrote the manuscript. AL and YJ compiled
information used for the text and generated the figures with the
help of GE, SP, and H-KL. All authors contributed to the article
and approved the submitted version.

REFERENCES

Bavelier, D., and Neville, H. J. (2002). Cross-modal plasticity: where and how? Nat.
Rev. Neurosci. 3, 443–452. doi: 10.1038/nrn848
Bear, M. F., Cooper, L. N., and Ebner, F. F. (1987). A physiological basis for
a theory of synapse modification. Science 237, 42–48. doi: 10.1126/science.
3037696
Bear, M. F., and Singer, W. (1986). Modulation of visual cortical plasticity
by acetylcholine and noradrenaline. Nature 320, 172–176. doi: 10.1038/32
0172a0
Bender, K. J., Allen, C. B., Bender, V. A., and Feldman, D. E. (2006). Synaptic basis
for whisker deprivation-induced synaptic depression in rat somatosensory
cortex. J. Neurosci. 26, 4155–4165. doi: 10.1523/JNEUROSCI.017506.2006
Bender, M. B., and Teuber, H. L. (1946). Phenomena of fluctuation, extinction
and completion in visual perception. Arch. Neurol. Psychiatry 55, 627–658.
doi: 10.1001/archneurpsyc.1946.02300170075008
Bennett, C., Gale, S. D., Garrett, M. E., Newton, M. L., Callaway, E. M.,
Murphy, G. J., et al. (2019). Higher-order thalamic circuits channel
parallel streams of visual information in mice. Neuron 102, 477.e5–492.e5.
doi: 10.1016/j.neuron.2019.02.010

FUNDING
This work was supported by National Institutes of Health (NIH)
grant R01-EY014882 to H-KL and NRSA F31-EY031946 to SP.

ACKNOWLEDGMENTS
We would like to thank Dr. Alfredo Kirkwood for
helpful discussions.

Alitto, H. J., and Dan, Y. (2012). Cell-type-specific modulation of neocortical
activity by basal forebrain input. Front. Syst. Neurosci. 6:79. doi: 10.3389/fnsys.
2012.00079
Bai, W.-Z., Ishida, M., and Arimatsu, Y. (2004). Chemically defined feedback
connections from infragranular layers of sensory association cortices
in the rat. Neuroscience 123, 257–267. doi: 10.1016/j.neuroscience.2003.
08.056
Baldwin, M. K. L., Balaram, P., and Kaas, J. H. (2017). The evolution and functions
of nuclei of the visual pulvinar in primates. J. Comp. Neurol. 525, 3207–3226.
doi: 10.1002/cne.24272
Barkat, T. R., Polley, D. B., and Hensch, T. K. (2011). A critical period for auditory
thalamocortical connectivity. Nat. Neurosci. 14, 1189–1194. doi: 10.1038/
nn.2882
Barnes, S. J., Sammons, R. P., Jacobsen, R. I., Mackie, J., Keller, G. B.,
and Keck, T. (2015). Subnetwork-specific homeostatic plasticity in mouse
visual cortex in vivo. Neuron 86, 1290–1303. doi: 10.1016/j.neuron.2015.
05.010

Frontiers in Neural Circuits | www.frontiersin.org

15

May 2021 | Volume 15 | Article 665009

Ewall et al.

Neural Circuits for Cross-modal Plasticity

Bezdudnaya, T., and Keller, A. (2008). Laterodorsal nucleus of the thalamus:
a processor of somatosensory inputs. J. Comp. Neurol. 507, 1979–1989.
doi: 10.1002/cne.21664
Bienenstock, E. L., Cooper, L. N., and Munro, P. W. (1982). Theory for
the development of neuron selectivity: orientation specificity and binocular
interaction in visual cortex. J. Neurosci. 2, 32–48. doi: 10.1523/JNEUROSCI.
02-01-00032.1982
Binzegger, T., Douglas, R. J., and Martin, K. A. (2004). A quantitative map
of the circuit of cat primary visual cortex. J. Neurosci. 24, 8441–8453.
doi: 10.1523/JNEUROSCI.1400-04.2004
Blais, B. S., Frenkel, M. Y., Kuindersma, S. R., Muhammad, R., Shouval, H. Z.,
Cooper, L. N., et al. (2008). Recovery from monocular deprivation using
binocular deprivation. J. Neurophysiol. 100, 2217–2224. doi: 10.1152/jn.
90411.2008
Bortone, D. S., Olsen, S. R., and Scanziani, M. (2014). Translaminar inhibitory cells
recruited by layer 6 corticothalamic neurons suppress visual cortex. Neuron 82,
474–485. doi: 10.1016/j.neuron.2014.02.021
Bridi, M. C. D., De Pasquale, R., Lantz, C. L., Gu, Y., Borrell, A., Choi, S. Y., et al.
(2018). Two distinct mechanisms for experience-dependent homeostasis. Nat.
Neurosci. 21, 843–850. doi: 10.1038/s41593-018-0150-0
Buchel, C., Price, C., Frackowiak, R. S., and Friston, K. (1998). Different activation
patterns in the visual cortex of late and congenitally blind subjects. Brain 121,
409–419. doi: 10.1093/brain/121.3.409
Burton, H., and McLaren, D. G. (2006). Visual cortex activation in lateonset, Braille naive blind individuals: an fMRI study during semantic and
phonological tasks with heard words. Neurosci. Lett. 392, 38–42. doi: 10.1016/j.
neulet.2005.09.015
Cang, J., Savier, E., Barchini, J., and Liu, X. (2018). Visual function, organization,
and development of the mouse superior colliculus. Annu. Rev. Vis. Sci. 4,
239–262. doi: 10.1146/annurev-vision-091517-034142
Cappe, C., and Barone, P. (2005). Heteromodal connections supporting
multisensory integration at low levels of cortical processing in the monkey. Eur.
J. Neurosci. 22, 2886–2902. doi: 10.1111/j.1460-9568.2005.04462.x
Charbonneau, V., Laramée, M.-E., Boucher, V., Bronchti, G., and Boire, D. (2012).
Cortical and subcortical projections to primary visual cortex in anophthalmic,
enucleated and sighted mice. Eur. J. Neurosci. 36, 2949–2963. doi: 10.1111/j.
1460-9568.2012.08215.x
Chokshi, V., Gao, M., Grier, B. D., Owens, A., Wang, H., Worley, P. F., et al. (2019).
Input-specific metaplasticity in the visual cortex requires homer1a-mediated
mGluR5 signaling. Neuron 104, 736.e6–748.e6.doi: 10.1016/j.neuron.2019.
08.017
Chou, X.-L., Fang, Q., Yan, L., Zhong, W., Peng, B., Li, H., et al. (2020).
Contextual and cross-modality modulation of auditory cortical processing
through pulvinar mediated suppression. eLife 9:e54157. doi: 10.7554/eLife.
54157
Chun, S., Bayazitov, I. T., Blundon, J. A., and Zakharenko, S. S. (2013).
Thalamocortical long-term potentiation becomes gated after the early
critical period in the auditory cortex. J. Neurosci. 33, 7345–7357.
doi: 10.1523/JNEUROSCI.4500-12.2013
Cooke, S. F., and Bear, M. F. (2014). How the mechanisms of long-term
synaptic potentiation and depression serve experience-dependent plasticity in
primary visual cortex. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20130284.
doi: 10.1098/rstb.2013.0284
Cooper, L. N., and Bear, M. F. (2012). The BCM theory of synapse modification
at 30: interaction of theory with experiment. Nat. Rev. Neurosci. 13, 798–810.
doi: 10.1038/nrn3353
Crabtree, J. W. (2018). Functional diversity of thalamic reticular subnetworks.
Front. Syst. Neurosci. 12:41. doi: 10.3389/fnsys.2018.00041
Crair, M. C., and Malenka, R. C. (1995). A critical period for long-term
potentiation at thalamocortical synapses. Nature 375, 325–328.
doi: 10.1038/375325a0
Crandall, S. R., Cruikshank, S. J., and Connors, B. W. (2015). A corticothalamic
switch: controlling the thalamus with dynamic synapses. Neuron 86, 768–782.
doi: 10.1016/j.neuron.2015.03.040
Cuevas, I., Plaza, P., Rombaux, P., De Volder, A. G., and Renier, L. (2009).
Odour discrimination and identification are improved in early blindness.
Neuropsychologia 47, 3079–3083. doi: 10.1016/j.neuropsychologia.2009.
07.004

Frontiers in Neural Circuits | www.frontiersin.org

Cynader, M., and Mitchell, D. E. (1980). Prolonged sensitivity to monocular
deprivation in dark-reared cats. J. Neurophysiol. 43, 1026–1040. doi: 10.1152/jn.
1980.43.4.1026
De Heering, A., Dormal, G., Pelland, M., Lewis, T., Maurer, D., and Collignon, O.
(2016). A brief period of postnatal visual deprivation alters the balance between
auditory and visual attention. Curr. Biol. 26, 3101–3105. doi: 10.1016/j.cub.
2016.10.014
Deneux, T., Harrell, E. R., Kempf, A., Ceballo, S., Filipchuk, A., and
Bathellier, B. (2019). Context-dependent signaling of coincident auditory and
visual events in primary visual cortex. eLife 8:e44006. doi: 10.7554/eLife.
44006
Desai, N. S., Cudmore, R. H., Nelson, S. B., and Turrigiano, G. G. (2002).
Critical periods for experience-dependent synaptic scaling in visual cortex. Nat.
Neurosci. 5, 783–789. doi: 10.1038/nn878
Dooley, J. C., and Krubitzer, L. A. (2019). Alterations in cortical and thalamic
connections of somatosensory cortex following early loss of vision. J. Comp.
Neurol. 527, 1675–1688. doi: 10.1002/cne.24582
Dringenberg, H. C., Hamze, B., Wilson, A., Speechley, W., and Kuo, M. C. (2007).
Heterosynaptic facilitation of in vivo thalamocortical long-term potentiation
in the adult rat visual cortex by acetylcholine. Cereb. Cortex 17, 839–848.
doi: 10.1093/cercor/bhk038
Elbert, T., Sterr, A., Rockstroh, B., Pantev, C., Muller, M. M., and Taub, E.
(2002). Expansion of the tonotopic area in the auditory cortex of
the blind. J. Neurosci. 22, 9941–9944. doi: 10.1523/JNEUROSCI.22-22-09
941.2002
Falchier, A., Clavagnier, S., Barone, P., and Kennedy, H. (2002). Anatomical
evidence of multimodal integration in primate striate cortex. J. Neurosci. 22,
5749–5759. doi: 10.1523/JNEUROSCI.22-13-05749.2002
Fang, Q., Chou, X.-L., Peng, B., Zhong, W., Zhang, L. I., and Tao, H. W.
(2020). A differential circuit via retino-colliculo-pulvinar pathway enhances
feature selectivity in visual cortex through surround suppression. Neuron 105,
355.e6–369.e6. doi: 10.1016/j.neuron.2019.10.027
Feldman, D. E., Nicoll, R. A., Malenka, R. C., and Isaac, J. T. (1998). Long-term
depression at thalamocortical synapses in developing rat somatosensory cortex.
Neuron 21, 347–357. doi: 10.1016/s0896-6273(00)80544-9
Felleman, D. J., and Van Essen, D. C. (1991). Distributed hierarchical processing
in the primate cerebral cortex. Cereb. Cortex 1, 1–47. doi: 10.1093/
cercor/1.1.1
Gallero-Salas, Y., Han, S., Sych, Y., Voigt, F. F., Laurenczy, B., Gilad, A., et al.
(2021). Sensory and behavioral components of neocortical signal flow in
discrimination tasks with short-term memory. Neuron 109, 135.e6–148.e6.
doi: 10.1016/j.neuron.2020.10.017
Gamanut, R., Kennedy, H., Toroczkai, Z., Ercsey-Ravasz, M., Van Essen, D. C.,
Knoblauch, K., et al. (2018). The mouse cortical connectome, characterized
by an ultra-dense cortical graph, maintains specificity by distinct
connectivity profiles. Neuron 97, 698.e10–715.e10. doi: 10.1016/j.neuron.2017.
12.037
Gambino, F., Pagès, S., Kehayas, V., Baptista, D., Tatti, R., Carleton, A., et al.
(2014). Sensory-evoked LTP driven by dendritic plateau potentials in vivo.
Nature 515, 116–119. doi: 10.1038/nature13664
Gao, M., Maynard, K. R., Chokshi, V., Song, L., Jacobs, C., Wang, H.,
et al. (2014). Rebound potentiation of inhibition in juvenile visual cortex
requires vision-induced BDNF expression. J. Neurosci. 34, 10770–10779.
doi: 10.1523/JNEUROSCI.5454-13.2014
Gao, M., Sossa, K., Song, L., Errington, L., Cummings, L., Hwang, H., et al.
(2010). A specific requirement of Arc/Arg3.1 for visual experience-induced
homeostatic synaptic plasticity in mouse primary visual cortex. J. Neurosci. 30,
7168–7178. doi: 10.1523/JNEUROSCI.1067-10.2010
Gao, M., Whitt, J. L., Huang, S., Lee, A., Mihalas, S., Kirkwood, A., et al. (2017).
Experience-dependent homeostasis of ‘noise’ at inhibitory synapses preserves
information coding in adult visual cortex. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 372:20160156. doi: 10.1098/rstb.2016.0156
Garrett, M. E., Nauhaus, I., Marshel, J. H., and Callaway, E. M. (2014). Topography
and areal organization of mouse visual cortex. J. Neurosci. 34, 12587–12600.
doi: 10.1523/JNEUROSCI.1124-14.2014
Gharaei, S., Honnuraiah, S., Arabzadeh, E., and Stuart, G. J. (2020). Superior
colliculus modulates cortical coding of somatosensory information. Nat.
Commun. 11:1693. doi: 10.1038/s41467-020-15443-1

16

May 2021 | Volume 15 | Article 665009

Ewall et al.

Neural Circuits for Cross-modal Plasticity

Gil, Z., Connors, B. W., and Amitai, Y. (1997). Differential regulation of
neocortical synapses by neuromodulators and activity. Neuron 19, 679–686.
doi: 10.1016/s0896-6273(00)80380-3
Gilissen, S., and Arckens, L. (2021). Posterior parietal cortex contributions to
cross-modal brain plasticity upon sensory loss. Curr. Opin. Neurobiol. 67,
16–25. doi: 10.1016/j.conb.2020.07.001
Gilissen, S. R. J., Farrow, K., Bonin, V., and Arckens, L. (2021). Reconsidering the
border between the visual and posterior parietal cortex of mice. Cereb. Cortex
31, 1675–1692. doi: 10.1093/cercor/bhaa318
Glazewski, S., Greenhill, S., and Fox, K. (2017). Time-course and mechanisms of
homeostatic plasticity in layers 2/3 and 5 of the barrel cortex. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 372:20160150. doi: 10.1098/rstb.2016.0150
Glickfeld, L. L., and Olsen, S. R. (2017). Higher-order areas of the mouse visual
cortex. Annu. Rev. Vis. Sci. 3, 251–273. doi: 10.1146/annurev-vision-102016061331
Goel, A., Jiang, B., Xu, L. W., Song, L., Kirkwood, A., and Lee, H. K. (2006). Crossmodal regulation of synaptic AMPA receptors in primary sensory cortices by
visual experience. Nat. Neurosci. 9, 1001–1003. doi: 10.1038/nn1725
Goel, A., and Lee, H.-K. (2007). Persistence of experience-induced homeostatic
synaptic plasticity through adulthood in superficial layers of mouse
visual cortex. J. Neurosci. 27, 6692–6700. doi: 10.1523/JNEUROSCI.5038
-06.2007
Gong, S., Doughty, M., Harbaugh, C. R., Cummins, A., Hatten, M. E., Heintz, N.,
et al. (2007). Targeting Cre recombinase to specific neuron populations
with bacterial artificial chromosome constructs. J. Neurosci. 27, 9817–9823.
doi: 10.1523/JNEUROSCI.2707-07.2007
Gougoux, F., Lepore, F., Lassonde, M., Voss, P., Zatorre, R. J., and Belin, P. (2004).
Neuropsychology: pitch discrimination in the early blind. Nature 430:309.
doi: 10.1038/430309a
Grant, A. C., Thiagarajah, M. C., and Sathian, K. (2000). Tactile perception in
blind Braille readers: a psychophysical study of acuity and hyperacuity using
gratings and dot patterns. Percept. Psychophys. 62, 301–312. doi: 10.3758/bf03
205550
Gu, Q. (2002). Neuromodulatory transmitter systems in the cortex and their
role in cortical plasticity. Neuroscience 111, 815–835. doi: 10.1016/s03064522(02)00026-x
Guo, Y., Huang, S., De Pasquale, R., McGehrin, K., Lee, H.-K., Zhao, K., et al.
(2012). Dark exposure extends the integration window for spike-timingdependent plasticity. J. Neurosci. 32, 15027–15035. doi: 10.1523/JNEUROSCI.
2545-12.2012
Halassa, M. M., and Acsády, L. (2016). Thalamic inhibition: diverse sources,
diverse scales. Trends Neurosci. 39, 680–693. doi: 10.1016/j.tins.2016.08.001
Halassa, M. M., and Kastner, S. (2017). Thalamic functions in distributed
cognitive control. Nat. Neurosci. 20, 1669–1679. doi: 10.1038/s41593-017
-0020-1
He, K., Petrus, E., Gammon, N., and Lee, H. K. (2012). Distinct sensory
requirements for unimodal and cross-modal homeostatic synaptic plasticity.
J. Neurosci. 32, 8469–8474. doi: 10.1523/JNEUROSCI.1424-12.2012
He, H.-Y., Ray, B., Dennis, K., and Quinlan, E. M. (2007). Experience-dependent
recovery of vision following chronic deprivation amblyopia. Nat. Neurosci. 10,
1134–1136. doi: 10.1038/nn1965
Heynen, A. J., and Bear, M. F. (2001). Long-term potentiation of thalamocortical
transmission in the adult visual cortex in vivo. J. Neurosci. 21, 9801–9813.
doi: 10.1523/JNEUROSCI.21-24-09801.2001
Hishida, R., Horie, M., Tsukano, H., Tohmi, M., Yoshitake, K., Meguro, R.,
et al. (2018). Feedback inhibition derived from the posterior parietal cortex
regulates the neural properties of the mouse visual cortex. Eur. J. Neurosci. 50,
2970–2987. doi: 10.1111/ejn.14424
Hong, S. Z., Huang, S., Severin, D., and Kirkwood, A. (2020). Pull-push
neuromodulation of cortical plasticity enables rapid bi-directional shifts in
ocular dominance. eLife 9:e54455. doi: 10.7554/eLife.54455
Hooks, B. M., and Chen, C. (2020). Circuitry underlying experience-dependent
plasticity in the mouse visual system. Neuron 106, 21–36. doi: 10.1016/j.neuron.
2020.01.031
Hu, F., Kamigaki, T., Zhang, Z., Zhang, S., Dan, U., and Dan, Y. (2019). Prefrontal
corticotectal neurons enhance visual processing through the superior colliculus
and pulvinar thalamus. Neuron 104, 1141.e4–1152.e4. doi: 10.1016/j.neuron.
2019.09.019

Frontiers in Neural Circuits | www.frontiersin.org

Huang, S., Treviño, M., He, K., Ardiles, A., Pasquale, R., Guo, Y., et al. (2012).
Pull-push neuromodulation of LTP and LTD enables bidirectional experienceinduced synaptic scaling in visual cortex. Neuron 73, 497–510. doi: 10.1016/j.
neuron.2011.11.023
Ibrahim, L. A., Mesik, L., Ji, X. Y., Fang, Q., Li, H. F., Li, Y. T., et al. (2016). Crossmodality sharpening of visual cortical processing through layer-1-mediated
inhibition and disinhibition. Neuron 89, 1031–1045. doi: 10.1016/j.neuron.
2016.01.027
Imamura, K., and Kasamatsu, T. (1989). Interaction of noradrenergic and
cholinergic systems in regulation of ocular dominance plasticity. Neurosci. Res.
6, 519–536. doi: 10.1016/0168-0102(89)90042-4
Iurilli, G., Ghezzi, D., Olcese, U., Lassi, G., Nazzaro, C., Tonini, R., et al. (2012).
Sound-driven synaptic inhibition in primary visual cortex. Neuron 73, 814–828.
doi: 10.1016/j.neuron.2011.12.026
Jiang, B., Huang, Z. J., Morales, B., and Kirkwood, A. (2005). Maturation of
GABAergic transmission and the timing of plasticity in visual cortex. Brain Res.
Rev. 50, 126–133. doi: 10.1016/j.brainresrev.2005.05.007
Jiang, B., Treviño, M., and Kirkwood, A. (2007). Sequential development of
long-term potentiation and depression in different layers of the mouse
visual cortex. J. Neurosci. 27, 9648–9652. doi: 10.1523/JNEUROSCI.2655
-07.2007
Jitsuki, S., Takemoto, K., Kawasaki, T., Tada, H., Takahashi, A., Becamel, C.,
et al. (2011). Serotonin mediates cross-modal reorganization of cortical circuits.
Neuron 69, 780–792. doi: 10.1016/j.neuron.2011.01.016
Johnson, R. R., and Burkhalter, A. (1996). Microcircuitry of forward and
feedback connections within rat visual cortex. J. Comp. Neurol. 368, 383–398.
doi: 10.1002/(SICI)1096-9861(19960506)368:3<383::AID-CNE5>3.0.CO;2-1
Johnson, R. R., and Burkhalter, A. (1997). A polysynaptic feedback circuit in
rat visual cortex. J. Neurosci. 17, 7129–7140. doi: 10.1523/JNEUROSCI.17-1807129.1997
Keller, A. J., Roth, M. M., and Scanziani, M. (2020). Feedback generates a
second receptive field in neurons of the visual cortex. Nature 582, 545–549.
doi: 10.1038/s41586-020-2319-4
Kim, E. J., Juavinett, A. L., Kyubwa, E. M., Jacobs, M. W., and Callaway, E. M.
(2015). Three types of cortical layer 5 neurons that differ in brain-wide
connectivity and function. Neuron 88, 1253–1267. doi: 10.1016/j.neuron.2015.
11.002
Kimura, A. (2014). Diverse subthreshold cross-modal sensory interactions in
the thalamic reticular nucleus: implications for new pathways of cross-modal
attentional gating function. Eur. J. Neurosci. 39, 1405–1418. doi: 10.1111/ejn.
12545
Kirkwood, A., Rioult, M. C., and Bear, M. F. (1996). Experience-dependent
modification of synaptic plasticity in visual cortex. Nature 381, 526–528.
doi: 10.1038/381526a0
Ko, H., Hofer, S. B., Pichler, B., Buchanan, K. A., Sjostrom, P. J., and
Mrsic-Flogel, T. D. (2011). Functional specificity of local synaptic
connections in neocortical networks. Nature 473, 87–91. doi: 10.1038/nature
09880
Kotak, V. C., Fujisawa, S., Lee, F. A., Karthikeyan, O., Aoki, C., and Sanes, D. H.
(2005). Hearing loss raises excitability in the auditory cortex. J. Neurosci. 25,
3908–3918. doi: 10.1523/JNEUROSCI.5169-04.2005
Krauzlis, R. J., Bogadhi, A. R., Herman, J. P., and Bollimunta, A. (2018). Selective
attention without a neocortex. Cortex 102, 161–175. doi: 10.1016/j.cortex.2017.
08.026
Krauzlis, R. J., Lovejoy, L. P., and Zénon, A. (2013). Superior colliculus and visual
spatial attention. Annu. Rev. Neurosci. 36, 165–182. doi: 10.1146/annurevneuro-062012-170249
Lakatos, P., Chen, C.-M., O’Connell, M. N., Mills, A., and Schroeder, C. E. (2007).
Neuronal oscillations and multisensory interaction in primary auditory cortex.
Neuron 53, 279–292. doi: 10.1016/j.neuron.2006.12.011
Lam, Y.-W., and Sherman, S. M. (2011). Functional organization of the
thalamic input to the thalamic reticular nucleus. J. Neurosci. 31, 6791–6799.
doi: 10.1523/JNEUROSCI.3073-10.2011
Laramee, M. E., Kurotani, T., Rockland, K. S., Bronchti, G., and Boire, D.
(2011). Indirect pathway between the primary auditory and visual cortices
through layer V pyramidal neurons in V2L in mouse and the effects of
bilateral enucleation. Eur. J. Neurosci. 34, 65–78. doi: 10.1111/j.1460-9568.2011.
07732.x

17

May 2021 | Volume 15 | Article 665009

Ewall et al.

Neural Circuits for Cross-modal Plasticity

Lee, W.-C. A., Bonin, V., Reed, M., Graham, B. J., Hood, G., Glattfelder, K., et al.
(2016). Anatomy and function of an excitatory network in the visual cortex.
Nature 532, 370–374. doi: 10.1038/nature17192
Lee, H.-K., and Kirkwood, A. (2019). Mechanisms of homeostatic synaptic
plasticity in vivo. Front. Cell. Neurosci. 13:520. doi: 10.3389/fncel.2019.00520
Lee, K. K. Y., Soutar, C. N., and Dringenberg, H. C. (2018). Gating of
long-term potentiation (LTP) in the thalamocortical auditory system of rats by
serotonergic (5-HT) receptors. Brain Res. 1683, 1–11. doi: 10.1016/j.brainres.
2018.01.004
Lee, H.-K., and Whitt, J. L. (2015). Cross-modal synaptic plasticity in adult primary
sensory cortices. Curr. Opin. Neurobiol. 35, 119–126. doi: 10.1016/j.conb.2015.
08.002
Lessard, N., Paré, M., Lepore, F., and Lassonde, M. (1998). Early-blind human
subjects localize sound sources better than sighted subjects. Nature 395,
278–280. doi: 10.1038/26228
Li, L., Gainey, M. A., Goldbeck, J. E., and Feldman, D. E. (2014). Rapid homeostasis
by disinhibition during whisker map plasticity. Proc. Natl. Acad. Sci. U S A 111,
1616–1621. doi: 10.1073/pnas.1312455111
Lombaert, N., Hennes, M., Gilissen, S., Schevenels, G., Aerts, L., Vanlaer, R.,
et al. (2018). 5-HTR2A and 5-HTR3A but not 5-HTR1A antagonism impairs
the cross-modal reactivation of deprived visual cortex in adulthood. Mol. Brain
11:65. doi: 10.1186/s13041-018-0404-5
Lu, J., Tucciarone, J., Lin, Y., and Huang, Z. J. (2014). Input-specific maturation of
synaptic dynamics of parvalbumin interneurons in primary visual cortex. Proc.
Natl. Acad. Sci. U S A 111, 16895–16900. doi: 10.1073/pnas.1400694111
Maffei, A., Nataraj, K., Nelson, S. B., and Turrigiano, G. G. (2006).
Potentiation of cortical inhibition by visual deprivation. Nature 443, 81–84.
doi: 10.1038/nature05079
Maffei, A., Nelson, S. B., and Turrigiano, G. G. (2004). Selective reconfiguration
of layer 4 visual cortical circuitry by visual deprivation. Nat. Neurosci. 7,
1353–1359. doi: 10.1038/nn1351
Maffei, A., and Turrigiano, G. G. (2008). Multiple modes of network
homeostasis in visual cortical layer 2/3. J. Neurosci. 28, 4377–4384.
doi: 10.1523/JNEUROSCI.5298-07.2008
Manunta, Y., and Edeline, J. M. (1997). Effects of noradrenaline on frequency
tuning of rat auditory cortex neurons. Eur. J. Neurosci. 9, 833–847.
doi: 10.1111/j.1460-9568.1997.tb01433.x
Manunta, Y., and Edeline, J. M. (1999). Effects of noradrenaline on frequency
tuning of auditory cortex neurons during wakefulness and slow-wave
sleep. Eur. J. Neurosci. 11, 2134–2150. doi: 10.1046/j.1460-9568.1999.
00633.x
Maruyama, A. T., and Komai, S. (2018). Auditory-induced response in the primary
sensory cortex of rodents. PLoS One 13:e0209266. doi: 10.1371/journal.pone.
0209266
Maya Vetencourt, J. F., Sale, A., Viegi, A., Baroncelli, L., De Pasquale, R.,
O’Leary, O. F., et al. (2008). The antidepressant fluoxetine restores plasticity
in the adult visual cortex. Science 320, 385–388. doi: 10.1126/science.
1150516
Meijer, G. T., Marchesi, P., Mejias, J. F., Montijn, J. S., Lansink, C. S., and
Pennartz, C. M. A. (2020). Neural correlates of multisensory detection
behavior: comparison of primary and higher-order visual cortex. Cell Rep.
31:107636. doi: 10.1016/j.celrep.2020.107636
Meng, X., Kao, J. P., Lee, H.-K., and Kanold, P. O. (2015). Visual deprivation causes
refinement of intracortical circuits in the auditory cortex. Cell Rep. 12, 955–964.
doi: 10.1016/j.celrep.2015.07.018
Meng, X., Kao, J. P., Lee, H. K., and Kanold, P. O. (2017). Intracortical
circuits in thalamorecipient layers of auditory cortex refine after visual
deprivation. eNeuro 4:ENEURO.0092-17.2017. doi: 10.1523/ENEURO.0092
-17.2017
Merabet, L. B., Hamilton, R., Schlaug, G., Swisher, J. D., Kiriakopoulos, E. T.,
Pitskel, N. B., et al. (2008). Rapid and reversible recruitment of early visual
cortex for touch. PLoS One 3:e3046. doi: 10.1371/journal.pone.0003046
Merabet, L. B., and Pascual-Leone, A. (2010). Neural reorganization following
sensory loss: the opportunity of change. Nat. Rev. Neurosci. 11, 44–52.
doi: 10.1038/nrn2758
Mesik, L., Huang, J. J., Zhang, L. I., and Tao, H. W. (2019). Sensory- and motorrelated responses of layer 1 neurons in the mouse visual cortex. J. Neurosci. 39,
10060–10070. doi: 10.1523/JNEUROSCI.1722-19.2019

Frontiers in Neural Circuits | www.frontiersin.org

Metherate, R. (2011). Functional connectivity and cholinergic modulation in
auditory cortex. Neurosci. Biobehav. Rev. 35, 2058–2063. doi: 10.1016/j.
neubiorev.2010.11.010
Metherate, R., Cox, C. L., and Ashe, J. H. (1992). Cellular bases of
neocortical activation: modulation of neural oscillations by the nucleus
basalis and endogenous acetylcholine. J. Neurosci. 12, 4701–4711.
doi: 10.1523/JNEUROSCI.12-12-04701.1992
Mitchell, A. S. (2015). The mediodorsal thalamus as a higher order thalamic relay
nucleus important for learning and decision-making. Neurosci. Biobehav. Rev.
54, 76–88. doi: 10.1016/j.neubiorev.2015.03.001
Mitchell, A. S., and Chakraborty, S. (2013). What does the mediodorsal thalamus
do? Front. Syst. Neurosci. 7:37. doi: 10.3389/fnsys.2013.00037
Mizumori, S. J., and Williams, J. D. (1993). Directionally selective mnemonic
properties of neurons in the lateral dorsal nucleus of the thalamus
of rats. J. Neurosci. 13, 4015–4028. doi: 10.1523/JNEUROSCI.13-09-04
015.1993
Mower, G. D., Berry, D., Burchfiel, J. L., and Duffy, F. H. (1981). Comparison of
the effects of dark rearing and binocular suture on development and plasticity
of cat visual cortex. Brain Res. 220, 255–267. doi: 10.1016/0006-8993(81)
91216-6
Mowery, T. M., Kotak, V. C., and Sanes, D. H. (2016). The onset of visual
experience gates auditory cortex critical periods. Nat. Commun. 7:10416.
doi: 10.1038/ncomms10416
Nahmani, M., and Turrigiano, G. G. (2014). Deprivation-induced strengthening
of presynaptic and postsynaptic inhibitory transmission in layer 4 of
visual cortex during the critical period. J. Neurosci. 34, 2571–2582.
doi: 10.1523/JNEUROSCI.4600-13.2014
O’Brien, R. J., Kamboj, S., Ehlers, M. D., Rosen, K. R., Fischbach, G. D.,
and Huganir, R. L. (1998). Activity-dependent modulation of synaptic
AMPA receptor accumulation. Neuron 21, 1067–1078. doi: 10.1016/s08966273(00)80624-8
Olcese, U., Iurilli, G., and Medini, P. (2013). Cellular and synaptic architecture
of multisensory integration in the mouse neocortex. Neuron 79, 579–593.
doi: 10.1016/j.neuron.2013.06.010
Olsen, S. R., Bortone, D. S., Adesnik, H., and Scanziani, M. (2012). Gain
control by layer six in cortical circuits of vision. Nature 483, 47–52.
doi: 10.1038/nature10835
Orban, G. A. (2008). Higher order visual processing in macaque extrastriate cortex.
Physiol. Rev. 88, 59–89. doi: 10.1152/physrev.00008.2007
Pak, A., Ryu, E., Li, C., and Chubykin, A. A. (2020). Top-down feedback controls
the cortical representation of illusory contours in mouse primary visual cortex.
J. Neurosci. 40, 648–660. doi: 10.1523/JNEUROSCI.1998-19.2019
Pascual-Leone, A., and Torres, F. (1993). Plasticity of the sensorimotor cortex
representation of the reading finger in Braille readers. Brain 116, 39–52.
doi: 10.1093/brain/116.1.39
Petrus, E., Isaiah, A., Jones, A. P., Li, D., Wang, H., Lee, H. K., et al.
(2014). Crossmodal induction of thalamocortical potentiation leads to
enhanced information processing in the auditory cortex. Neuron 81, 664–673.
doi: 10.1016/j.neuron.2013.11.023
Petrus, E., Rodriguez, G., Patterson, R., Connor, B., Kanold, P. O., and Lee, H. K.
(2015). Vision loss shifts the balance of feedforward and intracortical circuits in
opposite directions in mouse primary auditory and visual cortices. J. Neurosci.
35, 8790–8801. doi: 10.1523/JNEUROSCI.4975-14.2015
Polley, D. B., Steinberg, E. E., and Merzenich, M. M. (2006). Perceptual learning
directs auditory cortical map reorganization through top-down influences.
J. Neurosci. 26, 4970–4982. doi: 10.1523/JNEUROSCI.3771-05.2006
Qu, Y., Eysel, U. T., Vandesande, F., and Arckens, L. (2000). Effect of partial
sensory deprivation on monoaminergic neuromodulators in striate cortex of
adult cat. Neuroscience 101, 863–868. doi: 10.1016/s0306-4522(00)00441-3
Ramachandran, V. S., and Gregory, R. L. (1991). Perceptual filling in
of artificially induced scotomas in human vision. Nature 350, 699–702.
doi: 10.1038/350699a0
Ramaswamy, S., and Markram, H. (2015). Anatomy and physiology of the thicktufted layer 5 pyramidal neuron. Front. Cell. Neurosci. 9:233. doi: 10.3389/fncel.
2015.00233
Rauschecker, J. P. (1995). Compensatory plasticity and sensory substitution in
the cerebral cortex. Trends Neurosci. 18, 36–43. doi: 10.1016/0166-2236(95)
93948-w

18

May 2021 | Volume 15 | Article 665009

Ewall et al.

Neural Circuits for Cross-modal Plasticity

Rauschecker, J. P., Tian, B., Korte, M., and Egert, U. (1992). Crossmodal changes
in the somatosensory vibrissa/barrel system of visually deprived animals. Proc.
Natl. Acad. Sci. U S A 89, 5063–5067. doi: 10.1073/pnas.89.11.5063
Renier, L., Cuévas, I., Grandin, C. B., Dricot, L., Plaza, P., Lerens, E., et al. (2013).
Right occipital cortex activation correlates with superior odor processing
performance in the early blind. PLoS One 8:e71907. doi: 10.1371/journal.pone.
0071907
Röder, B., Teder-Sälejärvi, W., Sterr, A., Rösler, F., Hillyard, S. A., and Neville, H. J.
(1999). Improved auditory spatial tuning in blind humans. Nature 400,
162–166. doi: 10.1038/22106
Rodríguez, G., Chakraborty, D., Schrode, K. M., Saha, R., Uribe, I., Lauer, A. M.,
et al. (2018). Cross-modal reinstatement of thalamocortical plasticity
accelerates ocular dominance plasticity in adult mice. Cell Rep. 24,
3433.e4–3440.e4. doi: 10.1016/j.celrep.2018.08.072
Rodriguez, G., Mesik, L., Gao, M., Parkins, S., Saha, R., and Lee, H. K. (2019).
Disruption of NMDA receptor function prevents normal experiencedependent homeostatic synaptic plasticity in mouse primary visual
cortex. J. Neurosci. 39, 7664–7673. doi: 10.1523/JNEUROSCI.2117
-18.2019
Roth, M. M., Dahmen, J. C., Muir, D. R., Imhof, F., Martini, F. J., and
Hofer, S. B. (2016). Thalamic nuclei convey diverse contextual information
to layer 1 of visual cortex. Nat. Neurosci. 19, 299–307. doi: 10.1038/
nn.4197
Saalmann, Y. B., and Kastner, S. (2011). Cognitive and perceptual functions of the
visual thalamus. Neuron 71, 209–223. doi: 10.1016/j.neuron.2011.06.027
Sadato, N., Pascual-Leone, A., Grafman, J., Ibañez, V., Deiber, M. P., Dold, G.,
et al. (1996). Activation of the primary visual cortex by Braille reading in blind
subjects. Nature 380, 526–528. doi: 10.1038/380526a0
Salgado, H., Treviño, M., and Atzori, M. (2016). Layer- and area-specific actions
of norepinephrine on cortical synaptic transmission. Brain Res. 1641, 163–176.
doi: 10.1016/j.brainres.2016.01.033
Sanderson, K. J., Dreher, B., and Gayer, N. (1991). Prosencephalic connections of
striate and extrastriate areas of rat visual cortex. Exp. Brain Res. 85, 324–334.
doi: 10.1007/BF00229410
Sandmann, P., Dillier, N., Eichele, T., Meyer, M., Kegel, A., Pascual-Marqui, R. D.,
et al. (2012). Visual activation of auditory cortex reflects maladaptive
plasticity in cochlear implant users. Brain 135, 555–568. doi: 10.1093/brain/
awr329
Scheyltjens, I., Vreysen, S., Van den Haute, C., Sabanov, V., Balschun, D.,
Baekelandt, V., et al. (2018). Transient and localized optogenetic activation
of somatostatin-interneurons in mouse visual cortex abolishes long-term
cortical plasticity due to vision loss. Brain Struct. Funct. 223, 2073–2095.
doi: 10.1007/s00429-018-1611-7
Seol, G. H., Ziburkus, J., Huang, S., Song, L., Kim, I. T., Takamiya, K., et al. (2007).
Neuromodulators control the polarity of spike-timing-dependent synaptic
plasticity. Neuron 55, 919–929. doi: 10.1016/j.neuron.2007.08.013
Shao, Z., and Burkhalter, A. (1996). Different balance of excitation and inhibition
in forward and feedback circuits of rat visual cortex. J. Neurosci. 16, 7353–7365.
doi: 10.1523/JNEUROSCI.16-22-07353.1996
Sherman, S. M. (2016). Thalamus plays a central role in ongoing cortical
functioning. Nat. Neurosci. 19, 533–541. doi: 10.1038/nn.4269
Shibata, H. (2000). Organization of retrosplenial cortical projections to the
laterodorsal thalamic nucleus in the rat. Neurosci. Res. 38, 303–311.
doi: 10.1016/s0168-0102(00)00174-7
Solarana, K., Liu, J., Bowen, Z., Lee, H. K., and Kanold, P. O. (2019). Temporary
visual deprivation causes decorrelation of spatiotemporal population
responses in adult mouse auditory cortex. eNeuro 6:ENEURO.0269-19.2019.
doi: 10.1523/ENEURO.0269-19.2019
Song, Y.-H., Kim, J.-H., Jeong, H.-W., Choi, I., Jeong, D., Kim, K., et al. (2017).
A neural circuit for auditory dominance over visual perception. Neuron 93,
1236–1237. doi: 10.1016/j.neuron.2017.02.026
Sterr, A., Müller, M. M., Elbert, T., Rockstroh, B., Pantev, C., and Taub, E.
(1998a). Changed perceptions in Braille readers. Nature 391, 134–135.
doi: 10.1038/34322
Sterr, A., Müller, M. M., Elbert, T., Rockstroh, B., Pantev, C., and Taub, E.
(1998b). Perceptual correlates of changes in cortical representation of
fingers in blind multifinger Braille readers. J. Neurosci. 18, 4417–4423.
doi: 10.1523/JNEUROSCI.18-11-04417.1998

Frontiers in Neural Circuits | www.frontiersin.org

Stevens, A. A., and Weaver, K. E. (2009). Functional characteristics of auditory
cortex in the blind. Behav. Brain Res. 196, 134–138. doi: 10.1016/j.bbr.2008.
07.041
Sundberg, S. C., Lindstrom, S. H., Sanchez, G. M., and Granseth, B. (2018).
Cre-expressing neurons in visual cortex of Ntsr1-Cre GN220 mice are
corticothalamic and are depolarized by acetylcholine. J. Comp. Neurol. 526,
120–132. doi: 10.1002/cne.24323
Sutton, M. A., Ito, H. T., Cressy, P., Kempf, C., Woo, J. C., and Schuman, E. M.
(2006). Miniature neurotransmission stabilizes synaptic function via
tonic suppression of local dendritic protein synthesis. Cell 125, 785–799.
doi: 10.1016/j.cell.2006.03.040
Thomson, A. M. (2010). Neocortical layer 6, a review. Front. Neuroanat. 4:13.
doi: 10.3389/fnana.2010.00013
Todd, T. P., Fournier, D. I., and Bucci, D. J. (2019). Retrosplenial cortex and its role
in cue-specific learning and memory. Neurosci. Biobehav. Rev. 107, 713–728.
doi: 10.1016/j.neubiorev.2019.04.016
Tremblay, R., Lee, S., and Rudy, B. (2016). GABAergic interneurons in
the neocortex: from cellular properties to circuits. Neuron 91, 260–292.
doi: 10.1016/j.neuron.2016.06.033
Turrigiano, G. G., Leslie, K. R., Desai, N. S., Rutherford, L. C., and Nelson, S. B.
(1998). Activity-dependent scaling of quantal amplitude in neocortical
neurons. Nature 391, 892–896. doi: 10.1038/36103
Van Boven, R. W., Hamilton, R. H., Kauffman, T., Keenan, J. P., and PascualLeone, A. (2000). Tactile spatial resolution in blind braille readers. Neurology
54, 2230–2236. doi: 10.1212/wnl.54.12.2230
Van Brussel, L., Gerits, A., and Arckens, L. (2011). Evidence for cross-modal
plasticity in adult mouse visual cortex following monocular enucleation. Cereb.
Cortex 21, 2133–2146. doi: 10.1093/cercor/bhq286
van Groen, T., and Wyss, J. M. (1992). Projections from the laterodorsal nucleus
of the thalamus to the limbic and visual cortices in the rat. J. Comp. Neurol. 324,
427–448. doi: 10.1002/cne.903240310
Vélez-Fort, M., Rousseau, C. V., Niedworok, C. J., Wickersham, I. R., Rancz, E. A.,
Brown, A. P., et al. (2014). The stimulus selectivity and connectivity of layer
six principal cells reveals cortical microcircuits underlying visual processing.
Neuron 83, 1431–1443. doi: 10.1016/j.neuron.2014.08.001
Voss, P., Lassonde, M., Gougoux, F., Fortin, M., Guillemot, J. P., and Lepore, F.
(2004). Early- and late-onset blind individuals show supra-normal auditory
abilities in far-space. Curr. Biol. 14, 1734–1738. doi: 10.1016/j.cub.2004.09.051
Weil, R. S., and Rees, G. (2011). A new taxonomy for perceptual filling-in. Brain
Res. Rev. 67, 40–55. doi: 10.1016/j.brainresrev.2010.10.004
Wertz, A., Trenholm, S., Yonehara, K., Hillier, D., Raics, Z., Leinweber, M., et al.
(2015). Single-cell-initiated monosynaptic tracing reveals layer-specific cortical
network modules. Science 349, 70–74. doi: 10.1126/science.aab1687
Williams, L. E., and Holtmaat, A. (2019). Higher-order thalamocortical inputs gate
synaptic long-term potentiation via disinhibition. Neuron 101, 91.e4–102.e4.
doi: 10.1016/j.neuron.2018.10.049
Wimmer, R. D., Schmitt, L. I., Davidson, T. J., Nakajima, M., Deisseroth, K.,
and Halassa, M. M. (2015). Thalamic control of sensory selection in divided
attention. Nature 526, 705–709. doi: 10.1038/nature15398
Winkowski, D. E., Nagode, D. A., Donaldson, K. J., Yin, P., Shamma, S. A.,
Fritz, J. B., et al. (2018). Orbitofrontal cortex neurons respond to sound
and activate primary auditory cortex neurons. Cereb. Cortex 28, 868–879.
doi: 10.1093/cercor/bhw409
Wong, M., Gnanakumaran, V., and Goldreich, D. (2011). Tactile spatial acuity
enhancement in blindness: evidence for experience-dependent mechanisms.
J. Neurosci. 31, 7028–7037. doi: 10.1523/JNEUROSCI.6461-10.2011
Yang, W., Carrasquillo, Y., Hooks, B. M., Nerbonne, J. M., and Burkhalter, A.
(2013). Distinct balance of excitation and inhibition in an interareal
feedforward and feedback circuit of mouse visual cortex. J. Neurosci. 33,
17373–17384. doi: 10.1523/JNEUROSCI.2515-13.2013
Yilmaz, M., and Meister, M. (2013). Rapid innate defensive responses of mice
to looming visual stimuli. Curr. Biol. 23, 2011–2015. doi: 10.1016/j.cub.2013.
08.015
Zhang, S., Xu, M., Chang, W.-C., Ma, C., Hoang Do, J. P., Jeong, D., et al. (2016).
Organization of long-range inputs and outputs of frontal cortex for top-down
control. Nat. Neurosci. 19, 1733–1742. doi: 10.1038/nn.4417
Zhang, S., Xu, M., Kamigaki, T., Hoang Do, J. P., Chang, W. C., Jenvay, S.,
et al. (2014). Selective attention. Long-range and local circuits for

19

May 2021 | Volume 15 | Article 665009

Ewall et al.

Neural Circuits for Cross-modal Plasticity

top-down modulation of visual cortex processing. Science 345, 660–665.
doi: 10.1126/science.1254126
Zhou, N. A., Maire, P. S., Masterson, S. P., and Bickford, M. E. (2017). The
mouse pulvinar nucleus: organization of the tectorecipient zones. Vis. Neurosci.
34:E011. doi: 10.1017/S0952523817000050
Zikopoulos, B., and Barbas, H. (2007). Circuits formultisensory integration and
attentional modulation through the prefrontal cortex and the thalamic reticular
nucleus in primates. Rev. Neurosci. 18, 417–438. doi: 10.1515/revneuro.2007.18.
6.417
Zingg, B., Chou, X.-L., Zhang, Z.-G., Mesik, L., Liang, F., Tao, H. W.,
et al. (2017). AAV-mediated anterograde transsynaptic tagging:
mapping
corticocollicular
input-defined
neural
pathways
for
defense behaviors. Neuron 93, 33–47. doi: 10.1016/j.neuron.2016.
11.045

Frontiers in Neural Circuits | www.frontiersin.org

Zur, D., and Ullman, S. (2003). Filling-in of retinal scotomas. Vis. Res. 43, 971–982.
doi: 10.1016/s0042-6989(03)00038-5
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2021 Ewall, Parkins, Lin, Jaoui and Lee. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

20

May 2021 | Volume 15 | Article 665009

