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Abstract

Sensory loss leads to widespread adaptation of brain circuits to allow an organism to navigate its 

environment with its remaining senses, which is broadly referred to as cross-modal plasticity. 

Such adaptation can be observed even in the primary sensory cortices, and falls into two distinct 

categories: (1) recruitment of the deprived sensory cortex for processing the remaining senses, 

which we term “cross-modal recruitment”, and (2) experience-dependent refinement of the spared 

sensory cortices referred to as “compensatory plasticity.” Here we will review recent studies 

demonstrating that cortical adaptation to sensory loss involves LTP/LTD and homeostatic synaptic 

plasticity. Cross-modal synaptic plasticity is observed in adults, hence cross-modal sensory 

deprivation may be an effective way to promote plasticity in adult primary sensory cortices.

Recent studies highlight that primary sensory cortices do not work in isolation, but are 

influenced by other senses [1]. Specifically, the superficial layers of primary sensory 

cortices receive subthreshold inputs originating from other senses [2,3], which could form 

the basis for multisensory integration even at these early stages of sensory processing [1]. 

Such multisensory interactions between primary sensory cortices could serve as substrates 

for cross-modal plasticity in the event of losing a sensory modality. It is now well described 

that loss of a sensory modality leads to widespread compensatory plasticity across brain 

areas, which in some cases includes the primary sensory cortices [4]. These changes fall into 

two categories that together are broadly termed “cross-modal plasticity” [5] (Fig. 1): The 

first category is where the primary sensory cortex of the deprived sense is recruited by the 

remaining senses. Here we will refer to this as “cross-modal recruitment” to distinguish it 

from the second category of modifications, where the primary sensory cortices of the spared 

senses reorganize to allow for better processing. In this review, we will use the terminology 

“compensatory plasticity” to refer to this second category.
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Recruitment of the deprived cortex for processing the remaining senses has been reported 

following several types of sensory loss. For example, early onset blind individuals display 

activation of visual areas, including the primary visual cortex (V1), when reading braille 

[6,7] or comprehending ultra fast speech [8,9]. Also, in deaf individuals visual stimuli have 

been shown to activate auditory cortical areas, including the primary auditory cortex (A1) 

[10]. Such changes were initially thought to be long-term developmental adaptations to 

sensory loss [11], but similar changes have been reported for late onset blind individuals [7] 

and have also been observed after just a few days in blindfolded adults with braille training 

[4]. In any case, these studies highlight that deprived sensory cortices become re-engaged 

for processing remaining senses, and a narrow definition of “cross-modal plasticity” has 

been used in the literature to describe these changes [12]. However, here we will use the 

terminology “cross-modal recruitment” to distinguish this form of plasticity from the 

broader definition of cross-modal plasticity (Fig. 1). In addition to cross-modal recruitment 

of the deprived cortex, the enhanced processing of the spared senses may also depend on 

reorganization of the spared primary sensory cortices. For instance, there is an expansion of 

the representation in primary somatosensory cortex (S1) corresponding to the braille reading 

finger in blind subjects [13]. Such forms of plasticity that are triggered by cross-modal loss 

of another sense are often referred to as “compensatory plasticity” [12,14] (Fig. 1) to 

distinguish from the narrow definition of “cross-modal plasticity” or “cross-modal 

recruitment” mentioned above.

In this article, we will discuss recent studies examining the synaptic basis for both cross-

modal recruitment and compensatory plasticity, focusing on the primary sensory cortices. 

One of the first demonstrations that synaptic changes are triggered by cross-modal sensory 

experience comes from a study of excitatory synaptic transmission across different primary 

sensory cortices following visual deprivation [15]. This study demonstrated that visual 

deprivation leads to opposite changes in the strength of excitatory synapses in the superficial 

layers of primary sensory cortices, such that they are increased in deprived cortex (i.e. V1) 

and decreased in spared cortices (both A1 and S1). Since then, several other studies have 

followed describing cortical circuit adaptations across different primary sensory cortices 

when one sensory modality is lost. We will review these findings, and provide our opinion 

that both LTP/LTD and homeostatic synaptic plasticity mechanisms interact to alter synaptic 

circuits in the deprived and spared cortices and allow cross-modal recruitment and 

compensatory plasticity following loss of sensation. In addition, we will summarize recent 

findings showing that cross-modal synaptic plasticity also operates in adults, and discuss 

whether a cross-modal sensory deprivation paradigm may be an effective tool to recover 

synaptic plasticity in the adult cortex.

Synaptic plasticity in the deprived cortex: A basis for cross-modal 

recruitment?

Several studies have shown that depriving all visually driven activity leads to homeostatic 

up-regulation of excitatory synapses of layer 2/3 neurons in V1. For instance, monocular 

inactivation via intraocular tetrodotoxin (TTX) injection causes excitatory synapses in L2/3 

of the monocular zone of V1 to scale up [16,17]. Similarly, a few days of dark exposure or 
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binocular enucleation, which deprives all visual activity, also scales up excitatory synapses 

of these neurons [15,18,19]. However, depriving vision via lid suture, which allows diffuse 

light through the closed eyelids and does not completely remove all visually driven activity 

[20], fails to scale up excitatory synapses in V1 L2/3 [17,19]. This does not mean that lid 

suture does not alter excitatory synapses in V1. As a matter of fact, it may cause a net LTD 

[17] or a combination of LTP and LTD at different synapses resulting in a net zero gain of 

average synaptic strength [19]. In any case, these examples suggest that V1 synapses adapt 

differentially to different modes of visual deprivation, such that a complete loss of visually 

driven activity causes homeostatic scaling up of excitatory synapses, while any residual 

visual activity, as with lid suture condition [20], fails to trigger global homeostatic scaling.

One of the main features of homeostatic synaptic scaling, which is assessed by measuring 

miniature excitatory postsynaptic currents (mEPSCs), is that it is a global phenomenon that 

occurs across a large number of synapses. This is based on the assumption that individual 

mEPSCs originate from independent synapses, because they are spontaneous fusion of 

presynaptic vesicles in the absence of action potentials, which is considered a very low 

probability event at individual synapses. Typically hundreds of mEPSCs are collected from 

a neuron to generate an average, hence the average mEPSC amplitude reflects the average 

strength of hundreds of synapses. We recently found that mEPSCs, which randomly sample 

many synapses, mainly reflect intracortical synapses [21], which are the majority of inputs 

to principal neurons in V1 [22]. Similar to the experience-dependent homeostatic plasticity 

of mEPSCs described above, visual deprivation increased the strength of lateral inputs to V1 

L2/3 neurons without changes in the strength of feed-forward synapses from L4 [21]. This 

suggests that V1 adapts to loss of vision by specifically scaling up lateral intracortical inputs 

to L2/3 neurons. Interestingly, L2/3 neurons in V1 receive strong feedback intracortical 

inputs from higher order visual areas [23–25], and have been shown to produce subthreshold 

responses to and modulation of activity by auditory and tactile stimuli [2,26]. Therefore, it is 

possible that intracortical mEPSCs, which are regulated by visual deprivation, likely include 

inputs carrying other sensory inputs to V1. Indeed, multisensory cortical feedback has been 

postulated to play a role in cross-modal activation of V1 by braille reading [27].

Based on the above findings we propose that homeostatic scaling up of excitatory synapses 

would provide a cellular basis for cross-modal recruitment by increasing the gain of 

intracortical synapses, which carrying multisensory information, onto V1 L2/3 neurons. Our 

hypothesis is that following visual deprivation, previously subthreshold inputs carrying 

auditory and tactile information may become strong enough to summate and cross the 

threshold to activate V1 neurons (Fig. 2A). If this is the case, our prediction is that in the 

absence of vision, V1 neurons would respond with action potentials following auditory or 

tactile stimulation. Such modifications would provide a cellular substrate for V1 activation 

in blind individuals when reading braille [6,7]. While most of the human brain imaging 

studies have reported V1 activation with braille reading in early onset blind [7], a recent 

study suggests that such change can occur quite rapidly even in adults who are blindfolded 

for only a few days [4]. This is consistent with our idea that homeostatic synaptic plasticity 

mechanisms, which occur with only a few days of visual deprivation even in adults [18], 

may play a role in this process.
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Consistent with the notion of cross-modal recruitment, there is some evidence that V1 can 

be activated by other sensory inputs after loss of its primary inputs. For instance, monocular 

enucleation of adult rodents initially reduces the activity in the deprived monocular zone of 

V1, but activity gradually increases back to normal levels [28], which is dependent on 

whisker stimuli [29]. Interestingly, this reactivation initially occurs in the supragranular 

layers of V1 followed by a delayed recovery in the infragranular layers [28]. This provides 

an intriguing possibility that homeostatic synaptic plasticity in V1 L2/3 may allow 

strengthening of inputs carrying whisker information to reactivate V1. In essence, this kind 

of adaptation would allow V1, when deprived of its primary inputs, to process the remaining 

senses. Therefore, plasticity seen in the deprived sensory cortex could be the cellular basis 

for cross-modal recruitment seen in studies from blind and blind folded humans showing 

that activity in V1 is needed for braille reading [4,30]. The strict requirement that complete 

loss of visual inputs is required for homeostatic up-scaling of V1 intracortical synapses [19] 

could explain the results of a recent study showing an inverse correlation between the degree 

of residual vision and V1 activation by ultra fast speech comprehension [9].

Cross-modal adaptive synaptic plasticity in the spared cortices: A basis for 

sensory compensation?

It is not only the deprived sensory cortex that adapts to loss of its sensory inputs, but the 

spared sensory cortices also undergo synaptic changes (Table 1). While such changes at the 

level of primary sensory cortices are surprising, a recent study showed that there are 

subthreshold synaptic inputs between primary sensory cortices [2]. Therefore, plasticity of 

these inputs could potentially serve as a substrate for the observed cross-modal interaction. 

Initial reports of compensatory plasticity in the spared sensory cortices showed that the 

excitatory synapses in superficial layers change rather globally. For instance, the average 

amplitude of mEPSCs in L2/3 of A1 and S1 barrel fields (S1BF) decreases following a week 

of visual deprivation [15,19], which is also observed when visual deprivation is initiated in 

adulthood [31]. A more chronic visual deprivation from birth also similarly alters the 

amplitude of mEPSCs in L2/3 neurons [15]. However, when experiments are done before 

the initiation of the critical period, there is a global decrease in the frequency of mEPSCs 

across the primary sensory cortices rather than a change of mEPSC amplitude [32]. 

Collectively, these results suggest that L2/3 neurons respond globally across many synapses 

to adapt to cross-modal loss of sensory inputs.

Interestingly, cross-modal compensatory plasticity of excitatory synaptic strength in spared 

cortices can be dissociated from changes in V1 and requires within modality sensory inputs 

[19,31]. Even so, there is no corresponding gross increase in the level of sensory inputs 

arriving from the peripheral organs [19,31]. This suggests that central adaptation allows the 

same sensory inputs to trigger synaptic plasticity. In support of this, a few days of visual 

deprivation enhances the strength of thalamocortical synapses in A1 L4 [31], and also 

potentiates L4 to L2/3 synapses in A1 [21] as well as in S1BF [33]. Surprisingly, cross-

modally induced potentiation of thalamocortical synapses was reported in adult mice [31], 

even though thalamocortical synaptic plasticity was previously thought to be restricted to 

early development around second postnatal week in rodents [34–36] (Table 1). Even so, 
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cross-modal potentiation of thalamocortical synapses seems to be a general property of the 

adult cortex, because it is also observed in V1 L4 following a few days of deafening [31]. 

On the other hand, visual deprivation does not alter the strength of thalamocortical synapses 

in V1 L4 [31], suggesting that within modality change in sensory experience is not sufficient 

to alter thalamocortical synaptic strength in adults. However, a more drastic sensory loss 

such as denervation of primary sensory afferents can trigger thalamocortical synaptic 

plasticity in adult S1BF [37].

Cross-modal potentiation of feed-forward synapses allows the same bottom up sensory 

inputs to more strongly influence the activity of cortical neurons, and allows for better 

processing of the remaining senses. In line with this, visual deprivation decreases the neural 

threshold for sound intensity in A1 L4 neurons [31] and sharpens the neuronal receptive 

fields in A1 [31] and S1BF [33]. The fact that cross-modal potentiation depends on the 

spared senses [19,31] suggests that this may be a form of experience-dependent synaptic 

plasticity similar to LTP. In addition to changes in the strength of feed-forward synapses, 

recently we found that the strength of lateral intracortical excitatory synapses to A1 L2/3 

decreases [21], which suggests that the cross-modal decrease in mEPSCs in A1 L2/3 [15,31] 

mainly reflects the more abundant lateral intracortical synapses to these neurons. These 

changes imply that there is differential cross-modal adaptation of the feed-forward and 

intracortical excitatory synaptic gain, where the former is potentiated at the expense of the 

latter (Fig. 2B). In addition to the alterations in the strength of intracortical synapses, cross-

modal adaptation to vision loss includes spatial refinement of intracortical inputs to A1 L2/3 

[38]. Computational modeling of such changes show that refinement of intracortical inputs 

combined with strengthening of feedforward synapses allow more reliable coding in A1 

[38].

Cross-modal synaptic plasticity in adults: A basis for recovering adult 

cortical plasticity?

The limited early plasticity of thalamocortical inputs in L4 (Table 1) may form the basis for 

limited cortical plasticity later in life. For instance, ODP with brief duration of MD is quite 

limited to early development (Box 1), but a period of dark exposure later in life can recover 

juvenile-like ODP and restores visually evoked potentials (VEPs) from the deprived eye in 

L4 [39]. While there are reports of recovery of V1 neural responses to the deprived eye after 

reversal of MD in adults (Box 1), this is restricted to MD initiated after an initial period of 

visual experience [40–46]. Chronic MD initiated before or right after eye opening is much 

more resilient to recovery [39,41,47–50]. These findings support clinical observations that 

the recovery of visual acuity after removal of congenital cataracts in humans is limited to 

very early interventions [51]. At the cellular level, MD during early development leads to 

weakening of synaptic inputs serving the deprived eye in V1 [40,52,53], hence mechanisms 

to enhance synaptic potentiation will be relevant to allow the weaker deprived eye inputs to 

regain synaptic connectivity in V1. Since a few days of deafening leads to potentiation of 

thalamocortical synapses in V1 [31], it is plausible that cross-modal sensory deprivation 

may be an effective means to recover the strength of deprived eye inputs caused by chronic 

MD. Furthermore, because cross-modal sensory deprivation leads to potentiation of feed-
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forward synapses and enhances neuronal processing of sensory inputs to the spared cortices 

in adults [31], it may be a useful tool to enhance bottom-up processing of sensory 

information in the adult brain.

Conclusions

Here we summarized recent findings indicating that loss of a sensory modality produces two 

distinct modes of cross-modal synaptic plasticity (Fig. 1). In the deprived sensory cortex 

intracortical synapses undergo homeostatic potentiation, which we propose forms the basis 

for cross-modal recruitment. In the spared sensory cortices compensatory plasticity is 

triggered via experience-dependent potentiation of feedforward synapses and concomitant 

homeostatic scaling down of intracortical synapses, which we hypothesize enhances 

processing of the remaining senses. Both types of cross-modal synaptic plasticity are evident 

in adults indicating that cross-modal sensory deprivation may be an effective means to 

produce plasticity in the adult cortex.
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Highlights

• Sensory loss produces cross-modal plasticity across primary sensory cortices.

• Deprived sensory cortices undergo synaptic plasticity for cross-modal 

recruitment.

• Synaptic plasticity in spared sensory cortices conform to compensatory 

plasticity.

• Cross-modal synaptic plasticity is readily observed in adults.
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Box 1

Ocular dominance plasticity as a model of critical period and adult cortical 
plasticity

It is well documented that sensory loss dramatically alters synapses and circuits in 

deprived sensory cortices, especially during early development. Hubel and Wiesel first 

demonstrated that monocular deprivation (MD) of kittens causes V1 neurons to become 

exclusively driven by non-deprived eye [51], a phenomenon termed ocular dominance 

plasticity (ODP). Since its first description, ODP has been thoroughly studied and has 

served as a model of cortical plasticity. ODP can most reliably be elicited during periods 

of development during which the visual cortex is highly plastic, referred to as the 

“critical period”. As such, manipulations that alter the timing of critical period may be 

effective in altering the timeline for ODP, and molecular mechanisms underlying critical 

period timing may be key to reopening adult cortical plasticity.

Several factors have been identified as important for the closure of the critical period and 

proper sensory development (reviewed in [54]). In general, closure of the critical period 

is thought to be controlled by several anatomical, molecular, and neuromodulatory 

mechanisms. These include inhibition of axonal growth and dendritic spine turnover, 

regulation of inhibitory neuronal activity through perineuronal nets and signaling factors 

including endocannabinoids, alterations in genetic and epigenetic signaling pathways, 

and neuromodulators such as serotonin. Presumably, all of these factors work in concert 

to mature the cortical circuitry and restrict ODP to the critical period during 

development.

Though the adult cortex has long been thought to be resilient to change, recent evidence 

suggests that it retains the ability to modify with sensory experience [39–41,45]. In 

juveniles, cortical plasticity is critical for the developmental fine-tuning of the cortical 

circuits to the sensory environment, while in adults cortical plasticity acts as an adaptive 

mechanism, serving to recover function following injury or sensory loss. ODP, if present, 

generally requires longer periods of MD in adult animals than in the young [40]. But 

more often ODP in adults requires manipulations that remove the “brakes” on cortical 

plasticity. In brief, environmental enrichment [55], a period of dark exposure [39,49,50], 

or locomotion [45] has been shown to enable ODP in adults. In addition, genetic or 

pharmacological removal or suppression of identified molecular “brakes” can also enable 

ODP in adults. Some forms of adult plasticity may utilize different cellular substrates or 

cortical circuits compared to those used in juveniles. For instance, the ability of cortical 

synapses to undergo LTP/LTD and/or homeostatic synaptic plasticity with age is laminar 

specific (Table 1). Hence the circuits that support sensory experience-dependent synaptic 

plasticity may differ between juveniles and adults.
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Figure 1. Two distinct aspects of cross-modal synaptic plasticity: cross-modal recruitment and 
compensatory plasticity
Loss of vision triggers two distinct modes of cortical plasticity. In the deprived cortex (i.e. 

V1), intracortical excitatory synapses onto L2/3 pyramidal neurons globally scale up without 

changes in the feedforward synapses from L4 neurons. In addition, there is no alteration in 

the strength of feedforward synapses from the lateral geniculate nucleus (LGN) to L4 

neurons. Global plasticity of intracortical synapses follows the rules of multiplicative 

homeostatic synaptic scaling, hence enhances the gain across a large population of synapses. 

Such adaptation is predicted to enhance intracortical processing, which may include 

feedback inputs from high order visual areas that carry multisensory information. We 

propose that this may form the cellular basis for cross-modal recruitment of V1 for 

processing the remaining senses. Cross-modal plasticity in V1 requires complete loss of 

vision, which suggests that any residual vision may impede cross-modal recruitment.

In contrast, the spared sensory cortices (i.e. S1 and A1) undergo a different mode of synaptic 

plasticity, where feedforward excitatory synapses (both thalamocortical inputs to L4 and L4 

inputs to L2/3) potentiate while intracortical excitatory synapses globally scale down. Such 

plasticity tips the balance to favor feedforward sensory processing at the expense of 

intracortical processing. Potentiation of the feedforward thalamocortical synapses requires 

within modality sensory inputs, which suggests that it is an experience-dependent synaptic 

plasticity akin to LTP. Cross-modal potentiation of thalamocortical synapses is observed in 
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adults following acute loss of vision and is also observed in V1 following deafening. These 

suggest that this form of plasticity likely operate universally across different primary 

sensory cortices in adults. Unlike cross-modal synaptic plasticity of the deprived cortex, 

plasticity in the spared cortex can be triggered by a milder degradation of vision but requires 

a longer duration of vision loss. Compensatory plasticity in the spared cortices correlated 

with sharper tuning of S1BF and A1 neurons, which suggests that this form of synaptic 

plasticity may form the basis for sharpening the remaining senses.
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Figure 2. Potential functional implication of differential adaptation of intracortical and 
feedforward synapses in the superficial layers of deprived and spared cortices
(A)In the deprived cortex, loss of vision triggers global homeostatic scaling up of 

intracortical excitatory synapses in L2/3 without changes in feedforward synapses from L4. 

This allows previously weak synapses carrying multisensory information from other senses 

to cross the threshold and activate L2/3 neurons. Such synaptic plasticity mechanisms may 

be a cellular basis for cross-modal recruitment of V1 by braille reading. Intracortical 

excitatory postsynaptic potentials (EPSPs) are depicted in blue and visually evoked EPSP is 

shown in magenta. Dotted lines represent resting potential and action potential threshold.
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(B) In the spared cortices, such as in S1 and A1, vision loss leads to experience-dependent 

strengthening of feedforward synapses from L4 to L2/3. In addition, there is concomitant 

global homeostatic scaling down of intracortical excitatory synapses. Such synaptic 

modification would allow the spared cortex to preferentially process feedforward sensory 

inputs at the expense of intracortical processing. Intracortical EPSPs are depicted in blue and 

sensory evoked EPSP is shown in magenta. Dotted lines represent resting potential and 

action potential threshold.
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Table 1

Summary of cortical plasticity across ages and visual experience manipulations.

Layer 2/3 Neurons
in V1

Layer 4
Neurons in V1

Ocular
Dominance

Plasticity in V1

Cross-modal Synaptic
Plasticity in S1 or A1

Normal Juvenile (<p35) Highly plastic for 
LTP/LTD [35] and scaling 

(≥ p21) [18]

Highly plastic for 
LTP/LTD [35] and 

scaling (p16–20) [16]

Dramatic ocular 
dominance plasticity 

(ODP) [56]

Normal Adult (≥p35) Plastic for LTP/LTD [35] 
and scaling [18]

Aplastic [16,35] No ODP with a brief 
duration (3–4d) of MD 

[56]

Dark Reared from Birth to 
Adulthood

Promotes LTP at the 
expense of LTD (≥p30) 
[57]. Scales up mEPSCs 

(≥p35) [15].

No recovery of LTP 
(≥p20) or LTD (≥p30) 

[35]

ODP beyond traditional 
critical period [58]

Scales down mEPSCs 
in L2/3 of S1 (≥p35) 

[15].

Dark Exposure in 
Adulthood

Promotes LTP at the 
expense of LTD (≥p30) 
[59]. Scales up mEPSCs 
and lateral inputs (≥p90) 

[18,21]. No change in 
synapses from L4 (≥p90) 

[21].

No potentiation of 
thalamocortical (TC) 
synapses (≥p90) [31]

ODP in previously 
aplastic age (≥p90) [49]

Scales down mEPSCs 
and lateral inputs to A1 

L2/3 (≥p90) [21]. 
Potentiates TC 

synapses in A1 L4 
(≥p90) [31]. Potentiates 
L4 to L2/3 synapses in 

A1 (≥p90) [21].

Monocular Enucleation in 
Adulthood

Gradual recovery of 
activity by whisker inputs 

(≥p120) [28].

Gradual activation of 
S1 and A1 (≥p120) 

[29].

Note: Data summarized here are from rodents. Postnatal ages (p) for the observation are in parentheses. Synaptic plasticity referenced here are for 
excitatory synapses – feedforward synapses in the case of LTP/LTD – onto principal neurons of each layer.
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