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Abstract

Cortical circuits are particularly sensitive to incoming sensory information during well-defined 

intervals of postnatal development called “critical periods.” The critical period for cortical 

plasticity closes in adults, thus restricting the brain’s ability to indiscriminately store new sensory 
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various neuromodulatory systems on cortical plasticity.
•Hangya et al, 2015: This study was the first to record from optogenetically identified cholinergic neurons in the basal forebrain in 
vivo during an auditory attention task. The authors found that cholinergic neuronal firing is correlated with reward and punishment 
signals. Using computational modeling, they demonstrated that the magnitude of cholinergic response is greater when the signals are 
unexpected. Because similar effects were shown in two nuclei of the basal forebrain, these findings suggest that cholinergic nuclei 
send a broad and unified signal to the cortex.
••Martins and Froemke, 2015: This study addresses the question of how neuromodulation influences the downstream processing of 
sensory signals. Using in vivo whole-cell and cell-attached recordings, the authors demonstrated that LC projections undergo synaptic 
plasticity in response to salient auditory stimuli, which induces a long-lasting shift in the tuning curve and best frequency of ACx 
receptive fields. Finally, they found that cholinergic signaling downregulates phasic inhibition of the cortex, thereby linking 
neuromodulation, cortical E:I balance, and receptive-field plasticity.
•Letzkus et al, 2015: This article provides an exhaustive review of the importance of inhibition (and thus disinhibition) in neural 
circuits, with a primary focus on auditory fear conditioning. It also highlights the role of L1 inhibitory interneurons in processing 
unconditioned environmental stimuli.
••Pi et al, 2013: Using a combination of in vitro and in vivo optogenetics and single-cell recordings, the authors investigated the 
functional role of L1/VIP neurons in the ACx. Here, a novel inhibitory microcircuit between L1/VIP neurons and SOM neurons was 
identified, and the activity of L1/VIP neurons was implicated in the performance of an auditory-discrimination task.
••Takesian et al, 2018: This study identified a distinct cortical disinhibitory microcircuit involving L1/5-HT3AR neurons and L4 PV+ 
interneurons. Using a combination of slice electrophysiology, Brainbow technology, and in vivo chemogenetics, the authors identify 
convergent neuromodulatory and thalamic inputs onto L1/5-HT3AR interneurons that tune pyramidal cell responses in downstream 
layers. Removing L1 inhibitory influence on PV+ interneurons disinhibits pyramidal cell firing and reopens the critical period for 
plasticity.
••Blundon et al, 2017: This study demonstrated that inhibiting the production or signaling of adenosine in the thalamus allows ACx 
plasticity to occur past the closure (over 300 days) of the critical period and enhances auditory discrimination in adults. This paper 
uses in vivo imaging of individual neurons to demonstrate that age-dependent adenosine signaling gates the critical period for ACx 
plasticity.
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information. For example, children acquire language in an exposure-based manner, whereas 

learning language in adulthood requires more effort and attention. It has been suggested that 

pairing sounds with the activation of neuromodulatory circuits involved in attention reopens this 

critical period. Here, we review two critical period hypotheses related to neuromodulation: cortical 

disinhibition and thalamic adenosine. We posit that these mechanisms co-regulate the critical 

period for auditory cortical plasticity. We also discuss ways to reopen this period and rejuvenate 

cortical plasticity in adults.

Introduction

Learning and memory involve the acquisition and storage of sensory information. These 

cognitive processes occur throughout life. However, children and adults learn differently: 

children learn faster and more efficiently than do adolescents and adults. These observations 

triggered the idea of “critical periods,” which are optimal periods of development when 

brain circuits acquire and store information [1–5]. One example of this concept is language 

acquisition. Learning a second language after puberty is much more conscious and labored 

than the automatic acquisition occurring in young children as a result of mere passive 

exposure [5;6].

Acoustic information in the form of auditory patterns is most likely represented in the 

primary auditory cortex (ACx) [7]. Similar to other sensory cortices, the ACx is 

topographically organized [8;9]: neurons with different preferred sound frequencies are 

spatially distributed in the ACx, forming tonotopic maps [10]. This information is inherited 

from tonotopic organization of the cochlea and delivered to the ACx through thalamocortical 

(TC) projections emanating from the auditory thalamus [11]. In animals, the ACx is plastic 

throughout the lifespan. This plasticity is observed at the level of tonotopic maps, as 

individual neurons’ responses shift to reinforced sound frequencies [12]. Plasticity in 

sensory cortices is believed to be the cellular correlate of perceptual learning [13–16] 

(however, see [17;18]).

Auditory plasticity is thought to optimize neural circuits for processing species-specific 

vocalizations, including language in humans [5;19]. As with language acquisition in 

humans, ACx plasticity differs between young and adult animals. In rodent pups, passive 

sound exposure induces ACx plasticity [20–23] but only for a few days after hearing onset 

[postnatal day (P)11– P15]. In adults, passive sound exposure is substantially less effective 

in inducing ACx plasticity [20–22;24].

These studies and those of other sensory cortices demonstrate the existence of critical 

periods for cortical plasticity [24;25]. Most concepts on the mechanisms of cortical plasticity 

originated from visual cortex studies [26]. Although in some cases the assumption of 

similarity between cortices holds true, ACx plasticity is distinct from visual cortex plasticity 

due to physiological and structural differences [27]. Herein, we review recent advances in 

cortical plasticity research in rodents, particularly from the perspective of the primary ACx.
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Neuromodulation of ACx plasticity

The concept of a critical period for ACx plasticity implies that developmental events impede 

adults from learning in a passive mode. Studies of adult ACx plasticity commonly report the 

requirements of attention and alertness. ACx plasticity is well documented in mature 

animals when pairing specific sounds with associative cues (e.g., reward or punishment) 

[14;16;28–31].

Attention, vigilance, and alertness are mediated, at least in part, by neuromodulatory drive to 

the neocortex, which receives cholinergic, noradrenergic, and dopaminergic inputs from the 

nucleus basalis (NB), locus coeruleus (LC), and ventral tegmental area (VTA), respectively 

[32–35]. Aversive or rewarding stimuli activate these networks and promote the release of 

transmitters onto downstream regions [36–40]. Such stimuli activate NB cholinergic neurons 

with high speed and precision [37]. In adult rodents, pairing sounds with neuromodulatory 

circuit activation causes robust associative ACx plasticity [12;32;41] and heightened 

auditory perception [40;42], despite closure of the critical period.

In young pups, the ACx learns from the surrounding acoustic milieu: in this exposure-based 

model of plasticity [43], neuromodulation is less necessary. However, the ability of the adult 

ACx to learn from sensory exposure alone is curbed, making it difficult for that information 

to alter neuronal circuits. The adult ACx becomes an “associative learner” (i.e., circuits are 

modified when sensory information is behaviorally relevant). In this reinforcement-based 

mode of plasticity [43], neuromodulator-mediated attention and alertness augment sensory 

information and store that which applies to important tasks or experiences [44].

Developmental events that control critical periods most likely are not fully engaged during 

the critical period, but once implemented, they close the critical period by restricting cortical 

plasticity. Removing these restrictions may extend the critical period and rejuvenate cortical 

plasticity in adults, as suggested for deleting chondroitin sulfate proteoglycans or Nogo 

receptors in the visual cortex [45;46] or Icam5 in the ACx [20]. Although these molecules 

control the critical period, whether they engage the same mechanisms as neuromodulators to 

rejuvenate adult cortical plasticity remains unknown. Here we discuss two theories of the 

critical period for ACx plasticity that are mechanistically connected to neuromodulation––

the long-standing theory of “cortical disinhibition” and a recent theory of “thalamic 

adenosine.”

Cortical disinhibition

Because the theory of cortical disinhibition has been reviewed extensively [32;47;48], we 

will present only its main points and recent developments. Glutamatergic and GABAergic 

neuronal activity in the neocortex sets the appropriate ratio of excitation to inhibition, known 

as “E:I balance.” The notion that GABAergic interneurons restrain learning has been 

comprehensively investigated [32;38]. Initially, delayed maturation of inhibitory neurons 

during the critical period was proposed, implying that the E:I balance is not established early 

in life and cortical plasticity could occur [47]. However, in the P17–P24 rat ACx, in vivo 
whole-cell recordings showed that excitation and inhibition are balanced and tuned to the 
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same frequencies [49]. Another study demonstrated a fully established E:I balance in 

thalamorecipient layer (L) 4 neurons of the rat ACx as early as P12 [50]. Recording from 

neurons in multiple cortical layers, another study demonstratedthat immediately after the 

onset of hearing (P12), inhibition is strong but more poorly tuned than excitation. By P21, 

E:I balance is achieved as excitation and inhibition tuning become highly correlated [51]. 

Discrepancies among these studies may stem from variability of E:I balance between 

neurons at different cortical layers, even within the same animal [51]. Together, these works 

suggest that during the critical period, the E:I balance is achieved, at least for 

thalamorecipient L4 neurons.

The E:I balance can be transiently disrupted by repeated pairing of a tone with electrical 

stimulation of cholinergic neurons in the NB [52]. In adult rats, immediately after the pairing 

protocol, neurons shift their tuning toward the pairing tone. This is accompanied by a rapid 

reduction in inhibition, which alters the E:I balance. This reorganization lasts for 

approximately 2 h even after a brief pairing and may prime the ACx for plasticity. NB 

neurons are activated by foot-shocks and acetylcholine release onto L1 interneurons in the 

ACx [53]. Nicotinic receptor–dependent depolarization of L1 inhibitory interneurons 

occurring within 50–60 ms of the shock inhibits parvalbumin (PV)–positive L2/3 

interneurons and subsequently disinhibits excitatory neurons. This disinhibition mechanism 

likely underlies ACx plasticity associated with fear learning [48;53]. These studies point to 

L1 inhibitory neurons as a possible hub of sensory cortical disinhibition. Of L1 interneurons, 

vasoactive intestinal peptide (VIP)–positive (L1/VIP) interneurons may assert disinhibitory 

control through PV- and somatostatin (SOM)–positive interneurons in deeper cortical layers 

[54] (Figure 1). Interestingly, L1/VIP neurons in the ACx and visual cortex are activated in 

response to various salient stimuli (e.g., air puffs, water reward [54], or locomotion [55]).

Can we extend the critical period into adulthood by manipulating cortical disinhibitory 

circuits? Deletion of Lynx1, an endogenous inhibitor of nicotinic receptors that has higher 

expression in adult mice than pups, extends cortical plasticity in the visual cortex to P60 

[56]. Lynx1 is expressed in L1 interneurons, which also express 5-HT3A receptors (but not 

VIP) [57]. These L1/5-HT3A interneurons receive cholinergic inputs that activate α4 

nicotinic receptors and disinhibit the ACx through PV-positive L4 neurons (Figure 1). 

Silencing L1/5-HT3A interneurons abolishes critical period plasticity in acute slices from 

pups [57].

These studies suggest that cortical disinhibition helps control the critical period of ACx 

plasticity. However, it is not sufficient to achieve input specificity, an important feature of 

ACx plasticity [12]. For instance, a salient unconditioned stimulus such as foot-shock 

achieves cortical disinhibition by activating L1 neurons broadly throughout the ACx and 

visual cortex [53]. Moreover, the E:I balance of L4 neurons in the ACx shows little 

difference during and after the critical period [50]. Therefore, cortical disinhibition can be 

seen as a widespread permissive gate that can be transiently (within milliseconds [37]) 

achieved by activating a neuromodulatory system with salient stimuli to briefly and reliably 

broadcast a unified signal to large brain areas to allow modification by concomitantly 

presented input [52]. Under this condition, response specificity depends on information 

delivered by excitatory inputs [48]. This also implies that the excitatory inputs to the ACx 
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should be plastic during the critical period but not afterward. The TC projections are the 

primary candidates that satisfy these parameters.

Thalamic adenosine

Whereas the cortical disinhibition hypothesis is based on polysynaptic functioning of neural 

circuitry in the neocortex, the thalamic adenosine hypothesis stems from monosynaptic 

mechanisms of plasticity at the TC synapses. TC projections canonically synapse onto 

excitatory L4 neurons in sensory cortices [58;59]. These glutamatergic projections 

functionally differ from other glutamatergic (e.g., corticocortical) projections. First, TC 

projections undergo short-term depression in response to two or more stimuli delivered in 

quick succession, whereas most glutamatergic projections undergo facilitation [60;61]. 

Second, TC projections are plastic during the critical period, but unlike other excitatory 

synapses, they abruptly lose this plasticity with age [44;62].

In acute brain slices from mouse pups (younger than P15) but not from adults (older than 

P15),TC long-term depression and potentiation (LTD/LTP) can be induced by trains of 

stimuli applied to thalamic afferents. In adults, TC LTD/LTP in the ACx do not disappear 

but become gated [63;64]. This gating is mediated by thalamic adenosine [44], which is 

produced by ecto-5’-nucleotidase (Nt5e) and signals through adenosine A1 receptors (A1Rs) 

on thalamic afferents (Figure 2). A1R signaling reduces glutamate release from presynaptic 

terminals, thus making TC synapses prone to depression not facilitation [65]. Deleting or 

pharmacologically blocking A1Rs or Nt5e unmasks TC LTD/LTP in the adult ACx [63;64]. 

Adult TC LTD/LTP are expressed through postsynaptically localized group 1 metabotropic 

glutamate receptors (mGluR1s), unlike NMDA receptor–dependent synaptic plasticity, 

which is characteristic of TC synapses in other sensory cortices [62] (however, NMDA 

receptors have been previously implicated in the TC critical period in the ACx [66]). Adult 

TC LTD/LTP are unmasked when thalamic activity is paired with stimulation of cholinergic 

projections from the NB. Unlike cortical disinhibition described above, which operates 

through nicotinic receptors, unmasking adult TC synaptic plasticity in the ACx requires M1 

muscarinic receptors (mAChRs) [63;64]. The activation of mAChRs may inhibit adenosine 

production or signaling through presynaptic thalamic A1Rs [44] (Figure 2). Inhibition of the 

adenosine machinery enables sustained glutamate release, which activates postsynaptic 

mGluR1s to induce TC LTD/LTP in adults [63;64].

Consistent with its role in TC synaptic plasticity, thalamic adenosine is central to closing the 

critical period for ACx plasticity in vivo. Nt5e and adenosine levels are lower in pups than in 

adults [67]. Nt5e deletion in adults prevents increased adenosine levels; lower juvenile levels 

are maintained. Deletion or knockdown of Nt5e or A1Rs in the thalamus or pharmacological 

inhibition of A1Rs extends the critical period into adulthood. A passive tone exposure of 

adult mice with deficient Nt5e or A1Rs but not of wild-type mice expands ACx areas 

specifically responsive to this tone. Furthermore, knocking down A1Rs in only the auditory 

thalamus enables ACx plasticity in response to passive sound exposure even in elderly 

(P300) mice. Consistent with TC LTD/LTP mechanisms, ACx plasticity is blocked by 

mGluR1 inhibition, and A1R activation in pups prematurely closes the critical period for 

ACx plasticity [67].
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Taken together, adenosine signaling in the thalamus gates the critical period for plasticity in 

the adult ACx, and cholinergic projections from the NB remove this gate by activating 

mAChRs. Whether other neuromodulators act on ACx plasticity through thalamic adenosine 

remains unknown.

Concluding remarks and future directions

Here we describe two hypotheses of the critical period for cortical plasticity in sensory 

cortices. Both proposed mechanisms mediate neuromodulatory projections, which facilitate 

cortical plasticity in adults. We describe cortical disinhibition and thalamic adenosine 

hypotheses from the perspective of the ACx, but whether these mechanisms operate in other 

sensory cortices remains unknown. It should be noted that we have presented a simplified 

view of cortical plasticity. Other mechanisms and neural circuits outside the 

neuromodulatory context are almost certainly involved [25;68].

Do these cortical and thalamic mechanisms work independently or in concert? Do they 

sequentially or concurrently control the critical period? Evidence supports that either 

mechanism is sufficient to extend plasticity into adulthood. For instance, manipulating L1 

neuronal activity or inhibiting thalamic adenosine extends the critical period [57;67]. 

Whether these mechanisms contribute equally to the critical period is debatable. If the E:I 

balance is established from the onset of hearing, we would argue that low adenosine levels in 

the thalamus are more important in keeping the critical period open.

In adults, these two hypotheses may be complementary (Figure 3). Because the thalamic 

adenosine mechanism is based on TC LTP/LTD, it provides long-term enhancement or 

weakening of a specific tonotopically defined input to the ACx, whereas cortical 

disinhibition provides a transient, nonselective, permissive gate. These two mechanisms also 

could be interconnected. For instance, full expression of TC LTP in adult slices requires that 

cortical GABAergic and thalamic adenosine signaling be inhibited [64]. Furthermore, L1 

neurons receive a noncanonical TC input [57], suggesting that they are regulated by thalamic 

adenosine and act as a cellular hub for regulating adult cortical plasticity. Cholinergic 

projections influence L1 interneurons through nicotinic receptors and thalamic adenosine 

through muscarinic receptors. The importance of these points of convergence warrants future 

investigation.

One of the most important tasks neuroscientists are facing is to determine the behavioral 

relevance of ACx plasticity. On one hand, there is support for the idea that ACx plasticity 

underlies auditory learning and memory [12]. Furthermore, we know that disabling thalamic 

adenosine signaling improves tone discrimination in mice [67]. On the other hand, ACx 

plasticity is not always correlated with improved auditory performance [17;18;69]. For 

instance, ACx plasticity in rats is sufficient to improve perceptual learning, but long-term 

improvement in tone-discrimination persists even when ACx plasticity fades [15]. To rectify 

these inconsistencies, it is imperative to assign the above-described and other mechanisms of 

ACx plasticity to different aspects of auditory behavior. It is also imperative that we identify 

the behavioral consequences of prolonging the critical periods of cortical plasticity. What is 

the biological purpose of the critical periods in sensory systems? What would happen to 
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sensory performance if adults could retain the cortical plasticity of their youth? These are 

intriguing questions for future research.
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Highlights

• Critical (sensitive) period for cortical plasticity can be extended into 

adulthood

• Neuromodulators reopen the critical period for cortical plasticity in adults

• Neuromodulators operate through cortical disinhibition and thalamic 

adenosine

• Cortical disinhibition is mediated by layer 1 interneurons

• Thalamic adenosine production and A1 receptor signaling gate the critical 

period
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Figure 1. Circuit mechanisms of cortical disinhibition.
In layer 1 (L1) of the auditory cortex, vasoactive intestinal peptide positive (VIP+) and VIP– 

neurons that express the 5-HT3A receptor (5-HT3AR+) disinhibit downstream pyramidal 

neurons by inhibiting parvalbumin (PV+) or somatostatin (SOM+) neurons. Salient stimuli 

such as air puffs and shock activate neuromodulatory inputs, such as acetylcholine from the 

nucleus basalis (NB) that impinge upon L1 VIP+ or VIP– neurons. These inputs signal 

through nicotinic acetylcholine receptors (nAChR) to drive this disinhibitory circuit. Future 

work is required to determine whether other neuromodulatory inputs such as norepinephrine 
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from the locus coeruleus (LC) and dopamine from the ventral tegmental area (VTA) also 

activate this circuit. Red denotes inhibitory neurons; green denotes excitatory neurons; and 

blue denotes neuromodulatory inputs. This figure is adapted from [48;53;54;57].
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Figure 2. Adenosine gating of thalamocortical long-term synaptic plasticity.
Adenosine signaling through presynaptic A1 receptors (A1Rs) prevents the expression of 

thalamocortical long-term potentiation and depression (LTP/LTD) in layer 4 (L4) of the 

auditory cortex (ACx) and closes the critical period. Acetylcholine (ACh) released from 

nucleus basalis (NB) neuronsactivates muscarinic M1 receptors (mAChRs) on thalamic 

terminals from the ventral part of the medial geniculate body (MGBv), which inhibit the 

production of adenosine by inhibiting ecto-5’-nucleotidase (Nt5e) or A1R signaling. We 

hypothesize that mAChRs and Nt5e are localized on presynaptic thalamic terminals, but this 

machinery may be located elsewhere, such as on neighboring astrocytes. mGluR: 

metabotropic group glutamate receptor.This figure is adapted from [44;67].
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Figure 3. Overarching hypothesis of critical period regulation.
The circuit mechanism of cortical disinhibition and the synaptic mechanism of 

thalamocortical (TC) LTP/LTD regulation by adenosine may work cooperatively to mediate 

neuromodulatory inputs to the auditory cortex to manage cortical map plasticity and timing 

of the critical period. We hypothesize that refinement of tonotopic inputs from the auditory 

thalamus [ventral part of the medial geniculate body (MGBv)] is regulated at TC projections 

by adenosine signaling, whereas cortical disinhibition acts as a nonselective gate. Several 

questions remain about how (if at all) these combined mechanisms interact and whether 
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other neuromodulators, such as dopamine from the ventral tegmental area (VTA) and 

norepinephrine from the locus coeruleus (LC) are involved.
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