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Acetylcholine (ACh) is a prevalent neurotransmitter throughout the nervous system. In the brain, ACh is widely regarded as a potent neuromodulator. In neurons, ACh signals are conferred through a variety of receptors that influence a broad range of neurophysiological phenomena such as transmitter release or membrane excitability. In sensory circuitry, ACh modifies neural responses to stimuli and coordinates the activity of neurons across multiple levels of processing. These factors enable individual neurons or entire circuits to rapidly adapt to the dynamics of complex sensory stimuli, underscoring an essential role for ACh in sensory processing. In the auditory system, histological evidence shows that acetylcholine receptors (AChRs) are expressed at virtually every level of the ascending auditory pathway. Despite its apparent ubiquity in auditory circuitry, investigation of the roles of this cholinergic network has been mainly focused on the inner ear or forebrain structures, while less attention has been directed at regions between the cochlear nuclei and midbrain. In this review, we highlight what is known about cholinergic function throughout the auditory system from the ear to the cortex, but with a particular emphasis on brainstem and midbrain auditory centers. We will focus on receptor expression, mechanisms of modulation, and the functional implications of ACh for sound processing, with the broad goal of providing an overview of a newly emerging view of impactful cholinergic modulation throughout the auditory pathway.
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Introduction

The vast richness of sound sensation endows us with the ability to communicate, enjoy music, and navigate the world. These auditory experiences rely on an impossibly complex neural architecture that spans every major division of the central nervous system. Despite decades of research investigating the myriad components of this pathway, fundamental discoveries regarding its basic organizational and functional features continue to emerge with astonishing frequency. In recent years, new evidence has shown that modulatory circuitry is overlaid upon, and integrated within these circuits, adding further complexity to the fundamental neural computations that enable hearing in animals. This review focuses on recent work investigating cholinergic modulation along this pathway. These studies demonstrate that cholinergic circuits appear to influence auditory function at all levels and in a diversity of ways, from sound transduction in the inner ear to the auditory cortex (Figure 1).
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FIGURE 1
 The mammalian ascending auditory pathway and its interactions with a complex cholinergic network. (A) The major components of the ascending auditory pathway from cochlea to the auditory cortex. Black arrows indicate excitation while red arrows indicate inhibition. The superior olive and its constituent nuclei are shown in beige and blue, respectively. (B) A summary of the known cholinergic connectivity within the auditory system. The colors of the arrows match the colors of the different cholinergic sources. Thickness of the arrows from the same source indicates the relative strength of cholinergic outputs based on anatomical descriptions. AC, auditory cortex; DCN, dorsal cochlear nucleus; IC, inferior colliculus; LL, lateral lemniscus; LOC, lateral olivecochlear; LPGi, lateral paragigantocellular nucleus; LSO, lateral superior olive; MGN, medial geniculate nucleus; MNTB, medial nucleus of trapezoid body; MOC, medial olivecochlear; MSO, medial superior olive; PMT, pontomesencephalic tegmentum; PnC, pontine reticular nucleus; SOC, superior olivary complex; VCN, ventral cochlear nucleus; VNTB, ventral nucleus of trapezoid body.




General organization of the ascending auditory pathway

Sound is first transduced into electrical signals in the hair cells of the inner ear before processing through a rich and interconnected network of auditory centers from the ear to cortex in vertebrates. Afferent auditory nerve fibers encode and relay this information to several distinct neuron types in the cochlear nucleus (CN) of the brain (Osen, 1969a, 1970; Young and Brownell, 1976; Rhode et al., 1983; Oertel et al., 2002; Maclaine and Llano, 2020). The mammalian cochlear nucleus complex is composed of two major divisions, the ventral (VCN) and dorsal cochlear nuclei (DCN) (Osen, 1969b). The VCN receives primary excitatory innervation from the inner ear via auditory nerve, therefore serving as the entry point of acoustic information into the brain (Arnesen and Osen, 1978; Oertel et al., 1990). The DCN is a cerebellum-like structure that receives both auditory nerve input as well as input from VCN and other brain regions (Osen, 1969b; Moore and Osen, 1979; Hackney et al., 1990; Oertel and Cao, 2020). The major outputs from the CN branch to form terminals in both ipsilateral and contralateral brainstem nuclei as well as the contralateral midbrain (Harrison and Irving, 1966; Bruce Warr, 1995; Davis, 2005). In the brainstem, the superior olivary complex (SOC) receives bilateral input from both CNs, and performs numerous fundamental auditory computations including those related to sound localization (Stotler, 1953; Kiss and Majorossy, 1983; Glendenning et al., 1985, 1991; Thompson and Schofield, 2000). The SOC is composed of both primary SOC nuclei and periolivary nuclei. The primary SOC comprises the medial nucleus of trapezoid body (MNTB), medial superior olive (MSO) and lateral superior olive (LSO). These nuclei have been intensively studied for their physiological properties as major centers of binaural computations for sound-localization (Goldberg and Brown, 1969; Yin and Chan, 1990; Grothe and Sanes, 1993; Pollak et al., 2003; Burger and Rubel, 2008; Grothe and Pecka, 2014; Risoud et al., 2018). SOC nuclei output to lateral lemniscus (LL) ipsilaterally and inferior colliculus (IC) bilaterally (Adams, 1979; Glendenning et al., 1981; Schofield, 1991; Oliver et al., 1995; Malmierca and Merchán, 2004; Henkel, 2018). Lemniscal nuclei in turn project to both ipsilateral and contralateral inferior colliculus (IC) in the midbrain (Harrison and Howe, 1974; Schofield, 2002). In this way, the IC is a major integration center of auditory circuitry, serving as the point of convergence for nearly all afferent pathways emanating from lower nuclei (Pollak et al., 1986; Zook and Casseday, 1987; Ito et al., 2016; Maclaine and Llano, 2020). The IC projects to the ipsilateral thalamic medial geniculate nucleus (MGN) (Tachibana et al., 1979; Kudo and Niimi, 1980; Rouiller and de Ribaupierre, 1985; Mellott et al., 2019), from which the acoustic information is then conveyed to the primary auditory cortex (AC) (Oliver and Hall, 1978; Brugge and Howard, 2002). Two subdivisions of AC, the primary and secondary AC (A1, A2, respectively) receive auditory input from MGN, thus completing the major afferent circuitry (Strutz, 1987; Bizley, 2017).



A pervasive cholinergic network influences the ascending auditory pathway

ACh was first chemically identified by Baeyer (1867). Its recognition as a neurotransmitter by Dale (1914) and Loewi and Navratil (1926), initiated over a century of studies on this biochemically important molecule. Upon released into the synaptic cleft, ACh binds to one of many ionotropic or metabotropic acetylcholine receptors (AChRs) that influences the physiology of neurons is a wide variety of ways. Cholinergic function has been extensively studied in high ordered auditory neurons, like those of the thalamus and cortex. For example, the forebrain nucleus basalis (NB) serves as the main cholinergic source projecting widely to neocortex. Using in vivo recording, Froemke et al. (2007) discovered that NB-originating cholinergic input is capable of shaping the frequency tuning of auditory cortex (A1) neurons, by simultaneously increasing excitatory input and dampening inhibitory input. In a complimentary study, Leach et al. (2013) conducted behavioral studies on ferrets and discovered that loss of NB cholinergic circuitry reduces the accuracy of localizing brief sounds, and prevents adaptation to chronic occlusion of one ear, thereby significantly impairing sound-localization ability. ACh has also been suggested to modulate several important AC computational functions including spatial receptive fields (Froemke et al., 2007; Metherate, 2011), frequency selectivity (Ashe et al., 1989; McKenna et al., 1989; Metherate and Weinberger, 1989, 1990), tuning curves (Froemke et al., 2007; Metherate et al., 2012), rate-level functions (RLF) (McKenna et al., 1988; Metherate et al., 1990; Metherate and Weinberger, 1990; Kawai et al., 2007), sound-evoked firing patterns (Metherate et al., 1992), intra-cortical communication (Froemke et al., 2007; James et al., 2019) and cognitive function (Metherate, 2004; Liang et al., 2006, 2008; Leach et al., 2013). In the thalamus, ACh has been suggested to influence the firing pattern and encoding efficacy of MGN neurons (Mooney et al., 2004; Varela and Sherman, 2007; Hamada et al., 2010; Sottile et al., 2017; Richardson et al., 2021). Overall, the cholinergic modulation on AC and auditory thalamus strongly suggested the critical role of ACh in mediating higher-ordered sensory processing. For a thorough review of this work see (Metherate and Hsieh, 2004; Richardson et al., 2021; Kunnath et al., 2023).

More recently, work in the auditory brainstem has extended this general view of cholinergic modulation to lower ordered central processing. Studies on cholinergic function by our lab and others reveals that ACh makes major contributions to fundamental neural computations that enable or enhance features such as signal detection in noise and sound intensity encoding in several brainstem and midbrain regions. Here we will describe findings from our recent studies and those of other laboratories on cholinergic modulation that are building a new appreciation of its pervasive and complex functionality to light.


A diversity of acetylcholine receptors mediate intrinsic properties of neurons

There are two broad categories of AChRs, muscarinic and nicotinic, named for the agonistic effects of the fungal toxin muscarine or the plant toxin nicotine on the receptors (Servent et al., 2011). Muscarinic receptors (mAChRs) comprise a diverse class of metabotropic G-protein coupled receptors (GPCRs) (Ishii and Kurachi, 2006). Among the five major subtypes of mAChR, referred to as M1-M5; M1, M3 and M5 subtypes engage Gq proteins and trigger IP3 and calcium signaling pathways upon receptor activation (Roeren et al., 1988; Caulfield and Birdsall, 1998; Eglen, 2006). In contrast, M2 and M4 subtypes employ Gi proteins to down-regulate adenylyl cyclase, and subsequently decrease protein kinase A activity (Dell'Acqua et al., 1993). Through both pathways, mAChRs can function to indirectly influence the activity of ion channels in the cytoplasmic membrane and influence neural signaling. Typically, M1, M3, and M5 receptor activation imparts a net excitatory effect, while M2 and M4 activation drives inhibitory/suppressive effects (Figure 2).
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FIGURE 2
 Prevalent expression of nicotinic and muscarinic acetylcholine receptors along the brainstem auditory pathway. (A) The structure and signaling pathways of ionotropic nicotinic and metabotropic muscarinic cholinergic receptors in the CNS. Three representative nAChRs, α7, (α4)3(β2)2 and (α3)3(β4)2 subtypes are shown, showing that most nAChRs are ligand gated ion channels. On the other hand, most mAChRs are G protein-coupled receptors (GPCR). M1, M3 and M5 subtypes are Gq-coupling excitatory receptors, while M2 and M4 are Gi/o-coupling inhibitory receptors. (B) The expression of α7 nAChRs are prevalent in the auditory brainstem [adapted from Happe and Morley (2004), with permission from Elsevier; license # 5762610422615]. Left panels (i–iii): Representative images of mouse α7 mRNA in situ hybridization at several levels of the auditory brainstem at P10. Right panels (iv–vi): Representative images of rat 125I-α-bungarotoxin binding at several levels of the auditory brainstem at P10. (C) Immunohistochemical labeling shows that both M1 and M3 mAChRs expression in the gerbil medial nucleus of trapezoid body [MNTB, adapted from Weimann et al. (2024), with permission from the Journal of Neuroscience under CC-BY license]. M1 expression yellow label (i–iii) appears to be somatic while M3 labeling yellow label (iv–vi) suggests presynaptic localization. The microtubule associated protein 2 (MAP2) was labeled in blue. DCN, dorsal cochlear nucleus; DLL, dorsal lateral lemniscus; DT, dorsal tegmental; ECIC, external cortex of inferior colliculus; IC, inferior colliculus; ILL, intermediate lateral lemniscus; LL, lateral lemniscus; LSO, lateral superior olive; MNTB, medial nucleus of trapezoid body; MOC, medial olivecochlear; MSO, medial superior olive; SC, superior colliculus; SOC, superior olivary complex; VCN, ventral cochlear nucleus; VLL, ventral lateral lemniscus.


Globally, the excitatory mAChRs effects derive from suppressive modulation of potassium channels (Brown, 2018). These potassium channels include voltage dependent Kv7 (KCNQ) (Brown and Adams, 1980; Womble and Moises, 1992), leak K2p (KCNP) (Madison et al., 1987; Womble and Moises, 1992; Coggan et al., 1994), G-protein-coupled inward rectifiers (GIRK) (Uchimura and North, 1990), and Ca++ activated potassium SK family channels that are responsible for the slow afterhyperpolarization current IAHP (Madison et al., 1987; Coggan et al., 1994). mAChR-dependent block of Kv7-mediated outward M-current (IM) enhances excitability by producing membrane depolarization, increasing input resistance and reducing action potential threshold. In the auditory system, the Kv7 expression has been documented in several regions. Anatomical evidence suggested the prevalence of Kv7.5 in synaptic endings of the rat auditory brainstem nuclei, including CN, LSO, MSO, SPN, MNTB, LL, and IC (Caminos et al., 2007; Garcia-Pino et al., 2010). Kv7.2, 7.3 and 7.4 were anatomically identified in mammalian IC (Wang et al., 1998; Kharkovets et al., 2000). Kv7.4 was also found in cochlear hair cells, CN and LL (Kharkovets et al., 2000). The presence of Kv7 in these regions strongly suggests the co-expression of mAChRs. Other than Kv7-mediated modulation of excitation, blockage of voltage-insensitive leak K+ channels by muscarinic receptors was observed to excite T stellate cells of VCN (Fujino and Oertel, 2001). On the other hand, muscarinic receptors have also been shown to hyperpolarize neurons and thereby decrease neuron excitability, by activating GIRK channels in Golgi cells of DCN (Irie et al., 2006) and in caudal pontine reticular nucleus (Bosch and Schmid, 2006). In addition, post-synaptic M1/M3 mAChRs activation has been shown to influence synaptic plasticity by converting long-term potentiation (LTP) into long-term depression (LTD) in mouse principal DCN neurons (Zhao and Tzounopoulos, 2011). This effect is likely due to an interplay between the cholinergic system and another potent modulator, the endocannabinoid system. It is suggested that upon activation of these mAChRs, the postsynaptic GPCR-coupled intracellular cascade enhanced modulation by parallel endocannabinoid signaling impinging on the same DCN neuron.

Nicotinic receptors (nAChRs) are ionotropic cation channels (Itier and Bertrand, 2001; Hammond, 2015) composed of 5 subunits. These channels are variably selective for Na+, K+ and Ca2+ depending on subunit composition (Beker et al., 2003; Weber et al., 2005), where alpha-7 subunit containing channels exhibit prominent Ca2+ permeability. The influx of Ca2+ through alpha-7 subunit containing receptors has been shown to increase neurotransmitter release when these receptors are expressed in pre-synaptic terminals (Shen and Yakel, 2009; Uteshev, 2012). Generally, when ionotropic nAChRs are excitatory and expressed post-synaptically, their activation leads to cation influx and depolarization (Changeux and Paas, 2009; Akers et al., 2020).



Cholinergic neurons are both extrinsic and intrinsic to the auditory system

The complexity of afferent auditory circuitry is complemented by a similarly complex network of cholinergic circuitry throughout the system. Some of these cholinergic projections arise from cholinergic or neuromodulatory nuclei outside of the canonical auditory centers, while other cholinergic neurons are intrinsic to the auditory pathway itself. Sources of ACh that project to AC have been identified primarily in the basal forebrain, while several regions between the cochlear nucleus and thalamus receive major cholinergic projections from the midbrain pontomesencephalic tegmentum (PMT) (Shute and Lewis, 1967; Hallanger et al., 1987; Schofield et al., 2011; Figure 1B). Furthermore, cholinergic cells have been identified in the SOC of rats (Sherriff and Henderson, 1994), guinea pigs (Motts et al., 2008), gerbils (Beebe et al., 2021; Zhang et al., 2021), mouse (Beebe et al., 2023) and human (Mizukawa et al., 1986; Heckers et al., 1992). Among the periolivary nuclei, the ventral nucleus of trapezoid body (VNTB) has been identified as a major cholinergic source to CN in rats (Gomez-Nieto et al., 2008), guinea pigs (Mellott et al., 2011), gerbils (Beebe et al., 2021), and mice (Beebe et al., 2023). Moreover, the lateral paragigantocellular nucleus (LPGi) has been recently identified as a novel cholinergic source that projects bilaterally to CN (Beebe et al., 2023) and SOC (Beebe et al., 2021). The LPGi has previously been associated with autonomic functions and sensory gating (Stornetta et al., 2013; Schofield and Hurley, 2018), and it has numerous connections with auditory structures (Andrezik et al., 1981; Kamiya et al., 1988). Additionally, neurons in VNTB and PMT have been shown to be driven by sound (Koyama et al., 1994; Reese et al., 1995a,b). Together these findings suggest that ACh release is triggered by numerous cholinergic sources upon sound presentation, and that this circuitry is poised to influence sound processing throughout the brain. Functionally, the involvement of a potent, sound-driven neuromodulator along the afferent pathway may render auditory neurons capable of dynamically adjusting excitability or synaptic transmission. These modulatory inputs maybe engaged to rapidly accommodate the demands of complex stimulus variations in intensity, spectral content, location and temporal structure. We will highlight some results that support this newly emerging broader view of cholinergic modulation.




Cholinergic function is diverse along the ascending auditory pathway


Cochlea and auditory nerve

The auditory periphery includes a cochlear amplification function mediated by electromotile outer hair cells (OHC) that increases acoustic gain and enhances cochlear output over a range of stimulus intensities (Guinan, 1996; Darrow et al., 2006, 2007). Efferent cholinergic projections protect the auditory periphery from sound-induced damage via suppression of the cochlear amplification system (Wolpert et al., 2014; Guinan, 2018). Cholinergic olivo-cochlear neurons include medial olivo-cochlear (MOC) and lateral olivo-cochlear (LOC) neurons. The anatomy and physiology of these efferent circuits has been reviewed in detail (Ciuman, 2010; Künzel and Wagner, 2017; Fuchs and Lauer, 2019; Romero and Trussell, 2022). The efferent synaptic inhibition at cochlear hair cells has been shown to involve α9α10-containing nicotinic receptors (Elgoyhen et al., 1994, 2001; Taranda et al., 2009). The activation of α9α10 nAChRs leads to increased Ca2+ influx, which subsequently activates Ca2+ dependent small conductance potassium SK2 channel (Dulon et al., 1998; Glowatzki and Fuchs, 2000; Oliver et al., 2000). This, in turn, leads to hyperpolarization of the cell membrane and hence, gain reduction (Roux et al., 2011). The main outcome of activating ACh release of this circuit is the suppression of sound-evoked responses, as demonstrated in Figure 3. This suppression leads to an elevated baseline cochlear threshold, and opposes acoustic injury caused by intense noise. In addition to this nicotinic effect, all five subtypes of muscarinic receptors are also found in the cochlea (Khan et al., 2002; Maison et al., 2010). Double deletion of M2/M4 mAChRs was shown to attenuate auditory responses of IHCs, which the authors suggest could decrease their vulnerability to acoustic injury (Maison et al., 2010). The muscarinic component is also suggested to act on cellular calcium-involving cascades to regulate the electromotility of OHC (Kalinec et al., 2000), presumably through shortening OHC and increasing motility amplitude (Kakehata et al., 1993; Dallos et al., 1997).
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FIGURE 3
 The cholinergic efferent feedback circuit suppresses hair cell activity and otoacoustic emissions from in the auditory periphery. (A) Cholinergic inhibition of Ca2+ action potentials in the rat inner hair cells (IHC) during whole-cell current clamp. Application of 20 μΜ ACh hyperpolarized the membrane potential by ~15 mV, and thereby abolished the generation of Ca2+ action potentials of the IHC in response to 120 pA injection current [Adapted from Glowatzki and Fuchs (2000); with permission from American Association for the Advancement of Science; license # 5752590513900]. (B) Olivocochlear (OC)-mediated suppression of cochlear distortion product otoacoustic emission (DPOAE) is mediated by α9-containing nAChRs [adapted from Taranda et al. (2009), with permission from PLOS Biology under CC-BY license]. The DPOAEs were measured from anesthetized mice before, during and after 70-s of shock trains delivered to the OC bundle indicated by the gray bars. The mutant nAChRs are more sensitive to ACh than the wild-type nAChRs. Compared to the wild-type, mutant mice showed slowed, enhanced and prolonged OC-mediated suppression. (C) The onset period of the OC train shown in (B). Arrowheads in (C) indicate the first point after shock-train onset for each genotype. In both (B,C), note that the suppression with hypersensitized nAChRs were so strong that the DPOAE amplitudes were driven below the background noise floor.


The effect of the olivo-cochlear reflex on the input–output encoding function of auditory fibers is well-known and has been thoroughly reviewed (Guinan, 1996; Künzel and Wagner, 2017). It has also been suggested that activation of the olivo-cochlear reflex could improve signal detection from noisy backgrounds by transiently enhancing acoustic gain in auditory fibers (Winslow and Sachs, 1988; Kawase et al., 1993). In terms of gain enhancement, one obvious benefit of modulation is to amplify responses to low input level sounds. The amplification of specific sound responses may have a particularly important function when acoustic information requires elevated neural sensitivity to ensure signal encoding. For example, in stimulus conditions where adapting neural responses to sound fall below threshold, temporary postsynaptic gain modulation may offset adaptive processes and preserve responses to reduced input amplitudes. We will highlight a few of the numerous examples type of modulation beyond the auditory periphery where cholinergic release has been documented to enhance or suppress responses at low stimulus intensities (Habbicht and Vater, 1996; Zhang et al., 2021).



Acetylcholine in central nuclei: the cochlear nucleus

The coexistence of muscarinic and nicotinic AChRs in the CN was first described in 1966 (Comis and Whitfield, 1968). They showed that the administration of either atropine, a muscarinic antagonist or dihydro-β-erythroidine (DHβE), a nicotinic antagonist reversed the ACh-induced threshold lowering in cat CN. Anatomical evidence further supported the cholinergic innervation of the CN in cats (Osen and Roth, 1969; Godfrey et al., 1977). Rodent anatomical studies have documented the presence of ACh-related markers in CN of rats (Godfrey and Matschinsky, 1981; Godfrey et al., 1987; Sherriff and Henderson, 1994; Yao and Godfrey, 1995, 1996; Happe and Morley, 1998), chinchilla (Rasmussen, 1960, 1965), mice (Martin, 1981), guinea pigs (Mellott et al., 2011; Schofield et al., 2011) and gerbils (Gillet et al., 2018). Specifically, both mAChRs and nAChRs have been identified in the CN of rats (Morley et al., 1977; Hunt and Schmidt, 1978; Yao and Godfrey, 1995, 1996; Happe and Morley, 1998) and gerbils (Gillet et al., 2018).

Functionally, ACh has been shown to enhance acoustic gain in the CN. In vivo studies in the VCN demonstrated that ACh enhanced the tone-evoked response of VCN neurons (Caspary et al., 1983; Goyer et al., 2016). This effect steepened the slope in dynamic range of the RLF and as a result, the difference in firing rates evoked by adjacent intensities was magnified. This suggested an elevated sensitivity and enhanced neural discriminability between similar intensities. Specifically, in the spherical bushy cells (SBCs) of gerbil VCN, this effect is likely mediated by the activation of fast inward current associated with α7 subunit containing nAChRs (Figure 4; Goyer et al., 2016). Indeed, studies have shown that signal detection in noisy backgrounds is also improved in T stellate cells of VCN, through a transiently enhanced sensitivity to tones via a cholinergic input putatively evoked during the olivocochlear reflex (Fujino and Oertel, 2001).
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FIGURE 4
 Whole-cell patch-clamp recording in spherical bushy cells (SBC) of the cochlear nucleus shows acetylcholine raises spiking probability [adapted from Goyer et al. (2016), with permission from eNeuro under BB-CY license]. (A) Transient effects of carbachol-mediated nAChR activation. The traces are current-clamp recordings with puff application of 500 μΜ carbachol (Carb; application time is marked by a black arrow). (Ai–Aiv) The transient depolarization elicited by the carbachol puff (i) was abolished when the slice had been superfused with 50 μΜ d-tubocurarine (D-TC), a general nAChR blocker (ii); or with 20 nΜ methyllycaconitine (MLA), a specific α7 nAChR blocker (iii); and with the puffing only the vehicle (ACSF) yielded no effect (iv). (B) The traces are voltage-clamp recordings at −60 mV holding potential with carbachol application (application time marked by a black arrow). (Bi–Biv) SBCs showed a transient inward current upon carbachol application (i), which was abolished in the presence of nicotinic blockers, D-TC (ii) and MLA (iii); further, no current was observed upon puff application of the vehicle only (iv). The population data for both type of recordings is shown on the right of each individual example. (C) Acetylcholine sets the SBC resting membrane potential (RMP) through muscarinic receptors. AT, atropine, muscarinic antagonist, 20 μΜ; Tol, tolterodine, muscarinic antagonist, 100 nΜ. (D) In vivo single unit recordings show that the spontaneous spike probability of SBC is increased by activating cholinergic signaling through iontophoresis of 5–500 mM carbachol (gray bars indicate the onset and offset of carbachol application). *p < 0.05.


Additional studies in other divisions of the CN have similarly shown that cholinergic activation suppressed sound-evoked responses. This was observed in DCN (Comis and Whitfield, 1968; Caspary et al., 1983); likely through M2 and/or M4 mAChRs (Chen et al., 1995). This suppression effect has been suggested to be involved in noise protection at the level of CN. As the synaptic targets of auditory nerve fibers, the diverse populations of CN neurons give rise to several parallel processing streams that ascend the auditory system. Among these types it has been suggested that the hyperactivity of fusiform cells indicates tinnitus. Intense sound-induced hyperactivity has been shown to be suppressed by carbachol in fusiform cells of DCN (Kaltenbach and Zhang, 2007; Manzoor et al., 2013). Additionally, intense tone exposure has been shown to upregulate the choline acetyltransferase activity in the hamster CN (Jin et al., 2006), suggesting another potentially protective mechanism mediated by intrinsic cholinergic circuitry.



Acetylcholine in central nuclei: the superior olive

Several studies have identified markers of cholinergic signaling in the Superior Olive across a number of mammalian species. For example, mAChRs have been found in cat medial superior olive (MSO) through conventional autoradiographic receptor-binding of quinuclidinyl benzilate (QNB) (Glendenning and Baker, 1988). M3 muscarinic receptors were also found in LSO of both rat and guinea pig (Safieddine et al., 1996). In 2004, Happe and Morley demonstrated α7 nAChRs expression in rat SOC from radioactive mRNA in situ hybridization and from α-bungarotoxin binding (Happe and Morley, 2004). Similarly to that shown in CN, intense tones increased ChAT activity in the SOC (Godfrey et al., 2013), raising the possibility that the cholinergic network broadly protects against hearing damage throughout the system.

Since many principal SOC neurons are functionally well-understood, the region provides fertile ground to empirically evaluate the contribution of cholinergic mechanisms to fundamental neural computations. Remarkably, physiological investigations of cholinergic modulation in the SOC were lacking until Huang and Trussell (2011) showed that blocking Kv7.5 elevated resting membrane potential of the presynaptic terminals in the Calyx of Held, regulating transmitter release. This finding suggested the involvement of muscarinic signaling due to the well-known modulatory coupling of mAChRs to Kv7 channel gating. Recently, we identified a postsynaptic mAChR mechanism in gerbil MNTB neurons that is limited to a developmental period up to and surrounding hearing onset (~ postnatal day 12) (Weimann et al., 2024). We showed that the postsynaptic activation mAChRs enhances MNTB excitability through suppression of a Kv7 conductance. This effect declines over the first week following hearing onset but appears to be partially offset by an emerging nicotinic response by around P18. In a separate in vivo study, we showed that by adulthood, nicotinic AChR activation fine-tunes sound intensity encoding performance of MNTB in a stimulus dependent manner. This effect is mediated by activation of both α7 and α4β2 nAChRs subtypes (Zhang et al., 2021). Further, Zhang et al. (2021) showed that the nAChR-induced increase in tonic firing improved MNTB neurons’ sensitivity to tones and discriminability between similar intensities. By using in vivo extracellular recording with pharmacological manipulations of nAChRs, this study also showed that activation of α7 or α4β2 nAChRs preferentially enhanced pure-tone evoked responses, relative to noise-driven responses (Figure 5). As a result, the ability of MNTB to detect pure-tones embedded in broadband noise was improved by cholinergic activation.
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FIGURE 5
 Endogenous cholinergic activity enhances signal detection of computational neurons in the gerbil auditory brainstem [Reproduced from Zhang et al. (2021), with permission from the Journal of Neuroscience under CC-BY license]. (A) Left: Schematic representation of the stimuli delivered to the ear canal of anesthetized gerbil. The stimuli include a 50 ms CF pure tone signal (red) of variable intensity embedded within a simultaneous 150-ms-wide-band frozen noise (black) presented at a fixed intensity. Amplitudes of the red sinusoidal curves schematically represent the variable selected tone intensities. Right: The corresponding raster plots with increasing signal/noise ratio, with each dot represent an action potential recorded from MNTB using in vivo extracellular recording with piggy-back multi-barrel electrodes, loaded with 20 mM methyllycaconitine (MLA), an α7-nAChR-specific antagonist. (B,C) Moving average (with a 10 ms shifting binning window) of action potentials fired before (B) and after (C) MLA administration. Solid black and red bars along the time axis represent the durations of noise and pure tone stimuli, respectively, where thickness indicates intensity. The neuron’s ability to differentiate pure-tone signal from wide-band noise was abolished after blocking α7 nAChRs.




Acetylcholine in central nuclei: the inferior colliculus

Similarly to lower auditory regions, ACh in the midbrain Inferior Colliculus (IC) produces excitatory effects on sound-evoked responses through both nicotinic and muscarinic receptors (Watanabe and Simada, 1973). Cholinergic modulation in IC was initially studied in the cat by monitoring in vivo extracellular spontaneous neural responses in IC (Curtis and Koizumi, 1961). Histologically, radioactive receptor-binding techniques have been used to confirm expression of metabotropic mAChRs in the IC of rat (Rotter et al., 1979), and cat (Glendenning and Baker, 1988), and ionotropic nAChRs in rat (Clarke et al., 1985; Morley and Happe, 2000). Furthermore, Sottile et al. (2017) showed that the β2-containing nAChRs are expressed in the rat GABAergic IC neurons, while the α4β2 nAChRs are expressed in non-GABAergic IC neurons. This finding was later substantiated by the Schofield group in a study showing that the cholinergic cells in the PMT contact both GABAergic and glutamatergic IC neurons (Noftz et al., 2020). Notably, a physiological study of α3β4 nAChRs in the auditory system characterized the influence of these receptors in the mouse IC (Rivera-Perez et al., 2021). Interestingly, Rivera-Perez et al. showed that activation of α3β4 nAChRs prolonged inward current and therefore extended the depolarization period for excitation, in contrast to the generally observed phenomenon that nAChR activation promotes short-duration depolarizations of cell membrane. Furthermore, extracellular recordings in the bat IC showed that cholinergic signaling affects the RLFs of IC neurons in a heterogenous fashion exhibiting either increased or in some cases, decreased, gain (Habbicht and Vater, 1996). In some neurons, the excitatory, upward shift of RLF was observed, with an elevated firing rate for both baseline intensity responses and over the dynamic range by the same magnitude. In other cases, the complementary effect was seen with a suppressive, downward shift of the RLF. There were also several cases where ACh elevated the auditory threshold of IC neurons and therefore, resulted in a parallel shift of the RLF (Figure 6). Together this constellation of varied effects appeared to extend modulatory capacity to influence encoding sensitivity to acoustic input.
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FIGURE 6
 ACh influences input–output functions and stimulus-specific adaptation in the inferior colliculus. (A) Post-stimulus time histogram (PSTH) of discharges recorded from a bat IC neuron before (upper) and after (lower) atropine administration using multi-barrel electrodes. Blocking mAChRs of IC significantly decreased the tonic firing of the IC neurons during sound presentation. (B) The heterogeneity of cholinergic effects on bat IC neurons, reflected by the rate-level functions (RLFs) from three single units before and after ACh application. Upper: an upward shift of RLF indicates increased output (Spike count) without changing threshold; Middle: a downward shift of RLF indicates decrease output without affecting threshold; Lower: a parallel shift before saturation phase indicates an elevated threshold, and lowered maximum and saturation levels indicate decreased firing capabilities. [A,B are adapted and reproduced from Habbicht and Vater (1996); with permission from Elsevier; license # 5762610950216]. (C) Dot rasters of one rat IC neuron demonstrating stimulus-specific adaptation (SSA) under baseline (i), ACh (ii), and recovery (iii) conditions [adapted from Ayala and Malmierca (2015), with permission from the Journal of Neuroscience under BB-CY license]. During the experiment, the subject was presented with a standard, repetitive sound (blue) and a rare, deviant tone (red). The SSA was observable as a decrease in response to the standard f1 tone blue markers, left panel, but not to a rare f2 test tone red markers. The degree of SSA was quantified by the common SSA index (CSI, lower panel). The arrows in lower panel indicate the time point at which rasters are collected in panel (i)–(iii). This particular neuron exhibits moderate levels of SSA, and the level of SSA was profoundly affected by ACh ejection due to elevated firing rate middle panel. On a population level shown in (D), the strength of the effect of ACh depended on the baseline CSI. The baseline cumulative CSI values (open circles) among all IC neurons and the absolute response difference observed during ACh application (black circles, expressed in positive values) suggest that the SSA in IC neurons is broadly modulated by ACh, but is particularly strong for neurons in the moderate range of SSA magnitudes.


One key finding demonstrated a more targeted and specific modulation of response gain in the IC. An innovative and foundational study by Ayala and Malmierca (2015) showed that ACh also contributes to stimulus-specific adaptation (SSA) in rat IC. They repetitively presented two separate tones while monitoring single-neuron activity in vivo. One tone (f1) was repeated at a high repetition rate, while the ‘test tone’(f2) was presented only rarely. During 75 ms bouts of sound presentation, f1 was presented with 90% probability of occurrence while f2 was presented rarely at just 10% probability. Both tones were presented near the neuron’s characteristic frequency (CF), and each evoked similar firing patterns. SSA typically manifested as a decreased response to the repetitive tone (f1) while the test tone (f2) response was unaffected (Figure 6C). The SSA magnitude was assessed by comparing the rare-tone evoked responses to those of the repetitive tones over the course of each trial. Interestingly, for neurons showing moderate SSA to the repetitive tone (f1), ACh preferentially enhanced these adapted responses relative to test tone responses. Ayala and Malmierca (2015) then showed that this differential influence was generally attributable to mAChR activation. Significantly, this study demonstrated that ACh has the capacity to enhance auditory encoding in a highly specific manner by differentially modulating single neuron responses to very similar stimuli.

Another important finding of cholinergic effects in IC revealed its role in plasticity of stimulus feature selectivity. Ji and Suga (2009) characterized a shift of best frequency (BF) tuning in IC neurons of bats induced by acoustic conditioning. Their study showed that applying mAChRs antagonist abolished this BF shift (Ji and Suga, 2009), but activating mAChRs significantly augmented the BF shift (Ji et al., 2001). Gao and Suga (2000) suggested that the corticofugal efferent feedback to IC, exhibits cholinergic plasticity that, in turn, contributes to the magnitude of cortical neuron BF plasticity. This finding implicates cholinergic circuitry in associative learning. Taken together, both Ayala and Malmierca (2015) as well as the Suga laboratory studies demonstrated that ACh can mediate very subtle stimulus-specific effects that extend its modulatory potential well beyond simple gain control mechanisms.




Conclusion

Cholinergic circuitry has long been implicated in higher order functions such as attention and sensory gating, particularly in forebrain structures. However, recent emerging work has convincingly showed that ACh is also intricately involved in serving even the most basic functions of sensory encoding throughout the auditory pathway including lower order processing regions. In this review, we summarized a wide range of physiologically important cholinergic impacts on neural computation in the brainstem auditory system. These functions include acoustic gain control, sound encoding, noise protection, signal-in-noise detection and intensity adaptation. Figure 7 summarizes the known receptor expression patterns and functional roles for cholinergic modulation in the lower auditory system as evidenced in the literature to date. M1-M5 mAChRs and α7, α4β2, α9α10, α3β4-containing nAChRs have been demonstrated to mediate these wide ranging and impactful computational functions. The variety of acetylcholine receptors expressed in these nuclei further suggests the prevalence and significance of neuromodulation at early stage of sound processing. Overall, these findings underscore a general view that sound processing depends on a sophisticated coordination of synaptic inputs from overlapping afferent, efferent, and modulatory circuitry. It is clear from the emerging work highlighted here, that there remains much more to be discovered regarding modulatory influences on auditory computations than is currently understood.

[image: Figure 7]

FIGURE 7
 A summary of the currently understood distribution of cholinergic receptor subtypes, expression patterns, and functional roles along the ascending auditory pathway as indicated by colors and symbols shown. DCN, dorsal cochlear nucleus; IC, inferior colliculus; LSO, lateral superior olive; MNTB, medial nucleus of trapezoid body; MSO, medial superior olive; VCN, ventral cochlear nucleus.
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