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Non-auditory processing in the central auditory pathway
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UCL Ear Institute, 332 Gray’s Inn Road, London.

Abstract

Multisensory responses have been observed throughout the central auditory pathway, yet the
origin, function and perceptual consequences of cross-modal integration remain unresolved. Recent
studies have applied modern neuroanatomical and functional perturbation techniques to dissect the
circuits that might enable multisensory information to sculpt the processing of sound. These
highlight in particular the role that subcortical pathways might play relaying multisensory
information to and between sensory cortical fields. We also examine the consequences of
integrating non-auditory information into auditory processing, identifying key areas where this may
be critical for successful listening and potential roles for visual information in augmenting auditory

scene analysis, and for non-auditory information in facilitating coordinate frame transformations.
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Multisensory responses in early sensory cortex are ubiquitous. Visual responses have been observed
in normal hearing primate [1,2], carnivore [3] and rodent [4-7] auditory cortex. Similarly,
somatosensory responses are observed in the auditory cortex of primates [8-11], ferrets [12] and
rodents [13]. While auditory deprivation can radically increase the prevalence of cross-sensory
responses [14], here we focus on those that exist in the normal hearing brain. We first review recent
studies that have addressed the origin of crossmodal signals in the auditory pathway. In the second
half of the review we discuss the potential purposes that multisensory processing might serve for

listening.

Anatomical routes through which multisensory information is conveyed to Auditory Cortex

Anatomical investigations identify potential substrates for multisensory responses in auditory
cortex. Direct connections between sensory cortices provide one potential route through which
crossmodal information can access auditory cortex. There are direct connections from visual cortex
and auditory cortex in primates [15-17,18 ,19], carnivores [3,20,21] and rodents [22,23].
Somatosensory cortex also directly innervates auditory cortex [17,24-27]. Across species and studies,
it is apparent that connections between primary areas, though present, are sparse and that there
are specific projections between higher areas. For example, in the ferret distinct regions of visual

cortex innervate anterior versus posterior secondary auditory cortical fields [3].

In addition to cortical crossmodal inputs to auditory cortex, multiple nuclei within the auditory
thalamus integrate cross-modal information and may then relay this to non-primary auditory cortex
[28,29,30,31,32]. The proportion of the input that such non-lemniscal areas provide accounts for
only a few percent of the total thalamic input to primary areas, but to 30% or more in non-core

auditory fields (e.g. [28 ,29]).

While both cortical and thalamic routes offer the potential for multisensory information to access
auditory cortey, it is likely that multisensory information influences the encoding of sound even
earlier in the central auditory pathway. The inferior colliculus (IC) comprises a central division (ICCN)
that relays auditory information to the ventral division of the MGB and on to auditory cortex, and
‘shell’ nuclei (ICX, encompassing the external nuclei, dorsal and lateral cortex, the brachium of the IC
and the pericentral nucleus, [33]). The ICX receives significant ascending auditory inputs from the
dorsal cochlear nucleus (DCN) and ICCN and descending auditory inputs from auditory cortex.

Additionally the ICX receives significant somatosensory information from the cortical [34] and
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subcortical regions [35] and visual inputs from the reginal ganglion [36], Superior Colliculus (SC) [37]
and primary visual cortex (V1) [34]. The potential for somatosensory integration in auditory
processing occurs at the earliest possible stages with vestibular and somatosensory information
targeting the DCN [38-40] and IC [41] (for a comprehensive review of somatosensory-auditory

integration see: [42]).

One recent study has elegantly demonstrated the extent to which non-auditory information may be
integrated into the early stages of auditory processing [43]. By placing retrograde tracer in the IC of
rats and anterograde tracers in a series of cortical brain regions, Olthof et al (2019) determined that
the central nucleus of the IC is innervated by visual, somatosensory, motor and prefrontal cortical
areas. Thus the non-auditory responses observed in auditory cortex may be inherited from much

earlier processing stages.

Revealing an anatomical connection provides information about which brain regions may relay
multisensory information that shapes neural responses to sound within the central auditory
pathway (Figure 1). Studying the innervation patterns in detail may be enlightening adding evidence
in favour of a particular input source. For example, in the mouse, anterograde tracing studies with
viral vectors demonstrate that visual cortical inputs terminate in the deep layers of mouse AC [23]
which mirrors the observation that visual responses are found almost exclusively in layers 5 and 6
[5]. Nonetheless, such approaches remain correlational and do not yield causal evidence that a given

pathway contributes to multisensory integration.
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Figure 1 Integrating non-auditory inputs with auditory processing
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A Visual inputs to the central auditory processing pathway. B Somatosensory inputs (including trigeminal,
dorsal column and spinothalamic pathways) into the central auditory pathway.

Cochlear nucleus: AV anteroventral; PV posteriorventral; D dorsal. SOC: superior olivary complex, IC: inferior
colliculus; ICCN IC central nucleus; SC: superior colliculus, VP: ventral posterior nucleus, LGN: lateral geniculate
nucleus; MGB: medial geniculate body (dorsal, ventral, medial).

Manipulating activity to identify neural circuits that integrate auditory and non-auditory information

One way to test whether an anatomically defined pathway plays a functional role in multisensory
processing in an auditory area is to modulate activity in that pathway. Slice work has demonstrated
that cortico-cortical (secondary visual to primary auditory) connections can modulate auditory
processing in mouse auditory cortex [44]. In vivo, stimulating activity in visual cortex using
optogenetics has been shown to alter the gain of IC responses to noise in rats [23], and silencing a
specific higher visual cortical field in the ferret abolishes visual-stimulus-elicited effects on sound
processing in auditory cortex [45]. However, disentangling whether such effects occur directly (that
is, monosynaptically) or via an indirect effect is tricky; observing an effect in an auditory area after
manipulating activity within a visual area only indicates that the candidate input field is part of a
brain network that is involved in conveying visual information to auditory cortex [46]. To identify a
monosynaptic rather than network level effect requires a pathway specific approach. Fortunately
with the development of increasingly sophisticated genetic methods [47,48] such causal

pertubations are now possible (albeit restricted for the most part to work in mice).

The pulvinar provides a potential subcortical route through which visual information can access
auditory cortex. The pulvinar is innervated both by the SC and both early and higher visual cortical
areas [49]. A recent study demonstrated that manipulating activity in the mouse homologue of the
pulvinar (the lateral posterior nucleus, LP) modulated activity in auditory cortex [41]. Stimulating LP
increased responsivity and broadened frequency tuning in auditory cortex (additively), while
inhibiting LP had the opposite effect, narrowing tuning curves. The effect of pulvinar stimulation was
replicated using a looming visual stimulus. Silencing the SC, which is known to be robustly driven by
looming stimuli, prevented any crossmodal effects being observed in AC [41]. Thus, a salient visual
stimulus was able to boost the representation of sound in auditory cortex via a SC-pulvinar-auditory

cortex pathway (Fig. 1A).

Another recent study provided evidence that subcortical regions could also be critical for the
transfer of multisensory information between sensory cortical fields [50]. Lohse et al., observed that

whisker stimulation decreased the gain of auditory cortical responses to sound. However, while
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dependent on somatosensory cortical activity, these effects were not mediated by direct
connections from somatosensory to auditory cortex but instead involved a circuit from
somatosensory cortex to the shell of the IC, which in turn inhibited responses in the MGBv and
MGBd; the cortical multisensory effects were inherited from those observed in these thalamic
regions [50] (Fig 1B). A parallel pathway from the somatosensory cortex targeted the non-lemniscal
thalamus directly, where somatosensory information enhanced responses to sound, even though

this information was not relayed to primary auditory cortex.

What role does multisensory integration play in auditory processing?

While multisensory responses have been reported in the auditory pathway of anesthetised and
passively listening animals, studies of multisensory integration during active sensation or perceptual
decision-making have mostly been restricted to the role of higher brain areas such as parietal cortex
(e.g. [51]). A few studies have examined the role of thalamic and frontal areas in multisensory tasks
that require switching attention between (rather than integrating across) sensory modalities [52,53].
One notable exception was a study that investigated auditory — somatosensory integration in
auditory cortex of macaques [54]. Animals were trained to discriminate the rate of two consecutive
stimuli which could either be auditory and/or somatosensory. While tactile-only trials elicited
activity in auditory cortex, there was no evidence for multisensory interactions or any link between
these tactile responses and task performance. This study suggests that crossmodal inputs to early
sensory cortex do not play a significant role in shaping perception. However, since multisensory
stimuli provided no additional benefit over unisensory stimuli, such a conclusion may be premature
[54]. To address this question, neural responses should ideally be examined in animals engaged in a

task where a robust multisensory benefit could be observed.

What, then, are the circumstances in which non-auditory information might benefit sound
perception? Here we highlight two broad areas in which multisensory processing may be
advantageous for successful listening: firstly, in organising sound mixtures into auditory scenes, and

secondly supporting spatial processing.

Visual stimuli can alter how auditory cortex processes sound mixtures

Auditory scene analysis is the process by which sound mixtures that arrive at the ear are organised
into sources, and is a key challenge for the auditory brain [55]. For human listeners, effective

auditory scene analysis mechanisms are critical for understanding speech in the presence of
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background noise. Seeing a talker’s face is well known to increase a listeners’ ability to discriminate
speech in the presence of speech or competing noise, as lip movements convey phonetic
information [56]. However, independently of phonetic information, visual signals can also provide
information useful for separating an attended signal from other competing sounds. For example, a
temporally coherent visual stimulus can influence the performance of human listeners in an auditory
selective attention task, such that performance is enhanced when a visual stimulus is temporally
coherent with a target sound and impaired when the visual stimulus is temporally coherent with a
to-be-ignored sound [57]. A neural correlate of this effect is seen in single neurons in the auditory
cortex of passively listening ferrets. Specifically, the responses of neurons could be biased from
representing one sound in a mixture to another, simply by switching which sound source was
temporally coherent with the visual stimulus. This effect was not restricted to the encoding of the
sound’s modulation envelope, that was shared with the luminance-varying visual stimulus, but
extended to enhancing the representation of brief timbre deviants which were independent of the
changes in visual luminance that linked the stimuli. Silencing visual cortex with cooling confirmed a
role for visual cortex in conveying visual information to auditory cortex (although as noted above,
caution must be used in interpreting these results as indicating a direct monosynaptic influence).
While this study did not record neural activity in the context of a task, it nonetheless provides
evidence that visual inputs into auditory cortex provide a mechanism through which multisensory
signals can augment auditory scene analysis. The observation that both binding and non-binding
features were enhanced by audiovisual temporal coherence is consistent with the idea that
crossmodal features are being linked to form a multisensory object [58]. One general role for the
early integration of multisensory information into (uni)sensory processing may be to facilitate the

linking of information across the senses.

Non-auditory information can support coordinate frame transformations

Linking information across the senses to create multisensory perception requires that the different
latencies, qualitites and reference frames are unified across sensory modalties. Both perception and
action require that information is linked across coordinate frames. In species that make substantial
eye movements, the eyes and ears are not in fixed alignment; thus integrating eye and head centred
reference frames is especially challenging. In macaque auditory cortex [59] and IC, neural firing is
influenced by eye position [60] and spatial reference frames are neither fully head or eye centered
[60,61]. It is not yet known whether the source of eye position signals is corollary discharge from
oculomotor centres or proprioreceptive feedback from the muscles that control eye position. In

anesthetised ferrets, spatially and temporally congruent audiovisual stimuli improve spatial tuning of
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auditory cortical neurons relative to sound alone [62]. However, in this study, as in almost all spatial
hearing paradigms, the position of the head remains static within the centre of a speaker ring,
ensuring a fixed relationship between sound source location relative to the head and within the
world. It is therefore impossible to resolve whether spatial tuning reflects head or world centred
frames. Recording in freely moving animals that take a variety of head positions relative to sound
source locations allows this ambiguity to be resolved. A recent study that took this approach
observed that auditory cortical neurons can either represent sound source location relative to the
head, or can encode a sound source’s position in the world independently of head position [63].
Such representations are likely to be critical for disambiguating self and source motion, both of
which may elicit identical changes in sound localisation cues. While these world-centered
representation were observed in near dark, their establishment and maintenance may require visual
cues to the current environment, either directly or through head direction signals in the
hippocampal formation, which are anchored by visual cues when they are available [64]. Encoding of
sound source position in the world will also likely require head and eye direction information
provided by vestibular signals and efference copies or corollary discharge from the motor systems,
and positional information from navigation systems. Such inputs may be integrated into auditory
processing at very early stages: we have seen that eye position information is available within the IC
[60], and the cochlear nucleus shows both somatosensory and vestibular modulation [40].
Moreover, the DCN contains cells modulated by head direction, and these neurons contain
information that can be used to discriminate self from sound source rotation [65]. Future studies
should address the availability of head direction information in the central auditory pathway and
assess the role of visual and somatosensory information in anchoring world centered

representations.

Outlook

State-of-the-art genetic methods have allowed researchers to dissect out the circuits underlying
multisensory integration and highlight a critical role for subcortical pathways in information transfer.
However, identifying the plethora of possible routes that information may take will not alone
advance our understanding of the purpose served by integrating multisensory information early in
hearing. Such insights will require the use of circuit-based methods in combination with recording
neural activity in complex naturalistic situations. For example, allowing animals to move freely and

interact with stimuli while tracking head and eye movements will allow coordinate frame
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ambiguities to be resolved. Moving beyond overly simplistic laboratory stimuli is also likely to be a

necessary step in understanding the function of multisensory processing in hearing and listening.

Acknowledgments

Supported by a Wellcome Trust / Royal Society Sir Henry Dale Fellowship to JKB (098418/7/12/7)
and a ERC consolidator award (SOUNDSCENE 771550)

References

1. Kayser C, Petkov Cl, Logothetis NK: Visual modulation of neurons in auditory cortex. Cereb Cortex
2008, 18:1560-1574.

2. Ghazanfar AA, Maier JX, Hoffman KL, Logothetis NK: Multisensory integration of dynamic faces
and voices in rhesus monkey auditory cortex. J Neurosci 2005, 25:5004-5012.

3. Bizley JK, Nodal FR, Bajo VM, Nelken I, King AJ: Physiological and anatomical evidence for
multisensory interactions in auditory cortex. Cereb Cortex 2007, 17:2172-2189.

4. Wallace MT, Ramachandran R, Stein BE: A revised view of sensory cortical parcellation. Proc Nat/
Acad Sci U S A 2004, 101:2167-2172.

5. Morrill RJ, Hasenstaub AR: Visual Information Present in Infragranular Layers of Mouse Auditory
Cortex. J Neurosci 2018, 38:2854-2862.

6. Komura Y, Tamura R, Uwano T, Nishijo H, Ono T: Auditory thalamus integrates visual inputs into
behavioral gains. Nat Neurosci 2005, 8:1203-1209.

7. Kubota M, Sugimoto S, Hosokawa Y, Ojima H, Horikawa J: Auditory-visual integration in fields of
the auditory cortex. Hear Res 2017, 346:25-33.

8. Fu KM, Johnston TA, Shah AS, Arnold L, Smiley J, Hackett TA, Garraghty PE, Schroeder CE: Auditory
cortical neurons respond to somatosensory stimulation. J Neurosci 2003, 23:7510-7515.

9. Kayser C, Petkov Cl, Augath M, Logothetis NK: Integration of touch and sound in auditory cortex.
Neuron 2005, 48:373-384.

10. Lakatos P, Chen CM, O'Connell MN, Mills A, Schroeder CE: Neuronal oscillations and
multisensory interaction in primary auditory cortex. Neuron 2007, 53:279-292.

11. Schroeder CE, Lindsley RW, Specht C, Marcovici A, Smiley JF, Javitt DC: Somatosensory input to
auditory association cortex in the macaque monkey. J Neurophysiol 2001, 85:1322-1327.

12. Meredith MA, Allman BL: Single-unit analysis of somatosensory processing in the core auditory
cortex of hearing ferrets. Eur J Neurosci 2015, 41:686-698.

13. Rao RP, Mielke F, Bobrov E, Brecht M: Vocalization-whisking coordination and multisensory
integration of social signals in rat auditory cortex. Elife 2014, 3.

14. Alencar CDC, Butler BE, Lomber SG: What and How the Deaf Brain Sees. J Cogn Neurosci 2019,
31:1091-1109.

15. Rockland KS, Ojima H: Multisensory convergence in calcarine visual areas in macaque monkey.
Int J Psychophysiol 2003, 50:19-26.

16. Cappe C, Barone P: Heteromodal connections supporting multisensory integration at low levels
of cortical processing in the monkey. Eur J Neurosci 2005, 22:2886-2902.



275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
2901
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324

17. Smiley JF, Hackett TA, Ulbert |, Karmas G, Lakatos P, Javitt DC, Schroeder CE: Multisensory
convergence in auditory cortex, I. Cortical connections of the caudal superior temporal
plane in macaque monkeys. / Comp Neurol 2007, 502:894-923.

18. Falchier A, Schroeder CE, Hackett TA, Lakatos P, Nascimento-Silva S, Ulbert I, Karmos G, Smiley
JF: Projection from visual areas V2 and prostriata to caudal auditory cortex in the monkey.
Cereb Cortex 2010, 20:1529-1538.

19. Majka P, Rosa MGP, Bai S, Chan JM, Huo BX, Jermakow N, Lin MK, Takahashi YS, Wolkowicz IH,
Worthy KH, et al.: Unidirectional monosynaptic connections from auditory areas to the
primary visual cortex in the marmoset monkey. Brain Struct Funct 2019, 224:111-131.

20. Ramsay AM, Meredith MA: Multiple sensory afferents to ferret pseudosylvian sulcal cortex.
Neuroreport 2004, 15:461-465.

21. Hall AJ, Lomber SG: Auditory cortex projections target the peripheral field representation of
primary visual cortex. Exp Brain Res 2008, 190:413-430.

22. Campi KL, Bales KL, Grunewald R, Krubitzer L: Connections of Auditory and Visual Cortex in the
Prairie Vole (Microtus ochrogaster): Evidence for Multisensory Processing in Primary
Sensory Areas. Cereb Cortex 2009.

* 23. Leong ATL, Dong CM, Gao PP, Chan RW, To A, Sanes DH, Wu EX: Optogenetic auditory fMRI
reveals the effects of visual cortical inputs on auditory midbrain response. Sci Rep 2018,
8:8736.

This study combined optogenetic stimulation of visual cortex with fMRI to determine the
areas in which visual stimulation could influence auditory processing.

24. Meredith MA, Keniston LR, Dehner LR, Clemo HR: Crossmodal projections from somatosensory
area SIV to the auditory field of the anterior ectosylvian sulcus (FAES) in Cat: further
evidence for subthreshold forms of multisensory processing. Exp Brain Res 2006, 172:472-
484.

25. Hackett TA, Smiley JF, Ulbert I, Karmos G, Lakatos P, de la Mothe LA, Schroeder CE: Sources of
somatosensory input to the caudal belt areas of auditory cortex. Perception 2007, 36:1419-
1430.

26. Budinger E, Heil P, Hess A, Scheich H: Multisensory processing via early cortical stages:
Connections of the primary auditory cortical field with other sensory systems.
Neuroscience 2006, 143:1065-1083.

27. Henschke JU, Noesselt T, Scheich H, Budinger E: Possible anatomical pathways for short-latency
multisensory integration processes in primary sensory cortices. Brain Struct Funct 2015,
220:955-977.

28. Scott BH, Saleem KS, Kikuchi Y, Fukushima M, Mishkin M, Saunders RC: Thalamic connections of
the core auditory cortex and rostral supratemporal plane in the macaque monkey. J Comp
Neurol 2017, 525:3488-3513.

29. Huang CL, Winer JA: Auditory thalamocortical projections in the cat: laminar and areal patterns
of input. J/ Comp Neurol 2000, 427:302-331.

30. Hackett TA, Stepniewska |, Kaas JH: Thalamocortical connections of the parabelt auditory cortex
in macaque monkeys. / Comp Neurol 1998, 400:271-286.

31. de la Mothe LA, Blumell S, Kajikawa Y, Hackett TA: Thalamic connections of the auditory cortex
in marmoset monkeys: core and medial belt regions. J Comp Neurol 2006, 496:72-96.

32. Hackett TA, De La Mothe LA, Ulbert I, Karmos G, Smiley J, Schroeder CE: Multisensory
convergence in auditory cortex, Il. Thalamocortical connections of the caudal superior
temporal plane. J Comp Neurol 2007, 502:924-952.

33. Pickles JO: Auditory pathways: anatomy and physiology. Handb Clin Neurol 2015, 129:3-25.

34. Cooper MH, Young PA: Cortical projections to the inferior colliculus of the cat. Exp Neurol 1976,
51:488-502.



325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374

35. Zhou J, Shore S: Convergence of spinal trigeminal and cochlear nucleus projections in the
inferior colliculus of the guinea pig. / Comp Neurol 2006, 495:100-112.

36. Cooper AM, Cowey A: Development and retraction of a crossed retinal projection to the
inferior colliculus in neonatal pigmented rats. Neuroscience 1990, 35:335-344.

37. Coleman JR, Clerici WJ: Sources of projections to subdivisions of the inferior colliculus in the
rat. / Comp Neurol 1987, 262:215-226.

38. Kanold PO, Young ED: Proprioceptive information from the pinna provides somatosensory
input to cat dorsal cochlear nucleus. J Neurosci 2001, 21:7848-7858.

39. Koehler SD, Pradhan S, Manis PB, Shore SE: Somatosensory inputs modify auditory spike timing
in dorsal cochlear nucleus principal cells. Eur J Neurosci 2011, 33:409-420.

40. Wu C, Shore SE: Multisensory activation of ventral cochlear nucleus D-stellate cells modulates
dorsal cochlear nucleus principal cell spatial coding. J Physiol 2018, 596:4537-4548.

** 41. Chou XL, Fang Q, Yan L, Zhong W, Peng B, Li H, Wei J, Tao HW, Zhang LI: Contextual and cross-
modality modulation of auditory cortical processing through pulvinar mediated
suppression. Elife 2020, 9.

This study identified a SC-pulvinar-auditory cortical circuit through which salient visual looming
stimuli could enhance auditory processing.

42. Wu C, Stefanescu RA, Martel DT, Shore SE: Listening to another sense: somatosensory
integration in the auditory system. Cell Tissue Res 2015, 361:233-250.

**43, Olthof BMJ, Rees A, Gartside SE: Multiple Nonauditory Cortical Regions Innervate the
Auditory Midbrain. J Neurosci 2019, 39:8916-8928.
These authors combined anterograde and retrograde tracing with immunohistochemistry to
reveal multiple sensory, motor and cognitive inputs to the IC, including its central division.

44. Banks M, Uhlrich DJ, Smith PH, Krause BM, Manning KA: Descending projections from
extrastriate visual cortex modulate responses of cells in primary auditory cortex. Cereb
Cortex 2011, 21:2620-2638.

*45. Atilgan H, Town SM, Wood KC, Jones GP, Maddox RK, Lee AKC, Bizley JK: Integration of Visual
Information in Auditory Cortex Promotes Auditory Scene Analysis through Multisensory
Binding. Neuron 2018, 97:640-655 e644.

This study demonstrated a visual stimulus could determine how a sound mixture was
represented in auditory cortex. These effects were contingent on activity in a higher visual
cortical area.

46. Bizley JK, Jones GP, Town SM: Where are multisensory signals combined for perceptual
decision-making? Curr Opin Neurobiol 2016, 40:31-37.

47. Bernstein JG, Boyden ES: Optogenetic tools for analyzing the neural circuits of behavior. Trends
Cogn Sci 2011, 15:592-600.

48. Navabpour S, Kwapis JL, Jarome TJ: A neuroscientist's guide to transgenic mice and other
genetic tools. Neurosci Biobehav Rev 2020, 108:732-748.

49. Grieve KL, Acuna C, Cudeiro J: The primate pulvinar nuclei: vision and action. Trends Neurosci
2000, 23:35-39.

*50. Lohse M, Dahmen JC, Bajo VM, King AJ: Subcortical Circuits Mediate Communication Between
Primary Sensory Cortical Areas. BioRxiv 2020.
This study dissected a cortico-collicular-geniculo-cortical pathway through which whisker
stimulation influenced auditory cortical processing.

51. Raposo D, Kaufman MT, Churchland AK: A category-free neural population supports evolving
demands during decision-making. Nat Neurosci 2014, 17:1784-1792.

10



375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404

405

52. Nakajima M, Schmitt LI, Halassa MM: Prefrontal Cortex Regulates Sensory Filtering through a
Basal Ganglia-to-Thalamus Pathway. Neuron 2019, 103:445-458 e410.

53. Rikhye RV, Gilra A, Halassa MM: Thalamic regulation of switching between cortical
representations enables cognitive flexibility. Nat Neurosci 2018, 21:1753-1763.

54. Lemus L, Hernandez A, Luna R, Zainos A, Romo R: Do sensory cortices process more than one
sensory modality during perceptual judgments? Neuron 2010, 67:335-348.

55. Bregman AS: Auditory Scene Analysis. Cambridge: MIT press; 1990.

56. Sumby WH, Pollack I: Visual contribution to speech intelligibility in noise. /. Acoust. Soc. Am.
1954, 26:212-215.

57. Maddox RK, Atilgan H, Bizley JK, Lee AK: Auditory selective attention is enhanced by a task-
irrelevant temporally coherent visual stimulus in human listeners. Elife 2015, 4:e04995.

58. Bizley JK, Maddox RK, Lee AK: Defining Auditory-Visual Objects: Behavioral Tests and
Physiological Mechanisms. Trends Neurosci 2016, 39:74-85.

59. Werner-Reiss U, Kelly KA, Trause AS, Underhill AM, Groh JM: Eye position affects activity in
primary auditory cortex of primates. Curr Bio/ 2003, 13:554-562.

60. Porter KK, Metzger RR, Groh JM: Representation of eye position in primate inferior colliculus. J
Neurophysiol 2006, 95:1826-1842.

61. Bulkin DA, Groh JM: Distribution of eye position information in the monkey inferior colliculus. J
Neurophysiol 2012, 107:785-795.

62. Bizley JK, King AJ: Visual-auditory spatial processing in auditory cortical neurons. Brain research
2008, 1242:24-36.

63. Town SM, Brimijoin WO, Bizley JK: Egocentric and allocentric representations in auditory cortex.
PLoS Biol 2017, 15:e2001878.

64. Taube JS, Muller RU, Ranck B, Jr.: Head-direction cells recorded from the postsubiculum in
freely moving rats. I. Description and quantitative analysis. J Neurosci 1990, 10:420-435.

*65. Wigderson E, Nelken |, Yarom Y: Early multisensory integration of self and source motion in
the auditory system. Proc Natl Acad Sci U S A 2016, 113:8308-8313.
This study demonstrated that cells in the DCN carry head direction information and that their
responses carry sufficient information to disambiguate source from self rotation.

11



	Anatomical routes through which multisensory information is conveyed to Auditory Cortex
	Manipulating activity to identify neural circuits that integrate auditory and non-auditory information
	What role does multisensory integration play in auditory processing?
	Visual stimuli can alter how auditory cortex processes sound mixtures
	Non-auditory information can support coordinate frame transformations

	Outlook

