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Abstract
The neural processing of auditory information engages pathways that begin initially at the cochlea
and that eventually reach forebrain structures. At these higher levels, the computations necessary
for extracting auditory source and identity information rely on the neuroanatomical connections
between the thalamus and cortex. Here, the general organization of these connections in the
medial geniculate body (thalamus) and the auditory cortex is reviewed. In addition, we consider
two models organizing the thalamocortical pathways of the non-tonotopic and multimodal
auditory nuclei. Overall, the transfer of information to the cortex via the thalamocortical pathways
is complemented by the numerous intracortical and corticocortical pathways. Although
interrelated, the convergent interactions among thalamocortical, corticocortical, and commissural
pathways enable the computations necessary for the emergence of higher auditory perception.
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Introduction
Encoding and processing the rich variety of sounds from the external world requires an
equally elaborate and specialized neural processing apparatus. Indeed, the initial
sensorineural conversion of sound at the level of the cochlea is a marvel of biophysics
(Hudspeth, 1997) and establishes many of the organizing features observed throughout the
entirety of the ascending auditory pathway (Trussell, 1999). Multiple brainstem centers,
such as the cochlear nuclei (Cant & Benson, 2003) and the superior olivary complex
(Moore, 2000; Oliver, 2000; Thompson & Schofield, 2000), parcel the incoming stream into
parallel pathways, which eventually converge in the midbrain at the inferior colliculus. From
here, ascending tectothalamic pathways project to the auditory thalamus (Wenstrup, 2005),
i.e. the medial geniculate body, which in turn projects to the auditory cortex (de la Mothe,
Blumell, Kajikawa, & Hackett, 2006b; Lee & Winer, 2008a). These higher auditory
forebrain structures, the thalamus and cortex, establish the circuits necessary for the
subsequent extraction and decoding of afferent acoustic information.

This advanced forebrain processing of auditory information, and of other sensory modalities,
canonically has been viewed as relying on the numerous corticocortical pathways among
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areas (Felleman & Van Essen, 1991; E. M. Rouiller, Simm, Villa, de Ribaupierre, & de
Ribaupierre, 1991). That is, auditory information ascending from the periphery to the medial
geniculate body is relayed to a primary auditory cortical area, whereupon after intracortical
processing, the transformed information is conveyed to higher cortical areas. From here,
higher-level calculations are performed and the process repeats in a hierarchical fashion,
until at some stage, putative auditory object, source and higher percepts emerge. Although
theoretically attractive, such a wholly corticocentric view ignores the contribution of
convergent inputs from thalamic and commissural sources (Lee & Sherman, 2012; Lee &
Winer, 2011a), brainstem modulatory inputs (Bao, Chan, & Merzenich, 2001; Miasnikov,
Chen, & Weinberger, 2008), and feedback and feedforward corticofugal projections
(Sherman & Guillery, 2006; Winer & Prieto, 2001), in particular those to the thalamus.
Thus, a more complete account of auditory forebrain processing should encapsulate these
pathways into a holistic connectional framework.

As a step towards this goal, the patterns of connectivity in the auditory thalamus and cortex
are reviewed here with a consideration of the principles organizing the thalamocortical
pathways. In particular, we consider two models of thalamocortical connectivity: the core-
matrix model proposed by Jones (2001) and the corticothalamocortical model proposed by
Sherman and Guillery (2002). In addition, we examine the corticocortical and commissural
connections in relation to their potential roles in auditory information processing.

Thalamocortical pathways
All regions of the neocortex, except those pertaining to olfaction, receive ascending inputs
that must first travel through the thalamus (Jones, 2007; Sherman & Guillery, 2006). As
such, the role of the thalamus in sensory perception generally is construed primarily in
relation to its function in the initial transfer of information to the cortex (Felleman & Van
Essen, 1991; Olshausen, Anderson, & Van Essen, 1993; E. M. Rouiller et al., 1991).
However, this view of the thalamus as only a relay has evolved into a more multifaceted
view, including roles in mediating intracortical communication and in synchronizing
widespread cortical activity (Jones, 2003; Lee & Sherman, 2008, 2009; Sherman & Guillery,
2006).

The medial geniculate body (MGB) is the principle nucleus receiving ascending auditory
information and is subdivided into three main divisions: the ventral, dorsal, and medial
divisions (Fig. 1) (Calford, 1983; Winer, 1984a). The ventral division is the principal
nucleus receiving tonotopic inputs from the central nucleus of inferior colliculus (IC) and is
further subdivided into the ventral nucleus (MGBv), the medial portion forming the pars
ovoidea (Ov), and the rostral pole nucleus (RP); these project to primary auditory cortical
areas (de la Mothe et al., 2006b; Morel & Imig, 1987; Winer, 1984a). The dorsal division
(MGBd) is composed of several non-tonotopically organized nuclei, which receive inputs
from the dorsal cortex of IC (Calford & Aitkin, 1983) and send outputs primarily to
secondary non-tonotopic auditory areas (Lee & Winer, 2008a). Finally, the medial division
receives non-tonotopic and polymodal inputs from the lateral cortex of the IC (E. M.
Rouiller et al., 1989) and sends outputs to all areas of auditory cortex (Lee & Winer, 2008a;
Molinari et al., 1995), terminating in non-classical input layers (Fig. 1: black) (Hashikawa,
Rausell, Molinari, & Jones, 1991; Huang & Winer, 2000), and to the amygdala (LeDoux,
Farb, & Romanski, 1991). Despite the lack of a functional topography in the non-tonotopic
thalamic nuclei, each still exhibits highly topographic patterns of thalamocortical
connectivity, suggesting that either a metric besides tonotopy organizes these pathways or a
general ontogenetic mechanism guides the formation of all auditory thalamocortical
connections (J. H. Kaas, 1997; Lee & Winer, 2005; Schreiner & Winer, 2007).
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Auditory thalamic neurons exhibit a wide range of physiological properties observed at
lower stations in the ascending auditory pathway, but vary in their prevalence and
distribution. As noted above, frequency tuning differs among the MGB nuclei, with ventral
and rostral pole neurons exhibiting the sharpest tuning (Imig & Morel, 1985a; Miller,
Escabi, Read, & Schreiner, 2002), while dorsal and medial division neurons have more
complex, multipeaked, and sometimes polymodal receptive fields (Imig & Morel, 1985b;
Morel, Garraghty, & Kaas, 1993). Intensity coding in the MGB is varied, with a quarter of
neurons exhibiting monotonic responses across a range of 60–80 dB and the remaining
displaying non-monotonic responses that taper at higher intensities (E. Rouiller, de
Ribaupierre, Morel, & de Ribaupierre, 1983). Temporal coding of auditory information in
the ventral division is better than in other nuclei, although phase-locked responses, which
are robust at the level of the cochlear nucleus, are limited in the MGB (Lennartz &
Weinberger, 1992), with only a tenth of neurons exhibiting a maximum following response
of 250 Hz (E. Rouiller, de Ribaupierre, Toros-Morel, & de Ribaupierre, 1981). Finally, the
binaural responses established in the brainstem are manifested in the ventral nucleus, with
about half of the neurons exhibiting binaural excitatory responses (EE), and the remaining
neurons split roughly evenly among monaural (EO) and excitatory-inhibitory (EI) responses
(Calford, 1983; Cetas et al., 2002). The coding of an auditory space map is uncertain in the
MGB, although some neurons are responsive to interaural time (ITD) and intensity (IID)
differences (Ivarsson, De Ribaupierre, & De Ribaupierre, 1988).

Neurons in the MGB and in other sensory thalamic nuclei exhibit two distinct firing modes,
termed the tonic and burst modes (Deschênes, Roy, & Steriade, 1982; Jahnsen & Llinas,
1984; Ramcharan, Gnadt, & Sherman, 2000; Sherman, 2001). The transition to the burst
mode occurs during prolonged periods of hyperpolarization as T-type calcium channels
become activated. Stimulation during this hyperpolarized state results in the activation of
low-threshold calcium currents, which promote the firing of a rapid burst of action
potentials. However, when stimulated from a normal or depolarized state, a regular pattern
of action potentials is elicited (Sherman & Guillery, 2002). Generally speaking, the tonic
mode is better suited for transferring information to the cortex, while the burst mode signals
a state change from quiescence, effectively acting as a ‘wake up’ call to the cortex
(Sherman, 2001). Several sources of inhibition can drive auditory thalamic neurons towards
a hyperpolarized state, primarily those arising from the inferior colliculus (Peruzzi, Bartlett,
Smith, & Oliver, 1997; Winer, Saint Marie, Larue, & Oliver, 1996), the thalamic reticular
nucleus (TRN) and local interneurons in humans (Winer & Larue, 1996).

All cortical regions receive a significant fraction (~10%) of their extrinsic input from
thalamic sources (Lee & Winer, 2008a, 2011a). And, the termination patterns of both ventral
and dorsal divisions of the MGB are anatomically similar (Huang & Winer, 2000; Ryugo &
Killackey, 1974), ending in layers 4 and 6 of their cortical targets (see below), but with the
synaptic terminations of dorsal division projections to the secondary auditory cortex slightly
larger than those of the ventral division projections to the primary auditory cortex (Smith,
Uhlrich, Manning, & Banks, 2012). In addition, the synaptic properties of these projections
are similar (Cruikshank, Rose, & Metherate, 2002; Lee & Sherman, 2008; Rose &
Metherate, 2005). These anatomical and physiological findings suggest that the non-
tonotopic thalamocortical projections may serve a similar functional role to that of the
tonotopic projections (Guillery & Sherman, 2002; Lee & Sherman, 2011; Sherman &
Guillery, 2006). That is, these non-tonotopic thalamocortical connections coupled with the
descending feedforward connections from layer 5 of the primary auditory cortex to the
dorsal division of the MGB (Bajo et al., 1995; Cappe, Morel, Barone, & Rouiller, 2009;
Llano & Sherman, 2008; Ojima, 1994; Winer, Larue, & Huang, 1999) establish a potential
alternate route for information flow between cortical areas, via a corticothalamocortical
route, as discussed below (Fig. 1: red thick lines).
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Two models of thalamocortical processing
The three main subdivisions of the medial geniculate body have unique physiological,
anatomical and connectional properties. Classically, these have been subdivided into
tonotopic nuclei (ventral and rostral pole divisions), non-tonotopic nuclei (several nuclei in
the dorsal division), and multimodal nuclei (medial and suprageniculate nuclei) (Imig &
Morel, 1985a, 1985b; Jones, 2007), each of which have unique afferent and efferent
connections with midbrain tectal and cerebral cortical structures (Lee & Winer, 2011a;
Wenstrup, 2005). Again, the main route for ascending auditory information progresses
through the primary lemniscal tonotopic pathway from the central nucleus of the IC to the
ventral division of the MGB to the primary auditory cortex (Hackett, 2011; Webster, 1992).
After transmission to the cerebral cortex, auditory information is typically depicted as
ascending though a series of hierarchical corticocortical connections, e.g. from the primary
auditory cortex (AI) to the secondary auditory cortex (AII) (E. M. Rouiller et al., 1991). But,
an obvious question arises at this stage. Namely, what are the roles of the non-tonotopic and
multimodal thalamocortical projections in auditory processing?

One model, suggested by Sherman and Guillery (2002), is that the higher order thalamic
nuclei play an important role in continuing the flow of information between cortical areas.
On the basis of several anatomical and physiological criteria (see above and as reviewed in
Lee & Sherman, 2011), the non-tonotopic thalamic nuclei are postulated to be ideal conduits
for information transfer to higher auditory cortical areas, i.e. from the dorsal division of the
MGB to the secondary auditory cortex (AII). However, unlike the ventral division of the
MGB, the source of information to the dorsal division does not originate from the inferior
colliculus. Instead, layer 5 of AI provides the main information-bearing input. Thus, a
potential transthalamic route exists for information transfer between AI and AII via the
dorsal division of the MGB. It is important to note here a distinction between the AI
feedforward corticothalamic projections originating in layer 5 (Fig. 1: red thick lines) versus
the AI feedback corticothalamic projections originating in layer 6 (Fig. 1: green dashed
lines) (Llano & Sherman, 2008), which instead target the ventral division and may modulate
information ascending through the lemniscal pathway, rather than convey information to the
ventral division.

Again, in this model, the non-tonotopic dorsal division of the MGB serves as a key
intermediary for communication between the primary and secondary auditory cortical areas,
via a corticothalamocortical route (Sherman & Guillery, 2006). It remains unclear how this
potential alternate transthalamic route relates and interacts with the direct corticocortical
connections between AI and AII (Covic & Sherman, 2011). And, it is important to stress
that this speculative role of the non-tonotopic thalamic nuclei is based primarily on
anatomical and in vitro physiological findings, which only hint at their potential functional
impacts. Their operative roles in vivo could be revealed through inactivation studies, such as
those utilizing cooling methods (Carrasco & Lomber, 2009a, 2009b) or an optogenetic
approach (Lee, Lam, & Sherman, 2012) to specifically and reversibly silence their activity.

A complementary model of thalamocortical organization proposed by Jones (2001) is based
on the observations that MGB nuclei (and other thalamic nuclei) differ in their expression of
calcium-binding proteins that correlate with anatomically distinct thalamocortical projection
patterns (Hashikawa et al., 1991; Jones, 2003; Lu, Llano, & Sherman, 2009; Molinari et al.,
1995). In particular, parvalbumin-expressing neurons are found to concentrate heavily in the
ventral division of the MGB and project to the middle layers of a targeted cortical area, e.g.
primary auditory cortex. In contrast, calbindin-expressing neurons form a matrix extending
throughout the MGB and project in a diffuse manner targeting upper cortical layer 1 (Fig. 1:
black lines) (Hashikawa et al., 1991; Jones, 2001; Molinari et al., 1995). These two
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projection patterns, serve as the basis for Jones’ core-matrix model of thalamic organization,
and likely serve different functional purposes, with the ‘core’ parvalbumin neurons
transferring information to the auditory cortex in a highly specific and topographic manner,
while the ‘matrix’ calbindin neurons project in a widespread fashion across several auditory
cortical areas (Jones, 2001). Thus, in this model, the projections of the medial division of the
MGB, which exhibit this widespread pattern of thalamocortical projections to upper cortical
layer 1 (Huang & Winer, 2000), are theorized to be suited for synchronizing forebrain
rhythms to create unified auditory percepts (Hipp, Engel, & Siegel, 2011). However, as with
the previous model, the functional roles of these matrix projections are still tentative and
await continued refinement through future investigations.

Corticocortical pathways
The bulk of connectivity in the forebrain arises from the numerous corticocortical
projections among auditory areas, which comprise nearly 80% of the total extrinsic input to
each area (de la Mothe, Blumell, Kajikawa, & Hackett, 2006a; Lee & Winer, 2008b, 2008c).
Though the complete boundaries of auditory cortical areas are not fully de ned in humans, it
largely appears to reside along the transverse temporal gyrus, Heschl’s gyrus, below the
sylvian ssure (Da Costa et al., 2011; Hall, Hart, & Johnsrude, 2003). Primary auditory
cortical areas reside inside the sulcal bank, while secondary auditory cortical regions are
located along the gyral crest (Warrier et al., 2009; Zatorre, 2007). From homologous studies
in non-human primates, based on anatomical connectivity, cytoarchitecture and physiology,
auditory areas are grouped into core, belt or parabelt regions (de la Mothe et al., 2006a,
2006b; J.H. Kaas & Hackett, 2000). Those areas within a group, e.g. core areas, share
similar connections and physiological properties and are hierarchically arranged, such that
core areas receive ascending thalamic information from the ventral division, which is
subsequently processed and transferred to the surrounding belt and parabelt regions
(Hackett, 2011).

The primary auditory cortical areas, of which there are three in the monkey (Kaas &
Hackett, 2000), comprise the core regions, corresponding roughly to Brodmann’s area 41
(Da Costa et al., 2011; Woods et al., 2010), and receive input from the ventral division of
the MGB and are tonotopically organized (J.H. Kaas & Hackett, 2000). The secondary belt
areas form a ring or ‘belt’ surrounding the core regions. In the monkey, there are at least
eight belt areas, which are non-tonotopically organized and receive inputs mainly from the
dorsal division nuclei. The lateral belt regions found in the monkey correspond roughly to
Brodmann’s area 42 (Hall et al., 2003; Woods et al., 2010). The parabelt areas occupy the
lateral edge of the belt areas. These multimodal and association areas, receive inputs from
the dorsal nuclei of the MGB as well as multimodal thalamic nuclei, e.g. the medial division,
suprageniculate, lateral posterior nuclei, and integrate auditory information with visual,
somatosensory and limbic processing streams (de la Mothe et al., 2006a, 2006b; Hackett,
2011; J.H. Kaas & Hackett, 2000).

Tonotopy is the most identifiable organizing feature of the primary auditory cortical areas
(Humphries, Liebenthal, & Binder, 2010), while along an isofrequency domain, various
parameters, such as bandwidth and binaurality, are arrayed across the extra dimension
(Ehret, 1997; Read, Winer, & Schreiner, 2001). Sensitivity to interaural space cues are
found in some neurons, but with no distinct mapping (Brugge, Reale, Jenison, & Schnupp,
2001). Temporal following of auditory cortical neurons is generally weak, up to periodicities
of 15–30 Hz, but faster to click-train stimuli (Phillips & Hall, 1990). More complex
processing of speech is localized outside of the primary auditory cortical core areas, in
regions immediately anterior and posterior to Heschel’s gyrus, in close proximity to
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Wernicke’s area, mainly lateralized to the left hemisphere (Scott SK, 2000; Zatorre, Evans,
Meyer, & Gjedde, 1992).

All auditory cortical areas are organized in layers, which are established early in
development, such that the more superficial layers, e.g. layer 1, develop last (Kanold &
Luhmann, 2010). Of the six distinct layers in the neocortex, layer 1 is remarkable by the
general paucity of neurons, instead consisting of apical dendrites of pyramidal neurons from
deeper layers and horizontally oriented axons (Winer & Lee, 2007). As described above,
layer 1 receives a thalamic input from matrix thalamic neurons, which may synchronize
widespread activity in the cortex (Jones, 2001, 2003), although the complete functions of
these projections are not fully understood. Layers 2 and 3 are often regarded together, but
with differences in their physiological properties (Linden & Schreiner, 2003). Excitatory
pyramidal neurons here connect primarily with ipsilateral and contralateral cortical areas
(Winer, 1984b, 1985). Layer 4 is the main thalamic recipient layer, projecting to upper
cortical layers 2/3 (Huang & Winer, 2000; Linden & Schreiner, 2003). Layer 5 contains
large pyramidal neurons that receive inputs from upper cortical layers as well as other
cortical areas and send efferent projections that target subcortical sources, such as the higher
order auditory thalamic nuclei and the inferior colliculus (Llano & Sherman, 2008; Ojima,
1994; Winer & Prieto, 2001). Layer 6 contains small pyramidal neurons that send feedback
connections to the thalamus (Ojima, 1994; Prieto & Winer, 1999), which are largely
modulatory in nature (Llano & Sherman, 2008).

These cortical layers are arranged in ‘columns’, with a diameter of about 0.5 mm
(Mountcastle, 1997), and whose physiological properties across layers within a column are
similar (Linden & Schreiner, 2003). The systematic variation in functional properties
between neighboring columns suggest that the cortical column is a fundamental unit for
auditory cortical computations (Linden & Schreiner, 2003; Read et al., 2001). Within a
column, information is presumed to ascend from the thalamus to layer 4, which then outputs
to upper layers 2/3. These in turn project to ‘higher’ cortical areas and to layer 5, which
projects corticofugally to the thalamus and the inferior colliculus, as well as layer 6 and
other cortical areas (Wallace & He, 2011).

The laminar origins of corticocortical projections establish an anatomical basis for ordering
auditory cortical areas into a hierarchical processing network, and underlies many
hierarchical models of the auditory, visual, and somatosensory systems in different species
(Felleman & Van Essen, 1991; Hackett, 2011; Lee & Winer, 2011a; E. M. Rouiller et al.,
1991). In this anatomical framework, ascending projections originate in superficial layers
and terminate in layer 4, while descending projections originate in infragranular layers and
terminate in all layers except layer 4. Lateral projections originate in both superficial and
infragranular layers that terminate across cortical layers (Felleman & Van Essen, 1991;
Rockland & Pandya, 1979). Ascending a hierarchical cortical processing network reveals
neurally encoded features that increase in general complexity. Thus, in lower cortical areas,
such as the primary auditory cortex, relatively simple receptive fields can be mapped with
simple tonal stimuli (Miller et al., 2002), while neurons in higher areas in the belt regions,
respond to complex and often multimodal inputs (Clarey & Irvine, 1990; Schreiner &
Cynader, 1984), reflecting successive convergence or summation of information from lower
regions (Hubel & Wiesel, 1962).

An extension of these hierarchical models is the putative separation of cortical streams for
processing auditory identity and source information, termed the ‘what’ and ‘where’
pathways, respectively (Lomber & Malhotra, 2008; Rauschecker & Tian, 2000; Romanski et
al., 1999). In this formalism, auditory information reaching the core areas are distributed via
neuroanatomical connections coursing along a ventral ‘where’ processing pathway or a
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dorsal ‘what’ processing pathway. Anatomical studies illustrate separate auditory cortical
areas targeting either the dorsolateral prefrontal cortex, involved in the ‘what’ pathway, or
the ventrolateral prefrontal cortex, involved in the ‘where’ pathway (Romanski et al., 1999).
Physiological studies have examined the selectivity of ‘what’ and ‘where’ regions (Lomber
& Malhotra, 2008; Poremba et al., 2003; Tian, Reser, Durham, Kustov, & Rauschecker,
2001). Knocking-out cortical processing in each stream via cooling probes in the cat results
in a double dissociation of ‘what’ and ‘where’ responses (Lomber & Malhotra, 2008). In
humans, focal activation of distinct cortical areas are elicited in response to either auditory
pitch or space tasks (De Santis, Clarke, & Murray, 2007). Thus, the dorsal auditory cortical
pathway may be involved in the conscious perception of auditory content information, such
as speech and language, while the ventral cortical pathway may be engaged to localize the
spatial location of the auditory source (Rauschecker & Tian, 2000).

Despite the theoretical simplicity of these hierarchical models, cortical processing may only
be roughly hierarchical. In the visual cortex, for example, the average response latencies of
cortical areas show significant overlap, with ‘higher’ cortical areas sometimes responding
before ‘lower’ cortical areas (Schmolesky et al., 1998). This is perhaps unsurprising given
the massively interconnected nature of cortical areas with each other and with convergent
thalamic sources (Lee & Winer, 2011a). Indeed, illustrative of this complexity are the
auditory cortical inactivation studies that demonstrate differential physiological effects that
are area dependent (Carrasco & Lomber, 2009a, 2009b; Kitzes & Hollrigel, 1996). This
merging of connections from multiple sources argues that processing of auditory
information is distributed across the forebrain, requiring global interactions among cortical
areas and thalamic nuclei (Lee & Winer, 2011b; Winer & Lee, 2007). Consequently, those
cortical operations concerned with higher auditory processing, such as language, should
likewise be distributed, requiring the binding of multiple cortical networks to create
identifiable percepts (Burton & Small, 2006; Leech & Saygin, 2011; Mesgarani, David,
Fritz, & Shamma, 2009).

Commissural pathways
The commissural connections between auditory cortical hemispheres contribute ~10% of the
convergent input to each auditory area (Lee & Winer, 2008b, 2011a) and are the neural
substrates supporting the construction of unitary representations of auditory space
(Gazzaniga, 2000). The corpus callosum is the fiber bundle linking the two hemispheres of
the auditory cortex, principally the homolateral areas on each side, e.g. AI to AI, while
heterolateral connections are less prevalent, e.g. AI to AII (Morel et al., 1993; E. M. Rouiller
et al., 1991). This is distinct from vision and somatosensation, which instead receive
constrained callosal connections along either the vertical meridian (Abel, O’Brien, &
Olavarria, 2000; Hubel & Wiesel, 1967) or proximal body representations (Jones & Powell,
1968; E. M. Rouiller et al., 1994). The auditory interhemispheric projections originate
primarily from layer 3, but with some areas utilizing layer 5 (Lee & Winer, 2008b). In the
primary auditory cortices of several species, callosal connectivity is patchy (Fitzpatrick &
Imig, 1980; Luethke, Krubitzer, & Kaas, 1989; Wallace & Harper, 1997) and correlates with
the patchy distribution of binaural EE columns in cats (Imig & Brugge, 1978) and bats (Liu
& Suga, 1997). Each hemisphere is responsible for contralateral sound perception, but their
interactions seems necessary for unifying sound source with perception (Heffner, 1997;
Heffner & Heffner, 1989).

In humans, evidence from split-brain studies suggests a hemispheric specialization for
acoustic processing in each hemisphere (Gazzaniga, 2000; Springer & Gazzaniga, 1975),
with the left hemisphere specialized for language comprehension and production and
perhaps the site of conscious integration, while the right hemisphere is specialized for
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prosody, emotive content, and simple language (Gazzaniga, 2000). The lateralization of
auditory cortical processing for speech and language appears unique to humans, yet it
remains unclear how concomitant neuroanatomical specializations in the cortex and
thalamus underlie these abilities.

Summary
Multiple interrelated thalamic and cortical pathways all contribute to the neural processing
of auditory information. The intricate nature of the thalamocortical, corticocortical and
commissural connections demonstrates the global and distributed nature of the computations
occurring in the auditory forebrain, which all act concertedly to support the emergence of
higher auditory percepts. Although a complete understanding of auditory forebrain
processing will require linking these varied anatomical and functional properties, only a
complete accounting of all the convergent connections to each cortical area will enable an
inclusive model of higher auditory forebrain processing.
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Highlights

• Auditory cortical areas receive thalamic inputs augmented by the corticocortical
pathways

• New models of the thalamocortical pathways expand the potential roles of the
thalamus

• Convergent interactions enable the global processing of acoustic information
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Figure 1.
Thalamocortical connections mediating higher order auditory processing. Primary auditory
cortex (AI) receives ascending information from the ventral division of the MGB (V) ending
in layer 4, while the secondary auditory cortex (AII) receives information from the dorsal
division of the MGB (D) (red thick lines). Feedforward corticothalamic projections from
layer 5 (red thick lines) of AI establish a corticothalamocortical route for information
transfer between AI and AII. In contrast, feedback corticothalamic projections from layer 6
of AI and AII are not primary conduits of information flow, but rather modulate thalamic
activity in MGBv and MGBd, respectively (green dashed lines). Calbindin-expressing
neurons in the medial division of the MGB (M) project widely to multiple cortical areas
(black thin lines), targeting apical dendrites in layer 1 primarily. These projections have the
potential to synchronize activity across broad cortical territories. Light grey shading
(tonotopic nuclei and areas), dark grey shading (non-tonotopic nuclei and areas).
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