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Much of the research focus on the sensory and cognitive aspects of language centers on
cortical activities. The cerebral cortex, however, is inextricably linked to the collection of
forebrain nuclei known as the thalamus. Thalamocortical pathways dictate the sensory and
higher-order representations in cortex while corticothalamic pathways generate dynamic,
context-dependent changes in thalamic responsiveness to form an iterative signalling loop.
This review will describe the functional organization of the auditory thalamus as it relates to
the representation of sound features that are relevant for speech perception.

The thalamus is a collection of nuclei whose main and best-studied projections are to the
cerebral cortex, comprising projections to all areas of cortex. The main auditory-responsive
portion of the thalamus is called the medial geniculate body (MGB), and it is the
information bottleneck for neural representations of sounds being sent to auditory cortex.

Whereas early views of the thalamus were that it served as a simple ‘relay’ or ‘gateway’ to
the cortex, numerous studies have demonstrated that thalamic neurons transform their inputs
en route to their cortical or subcortical targets (Hubel and Wiesel 1961; Sherman and
Guillery 2002). As we will show, the MGB actively and dynamically shapes the auditory
representations that reach the cerebral cortex. Rather than acting as a simple conduit for
incoming auditory representations, the MGB acts like a funhouse mirror in the sense that it
can filter and distort incoming inputs to enhance representation and perception of acoustic
features for use by the auditory cortex (AC).

Acoustic characteristics of the speech signal relevant for auditory
processing and receptive language

Human speech and animal vocalizations have complex sound characteristics that must be
represented accurately by neural populations in order to recognize, understand, and converse
with individuals in a variety of sound backgrounds and in the presence of multiple speakers.
For speech, this includes not only the ability to identify the words that are spoken, but also
the identity and gender of the speaker as well as the emotional content of their speech.
Unlike the tones often used to probe auditory function in the lab, the speech spectrum is
distributed over multiple octaves ranging from approximately 0.1 to 10 kHz. Although there
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are spectral peaks in the speech spectrum, such as in formants, there is also significant
energy in non-peak frequencies.

One way that the speech signal can be parsed by auditory neuroscientists for understanding
neural representations is to decompose the acoustic signal into components defined by
different frequency ranges (Rosen 1992). With appropriate spectral resolution in quiet
conditions, most speech fluctuations important for intelligibility occur at <10 Hz (Elliott and
Theunissen 2009). Under a variety of conditions of spectral degradation, envelope
modulations of up to 50 Hz are able to produce an adequate level of speech intelligibility
(Shannon 1995, Elliott and Theunissen 2009). Thus, these modulation frequencies in the
1-10 Hz and 10-50 Hz range, collectively called the sound envelope, are important for
speech intelligibility. However, for gender, emotion, and speaker identification, higher
frequencies are needed. Higher frequency modulations in the range of 50-500 Hz are
referred to as stimulus periodicity or temporal fine structure (Rosen 1992). This range also
overlaps with the fundamental frequencies of speaker’s voices. Higher frequencies in speech
signal contribute to speaker identity and emotional content and speech perception in noise
(Rosen 1992). What separates these three frequency regions (<50 Hz, 50-500 Hz, and >500
Hz) from a neural standpoint are the auditory nuclei that are able to encode the modulations
in a stimulus-synchronized manner. All stations in the ascending auditory pathway,
including the auditory cortex, are able to encode stimulus envelope. Temporal fine structure
cues (>50 Hz) are generally not represented by stimulus-synchronized responses in the
auditory cortex, but often are in the auditory thalamus and inferior colliculus (Rouiller et al.
1981, Bartlett and Wang 2011, Krishna and Semple 2000). Finally, while auditory nerve and
some cochlear nucleus fibers can synchronize to stimulus modulations or carriers up to 5
kHz, these high frequency fluctuations are encoded as changes in firing rates at higher levels
of the auditory system (Joris et al. 2004).

In addition to temporal processing, the ability to parse the acoustic speech signal into
different frequency bands is critical for speech comprehension. This is a job that is
performed well by a properly functioning cochlea and then subsequently sharpened in the
auditory thalamus and cortex of primates (Bitterman et al. 2008, Bartlett et al. 2011).
Whereas adequate speech comprehension can occur with as few as 4 logarithmically spaced
frequency channels (Shannon 1995)), comprehension improves in normal hearing listeners
with up to 20 channels (Friesen et al. 2001, Baskent and Shannon 2006). Furthermore,
gender identification and music recognition/appreciation increase with increasing spectral
resolution of the auditory signal (Shannon 2005, Elliott and Theunissen 2009). Complicating
the matter even further is that speech may be understood over a wide range of intensities,
from whispers to shouts (40-60 dB dynamic range).

Therefore, for the difficult perceptual tasks of segregating and representing speech signals
for comprehension, speaker identification, and emotional content in a variety of
backgrounds and over a wide range of sound levels, the auditory system must be able to:

1. Represent and segregate carrier frequencies with high resolution

2. Represent temporal modulations up to 500 Hz, especially those ≤ 50 Hz.

3. Maintain neural representations over a large range of sound levels.

The MGB is heavily involved in shaping these representations in primates and other
mammals. The following section will demonstrate the organization of the MGB, how the
MGB transforms neural representations of auditory inputs, how representations are shaped
by contextual and non-sensory factors, and how the cellular machinery used by MGB
neurons contributes to the neural representations.
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Overview of the anatomical and functional organization of the MGB
The MGB can be divided into three broad subdivisions, whose organization and properties
are summarized in Table 1 and whose spatial arrangement can be seen in Fig. 1, going from
rostral to caudal, using the marmoset as an example. The ventral division of the MGB
(MGV) is the “core” subdivision for the rapid transmission of auditory information that is
sharply tuned for frequency and able to respond to fast temporal modulations of sounds. For
primates, this pathway also includes the anterodorsal nucleus of MGB (MGAD). These
regions project to core regions in auditory cortex (AC), such as primary auditory cortex
(A1), and stain heavily for parvalbumin, cytochrome oxidase and acetylcholinesterase
(Hashikawa et al. 1991, Jones 2003, de la Mothe et al. 2006). The dorsal division of the
MGB (MGD) is a slower, more integrative subdivision that is part of the “belt” pathway.
Unlike MGV, auditory responses in MGD can be influenced strongly by non-auditory
inputs, such as visual inputs or associating a sound with a reward. MGD neurons project
mainly to belt AC and stain heavily for calbindin but relatively light for cytochrome oxidase
and acetylcholinesterase (de la Mothe et al. 2006, Anderson et al. 2007, 2011). The most
diverse region of the MGB is a collection of cell groups termed the caudal paralaminar
nuclei (CPL) (Linke 1999, Linke et al. 2000), which includes the medial division of MGB
(MGM), the suprageniculate nucleus, the posterior intralaminar nucleus and the
peripedencular nucleus. These nuclei surround the ventral and medial aspects of MGB. The
caudal paralaminar nuclei receive auditory and non-auditory inputs and has diverse
responses to sound, with both very short-latency and longer-latency responses to sounds, as
well as responses to visual and somatosensory inputs. CPL neurons have widespread
projections to core and belt AC, as well as significant projections to subcortical regions such
as the amygdala. These three main subdivisions will serve as a main way to understand the
MGB. The human MGB is organized in largely the same way, except that the non-primary
subdivisions (MGD, MGM, etc.) are relatively much larger in humans (Winer 1984),
perhaps suggestive of an increased role in complex sound processing, such as for language.

Connectivity of the MGB- feedforward afferents
Across species, auditory inputs to the MGV arise mainly from the ipsilateral central nucleus
of the IC (ICC, Fig. 2) (Oliver and Hall 1978, Calford and Aitkin 1983, Ledoux et al. 1985,
Rouiller and de Ribaupierre 1985, Gonzalez-Hernandez et al. 1991). At the light
microscopic level, many ICC axons ended as large terminals in MGV that are grouped
within 50-100 m of each other (Malmierca et al. 1997; Pallas and Sur 1994; Bartlett et al.
2000), so that they may contact the dendritic arbors of one or more neighboring MGV
neurons. IC axons in MGV also often ended as small or medium sized terminals (Malmierca
et al. 1997; Pallas and Sur 1994; Bartlett et al. 2000). In species containing a significant
proportion of interneurons (cat, primates), most IC axons have endings that contact MGB
projection neurons and interneurons (Majorossy and Kiss 1976; Jones and Rockel 1973;
Guillery 1995).

Injections of anterograde tracers into the IC dorsal cortex labels some terminals in MGV, but
mainly labels terminals in the MGD, in the suprageniculate nucleus and in the medial
division (Fig. 2) (Andersen et al. 1980, Kudo and Niimi 1980, Ledoux et al. 1985). The non-
tonotopic IC dorsal cortex (ICD) receives mainly auditory cortical projections and ascending
projections from the ICC central nucleus. The non-tonotopic external IC cortex receives
auditory, intracollicular, somatosensory, and polymodal inputs (Coleman and Clerici 1987;
Shi and Cassell 1997; Herbert et al. 1991; Herrera et al. 1994). IC external cortex injections
label axons that project to MGD, MGM, the suprageniculate nucleus, the posterior
intralaminar nucleus, and to a lesser degree in MGV (Fig. 2) (Ledoux et al. 1985, Calford
and Aitkin, 1983). Besides the IC dorsal cortex input, there are also significant auditory
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inputs from the lateral tegmentum and nucleus sagulum to MGD (Morest 1965, Oliver and
Hall 1978, Henkel and Schneiderman 1988). In addition to excitatory glutamatergic
tegmental inputs, the tegmentum is a major source of neuromodulatory cholinergic inputs to
MGB (Motts and Schofield 2011).

Anatomical studies have verified the multimodal nature of the CPL nuclei. These regions
receive major auditory inputs primarily from the external and dorsal nuclei of the inferior
colliculus, with a smaller contribution from the IC central nucleus (Kudo and Niimi 1980;
LeDoux et al. 1985; Linke et al. 1999; Oliver and Hall 1978). MGM neurons receive an
additional auditory input directly from the dorsal cochlear nuclei (Anderson et al. 2006,
guinea pig). Unlike MGV, MGM and SG receive significant inputs from cells in all layers of
the superior colliculus (Fig. 2) (Altman and Carpenter 1961; Graham 1977; Hicks et al.
1986; Holstege and Collewijn 1982; Linke et al. 1999; Tarlov and Moore 1966). Linke
(1999) showed that inputs to SG neurons are mainly from the upper layers of SC where
responses are purely visual and visuomotor, and inputs to MGM neurons are mainly from
deep SC layers, which are multimodal. The MGM and PIN also receive a well-known input
from spinal cord in the rat (Ledoux et al. 1987) which has been studied as part of an
associative learning (fear conditioning) pathway that includes the IC, spinal cord, CPL MGB
nuclei, and the amygdala (Rogan and Ledoux 1996). The paralaminar nuclei receive
hypothalamus input that may be involved in mediating sound-induced (audiogenic) stress
and anxiety (Campeau and Watson 2000). The rat MGM also receives sparse projections
from the spinal vestibular nucleus (Doi et al. 1997), the globus pallidus (Shammah-Lagnado
et al. 1996), the dorsal nucleus of the lateral lemniscus (Bajo et al. 1993), the lateral cervical
nucleus (Giesler et al. 1988), cuneate and gracile nuclei (Massopust et al. 1985), the ventral
funiculus (Bjorkeland and Boivie 1984), and the trigeminal nucleus (Peschanski 1984).
From these studies, the CPL nuclei appear to integrate auditory, somatosensory and motor
inputs while MGD might participate in multimodal networks to a lesser degree. The
lemniscal MGV appears to be a purely auditory structure, based on its connectivity.

Connectivity of the MGB- efferents
Summarizing recent reviews (e.g Winer et al. 2005, Lee 2012), thalamocortical axons from
MGV terminate mainly in cortical layers 3 and 4 of core auditory cortex. En route to layer
3/4, MGV axons emit collaterals that terminate in the auditory portion of the thalamic
reticular nucleus (TRN) (Fig. 2) (Ojima 1994). Within the MGV, there is some segregation
in the regions that give rise to projections to different core auditory cortical regions (Read et
al. 2011), such that the caudal MGV projects to the ventral auditory field and rostral MGV
projects to primary auditory cortex in the rat (Storace et al. 2010). Projections to A1 and the
core region R also arise from separate populations of neurons in MGV (de la Mothe et al.
2006). Though it remains to be demonstrated clearly, these different MGV populations may
have different properties that are correlated with their targets in cortex (Bendor and Wang
2008), such as longer latencies and poorer synchronization to temporal modulation in MGV
neurons projecting to R compared to those projecting to A1. Similarly, the main projection
of MGD is to layers 3 and 4 of non-primary belt auditory cortical regions (Fig. 2), but there
are more projections to layers 1 and 6 than MGV projections (Mitani et al. 1987, Hackett et
al. 1998, Kimura et al. 2003, de la Mothe et al. 2006, Lee and Winer 2008).

Across species, the cortical projections of MGM, SG, and PIN neurons distribute their
multimodal information over a wide swath of primary auditory, non-primary auditory, and
association cortical regions (Lee and Winer 2008, Lee 2012). Thalamocortical projections
from CPL nuclei can terminate in layers 1 and 6 or layers 3 and 4 of all temporal cortical
areas (Fig. 2, Table 1) (Mitani et al. 1984; Ledoux et al. 1985; Hashikawa et al. 1995, Shi
and Cassell 1997; Huang and Winer 2000, Winer et al. 2005; Smith et al. 2010). Many
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MGM, PIN, and peripeduncular neurons send axons to targets in the lateral amygdala and
amygdalostriatal transition zone (Ledoux et al. 1990, Linke et al. 2000) rather than to cortex.
These are largely separate from the neurons that project to auditory cortex, but about 10% of
MGM projections go to both cortex and amygdala (Doron and Ledoux 2000).

Connectivity of the MGB- feedback afferents
The basic organization of cortical feedback to MGB has been well-studied (see Lee et al.
2004, Lee 2012 for reviews). Primary auditory cortex is broadly reciprocally connected with
MGV (Fig. 4A), such that regions in MGV that project to a given area of auditory cortex are
likely to receive significant corticothalamic feedback from layer 6 neurons of that area of
cortex (Winer et al. 2001, Kimura et al. 2005, Llano and Sherman 2008). Similar reciprocity
holds for corticothalamic MGD and CPL inputs (Arnault and Roger 1990, Ojima 1994,
Pandya et al. 1994).

The layer 6 terminals are quite small and end on distal, small-caliber, higher-order MGB
dendrites (Bartlett et al. 2000; Smith et al. 2007).

As described above, the TRN receives excitatory input from both thalamocortical MGB
axons and corticothalamic axons from auditory cortex. GABAergic TRN axons then project
back to the thalamus and end as inhibitory terminals on the dendrites and soma of MGB
neurons (Montero 1985; Bartlett et al. 2000; Smith et al. 2007). Unlike the layer 6
corticothalamic feedback, the feedback from TRN is not necessarily reciprocal. Some
projections from MGV to TRN are tonotopically matched (Kimura et al. 2009), but other
projections are to different tonotopic regions or even to different subdivisions from the
MGB area that it received input from (Crabtree 1998, Kimura et al. 2001, Kimura et al.
2009). In the cat, single auditory TRN neurons can project to MGV, to MGD, or to both
regions (Crabtree 1998). Through these projections, TRN projections can flexibly and
selectively determine MGB responses to complex, multi-frequency stimuli.

A second type of corticothalamic projection has also been observed in the MGD that is not
observed in MGV. This projection arises from layer 5 neurons primary auditory cortex of
the cat, rat and monkey and does not project to TRN (Fig. 4A,B) (Ojima 1994; Kelly and
Wong 1981). Across sensory systems, the large terminals from sensory inputs (IC, retina)
and from layer 5 of primary sensory cortex have been termed “driver” inputs (Sherman and
Guillery 1998) because a small number of inputs are able to drive the thalamic neurons and
determine what the neurons respond to. By contrast, the small corticothalamic terminals
from layer 6 have been termed “modulators” because the individual influence of inputs is
weak and a single input has only limited effect on the response properties of thalamic
neurons (Lee 2012). In the following sections, I will discuss the physiology of MGB
neurons and subdivisions while referring back to the anatomical organization as needed.

Responses to tone stimuli – frequency tuning
Accurate neural representations of frequencies are critical for accurate perceptions of speech
sounds (Glasberg and Moore 1989, Carroll and Feng 2007), such as for discriminating
between vowel formants, between speakers, and identifying gender. This is particularly true
for speech reception in background noise (Horst 1987, Glasberg and Moore 1989), for
hearing impaired listeners (Glasberg and Moore 1989, Carroll et al. 2011) and for listeners
with specific language impairment (MacArthur and Bishop 2004, Hill et al. 2005). Tone
stimuli, consisting of a single frequency, are the most commonly used sound stimuli to
probe neural frequency tuning and its spatial arrangement within a region (tonotopy). MGV
neurons across species are tonotopically organized, have the sharpest frequency tuning and
short response latencies to tonal stimuli in the MGB (Bordi and Ledoux 1994; Anderson et
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al. 2007; Calford 1983; Bartlett et al. 2011) (Fig. 3A,B). For a given sound level, some
neurons in MGM, MGD, and the anterodorsal division have multipeaked frequency
responses areas (Fig. 3E) (Calford 1983, Rouiller et al. 1989, Anderson et al. 2007, Bartlett
and Wang 2011).

One of the main ways to measure how sharply tuned a neuron is for sound frequency is the
quality factor, or Q value, calculated as the best frequency divided by the range of
frequencies over which the neuron responds above some criterion (e.g. 50% maximal firing
rate), measured at a given sound level. A comparison of Q10 values (Q value at 10 dB above
response threshold) across studies demonstrates that MGV neurons are the most sharply
tuned, with mean Q10 values of 2-3 in awake guinea pig (Edeline et al. 1999), anesthetized
mouse (Anderson and Linden 2011), and awake squirrel monkey (Allon et al. 1981), 5.8 in
anesthetized cat (Miller et al. 2002), 7.2 in the awake brown bat (Llano and Feng 1999),
15.9 in the awake marmoset monkey (Bartlett et al. 2011), and up to 200 in the specialized,
hypersensitive 61 kHz region of the mustached bat that is used in echolocation (Suga and
Tsuzuki 1985). Interestingly, the sharp frequency tuning observed in the bat and marmoset
MGV is even sharper than frequency tuning typically observed in auditory nerve. The Q10
values in marmoset MGV are comparable to those observed for the onset response in
marmoset auditory cortex, which then sharpens over time (Bartlett et al. 2011), and slightly
less than that reported from awake human auditory cortex (Bitterman et al. 2008). This
suggests that sequential sharpening of frequency tuning occurs in MGV and auditory cortex,
though even this sharp single neuron tuning is less precise than human behavioral
discrimination thresholds (Sinnott et al. 1985). The high frequency selectivity that humans
exhibit behaviorally arises from a combination of narrow cochlear frequency tuning
(Oxenham and Shera 2003) and mechanisms to maintain or sharpen frequency tuning that
are still present in auditory cortex (Bitterman et al. 2008). Understanding frequency tuning
mechanisms is important for speech and language processing, since deficits in frequency
discrimination have been associated with specific language impairment (Hill et al. 2005,
Rinker et al. 2007) and can persist (Hill et al. 2005).

Another characteristic that may be important for understanding frequency discriminability is
the way that frequency tuning changes with sound level. In most neurons below the level of
the inferior colliculus, frequency tuning becomes broader with increasing sound level (e.g.
Evans 1972, cat auditory nerve), especially for frequencies lower than the best frequency
(Fig. 3A, AN). This type of response is prevalent in the MGB of rodents (Anderson et al.
2007). In unanesthetized cat (Ramachandran et al. 1999) and marmoset monkey inferior
colliculus (Nelson et al. 2009), the sharpness of frequency tuning is much more level-
tolerant, which is important for maintaining high frequency selectivity at the suprathreshold
sound levels during vocal exchanges (Fig. 3A, black lines). Similarly, frequency tuning is
level-tolerant for both MGB neurons (Bartlett and Wang 2011) and for A1 neurons
(Sadagopan and Wang 2008) in unanesthetized marmosets for the sound levels to which the
neurons respond (see section on sound-level tuning for more detail).

Conversely, MGD neurons generally have longer response latencies and, in anesthetized
animals, either broad or undefinable frequency tuning to tone stimuli (Fig. 3A, MGD). Some
MGD neurons are unresponsive to tones (Bordi and Ledoux 1994; Calford 1983), habituate
quickly to repeated stimuli (Bordi and Ledoux 1994; Calford 1983), or are inhibited by them
(Fig. 3F) (Bartlett and Wang 2011). MGD neurons in most species are more broadly tuned
on average when responsive (Calford 1983, Edeline et al. 1999, Bartlett and Wang 2011),
though this does not appear to be the case in the mouse (Anderson and Linden 2011).
Neurons in MGM have a wide range of response latencies and frequency tunings. Some
MGM neurons are as sharply tuned as MGV neurons (Anderson and Linden 2011), but
MGM neurons are often intermediate in tuning between MGV and MGD (Calford 1983,
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Edeline et al. 1999), but there is a wider range of variability of tuning in this region.
Consistent with their connectivity patterns as a part of the core auditory pathway, the
anterodorsal division of MGB in primates has sharply-tuned neurons with short-latency
responses (Bartlett and Wang 2011).

Similar to the inferior colliculus, MGB neurons can respond to tone stimuli at the onset of
the sound only (onset), strongly at onset and more weakly thereafter (primary-like, since this
is similar to auditory nerve responses), at a similar level for the duration of the sound
(sustained), or after a sound ends (offset). Onset and primary-like responses dominate in
anesthetized animals (Calford 1983, Kvasnak et al. 2000, He 2001) and in awake rodents
(Edeline et al. 1999, Anderson and Linden 2011). At the onset of a sound, a larger number
of neurons are engaged, which then narrow to the population of neurons best tuned to the
sound if the sound is maintained. Sustained responses to best frequency tones dominated in
awake cats and primates (Aitkin and Prain 1974, Allon et al. 1981, Shamma and Symmes
1985, Bartlett and Wang 2011), regardless of location in MGB. In this way, the neurons can
rapidly adjust their responses to changes in the sound around their best frequencies. Offset,
variable, or habituating responses are most prevalent in MGD, where the offset response
may occur due to the offset of inhibition followed by a rebound response (Bordi and Ledoux
1994, Calford 1983, He 2001, Bartlett and Wang 2011).

Inhibition plays a key role in shaping responses in MGB. Use of single tones in a quiet
background can reveal a neuron’s best frequency and can often demonstrate lateral
inhibitory inputs that maintain sharp frequency tuning (Bartlett and Wang 2011). However,
single tones do not predict well how a neuron will respond to sounds composed of more than
one frequency, such as in speech, because single tones do not clearly reveal all inhibitory
inputs or secondary excitatory inputs. To uncover facilitatory and suppressive interactions
between frequencies, more complex stimuli such as two-tone stimuli (Horner et al. 1983,
Wenstrup 1999), spectrotemporal ripple stimuli (Miller et al. 2002), or band-passed noise
stimuli (Bartlett and Wang 2011) are used as probes. Use of band-passed noise stimuli can
reveal the range over which a neuron integrates frequencies, and it can segregate neurons
sensitive to broadband frequencies, which would respond best to sounds that often make up
the background (e.g. oceans, air conditioners) from those sensitive to a small number of
spectral peaks that often make up the foreground (e.g. speech). MGV neurons strongly
prefer narrow bands of noise or single frequencies, whereas MGD neurons often respond
better to noise stimuli or only to noise stimuli (Fig. 3G, Bartlett and Wang 2011). The
selectivity of MGM neurons for tones and noise is heterogeneous, but follows more closely
with MGV (Rodrigues-Dagaeff et al. 1989).

Responses to tone stimuli – sound level tuning
As discussed in the previous section, frequency selectivity can change as a function of sound
level. This is even the case for a tone or narrow-band noise centered at a neuron’s best
frequency. It can also affect how time-varying changes in modulation frequency and
modulation depth are represented, particularly for relatively slow temporal modulations (<10
Hz, Malone et al. 2007). That is, the ability to detect and discriminate slow temporal
modulations, which is important in speech perception, is related to the ability to detect and
discriminate changes in sound level. Sound level tuning is often classified as monotonic,
which occurs when the response to a sound increases as the sound intensity increases or
when the firing rate rises to a maximum as sound level increases and then plateaus with
increasing levels (Fig. 5A,C,E). Non-monotonic responses describe when the firing rate
increases with increasing sound level up to a maximum, after which increasing sound level
causes a decrease in the firing rate (Fig. 5B). Inferior colliculus neurons often have an
approximately even mix of monotonic and non-monotonic responses (Ryan and Miller 1978;
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Aitkin 1991; Palombi and Caspary 1996; Ramachandran et al. 1999). The average decrease
in firing rate for non-monotonic neurons ranged from about 25% in rat IC neurons (Palombi
and Caspary 1996) to nearly 100% in decerebrated cats (Ramachandran et al. 1999). Similar
findings have been observed in the MGB of awake guinea pigs (Edeline et al. 2000), with
the decrease in firing rates for louder sounds (non-montonicity) comparable to the strong
non-monotonicity observed in the Ramachandran et al. (1999) study. The proportion of non-
monotonic units increases in cats and monkeys to become the dominant response such that
nearly three-fourths of MGV neurons respond non-monotonically, with decreasing firing
rates at the highest sound levels (Aitkin and Prain 1974; Rouiller et al. 1983, Bartlett and
Wang 2011). This suggests that many of the non-monotonic responses observed in primate
auditory cortex (Bartlett and Wang 2005, Malone et al. 2007, Bendor and Wang 2008) may
be inherited from MGB inputs. The range over which non-monotonic units respond well is
about 20 dB (Bartlett and Wang 2011), and in many neurons, louder sounds at BF
completely inhibited responses, sometimes producing a response upon stimulus offset (Fig.
3D). The presence of a large proportion of non-monotonic responses suggests a different
purpose for representing sound level, particularly in the presence of ongoing or simultaneous
sounds. Whereas monotonic responses represent the absolute sound level within a receptive
field, there is evidence in the auditory cortex suggesting that non-monotonic units adapt
their response range to maintain sensitivity to a given sound level contrast in backgrounds of
different sound levels (Ehret and Schreiner 2000, Watkins and Barbour 2008). Such precise
level and contrast dependent processing of frequency selectivity may be critical for
perception of complex sounds and in the presence of background noise. In support of this, it
has been found in the marmoset MGB that strongly non-monotonic neurons had the highest
frequency selectivity and the lowest thresholds in quiet (Bartlett and Wang 2011). An
examples a non-monotonic rate-level (solid line) and its offset response is shown in Fig. 3D.

Responses to monaural and binaural stimulation and sound localization
cues

In an auditory scene with multiple sources, spatial localization is a major cue for separating
those sources (Drennan et al. 2003; Schimmel et al. 2008). Studies in the cat indicate that
about 60% of MGB neurons can be excited by stimuli to either ear, but 20-30% can be
excited only by contralateral ear stimulation (Calford 1983). About 10-20% are inhibited by
ipsilateral stimulation, although few are only inhibited without excitation (Calford 1983).
Many MGB neurons in the cat are responsive to sound localization cues such as interaural
time differences and interaural level differences and modulate their response based on the
azimuthal location of the sound source (Ivarsson et al. 1988; Clarey et al. 1995; Calford
1983). The sound location tuning of MGB neurons in anesthetized cats is approximately 60°
for tone stimuli and 40° for noise stimuli (Clarey et al. 1995). This tuning is much less
precise than the ability of cats to localize sounds (Tollin et al. 2005), suggesting that sound
localization behavior results from the construction of more precise location tuning by single
or multiple auditory cortex neurons or by brainstem projections to motor structures. The
MGB does not appear to be strongly involved in simple localization tasks in rats (Kelly and
Judge 1985), but this has not been tested in other species. When the receptive fields of MGB
neurons are compared between contralateral, ipsilateral or binaural stimuli in the cat, there is
strong overlap in tuning but the ipsilateral tuning is often opposite in sign to the contralateral
tuning (Miller et al. 2002). In humans, fMRI studies have shown that the MGB is responsive
during sound localization tasks or cues, with spatial overlap and similar activation to that
found during sound recognition tasks (Maeder et al. 2001).
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Temporal processing in the MGB
Most sound stimuli exhibit temporal modulations that are important for identifying and
discriminating those sounds. Earlier, the idea of three different ranges of temporal
modulations was introduced; 1-50 Hz for rudimentary speech recognition, mainly in quiet
conditions, 50-500 Hz for speaker, gender and emotion identification, and >500 Hz for
additional cues for speaker and emotion identification. Furthermore, modulations >50 Hz aid
with understanding speech in noise.

For simple temporally modulated sounds such as sinusoidally amplitude modulated (SAM)
sounds or repetitive click stimuli, inferior colliculus neurons represent modulation
periodicity up to about 300-500 Hz with stimulus-synchronized discharges while modulation
rate and envelope shape are represented mainly by firing rate (Krishna and Semple 2000,
Zheng and Escabi 2008). These representations in IC then form the inputs to MGB neurons,
with all IC subdivisions capable of phase-locking to modulations >100 Hz (Shaddock
Palombi et al. 2001). MGB neurons in awake animals are able to respond robustly to
amplitude or frequency modulated tones up to about 20-30 Hz, and many are able to
generate synchronized spiking for modulations ≥ 100 Hz (Vernier and Galambos 1957,
Creutzfeldt et al. 1980, Preuss and Muller-Preuss 1990, Bartlett and Wang 2007, 2011). The
maximum synchronization frequency usually decreases under anesthesia, down to
approximately 10-15 Hz for pentobarbital anesthesia in cats (Aitkin et al. 1966) and 60-70
Hz under ketamine anesthesia in cats (Miller et al. 2002). When different MGB subdivisions
were compared in their responses to clicks, stimulus-synchronized discharges were the
dominant response in cat and marmoset MGV (Fig. 4, Synch. population) (Rouiller and de
Ribaupierre 1982, Bartlett and Wang 2011). Many MGV and MGAD neurons which
generated synchronized responses for lower click rates in marmosets exhibited long-latency,
sustained rate representations for high click rates, which is termed a Mixed response
(Bartlett and Wang 2007). MGD neurons had mainly non-synchronized responses (Fig. 4,
Nonsynch., described below) (Rouiller and de Ribaupierre 1982, Bartlett and Wang 2011).
Rouiller and colleagues (Rouiller et al. 1981, Rouiller and de Ribaupierre 1982) found that
synchronized responses were also the predominant response type in cat MGM neurons,
comprising about 75% of the observed responses to clicks (Rouiller et al. 1981).
Interestingly, a higher proportion of MGM neurons were able to synchronize to high
modulation frequencies (>100 Hz) than MGV neurons (Fig. 4, right column) or phase-lock
to low-frequency tones (Rouiller et al. 1981; Wallace et al. 2007). In addition to
subdivisional differences, Rodrigues-Dagaeff et al. (1989) found there is a significant rostro-
caudal gradient within cat MGV, such that neurons in the rostral half were much more likely
to produce synchronized responses and at higher modulation frequencies.

In addition to the stimulus-synchronized responses in primate MGV, the MGAD has
properties that suggest that it may be specialized for processing temporal modulations or
other timing-dependent cues, such as those for sound localization. MGAD neurons
responded to click and SAM stimuli with higher precision and with higher maximal
synchronized frequencies than MGV neurons (Bartlett and Wang 2011). Furthermore, they
were often highly responsive to either tone or broadband noise carriers, whereas MGV
neurons were often preferentially responsive to tone or narrowband noise stimuli (Bartlett
and Wang 2011), suggesting that MGAD neurons were specialized for temporal processing
at the expense of fine spectral selectivity. Thus, MGB neurons are able to represent robustly
periodic temporal modulations in the 1-50 Hz range with stimulus-synchronized responses,
and some neurons are able to respond to higher temporal modulations up to about 200-300
Hz (Creutzfeldt et al. 1980, Bartlett and Wang 2007, 2011). In addition to simply
representing the periodicity of a stimulus, representation of envelope shape is important for
discriminating between sounds with similar periodicities (Malone et al. 2007; Zheng et al.
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2008), and most speech sounds have non-sinusoidal envelopes. For slow modulations (~
4-20 Hz), many MGB neurons represent envelope shape isomorphically, meaning that the
firing rate is sinusoidally modulated over the entire stimulus period and generally follows
the envelope contour (Bartlett and Wang 2008). This may change for very slow modulations
(< 4 Hz), where the rate-level characteristics (monotonic or non-monotonic) become
important determinants of the response (Malone et al. 2007). For faster modulations, when
the number of spikes/period becomes <1, MGB neurons no longer follow the envelope
contour closely, even though they still may be sensitive to differences in envelope shape
(Bartlett and Wang 2008). An example of a synchronized MGV neuron with an isomorphic
envelope representation from a marmoset is shown in Fig. 4 (bottom row).

Most studies of temporal processing in MGB have focused on the stimulus-synchronized
responses to SAM or click stimuli that would be appropriate for speech sound recognition in
quiet. This overlooks an interesting transformation that occurs in the MGB for rapid
temporal modulations (>100 Hz), such that synchronized IC outputs are transformed to non-
synchronized rate responses in MGB whose rates change with changing modulation
frequency. Non-synchronized responses have been observed in the MGB of awake
marmosets (Bartlett and Wang 2007) and anesthetized cats (Rouiller et al. 1981). This
transformation from synchronized outputs to non-synchronized responses is then repeated in
the auditory thalamocortical transformation (Lu et al. 2001) for a lower modulation
frequency range (>50 Hz). The non-synchronized responses in MGB neurons comprise
about 20-25% of the observed responses to click stimuli in MGV and the anterodorsal
division. In the posterodorsal division (MGPD) of marmosets, non-synchronized responses
are the main type of response (75% of responses) (Fig. 4, middle column, Fig. 5) (Bartlett
and Wang 2011). These responses are high-pass, meaning that there is little or no sustained
evoked response to low modulation frequencies, and they are typically longer-latency than
synchronized responses (Bartlett and Wang 2007). This is in contrast to most neurons in
MGV, which exhibit low-pass or band-pass rate responses. Similar to some IC neurons
(Krishna and Semple 2000), a significant proportion of MGB neurons in all MGB
subdivisions have synchronized responses for lower modulation frequencies and non-
synchronized responses for high modulation frequencies, sometimes separated by a range of
modulation frequencies that is inhibitory (Bartlett and Wang 2007). Although the cellular
basis for this transformation is not fully known, a computational model of MGB neurons
based on experimental synaptic data (Bartlett and Smith 2002) suggests that the non-
synchronized response originates from the convergence of multiple IC excitatory terminals
that exhibit weak, NMDA-receptor dependent facilitation at short intervals (Rabang and
Bartlett 2011). In addition to the temporal to rate code transformation that occurs from the
IC to the MGB, there may also be a modulation-frequency dependent latency shift in MGD
(Abrams et al. 2011). These studies suggest that rapid modulations >200 Hz are typically
represented by changes in firing rate, whereas modulations in the 50-200 Hz range are
represented by a combination of stimulus-synchronized responses and rate responses in
MGB. For speech sounds, the findings imply that the forms of neural representations for
different speech components will be different and they will be conveyed by partially
overlapping MGB populations.

Cellular bases for temporal processing - intrinsic properties of MGB
neurons

In thinking about how animals and people perceive, process, and respond to sounds, it is
important to understand that these complex, macroscopic processes occur due to a myriad of
cellular and subcellular interactions between neurons in the auditory pathways. One way that
MGB neurons may regulate how their responses to synaptic input are processed is through
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their membrane properties and intrinsic conductances, which can produce tradeoffs in
sensitivity and fidelity.

It is necessary to measure subthreshold currents and potentials intracellularly, in contrast to
the extracellular single-unit recordings that mainly measure a neuron’s spiking output.
Nearly all intracellular recordings are obtained from brain slices that have been removed
from an animal with the local neural circuitry mostly intact. The brain slice preparation has
the advantages of more stable intracellular recordings, the ability to apply drugs specifically,
and the ability to selectively stimulate inputs to a neuron, such as only IC inputs or only
corticothalamic inputs.

The voltage responses of MGV and MGD neurons to positive current injections at
depolarized and hyperpolarized membrane potential (Vmem) have been observed for
thalamocortical neurons throughout the thalamus and are a hallmark of thalamocortical
neurons across species (Jahnsen and Llinas 1984; Sherman and Guillery 1996; McCormick
and Bal 1994). At resting potentials in the -55 to -60 mV range, depolarizing current pulses
evoke a depolarization that can reach spiking threshold (Fig. 6) (Hu et al. 1994, Tennigkeit
et al. 1996, Bartlett and Smith 1999). The trains of action potentials elicited at depolarized
potentials have been termed the tonic, or sustained, firing mode (Jahnsen and Llinas 1984;
Sherman and Guillery 1996; McCormick and Bal 1994; Sherman and Koch 1986), similar to
other neurons throughout the brain. When the membrane potential becomes hyperpolarized
to approximately −70 mV, depolarizing current injections lead to a large, long-lasting
depolarization which generates one or more action potentials at frequencies >250 Hz (Fig.
6B) (Hu 1995; Tennigkeit et al. 1996, 1997; Bartlett and Smith 1999). The large calcium-
dependent depolarization and high-frequency spikes are referred to as thalamic “bursts”, and
the hyperpolarized state is referred to as the burst mode (Jahnsen and Llinas 1984,
Tennigkeit et al. 1996, Sherman 2001). During sleep, bursts contribute to synchronizing the
slow brain rhythms (Sherman 2001). Strong inhibition will hyperpolarize the neuron, and
then the offset of inhibition will produce a burst response (Fig. 6C, offset responses in Fig.
3) (Yu et al. 2004), which is commonly seen with lateral inhibition or in non-monotonic
MGB neurons following loud sounds (Bartlett and Wang 2011). This means that offset burst
responses can be used to signal the cessation of a sound or sound feature. Second, bursts can
amplify small inputs to MGB neurons (Hu et al. 1994; Bartlett and Smith 1999, Massaux et
al. 2004) This may come at a cost of the ability to represent rapid acoustic changes, since it
takes approximately 100 ms to recover from a burst and produce a second burst (Sherman
2001; Castro-Alamancos 2002). Given this, it is thought that bursts may contribute to signal
detection while single spikes may be more important in maintaining the fidelity of a
neuron’s inputs at higher modulation frequencies (Sherman 2001). If this is the case, one
potential consequence would be that different weak stimuli could be detected by burst
responses but could not be discriminated by their neural responses. In vivo recordings of
MGB neurons have demonstrated that burst responses are more selective in their frequency
tuning in response to tones than single spikes for awake and anesthetized animals (Massaux
et al. 2004). Since most speech fluctuations important for intelligibility occur at <10 Hz
(Elliott and Theunissen 2009), burst responses could potentially be important for robust
signaling of syllabic onsets and offsets in speech, whereas tonic responses could be
important for finer discrimination tasks that are more sensitive to acoustic degradation.

Given the relative uniformity of thalamocortical neuron properties, it was surprising and
interesting to find that many neurons in MGM, the SG, and the posterior intralaminar
nucleus (Smith et al. 2006) differed in many key aspects from MGV, MGD and other
thalamocortical neurons (Fig. 6, right column). Most notably, many MGM/SG neurons do
not have different burst and tonic modes of response because they lack or nearly lack a
calcium-mediated burst response at hyperpolarized potentials. This also implies that MGM/
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SG neurons may be independent from the sleep rhythms imposed by burst responses and
interactions between thalamus and cortex, meaning that the MGM/SG neurons could
potentially maintain responsiveness to behaviourally-relevant sounds during sleep (e.g. baby
cries).

Cellular bases for temporal processing - synaptic properties of MGB
neurons

It is clear from the previous sections that MGB neurons in different subdivisions represent
sound stimuli quite differently. Between MGV and MGD neurons, there are differences in
connectivity and cell morphology, but only minor differences in intrinsic properties.
Therefore, significant differences in auditory responses are likely to originate mainly from
the inherited tuning of their inputs and the way that afferent spike trains are transformed by
the synapses. Previous studies of the IC input to MGB neurons have suggested that there are
differences in these inputs to MGV and MGD neurons (Calford and Aitkin 1983, Hu et al.
1994, Bartlett and Smith 1999, 2002, Lee and Sherman 2010). The IC excitatory inputs to
MGB neurons activate both faster AMPA and slower NMDA glutamate receptors on MGB
neurons (Hu et al. 1994, Bartlett and Smith 1999, 2002; Smith et al. 2007), similar to other
sensory inputs to thalamic nuclei (Turner and Salt 1998).

However, synaptic properties of the IC excitatory inputs differentiate the three main
subdivisions in rodents and are consistent with their in vivo response properties. Using brain
slice preparations, synaptic stimulation of IC inputs to MGV neurons often generates large,
short-latency, all-or-none excitatory postsynaptic potentials (EPSPs) (Fig. 7A) or excitatory
postsynaptic currents (EPSCs) (Hu et al. 1994, Bartlett and Smith 1999, Lee and Sherman
2010). These postsynaptic responses are similar to those observed in other sensory thalamic
nuclei (Turner and Salt 1998, Reichova and Sherman 2004) and are referred to as “driver”
inputs due to their ability to generate spiking activity with a small number of inputs
(Sherman and Guillery 1998). In response to repetitive synaptic stimulation, the large EPSPs
in MGB exhibit significant synaptic depression for stimulation >10 Hz, such that 40-50 Hz
stimulation will depress EPSP or EPSC amplitudes by 40-65% (Bartlett and Smith 2002,
Lee and Sherman 2010). In MGD, these driver-like responses are uncommon. Typically,
EPSPs evoked in MGD neurons are smaller and occur at a longer latency than the large
excitatory inputs in MGV (Fig. 7B) (Bartlett and Smith 1999, 2002). Repetitive stimulation
of IC afferents to MGD yields weak depression, or in many cases, synaptic facilitation
(Bartlett and Smith 2002, Lee and Sherman 2010). Surprisingly, nearly half of MGV
neurons have EPSPs with similar characteristics to MGD neurons (Bartlett and Smith 1999,
Lee and Sherman 2010). The dichotomy of large, depressing inputs and small, facilitating
inputs has significant implications for the temporal representation of periodic or repetitive
features of sound. Large inputs are able to generate stimulus-synchronized spiking responses
in MGV neurons up to a cutoff frequency, after which the synaptic depression causes the
responses to become subthreshold (Bartlett and Smith 2002), similar to the responses to
repetitive click or SAM stimuli in the MGV in vivo (Bartlett and Wang 2007, 2011). Small
inputs are subthreshold for low repetition rates or modulation frequencies, but frequency-
dependent facilitation permits the inputs to generate longer-latency spikes at higher
modulation frequencies, similar to the non-synchronized responses observed in MGD
neurons (Bartlett and Wang 2011). Overall, the synaptic properties in MGV and MGD are
consistent with their involvement in the generation of divergent responses to sounds, with
slow and rapid temporal modulations represented by synchrony and rate codes, respectively.

MGM and SG neurons show similar EPSPs after IC stimulation to those in MGD, with clear
convergence of numerous small IC inputs as stimulation strength increases. They exhibit
little synaptic depression or facilitation (Smith et al. 2007). These neurons also receive
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inputs from the upper layers (SG) and deep layers (MGM) of the superior colliculus, which
generate small EPSPs. Consistent with the local axon collaterals of MGM and SG neurons,
stimulation of IC or superior colliculus inputs generates a second, longer-latency EPSP in
over ¼ of MGM/SG neurons (Smith et al. 2007), which may sustain neural responses to
longer-duration sounds.

As mentioned earlier, in the MGB of cats and primates, some IC axons terminate on
inhibitory interneurons (Winer et al. 1996), similar to the organization of visual and
somatosensory thalamus. Unlike the visual or somatosensory systems, the auditory system
has an additional unique sensory projection to thalamus. Almost one-third of the ascending
inputs from the IC to all subdivisions of MGB are inhibitory and GABAergic (Fig. 10D,E)
(Peruzzi et al. 1997). These inhibitory inputs are conducted by large-caliber IC axons that
are faster conducting than most excitatory IC inputs (Bartlett and Smith 1999). The
functional role of this projection is not known, but the inhibition is able to control the ability
of IC excitatory inputs to generate action potentials and to control the timing of them
(Bartlett and Smith 1999). For processing of complex sounds, inhibition may suppress
certain harmonics, enhance temporal sequence selectivity, or create the sharp frequency and
sound level tuning found in MGB neurons (Fig. 3). Further work needs to be done to
separate inhibitory contributions from the IC and those from MGB interneurons.

Neurons in all MGB subdivisions also receive excitatory feedback from auditory cortex and
inhibitory feedback from thalamic reticular nucleus (TRN) neurons. The corticothalamic
terminals originating from layer 6 auditory cortex neurons form the most profuse inputs to
MGB neurons, decorating distal MGB neuron dendrites with numerous terminals (Bajo et al.
1995, Bartlett et al. 2000). Although these synapses are numerous, they are quite small and
elicit only small EPSPs when stimulated. However, synchronous stimulation of
corticothalamic axons can elicit robust spiking activity in thalamic neurons (Deschenes and
Hu 1990; Turner and Salt 1998; Golshani et al. 1998, Bartlett and Smith 1999) via massive
facilitatory responses (Fig. 7C), such that the second and subsequent EPSPs can be three
times as large as the original EPSPs. These results suggest that under appropriate conditions
where multiple corticothalamic axons are coactivated, the small inputs can collectively drive
a large response in MGB neurons. In effect, the cortex potentially has the ability to “take
over” thalamic firing under conditions where multiple cortical neurons are coactivated even
at low frequencies (>5 Hz). As mentioned when discussing corticothalamic connectivity,
layer 5 neurons in primary auditory cortex project to non-primary regions of auditory
thalamus to end in large terminals (Rouiller and Welker 1991, Bajo et al. 1995, Bartlett et al.
2000). The sparsely distributed layer 5 terminals are considered “drivers” and are similar to
the large IC inputs to MGV neurons in that they produce large EPSPs that show significant
depression and lack a metabotropic component (Reichova and Sherman 2004).

Finally, there is an inhibitory feedback from thalamic reticular nucleus (TRN) neurons to
MGB neurons that completes a short feedback loop by which collaterals of MGB
thalamocortical projections excite TRN neurons and then TRN neurons project back to
MGB. TRN neurons are also excited by collaterals of the small terminal layer 6
corticothalamic neurons (Lam and Sherman 2010). TRN inhibitory responses in MGB
neurons are similar to the IC IPSPs in most respects tested thus far (Bartlett and Smith
2002).

Taken together, the responses are MGB neurons are dictated by excitatory and inhibitory
sensory inputs mainly from IC, excitatory feedback from auditory cortex, and inhibitory
feedback from TRN.
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MGB responses to vocalizations
Vocalizations are an important class of stimuli to examine for their neural representations,
because they combine a high acoustic complexity with behavioral relevance. Human fMRI
studies have shown significant speech-related modulation of MGB BOLD activity that is
correlated with discriminating speech between different speakers (von Kriegstein et al.
2008) and speaker emotion (Ethofer et al. 2012). Neurons in the awake guinea pig and
monkey MGB have been shown to respond to natural, species specific sounds that have
complex frequency and amplitude modulated components (Creutzfeldt et al. 1980; Symmes
et al. 1980, Allon et al. 1981). In these studies, which included neurons from all MGB
subdivisions, the responses of neurons to natural sounds could often be predicted by their
frequency tuning curves and by the temporal envelopes of the vocalizations, especially for
rapid changes in amplitude. This was also the case for anesthetized guinea pigs (Suta et al.
2007), and in the case of some low-frequency MGV and MGM neurons, synchronizing to
the fine structure of a guinea pig purr could be observed (Wallace et al. 2007). However,
neurons in the primate MGD have less stable and less vigorous responses than the other
regions (Allon et al. 1981). A recent study in anesthetized guinea pigs demonstrated that the
temporal pattern of MGB firing rate changes measured over short time windows (10-50 ms)
conveys much more information about call identity and characteristics than the average
firing rate (Huetz et al. 2009). This indicates that the within-call changes in sound features
can be detected. There was little or no difference in firing rates between natural and time-
reversed calls in rats and guinea pigs (Philibert et al. 2005, Huetz et al. 2009), but there were
clear differences in spike patterns in anesthetized animals. Therefore, contextual and
sequence effects strongly influence the pattern of responses in MGB neurons. In the auditory
cortex of marmosets (Wang and Kadia 2001), firing rates were significantly higher for
natural (forward) calls and spike patterns were different. Fig. 8 shows an example of a
neuron in marmoset MGV that demonstrates significant rate differences and spike pattern
differences between forward and reversed calls for two call types. For the peep-trill
vocalization (Fig. 8, top two panels), the firing rates are differ slightly but significantly,
mainly owing to a greatly enhanced response to the onset of the trill component in the
natural call (highlighted in red box). For the phee call, there was an overall enhanced
response for the natural call, suggesting in both cases that the order of vocalization
components matters substantially to magnitude and timing of the neural responses. While
somewhat obvious, this further supports the idea that short-term changes in firing pattern
will have a significant impact on discriminating between similar sounds.

MGB-effects of cortical and TRN feedback
Perception of sounds results not from the simple decomposition and transmission of sound
features, but it is actively constructed by the interplay of ascending sensory input,
intracortical processing, and feedback processing from auditory cortex to thalamus and other
subcortical structures. MGB responses to acoustic stimuli are typically attributed to
excitation by IC axons, but studies have indicated that corticothalamic feedback can alter
MGB responses. This may be particularly important in language processing, where
grammatical and semantic understanding can improve perceptual capabilities by predicting
likely utterances. Cortical feedback can either be direct and excitatory from cortex or
indirect and inhibitory due to auditory cortical excitation of inhibitory thalamic reticular
nucleus (TRN) or interneuron inputs. During cortical desynchronization of the EEG, which
indicates cortical arousal, cooling of the auditory cortex significantly reduces the
spontaneous firing rate of MGB neurons in cats (Orman and Humphrey 1981), indicating a
tonic excitation of MGB neurons by cortex. Corticothalamic inputs appear to facilitate MGB
responses to noise in anesthetized cats or to tones in awake bats, but only when the cortical
and thalamic regions are tuned to the same frequencies (Zhang et al. 1997; He 1997). This is
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referred to as “matched” selection or “egocentric” selection. For cortical and thalamic sites
whose best response frequencies do not match, the corticothalamic input diminishes the
MGB response (Zhang et al. 1997; He 1997) through activation of the inhibitory TRN.
Furthermore, inactivation of the cortex in non-matched cortical and MGB areas can shape
frequency tuning (Suga and Zhang 1997) and can shift the best responding frequency of the
receptive field, but not the shape of the receptive field in bats (Zhang et al. 1997). He (2003)
compared MGV and non-MGV responses to electrical stimulation of auditory cortex in
anesthetized guinea pigs. MGV neurons are generally facilitated by auditory cortex
stimulation, and this is strongest when the preferred frequencies of MGB and cortex neurons
are similar (He et al. 2002, He 2003). Neurons in non-MGV nuclei (dorsal and shell nuclei
in guinea pig) were inhibited in their onset responses to noise stimuli or had their offset
responses enhanced by the cortical stimulation.

The functional data on the effect of matched and unmatched cortical inputs on MGB
responses is supported by anatomical data on axonal projections of TRN to MGB, where
many TRN axons project to lateral tonotopic regions from where they receive MGB and
cortical input, while some TRN axons remain tonotopic (Kimura et al. 2007). Furthermore,
auditory TRN neurons receive multimodal inputs (Kimura et al. 2007, Yu et al. 2011) and
can project to multiple divisions within MGB (Crabtree et al. 1998, Kimura et al. 2007).
These results suggest that the auditory cortex can provide a dynamic gain enhancement or
suppression of MGB neurons through its influence on TRN. Such focal control over MGB
excitability suggests that cortical feedback can enhance detectability of weak or degraded
sounds and can enhance discriminability of closely related complex sounds. This gain
control may be important in auditory attention, such as focusing on a single voice, and in
enhancement of MGB representations by cortex through context and memory driven
enhancements in cortical activity, such as predicting words in sentences. However, the
functional influence of cortex on MGB neurons has mainly been demonstrated in cases of
strong electrical stimulation, so the function of the profuse corticothalamic input during
ongoing auditory activity or communication is still poorly understood.

Modulation of MGD and MGM/SG responses by adaptation, reward and
non-auditory stimuli

The basic finding from multiple studies is that MGV neurons generally do not exhibit long-
term changes in their receptive field properties and are not strongly influenced by non-
auditory inputs or reward (Edeline and Weinberger 1991a, Komura et al. 2001, 2005). This
makes sense if a main function of MGV is to provide auditory cortex with a reliable,
context-independent representation of auditory stimuli. By contrast, MGD, SG, and MGM
neurons have responses that are strongly modulated by adaptation, visual cues, reward cues,
and behavioral context (Edeline and Weinberger 1991b, 1992, Lennartz and Weinberger
1992, Komura et al. 2001, 2005). Such complex integration of auditory and non-auditory
information may be important in processes such as novelty detection, lip-reading or
identifying a speaker or a noise source. Stimulus-specific adaptation, in which a stimulus
that is repeated evokes progressively smaller responses, is present but weak in MGV
(Bauerle et al 2011) and is strongest in MGD and MGM (Anderson et al. 2009, Antunes et
al. 2010). Similar results have been seen using phonemic stimuli and measuring the evoked
potentials in MGB, with little or no adaptation in MGV but significant adaptation in MGM
(Kraus et al. 1994).

In experiments testing non-auditory cues affecting MGB, neurons were recorded while
awake rats listened to sounds in the presence or absence of a light flash or a reward (Komura
et al. 2001, 2005). Many neurons increased their responses when a sound was paired with a
light or reward, but the facilitated responses went away when the association was no longer
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present. This implies that MGD and MGM neurons will integrate auditory and non-auditory
inputs to provide a situation-dependent response to non-primary auditory cortices. For the
sustained, reward-related increases in firing rate (Komura et al. 2001), this could be a neural
correlate of a short-term memory built upon the stimulus-reward association. Similar results
were found for the rhesus monkey during an auditory behavior task, during which two-thirds
of MGB neurons were modulated by behavioral state, though the recorded subdivisions were
not reported (Gilat and Perlman 1984). Another way to investigate the influence of non-
auditory learned associations on MGB responses is to use a Pavlovian association protocol
in which a sound (the conditioned stimulus, CS) is consistently paired with another stimulus,
such as a light or a mild shock (the unconditioned stimulus, US). If this tone-shock pairing is
done for MGV neurons, there are short-term changes in the best frequency of the recorded
neurons towards the CS tone frequency, but only if the CS is within one-eighth octave from
the neuron’s best frequency (Edeline and Weinberger 1991a). Performing the same
associative tone-shock pairing produces in MGD and MGM neurons a significant decrease
in the best frequency response and a corresponding increase in the CS frequency, and this
altered receptive field can last for over 24 hours (Edeline and Weinberger 1991b, 1992,
Lennartz and Weinberger 1992, O’Connor et al. 1997).

Changes in thalamic structure and function in neurological disorders
The primary roles of thalamocortical neurons, especially in the sensory pathways, are to
control which information reaches the cerebral cortex and to shape the neural
representations of that information. Similar to most brain regions, overall, there are very few
physiological recordings of MGB in humans, so nearly all estimates of MGB neural
representations in humans arise from non-invasive methods such as mid-latency auditory
evoked potentials and fMRI. Activation of the MGB (fMRI BOLD signal) in response to
rapidly varying sounds has been correlated with speech recognition scores (von Kriegstein et
al. 2008). Disruption or alteration of the interplay between MGB and cortex by neurological
disorders can significantly affect how sounds are processed in MGB and therefore can affect
hearing and language abilities. Unilateral lesions of the MGB can largely abolish input to the
ipsilateral AC (Fischer et al. 1995). In these cases, patients can still detect sounds easily and
mainly exhibit perceptual deficits when different sounds are presented to the two ears
(dichotic sounds) (Fututake and Hattori 1998; Wester et al. 2001). Similar to other central
auditory nuclei, substantial auditory difficulties mainly occur when lesions are bilateral,
preventing nearly all auditory input from reaching cerebral cortex (Hausler and Levine
2000).

FOXP2 and MGB
FOXP2 is a transcription factor whose proper function is critical for speech, language and
other natural communication in humans, rodents, and birds. Mutations in FOXP2 lead to
deficits both in speech production and linguistic perceptual processing in humans (Lai et al.
2003), aberrant vocalizations in mice (Fujita et al. 2008), and impairments in auditory
learning (Kurt et al. 2012). In mammals, FOXP2 is enriched in the auditory thalamus
(MGB), deep layers of auditory cortex, and sub-thalamic auditory structures including the
inferior colliculus and nuclei of the lateral lemniscus (Campbell et al. 2009). This
enrichment is nucleus-specific, since it is significantly less enriched in the visual thalamus
(Horng et al. 2009, Campbell et al. 2009). In addition to its localization within the MGB,
FOXP2 is also expressed in structures involved in vocal production, such as the cerebellum
and basal ganglia (Lai et al. 2003, Ferland et al. 2003). Further work remains to be done to
elucidate the regulatory targets of FOXP2 in the MGB.
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Schizophrenia
Consistent with its role in dynamically filtering auditory input to the cerebral cortex, the
MGB responds differently in schizophrenics versus non-schizophrenics. Many
schizophrenics have difficulties ignoring competing sounds to focus on a target sound. In
one study, urban noise consisting of multitalker speech, music, and other sounds produced a
hyperactivation of MGB and prefrontal cortex blood oxygenation level dependent (BOLD)
fMRI functional magnetic resonance imaging (fMRI) responses (Tregellas 2009), suggesting
that the MGB cannot filter out irrelevant sounds as it normally would. Another common
symptom in schizophrenia is the inability to distinguish easily between external speech,
one’s own voice, and internally-generated speech. Control and schizophrenic patients both
show activation of the thalamus (MGB and adjacent pulvinar nucleus) when attempting to
distinguish distorted or undistorted versions of their own voice and another voice, but a
greater magnitude of activation is correlated with the performance in this task and with not
being schizophrenic (Kumari et al. 2010). This implies that the thalamus is involved in
complex perceptual tasks such as voice recognition, and it implies that the thalamus is not
properly engaged in tasks such as this in schizophrenia.

Dyslexia
Dyslexics have reading difficulties, often coupled with auditory and other sensory deficits
(Fitch et al. 1994; Goswami et al. 2002; Shaywitz and Shaywitz 2005). A recent fMRI study
found that impairments in phonological processing were correlated with deficiencies in
MGB activation and with reading scores (Diaz et al. 2012). Auditory and reading deficits
observed in people with dyslexia have been correlated with anatomical abnormalities in the
MGB (Galaburda et al., 1985, 1994; Livingstone et al. 1991). Specifically, the brains of
dyslexics often contain cortical malformations known as microgyria that lead to a decrease
in the number of large cells in the MGB (Galaburda et al. 1994). Similar cortical
malformations can be induced experimentally in rats by placing a freezing probe on the skull
overlying somatosensory cortex in early postnatal rats (Fitch et al. 1994; Herman et. al 1997;
Rosen et. al 2006; Escabi et al. 2007). Microgyric rats exhibit anatomical abnormalities in
the auditory thalamus and auditory processing deficits similar to humans (Herman et al.
1997; Clark et. al 2000; Peiffer et al. 2002, 2004a,b). Specifically, there have been
demonstrated reductions in temporal processing in both animals (Fitch et al. 1994, Peiffer et
al. 2002) and humans (Goswami et al. 2002). These deficits can take multiple forms, such as
difficulty in discriminating tone sequences when the tones or tone durations were brief or in
discriminating between slowly versus rapidly rising envelopes. There currently remains a
major knowledge gap regarding the cellular alterations of neurons in the auditory pathway
that would underlie the behavioral deficits. One hypothesis regarding the origin of MGB
alterations in microgyric rats is that the corticothalamic feedback is disrupted beginning in
development, which is supported by studies showing a lack of corticothalamic feedback
from the cortex within microgyria and showing altered corticothalamic neuron morphologies
near microgyria (Rosen et al 2000; DiRocco et al. 2002).

Alzheimer’s disease
An early predictor of cognitive decline in Alzheimer’s disease is the presence of central
auditory deficits, especially for complex signals such as speech in noise (Gates et al. 2002).
There are changes in the IC and MGB even before the presence of the standard
neuropathological markers of neurofibrillary tangles made of tau protein or senile plaques
made of beta-amyloid protein (Baloyannis et al. 2009). When Golgi-labeling was used to
label the neurons from recently deceased Alzheimer’s patients, it was found that the density
of spines on the dendrites of IC and MGB neurons, which typically indicate where synapses
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are formed, were much lower in Alzheimer’s patients than age-matched patients (Baloyannis
et al. 2009). In addition, the morphology of the mitochondria in auditory structures appear
abnormal in a large proportion of the dementia patients. These findings suggest that
subcortical auditory structures may be an early and sensitive predictor of dementia and that
auditory testing may be a simple way to detect early signs of cognitive decline.

Conclusion
Speech perception involves complex, rapid and precise neural representations of relevant
features such as spectral peaks, modulations on multiple timescales, contrast from noise,
location of sound sources, and relationships to other sensory features and behavioural
context. The MGB participates in the active shaping of these neural representations that then
go to auditory cortex and to subcortical targets to shape our perceptions. MGB neurons do
not act as a simple gate that may be open or shut to the ascending one-way transmission of
sensory input, with only slight or long-term modulations by the cortex. Rather, there is a
complex, bidirectional convergence of information that is evaluated by MGB neurons. To do
this, MGB neurons have some region specific specialization of their sensory inputs, such as
rapid feedforward inhibition and facilitating excitatory inputs, as well as subdivisions that
are mainly involved in feature extraction (MGV), feature integration (MGD), and feature
learning and sensory based action (MGM).
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The auditory thalamus integrates sensory and cortical inputs for processing sounds

It has three main subdivisions with complementary responses to sounds and context.

It actively shapes auditory information necessary for processing complex sounds such as
speech.

Bartlett Page 30

Brain Lang. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Bartlett Page 31

Brain Lang. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Marmoset MGB and calcium binding proteins
Left column: Nissl stain, with MGB subdivisions indicated by dashed lines. Arrowheads
indicate blood vessels that are found in all three adjacent sections in a row. Middle column:
Parvalbumin immunostaining. Right column: Calbindin immunostaining. The topmost row
(A1-A3) is the most rostral portion of MGB. Subsequent rows progress caudally by
approximately 240 m per row. Abbreviations: V, ventral division, PD, posterodorsal
division, AD, anterodorsal division, M, medial division, SG, suprageniculate nucleus, PP,
peripeduncular region.

Bartlett Page 32

Brain Lang. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Connectivity of MGB subdivisions
A diagram of the main inputs and projection targets of each main subdivision is shown. Core
and belt refer to primary and non-primary auditory cortical regions, respectively. Double-
headed arrows indicate bidirectional projections between two areas. Abbreviations: MGV,
ventral division, MGD, dorsal division (includes posterodorsal division), MGM, medial
division, SG, suprageniculate nucleus, PIN, posterior intralaminar nucleus, SCU, superior
colliculus – upper layers, SCD, superior colliculus – deep layers ICC, central nucleus of the
inferior colliculus, ICD, dorsal cortex of the inferior colliculus, ICX, external cortex of the
inferior colliculus, SAG, sagulum, TEG, tegmentum, DCN, dorsal cochlear nuclei, SPI,
spinal cord, Amyg., amygdala, Non-aud., non-auditory cortex, Ach, acetylcholine, Norad.,
noradrenaline, 5-HT, serotonin, TRN, thalamic reticular nucleus.
Neuromodulators (ACh, Norad., 5-HT) go to all MGB subdivisions.
All MGB subdivisions send collaterals to and receive inputs from TRN.

Bartlett Page 33

Brain Lang. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Main tone frequency response area shapes in different MGB subdivisions
Schematic frequency response areas are shown with frequency along the x-axis and sound
level along the y-axis. Axes in A apply to A, C, E, F. Responsive regions fall above (A,,E)
or within the area (C) bounded by the solid lines and not within the red inhibited regions. A:
In the auditory nerve (AN) and in many IC neurons, frequency tuning widens with sound
level, especially on the low-frequency side. In MGV, MGAD, MGM and IC, many neurons
have narrow excitatory tuning that is flanked by lateral inhibition (red shapes). If the rate-
level function is monotonic or plateaus, the top of the FRA will be open. In MGD, frequency
tuning for tones is often broad (green line). B: Example of a narrowly tuned MGV neuron
(adapted from Bartlett and Wang 2011), showing firing rate as a function of tone frequency.
With 1/12 octave spacing between tones, only one tone was strongly excitatory, and this was
flanked on both the low and high frequency sides by strong inhibition that made the firing
rate go below the spontaneous rate (gray dashed line). C: Similar narrow tuning as in A
(solid black lines), but the rate-level function is non-monotonic, such that firing rates
decrease for high sound levels. This is likely to be due to inhibition at high levels (red shape
at top of FRA). This means that there is a restricted frequency and level range over which
there is evoked excitation. D: Examples of sound level tuning in MGB neurons. The dashed
line shows a monotonic increase in rate with increasing sound level, which can be found in
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all species to varying degrees and is found in lower auditory nuclei. The solid line shows a
non-monotonic rate-level curve, where firing rate rises to a maximum at the neuron’s best
level and then decreases for louder levels, sometimes becoming inhibited below the neuron’s
spontaneous rate (gray dashed line). Non-monotonic responses are prevalent in primate
MGB, and in these units, there is often an offset response at higher sound levels that rises
monotonically, which is also represented by the black dashed line. In other neurons in MGD,
tones generate inhibition that may or may not be followed by an offset response (not
shown). E: MGAD, MGD, and MGM neurons have a moderate proportion of multi-peaked
FRAs, with two or more excitatory peaks separated by elevated thresholds or inhibition.
These multipeaked FRAs can also be non-monotonic (not shown) F: Some MGD neurons
are only inhibited by F: Proportion of neurons responsive (T+) or unresponsive (T-) to tones
and neurons responsive (N+) or unresponsive (N-) to noise for MGV, MGAD and MGPD
(MGD). MGPD neurons had a much higher proportion of units that were inhibited or
unresponsive to tones and noise (T-,N-) or only responsive to noise (T-,N+) compared to
MGAD and MGV.
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Figure 4. Responses to sinusoidal amplitude modulation in different MGB subdivisions
Top row: Modulation waveforms for 16 Hz sinusoidal AM (SAM), 100% modulation
depth. Second row: MGB response to 16 Hz SAM. For low modulation frequencies (<32
Hz), MGV neurons (left) represent both periodicity and modulation waveform in their
discharges. Firing rate curves represent peristimulus time histogram (PSTH) responses.
MGD neurons (middle), if responsive, often have lower evoked firing rates but are often
sometimes synchronized for low modulation frequencies. MGM neurons (right) respond
similarly to MGV neurons at low modulation frequencies despite receiving IC inputs with
different tuning and axon terminal sizes. Third row: Modulation waveforms for 144 Hz
sinusoidal AM, 100% modulation depth. Fourth row: MGV neurons have three common
responses to high frequency AM when recording from unanesthetized animals. Left: Some
MGV neurons respond only phasically (dashed line). Others are able to maintain
synchronized responses for the duration of the AM stimulus. Some MGV neurons respond
with sustained increases in firing rate that are not synchronized with the AM modulation
frequency. Middle: Most MGD neurons, when responsive, generate a long-latency sustained
increase in firing rate for rapid AM stimuli (solid line) or just a brief onset (dashed line).
Right: Many MGM neurons (guinea pig) and anterodorsal neurons (marmoset) are able to
represent rapid temporal modulations with relatively precise synchrony compared to other
MGB subdivisions. Fifth row, left: Example of a MGV neuron response to SAM. Same
neuron as Fig. 6B. SAM tone, carrier frequency = 6.96 kHz, 70 dB SPL, 4-1024, 1 octave
steps. Shown is the PSTH in response to SAM sounds. Red lines show when sound was
playing. Fifth row, right: Mean firing rate (solid line) ± SEM for same unit. Also shown is
vector strength (red line), where those that were not significantly synchronized were set to 0.
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Figure 5. Neural representations of click stimuli by MGB subdivision
Adapted from Bartlett and Wang (2011). Proportion of response categories for responses to
repetitive click trains in different MGB subdivisions. MGPD neurons had a much higher
proportion of non-synchronized responses that MGV or MGAD neurons.
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Figure 6. Intrinsic membrane properties of neurons in different MGB subdivisions
A: Intracellular voltage responses to injections of depolarizing currents. The resting
membrane potential (-58 mV) and magnitude of injected current are shown to the left.
Depolarization of MGV (left) and MGD (middle) neurons produces a series of single action
potentials with monophasic afterhyperpolarizations (AHPs). MGM/SG (right) neurons
produces single spikes that adapt and have biphasic AHPs due to activation of a small-
conductance, calcium-activated potassium channel. B: Injection of depolarizing current
starting from a hyperpolarized membrane potential (-76 mV) evokes burst responses in
MGV and MGD neurons. The burst response consists of a large calcium-dependent
depolarization evoked by activation of T-type calcium channels and 2-5 high-frequency
action potentials (250-500 Hz) evoked at the peak of the calcium burst. About half of MGM/
SG neurons produce calcium bursts, while about half have weak or absent calcium bursts,
such as the example shown. C: Injection of hyperpolarizing current produces “rebound”
burst responses in MGV and MGD neurons and about half of MGM/SG neurons. The other
half of MGM/SG neurons fail to evoke a rebound burst, which is quite unusual for neurons
in most thalamic nuclei. The gray bar represents 100 ms in A, 40 ms in B, and 200 ms in C.
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Figure 7. Excitatory and inhibitory postsynaptic potentials (EPSPs and IPSPs) in MGB neurons
Top row, 100 ms interstimulus interval (ISI): Intracellular recordings of synaptic
potentials evoked by sound or electrical stimulation of IC axons show that about half of
MGV neurons produce large EPSPs (A). For 100 ms ISI, there is little difference between
the first and second EPSPs. Small excitatory IC responses (B) are evoked in nearly all MGD
neurons and about half of MGV neurons. Corticothalamic responses are similar throughout
MGB, consisting of quite small EPSPs. Even for 100 ms ISI, corticothalamic responses (C)
produce significant facilitation of their responses. Second row, 20 ms ISI. For briefer ISI,
MGV neurons receiving large IC inputs (A) exhibit strong synaptic depression that limits the
amount of depolarization produced by the second EPSP. By contrast, MGD and MGV
neurons that receive small terminal IC input produce synaptic facilitation for short ISI (B).
Corticothalamic inputs (C) demonstrate strong synaptic facilitation and show an enhanced
NMDA component, especially for repetitive stimulation. Third row, 50 ms ISI: Inhibition
from IC or TRN produces very similar IPSPs in MGV and MGD neurons (D). in MGV and
MGD and IC and SC inhibition in MGM/SG/PIN (E) Electrical stimulation of their axons
produces a short-latency GABAA receptor mediated response and a long-latency,
metabotropic GABAB receptor mediated response that lasts for 200-400 ms. For 50 ms ISI,
there is little depression of the GABAA response, and the GABAB hyperpolarization is just
beginning when the second response is evoked. MGM neurons receive inhibitory inputs
from IC and the superior colliculus. They differ from inputs to MGV and MGD in that there
is no clear GABAB response (E). Bottom row, 20 ms ISI: For shorter ISI in MGV and
MGD neurons, the GABAA induced hyperpolarization is slightly larger for the second pulse,
indicating little or no depression of the early inhibitory response (D). The GABAB responses
merge to produce a larger hyperpolarization than the GABAB IPSPs evoked by single
stimuli. MGM responses are similar but lack the GABAB response (E).
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Figure 8. Example of responses of neuron to natural and reversed marmoset vocalizations
Dot raster representations. Each row represents a single sound presentation. Dots represent
action potentials. Neuron was in MGV of marmoset. The sound level for all vocalizations
was 50 dB SPL. Firing rates are mean ± SD. Red dashed lines in the top two boxes indicate
a 200 ms time window over which there was the most significant difference in firing rates
between the natural and reversed peeptrill calls.
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Table 1

Summary of properties of MGB subdivisions

MGV MGD MGM

Main cell type Tufted Stellate Stellate/magnocellular

Tonotopic organization? Yes No Yes, weaker than MGV

Calcium-binding proteins Parvalbumin +++, Calbindin +,
++ Cytochrome oxidase +++

Calbindin +++, Parvalbumin +
Cytochrome oxidase +

Calbindin ++,+++ Parvalbumin +,+
+ Cytochrome oxidase ++

Main IC input IC-central nucleus IC-dorsal cortex IC-external cortex

Major non-IC inputs (besides
cortex)

Neuromodulators
(acetylcholine, serotonin, etc.)

Lateral tegmentum, sagulum
neuromodulators

Spinal cord, vestibular nuclei,
hypothalamus, superior colliculus,
neuromodulators

Cortical target A1, non-A1 core, layers 3/4 Belt and parabelt, weak core,
layers 3/4 and some layers 1 and
6

Core, belt, and parabelt, all layers,

Subcortical targets None Amygdala Amygdala, striatum, IC

Cortical feedback Layer 6, core Layer 6, belt, layer 5, core and
belt

Layer 6, core, belt

Tone frequency tuning Narrow, usually single- peaked Broad, inhibited, variable, multi-
peaked

Heterogeneous, narrow and broad

Tone latency Short Longer Heterogeneous, short and long

AM response Synchronized to rapid
modulation frequencies

Often non-synchronized or
synchronized to low modulation
frequencies

Heterogeneous, some synchronized
to very rapid modulation
frequencies

Receptive field plasticity Sharply tuned near BF, short
duration

Shift in BF to CS tone, lasts ≥ 24
hours

Shift in BF to CS tone, lasts ≥ 24
hours

Modulation of responses by
non-auditory input

No Yes, visual Yes, visual and somatosensory

Modulation of responses by
reward

No Yes Yes

IC EPSP properties Large, stronger depression, and
small, weak depression or
facilitation

Small, weak depression or
facilitation

Small, weak depression or
facilitation

IC inhibition GABAA and GABAB GABAA and GABAB GABAA only

Abbreviations: MGV - medial geniculate, ventral division. MGD – medial geniculate, dorsal division. Includes posterodorsal division of primates.
MGM – medial geniculate, medial division.
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