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The medial nucleus of the trapezoid body (MNTB) is a collection of brainstem neurons
that function within the ascending auditory pathway. MNTB neurons are associated
with a number of anatomical and physiological specializations which make these cells
especially well-equipped to provide extremely fast and precise glycinergic inhibition to
its target neurons in the superior olivary complex and ventral nucleus of the lateral
lemniscus. The inhibitory influence of MNTB neurons plays essentials roles in the
localization of sound sources and encoding temporal features of complex sounds. The
morphology, afferent and efferent connections and physiological response properties of
MNTB neurons have been well-characterized in a number of laboratory rodents and
some carnivores. Furthermore, the MNTB has been positively identified in all mammals
examined, ranging from opossum and mice to chimpanzees. From the early 1970s
through 2009, a number of studies denied the existence of the MNTB in humans and
consequentially, the existence of this nucleus in the human brain has been debated
for nearly 50 years. The absence of the MNTB from the human brain would negate
current principles of sound localization and would require a number of novel adaptations,
entirely unique to humans. However, a number of recent studies of human post-mortem
tissue have provided evidence supporting the existence of the MNTB in humans. It
therefore seems timely to review the structure and function of the MNTB, critically
review the literature which led to the denial of the human MNTB and then review recent
investigations supporting the existence of the MNTB in the human brain.

Keywords: auditory, brainstem, cochlear nucleus, calyx of held, superior olive

Introduction: The MNTB Dilemma

The question whether the human, unlike other mammals, lacks a MNTB has been debated for
several decades. The question is an important one because the MNTB is a major component of
the mammalian SOC, a major source of glycinergic inhibition to auditory brainstem centers and
MNTB neurons are associated with a number of anatomical and physiological specializations.
Against profound evidence for the existence of the MNTB in humans and in the face of severe
conceptual problems, many auditory scientists seem to accept its non-existence and thus do not
consider its inhibitory impact on target structures, e.g., the medial and MSOs and LSOs.

Abbreviations: CB, calbindin; CR, calretinin; GBCs, globular bushy cells; ILDs, interaural level disparities; IR, immunore-
active; ITDs, interaural time disparities; LL, lateral lemniscus; LNTB, lateral nucleus of the trapezoid body; LSO, lateral
superior olive; MNTB, medial nucleus of the trapezoid body; MSO, medial superior olive; SOC, superior olivary complex;
SPN, superior paraolivary nucleus; VNLL, ventral nucleus of the lateral lemniscus.
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The MNTB is not the only group of neurons providing inhibi-
tion to the SOC, an important mammalian auditory brainstem
center, but it is the most prominent. Principal neurons of the
MNTB receive their main excitatory input from GBCs in the
contralateral ventral cochlear nucleus. The GBC-MNTB pathway
exhibits a number of extraordinary specialized anatomical and
physiological features related to fast and high-fidelity processing
of temporal information, the calyx of Held being the most promi-
nent one. The GBCs and calyx terminals are characteristically CR
(Figure 1; Arai et al., 1991; Resibois and Rogers, 1992; Lohmann
and Friauf, 1996; Bazwinsky et al., 2005), Rab3a and VGLUT1
positive (Felmy and Schneggenburger, 2004). The principal neu-
rons of the MNTB are distinctively CB-IR and perineuronal nets
are known to ensheath the soma and primary dendrites of these
neurons (Figure 1; Hirtig et al., 2001; Hilbig et al., 2007; Schmidt
et al., 2010; Blosa et al., 2013) and MNTB neurons are known to
specifically express the Kv3.1b potassium channel (Wang et al.,
1998).

The glutamatergic input via the famous Calyx of Held con-
verts excitatory input, in a most precise manner, into glycin-
ergic inhibition in its target nuclei (Moore and Caspary, 1983;
Wenthold et al., 1987; von Gersdorff and Borst, 2002; Figure 1).
Important targets of MN'TB axons are neurons involved in sound
localization, e.g., MSO and LSO (Zarbin et al., 1981; Moore and
Caspary, 1983; Kuwabara and Zook, 1992; Grothe and Sanes,
1993; Kapfer et al., 2002). In addition, MNTB axons also tar-
get neurons that are more or less exclusively concerned with
monaural temporal information, e.g., the SPN (Kuwabara et al.,

1991; Sommer et al., 1993; Behrend et al., 2002; Dehmel et al.,
2002; Kulesza et al., 2007), what appear to be MSO neurons in
some highly specialized bats (Grothe, 2000), and the monau-
ral nuclei of the LL (Spangler et al, 1985; Sommer et al,
1993; Smith et al., 1998). These monaural nuclei appear to be
important for processing temporal features of sounds such as
amplitude modulations, sound onset and/or offset or gaps in or
between sounds (Grothe, 1994; Behrend et al., 2002; Kadner and
Berrebi, 2008; Kopp-Scheinpflug et al., 2011; Felix et al., 2014).
In some auditory brainstem neurons, the pharmacological block-
ade of MNTB-derived inhibition significantly alters timing of
action potentials and basic response properties. For instance, the
LSO (Moore and Caspary, 1983) but also many SPN (Behrend
et al., 2002; Kulesza et al., 2007) and some MSO cells (again in
some species of bat; Grothe, 1994) are functionally character-
ized by the interaction of one excitatory and one inhibitory input
only.

Because of the importance of the MNTB in auditory function,
particularly sound localization, it seems timely to review the his-
tory of the confusion about the human SOC and the status of
the current evidence. There is a persistent belief that humans,
and only humans, are missing the MNTB - although not the
other major SOC components or the VNLL. An arrangement of
the human SOC without an MNTB would imply that most of
the processing strategies discovered in experimental mammals
would require a completely different solution in the human audi-
tory pathway. Moreover, it would be a rather unique example
of a fundamental difference in the human brain compared to

MNTB Neurons:

1. use glycine as a neurotransmitter
2. express Calbindin
3. express the Kv3.1b potassium channel

4. are associated with PNN
MNTB

GBC —
tz

FIGURE 1 | Circuitry of the human MNTB. The figure illustrates the nuclei
that make up the human SOC and the connections of MNTB neurons. The
MNTB is situated ventral (anterior) and medial to the MSO and receives its main
excitatory input from the contralateral cochlear nucleus via GBCs and the calyx

calyx of
Held

X ¥ X

VNLL

LNTB

of Held (green line). MNTB neurons characteristically express calbindin, the
Kv3.1b potassium channel and MNTB somata are associated with perineuronal
nets (blue). The MNTB provides topographic, glycinergic projections to the
SPON, MSO, LSO, and VNLL.
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other terrestrial mammals'. If humans were to lack an MNTB,
it would generally bring into question the usefulness of animal
models for the study of auditory central processing and transla-
tional approaches. Nonetheless, there is no need to postulate such
phylogenetic curiosities.

Investigations of the Human MNTB

Determining whether a cluster of neurons in the human brain is
homologous with a nucleus in another species requires careful
consideration of a number of objective criteria and appropri-
ate quantitative analyses. Here, we will consider the most widely
accepted identifying features of the MNTB (described above) and
examine the human brainstem using five criteria:

The human MNTB should:

(1) be found in the same approximate region of the brainstem as
in other species

(2) be found in the same location relative to other major nuclei
and axon bundles

(3) include neurons with the same morphology as has been
observed in other species

(4) have the same afferent and efferent axonal connections as has
been shown in other species

(5) have the same neurochemical and functional properties as the
nucleus in other species.

Determining, with certainty, that the human brainstem con-
tains an MNTB is a challenge. First, it is impossible, using the
techniques currently available, to study physiological response
properties of human MNTB neurons. Second, it is nearly impos-
sible to preserve human brainstem tissue in the same manner or
quality as used for animal studies. This undoubtedly leads to dete-
rioration of small molecules and some protein antigens. Finally,
tracing the afferent and efferent connections of the human MNTB
is an additional experimental challenge as such experiments can
only be done in post-mortem and immersion fixed tissue.

The Human MNTB: The Denial of its

Existence and the Implications of this Claim

Many of the investigations of the human auditory brainstem left
considerable doubt about the existence of the MNTB in humans,
suggesting that it is absent or vestigial.

The first detailed investigation of the human SOC was pub-
lished by Moore and Moore (1971), who also examined other
primates. These authors utilized cresyl violet staining to investi-
gate every seventh section (thickness = 30 pm) through a single
human brainstem and found only occasional round or oval cells
in the area ventral and medial to the (easily identified) MSO.
They noted that these cells only occasionally formed a definable
nucleus. A schematic figure of the SOC from a series of primates
demonstrated the MNTB in all species examined (loris, mar-
moset, galago, owl monkey, macaque, and gibbon) except human.

! Arguably, aquatic hearing may make certain structures obsolete because of the
different physics of sound in water.

However, no images of putative MNTB neurons were shown
nor was a figure of the human SOC provided. Strominger and
Hurwitz (1976) examined every 10th section (thickness = 20 pm)
from the brainstems of five adults, two infants and one fetus
(using cresyl violet and/or luxol fast blue staining) and concluded
that an “NTB” could not be defined. Notably, none of the fig-
ures in this manuscript depicted the region ventral and medial
to the MSO and the reader is left only with the author’s interpre-
tation. Strominger (1978) later went on to report some neurons
“ventromedial” to the MSO which may represent the MN'TB but
indicated that these cells appeared cytoarchitecturally different
from neurons in other species. Strominger thus concluded that
the MNTB was poorly defined in human.

Moore (1987), in a further study of four human brainstems
(examining every 10th or 20th tissue section [thickness = 50 pm]
and using Nissl and myelin staining techniques), noted that a
small number of globular neurons were found in the region where
the MNTB should be located but that they did not form a nucleus.
It is also stated emphatically that there was “no clearly definable
nucleus of the trapezoid body” and that “no distinct cell group
comparable to the trapezoid nucleus is evident in the human
SOC.” The schematics of the SOC provided (Figures 8 and 9)
labeled only the MSO and LSO. Again, no Nissl stained images
of the SOC as a whole were shown (only Woelcke stained) and
only a single high-magnification view of “periolivary” cells which
were located along the rostral pole of the SOC was provided.
Moore et al. (1999) later examined brainstem tissue from 12
human brains [ranging in age from 16 weeks prenatal (section
thickness = 40 pm) to 17 years (section thickness = 75 pm)]
with immunohistochemistry for choline acetyltransferase and
calcitonin-gene-related peptide. Again, the authors stated that
there was no identifiable MNTB in the human brain. Their
schematics of the SOC include the MSO, LSO and periolivary
regions. Again, no Nissl stained sections of the SOC were pro-
vided. Furthermore, in a review article (Moore, 2000) it was again
noted that there was no apparent MNTB in the human SOC.
Here, it was unequivocally stated that the MN'TB “cannot be iden-
tified in over 70 human brainstems” and that small clusters of
NTB-like neurons were observed in the fetus. In a textbook chap-
ter (Moore and Linthicum, 2004), the MNTB was noted to be
vestigial in humans and to consist of only a few scattered oval
cells. The MNTB was not labeled in their MAP2 stained section
of the SOC.

Qualitative immunohistochemistry was used by Bazwinsky
et al. (2003) to study the human SOC in three subjects (the
number or spacing of sections was never stated; section thick-
ness = 50 wm). These authors described only scattered CB-IR
neurons in the region ventromedial to the MSO and claimed
they could not further characterize the neurons in this region.
They conclude: “In our material, we could not identify a coher-
ent nuclear region that might correspond to the MNTB of other
mammals. Neither Nissl stained nor CB immunolabeling of
brainstem sections provided evidence of the existence of this
nucleus.”

Hilbig et al. (2009) examined Nissl stained brainstem sec-
tions (thickness = 20 pm) from bonobo, chimpanzee, gorilla,
orangutan, gibbon, macaca, and human (n = 12). They examined
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every 10th tissue section (e.g., only 10% of the SOC) and
described only a few scattered neurons ventromedial to the MSO
in the human. Only a single, small low-magnification view of the
human SOC was provided. Based on this study, these authors
also denied the existence of the MNTB in the human brain. The
authors further noted a decrease in the size of the LSO from
orangutans to humans. They provided an estimate of the num-
ber of neurons in the human MSO (3,891) and LSO (1,980) but
indicated there were no MNTB neurons. Interestingly, they also
provided photographic evidence of a single fusiform neuron in
the area ventromedial to the MSO surrounded by a perineu-
ronal net, although the methods use to label this neuron were not
provided.

Reviewing all these studies of the human SOC, we found few
figures illustrating the region ventral and medial to the MSO that
had sufficient resolution to actually identify or negate the claims
made about the existence of the MNTB. It was typical in these
studies for only every 10th or 20th tissue section to have been
examined without any sort of quantitative analysis. Thus, the
conclusion that the MNTB does not exist in human was made
from examination of less than 10% of the SOC. Regardless, it is
apparent from these limited studies of the human SOC that a
number of globular/round neurons are indeed present in region
ventral and medial to the MSO cell column. We declare that these
studies have not provided adequate evidence to support their
conclusion.

There is no doubt that the MNTB is the major source of
directly sound driven synaptic inhibition in the SOC affecting
all major nuclei (LSO, MSO, SPN/SPON) and the LL (citations
see above) which in turn send significant projections to next level
within the ascending auditory pathway, the inferior colliculus in
the auditory midbrain. The fact that early in development MNTB
neurons release GABA (with some co-transmission of glutamate;
Gillespie et al., 2005; Noh et al., 2010) but after hearing onset
release almost exclusively glycine (Kotak et al., 1998), relates
nicely to the function: this circuit requires speed and precision
(Moore and Caspary, 1983; Park et al., 1996). The GBC path-
way with its comparatively thick axons (Morest, 1968), axonal
peculiarities (Ford et al., 2012) the calyx of Held synapse with
its morphological and physiological synaptic specializations (von
Gersdorff and Borst, 2002) and the tendency to directly target
the post-synaptic soma rather than dendrites (Clark, 1969; Cant,
1984; Kapfer et al., 2002) provides temporally secure and very fast
transmission from the CN to the MNTB allowing for a basically
1:1 input:ouput relation (Mc Laughlin et al., 2008; Englitz et al.,
2009). This results in fast and precise glycinergic transmission
to the target nuclei in SOC and LL. Moreover, the post-synaptic
properties in particular of MSO and LSO with almost unmeasur-
ably low input resistances (only a few MOhms) ensure unusually
short temporal integration times on the post-synaptic side. The
post-synaptic effects of the glycinergic inhibition of the MNTB
depend on three parameters. (1) The post-synaptic properties,
e.g., membrane time constant and temporal integration proper-
ties (Magnusson et al., 2005; Couchman et al., 2010; Mathews
etal., 2010; Scott et al., 2010); (2) the interactions with other, exci-
tatory inputs and (Pecka et al., 2008; Myoga et al., 2014); (3) the
frequency domain [(a) within the phase-locking domain below

or above 2-3 kHz and (b) the animals need and ability to process
interaural time differences for localizing low-frequency sounds -
these two aspects co-vary but are not identical; Grothe and Pecka,
2014].

The most prominent of the MNTB projections is directed
toward the LSO. This projection was also the first to be described
functionally and studied developmentally (Moore and Caspary,
1983; Kandler and Friauf, 1995). As far as we know today, this
circuit applies to all non-aquatic mammals (there the anatomy
and, even more, the functionality of the SOC is more or less
unknown and therefore not discussed in this review) and its
one and only purpose is sound localization. For higher sound
frequencies, the MNTB provides the inhibitory side of one of
the most simple, although highly affective, neuronal computa-
tions known: a simple subtraction of the inhibitor effect driven
by the contralateral side from the ipsilaterally driven excitation
(via spherical bushy cells in the cochlear nucleus) that results
in the well-known sigmoid interaural level difference functions
and it has been found in every single mammalian species studied
(reviewed in Grothe et al., 2010). In order to allow the inhibition
to affect the onset of the ipsilateral, excitatory drive and to enable
the circuit to completely inhibit LSO output if the sound arises
from the contralateral side, the inhibitory pathway via GBC and
MNTB needs to compensate for the much longer axonal distance
(the LSO is in close proximity to the ipsilateral cochlear nucleus)
and for the additional synapse in the MNTB. It seems apparent
that this most prominent and among mammals universal func-
tion of the MNTB directly relates to the peculiar morphological
and physiological specializations observed in this nucleus as well
as its universal appearance in all mammals including humans
(although during evolution ITDs became more relevant for us,
as a low-frequency hearing mammal we are actually quite sensi-
tive to ILDs with a resolution of sometimes below 1 dB; Grothe
and Pecka, 2014).

Besides the need for a fast transmission and conductance from
the contralateral side, the LSO also provides evidence for the need
of extraordinary accuracy. Even bats, that do not hear low fre-
quencies and do not use interaural time differences, where it is
comparably safe to say that the function of the LSO is ILD cod-
ing and nothing else, the LSO neurons function on a millisecond
by millisecond basis (Moore and Caspary, 1983; Park et al., 1996).
At first glance this may be surprising. However, consider multiple
sound sources that partially overlap in spectrum and time [e.g.,
in a group of bats flying in a cave, but similarly relevant for us
(for instance at a cocktail party)]. Such overlaps (whether direct
sounds or echoes) result in wired ILDs that rapidly fluctuate
(Meffin and Grothe, 2009). Hence, the LSO must be fast enough
to provide reliable information about the sometimes very short
periods of unambiguous ILDs and temporal summation of ILDs
over time need therefore to be avoided. In any case, the fact that
the LSO processes ILDs with sub-millisecond precision creates an
epiphenomenon: a rough ITD sensitive to the onsets of the sound
envelope. Therefore it is not surprising that the same excitation—
inhibition interaction that creates ILD sensitivity also provides a
basic mechanism for processing ITD (Moore and Caspary, 1983).
As far as we know, the low-frequency limb of the LSO seems
to exclusively process ITDs based on the interaction of the two
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known inputs (Moore and Caspary, 1983; Tollin and Yin, 2005)
and is almost certainly the basis for the widely known trough-
type ITD sensitive cells at higher levels of the ascending auditory
pathway (Kuwada et al., 1997; Siveke et al., 2006).

If we take into account that the early mammals after inventing
the middle ear lived in a high-frequency world (“ultra-sound” is
a very anthropocentric term since most mammals can hear far
beyond 40 kHz and, at the same time, many do not hear low
frequencies at all), and therefore relied on ILD but not ITD pro-
cessing (review: Grothe and Pecka, 2014), it does not come as a
surprise, that the ITD processing structure, the MSO, receives the
same inputs as LSO, only complemented by mirrored inputs from
the contralateral CN (excitation) and the LNTB (glycinergic). The
MSO is even faster, meaning shorter membrane times constants
and shorter synaptic currents (Magnusson et al., 2005; Couchman
et al.,, 2010; Mathews et al., 2010; Scott et al., 2010), and with
an even clearer spatial limitation of the inhibitory (MNTB and
LNTB) inputs to the soma only (Kapfer et al., 2002; Werthat et al.,
2008). Therefore it seems unlikely that the temporal aspect of the
MNTB input does not matter, even if the in vivo results (which to
date are indirect if it comes to the cellular mechanisms underly-
ing ITD processing) are controversial. On the other hand, there
is new evidence for even more peculiar morphological adapta-
tions in the low-frequency GBC inputs to the MNTB in the form
of an unusual myelination pattern deviating from the general
assumption of structural similarity (Ford et al., 2012).

Less controversial is the fundamental role of the MNTB medi-
ated glycinergic inhibition in temporal processing. The earliest
evidence came from mustached bat homolog of the MSO that
shows highly precise phasic on and off responses to contralat-
eral sounds (Covey and Casseday, 1991). Later it was shown that
these responses result from an interaction of a tonic SBC exci-
tation and glycinergic, MNTB driven inhibition. Depending on
the relative timing (in some cells the excitation is faster, in some
the inhibition - note again that the additional synapse in MNTB
is compensated for) either an off or on response results and
can be turned into a sustained response by blocking the inhibi-
tion (Grothe, 1994). Later, similar interactions of contralaterally
driven excitation and inhibition were shown in the rabbit, rat and
mouse SOC (Kulesza et al., 2007). It is particularly prominent
in the SPN/MNTB (here the MNTB inhibition competes with a
precise onset input derived from cochlear nucleus octopus cells)
and is believed to function in gap detection (Kulesza et al., 2007;
Kopp-Scheinpflug et al., 2011).

Much less is known about the VNLL where, again, octo-
pus cells from the contralateral CN interact with MNTB inputs
(Spangler et al., 1985; Sommer et al., 1993; Smith et al., 1998).
One function seems to be the creation of an inhibitory onset
delivered to the inferior colliculus that has an unusual intensity
independent fixed delay (Covey and Casseday, 1999).

Besides MNTB derived glycinergic inhibition there is a very
similar, so far largely under-appreciated glycinergic inhibition
driven by the ipsilateral ear, which seems to by and large mir-
ror/compliment the contralaterally driven MNTB inhibition. In
fact, it shows some comparable structural adaptations (GBC-
input; large end-bulb of Held synapses — large terminals or
calyx-like; Spirou and Berrebi, 1997; Spirou et al., 1998) and has,

at least in the MSO, in vitro very similar features as the MNTB
inputs (Grothe and Sanes, 1994). Besides this there are intrinsic
connections in SOC that are GABAergic, many of them, how-
ever, acting via GABA-B receptors and, hence, rather modulating
responses than being a main component of the precise spatio-
temporal computations (Magnusson et al., 2005; Stange et al,,
2013).

Taken together, the MNTB is the main source of precise
inhibitory inputs targeting all prominent SOC and LL nuclei
of the ascending auditory pathway. This glycinergic input con-
tributes an essential component to all spatio-temporal compu-
tations known in the SOC. From this point of view, the idea
of a missing MNTB in humans is neither plausible nor explain-
able.

Although novel sources for inhibition are not unthinkable
and there is circumstantial evidence that other inhibitory neu-
rons may contact the usual MNTB targets in a transgenic
mouse model missing MNTB (Jalabi et al., 2013; Altieri et al,,
2014), the extraordinary anatomical and biophysical specializa-
tions characteristic of the MNTB make it highly unlikely that
other sources of inhibition could fully compensate for MNTB
function.

Therefore, we propose consideration of the principle of par-
simony. This principle states that, in consideration of historical
homology, the explanation that requires the fewest assumptions
and phylogenic transformations is most likely to be correct. As
the MNTB has been demonstrated (without question) to exist
in other primates (rhesus, baboon, bonobo, chimpanzee, gorilla,
orangutan, gibbon; Bazwinsky et al., 2005; Hilbig et al., 2009;
Kim et al., 2014), and exhibits rather unique structural and bio-
physical adaptations to serve its function, it seems most likely
that this nucleus would also be present in the human SOC. To
suggest otherwise would require that humans have miraculously
developed, de novo, new mechanisms for instance for sound
localization.

The Human MNTB: The Evidence for its
Existence

Richter et al. (1983, in a paper entitled “Is there a MNTB
in humans?”) studied three human brainstems using light
microscopy (section thickness = 20 pm) and three additional
brains using electron microscopy (ultrathin sections). They were
able to identify the MNTB within the trapezoid body, ventro-
medial to the MSO and lateral to axons of the abducens nerve.
Their Figure 2 demonstrated a well-stained and clear view of the
SOC with the MSO and “MNTB?” labeled. The authors noted
that the neurons of the MNTB were fewer in number but simi-
lar in morphology to those in feline. Furthermore, they provided
evidence for calyx-like endings in the MNTB territory in both
protargol-stained sections and in ultrathin sections. Glendenning
and Masterton (1998) examined auditory nuclei in 53 different
mammalian species including humans. They confidently identi-
fied the MNTB in their human subjects. Notably, their results
indicated that humans were below average in terms of MNTB
size among the species examined (although well above average
in MSO size) and further that there were species with an MNTB
relatively smaller than that in human (Mountain Beaver, Great
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Glider, Little Rock Wallaby, and Eastern Gray Kangaroo). Finally,
the author’s noted that in the 53 species examined the only SOC
nucleus ever absent was the MSO (mice® and hedgehog).

Kulesza (2008) identified the MNTB as a loosely packed col-
lection of neurons within the trapezoid body medial and anterior
to the MSO in a series of 12 human brainstems (age range 55—
94 years) using the Giemsa stain and Golgi impregnations. In
Giemsa stained specimens, every second or fifth tissue section
(40 wm in thickness) along the entire rostrocaudal axis of the
SOC was examined. The MNTB was found to span a rostro-
caudal distance of nearly 4 mm and was coextensive (through
the rostral medulla and caudal pons) with the MSO and to con-
tain ~3,600 neurons. The vast majority (85-91%) of human
MNTB neurons were round/oval principal neurons (Kulesza,
2008; Kulesza et al., 2011). In silver-impregnated material, MNTB
neurons generally gave rise to restricted dendritic profiles, con-
fined to the nucleus; dendrites rarely extended beyond the fibers
of the trapezoid body. A number of photomicrographs of the
human MNTB were included in this manuscript: a low mag-
nification view of the entire SOC, a high magnification view
of the MNTB (Figure 5) and a schematic series of the SOC
along the entire rostro-caudal axis. It was later demonstrated
that ~25% of human MNTB neurons were associated with wis-
teria floribunda-positive and chondroitin sulfate proteoglycan-
immunoreactive perineuronal nets and that the majority of these
ensheathed MNTB neurons (59%) were principal (round/oval)
neurons (Schmidt et al., 2010).

In a subsequent investigation of 11 human brainstems with
immunohistochemistry for calcium binding proteins, it was
found that the majority of human MNTB neurons were CB-IR
and positive for the Kv3.1b potassium channel (Kulesza, 2014).
Additionally, MNTB principal neurons were associated with
large, CR-IR punctate profiles and numerous examples of CR-IR
axons in the trapezoid body were identified giving rise to complex
terminals associated with MN'TB principal soma. Approximately
34% of human MNTB neurons were associated with such CR-
IR calyx terminals (Kulesza, 2014). Further, numerous examples
of VGLUT1-IR or Rab3a-IR punctate profiles were found associ-
ated with MNTB neuronal somata, supporting the presumption
that such CR-IR puncta are axon terminals (Figure 1).

Previous studies of calyx endings in the rat MNTB reveal
that the number of calyx-derived terminals decreases significantly
with age (Casey and Feldman, 1985, 1988). We suggest this may
also be the case in the human MNTB; our study of calyx termi-
nals in the human MNTB utilized subjects that ranged from 59 to
96 years of age. However, in our estimates of neuronal number in
the human MNTB (n = 26; 3-94 years of age) we have not found
evidence for significant loss of neuronal number (Kulesza, 2008;
Kulesza et al., 2011; unpublished observations).

Additionally, it should be noted that clear illustrations of
the human SOC and MNTB were provided in plate 21 of the
Olszewski and Baxter (2014) Atlas and in the Paxinos Atlas (obex
+16 mm and obex +18 mm; Paxinos and Huang, 1995), although
they were labeled as medial periolivary cells.

*The reader should additionally refer to the description of the mouse MSO by Ollo
and Schwartz (1979).

The GBC in the human ventral cochlear nucleus are large,
round/oval cells with an eccentric nucleus and fine, diffuse Nissl
granules. The GBC are most numerous at the root of the entering
auditory nerve fibers. In human, the GBC appear less numerous
than in cat (Moore and Osen, 1979; Moore, 1987). The majority
of GBCs are CR-IR and give rise to calyceal axons that traverse the
trapezoid body and terminate in the MNTB as the calyx of Held.
The existence of a significant population of GBC in the human
cochlear nucleus has been known for some time. However, we
recently found that 84% of GBC in the human VCN were CR-IR
(Kulesza, 2014). Additionally, we found that 80% of human GBC
were associated with dense assemblies of CR-IR boutons, resem-
bling modified endbulbs. Indeed, we also observed numerous
CR-IR axonal profiles leaving the VCN and entering the trapezoid
body. Finally, such CR-IR axons were observed to converge on
the SOC and within the MNTB and to give rise to complex, calyx-
type endings in relation to MN'TB principal neurons. Intracellular
injections of physiologically characterized cells in cats indicate
that GBC axons project to the contralateral MNTB and perioli-
vary cell groups, while the MSO and LSO receive weak, in any
input (Smith et al., 1991). Based on these observations, it seems
that the main function of GBCs is to provide fast, excitatory
input to the contralateral MNTB (and ipsilateral LNTB) via large
calyx-type endings. The identification of a prominent GBC cell
population in the human VCN further supports the existence of
a MNTB. Without an MNTB, GBCs would have had to develop
a new function in the human auditory pathway (again, violating
the principle of parsimony).

To summarize, we have identified the MNTB in each of 63
human brainstems with no known neurological diseases. The
human MNTB was found consistently in the rostral medulla and
caudal pons within the axons of the trapezoid body and ventro-
medial to the (easily identified) MSO. The vast majority of neu-
rons in the human MNTB are round/oval as has been described
for numerous other species. Furthermore, we have shown that
many of the principal neurons in the human MNTB are asso-
ciated with CR-IR axons and calyx-type terminals arising from
GBC in the ventral cochlear nucleus. This finding corroborates
the ultrastructural findings of Richter et al. (1983) and indicates
that these neurons receive the same major synaptic input from
GBC as do MNTB neurons in other mammalian species. Finally,
human MNTB neurons are associated with a number of other
“MNTB specific” markers. Specifically, we have shown that many
human MNTB neurons are associated with perineuronal nets and
that the majority of these neurons are CB-IR and express the
Kv3.1b potassium channel.

Furthermore, we suggest that investigations of the primate
auditory brainstem provide evidence that support the existence
of the MNTB in the human brain. Specifically, the MNTB in
rhesus and baboon is located amongst axons of the trapezoid
body (Strominger, 1978) and these neurons are IR for parval-
bumin and calbindin and are associated with large SYN+, CR
or VGLUT1 positive calyx endings (Bazwinsky et al., 2005; Kim
et al., 2014). Further, rhesus MNTB neurons are Kv3.1b positive
and are associated with perineuronal nets (Hilbig et al., 2007).
Indeed, we find that human MNTB neurons are similar in these
regards.
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Finally, it should be noted that the nuclei of the SOC are
notorious for interspecies variation and their form depends on
the auditory/frequency needs of the animal. The MSO is gen-
erally larger in species with excellent low-frequency hearing
(Glendenning and Masterton, 1998). These authors further pro-
pose that the size of the LSO is directly related to the hearing
range of the animal and that the LSO and MNTB co-vary in size.
Thus, the size of the LSO and MNTB are correlated with the width
of the audible range of the animal and it is suggested that hyper-
trophy of these nuclei are involved in broad band and/or high
sound frequency reception (Moore and Moore, 1971; Heffner and
Masterton, 1990). We have demonstrated that the human LSO
contains 5,600 neurons while the human MNTB contains 3,600
(Kulesza, 2007, 2008). The numbers for the LSO are larger than
counts provided by others (Hilbig et al., 2009; 1,980 LSO neu-
rons; Moore and Moore, 1971; 2,500 - 4,000 LSO neurons). We
attribute these differences in neuronal number to the number of
tissue sections sampled and/or counting strategy. Regardless, we
believe that our estimates of neuronal number in the MNTB (and
LSO) reflect the reduced range of frequency sensitivity in human
and the obvious relationship of the MNTB and LSO.

Conclusion

Recent evidence clearly indicates the existence of a prominent
MNTB in the human brainstem. The missing MNTB is a myth

References

Altieri, S. C., Zhao, T., Jalabi, W., and Mricich, S. M. (2014). Development of glycin-
ergic innervation to the murine LSO and SPN in the presence and absence of
the MNTB. Front. Neural Circuits 8:109. doi: 10.3389/fncir.2014.00109

Arai, R., Winsky, L., Arai, M., and Jacobowitz, D. M. (1991). Immunohistochemical
localization of calretinin in the rat hindbrain. J. Comp. Neurol. 310, 21-44. doi:
10.1002/cne.903100105

Bazwinsky, L, Bidmon, H. J,, Zilles, K., and Hilbig, H. (2005). Characterization of
the rhesus monkey superior olivary complex by calcium binding proteins and
synaptophysin. J. Anat. 207, 745-761. doi: 10.1111/j.1469-7580.2005.00491.x

Bazwinsky, I, Hilbig, H., Bidmon, H. J., and Rubsamen, R. (2003). Characterization
of the human superior olivary complex by calcium binding proteins and neuro-
filament H (SMI-32). J. Comp. Neurol. 456, 292-303. doi: 10.1002/cne.10526

Behrend, O., Brand, A., Kapfer, C., and Grothe, B. (2002). Auditory response prop-
erties in the superior paraolivary nucleus of the gerbil. J. Neurophysiol. 87,
2915-2928.

Blosa, M., Sonntag, M., Bruckner, G., Jager, C., Seeger, G., Matthews, R. T., et al.
(2013). Unique features of extracellular matrix in the mouse medial nucleus
of trapezoid body implications for physiological functions. Neuroscience 228,
215-234. doi: 10.1016/j.neuroscience.2012.10.003

Cant, N. B. (1984). The fine structure of the lateral superior olivary nucleus of the
cat. J. Comp. Neurol. 227, 63-77. doi: 10.1002/cne.902270108

Casey, M. A, and Feldman, M. L. (1985). Aging in the rat medial nucleus of the
trapezoid body. II. Electron microscopy. J. Comp. Neurol. 232, 401-413. doi:
10.1002/cne.902320311

Casey, M. A,, and Feldman, M. L. (1988). Age-related loss of synaptic terminals
in the rat medial nucleus of the trapezoid body. Neuroscience 24, 189-194. doi:
10.1016/0306-4522(88)90322-3

Clark, G. M. (1969). Vesicle shape versus type of synapse in the nerve endings
of the cat medial superior olive. Brain Res. 15, 548-551. doi: 10.1016/0006-
8993(69)90181-4

like that of the incisive bone before von Goethe (1830). Although
for instance Vicq d’Azyr (1784) clearly showed its existence,
the missing incisive bone was taken as the difference between
the human anatomy and that of the animal kingdom. Similarly,
calyces of Held as well as neurons at the right anatomical loca-
tion for the MNTB had been described decades ago. Nevertheless,
the absence of the MNTB in humans only seemed to have
had, unconsciously, some sex appeal. Moreover, and conceptu-
ally more importantly, the role of glycinergeic inhibition in the
SOC and MSO in particular was long ignored (note that the
first evidences came from physiology and anatomy in the 60ies;
Clark, 1969; Goldberg and Brown, 1969) but still leads to heated
debates and some people acknowledge its there but “serves no
function” (Portfors and von Gersdorff, 2013), although it would
create clear problems concerning the phylogeny of the SOC with
the MNTB as the major hub for inhibition involved in sound
localization as well as temporal processing (Grothe, 2000; Grothe
and Pecka, 2014). Regardless, the story of the human MNTB
illustrates how difficult it is even for scientists to look with an
unbiased eye.

Acknowledgments

The authors would like to thank Nell Cant and Conny Kopp-
Scheinpflug for their comments and suggestions on a draft
version of the manuscript.

Couchman, K., Grothe, B., and Felmy, F. (2010). Medial superior olivary neu-
rons receive surprisingly few excitatory and inhibitory inputs with bal-
anced strength and short-term dynamic. J. Neurosci. 30, 17111-17121. doi:
10.1523/JNEUROSCI.1760-10.2010

Covey, E., and Casseday, J. H. (1991). The monaural nuclei of the lateral lemnis-
cus in an echolocating bat: parallel pathways for analyzing temporal features of
sound. J. Neurosci. 11, 3456-3470.

Covey, E., and Casseday, J. H. (1999). Tining in the auditory system of
the bat. Annu. Rev. Physiol. 61, 457-476. doi: 10.1146/annurev.physiol.
61.1.457

Dehmel, S., Kopp-Scheinpflug, C., Dérrscheidt, G. J., and Riibsamen, R. (2002).
Electrophysiological characterization of the superior paraolivary nucleus in
the Mongolian gerbil. Hear Res. 172, 18-36. doi: 10.1016/50378-5955(02)
00353-2

Englitz, B., Tolnai, S., Typlt, M., Jost, J., and Riibsamen, R. (2009). Reliability of
synaptic transmission at the aynapses of held in vivo under acoustic stimulation.
PLoS ONE 4:¢7014. doi: 10.1371/journal.pone.0007014

Felix, R. A. II, Magnusson, A. K., and Berrebi, A. S. (2014). The superior parao-
livary nucleus shapes temporal response properties of neurons in the inferior
colliculus. Brain Struct. Funct. doi: 10.1007/s00429-014-0815-8 [Epub ahead of
print].

Felmy, F., and Schneggenburger, R. (2004). Developmental expression of the
Ca?*-binding proteins calretinin and parvalbumin at the calyx of held of
rats and mice. Eur. J. Neurosci. 20, 1473-1482. doi: 10.1111/j.1460-9568.2004.
03604.x

Ford, M. C., Alexandrova, O., Cossell, L., Attwell, D., and Grothe, B. (2012). “Fine
tuning of action potential conduction velocity in myelinated CNS axons,” in
Poster at the Neuroscience Meeting Planner, 2012, (New Orleans, LA: Society for
Neuroscience).

Gillespie, D. C., Kim, G., and Kandler, K. (2005). Inhibitory synapses in the
developing auditory system are glutamatergic. Nat. Neurosci. 8, 332-338. doi:
10.1038/nn1397

Frontiers in Neuroanatomy | www.frontiersin.org

March 2015 | Volume 9 | Article 35


http://www.frontiersin.org/Neuroanatomy/
http://www.frontiersin.org/
http://www.frontiersin.org/Neuroanatomy/archive

Kulesza and Grothe

The MNTB in humans

Glendenning, K. K., and Masterton, R. B. (1998). Comparative morphome-
try of mammalian central auditory systems: variation in nuclei and form
of the ascending system. Brain Behav. Evol. 51, 59-89. doi: 10.1159/0000
06530

Goldberg, J. M., and Brown, P. B. (1969). Response of binaural neurons of
dog superior olivary complex to dichotic tonal stimuli: some physiological
mechanisms of sound localization. J. Neurophysiol. 32, 613-636.

Grothe, B. (1994). Interaction of excitation and inhibition in processing of pure
tone and amplitude-modulated stimuli in the medial superior olive of the
mustached bat. J. Neurophysiol. 71, 706-721.

Grothe, B. (2000). The evolution of temporal processing in the medial supe-
rior olive, an auditory brainstem structure. Prog. Neurobiol. 61, 581-610. doi:
10.1016/S0301-0082(99)00068-4

Grothe, B., and Pecka, M. (2014). The natural history of sound localization in
mammals - a story of neuronal inhibition. Front. Neural Circuits 8:116. doi:
10.3389/fncir.2014.00116

Grothe, B., Pecka, M., and McAlpine, D. (2010). Mechanisms of sound local-
ization in mammals. Physiol. Rev. 90, 983-1012. doi: 10.1152/physrev.0002
6.2009

Grothe, B., and Sanes, D. H. (1993). Bilateral inhibition by glycinergic afferents in
the medial superior olive. J. Neurophysiol. 69, 1192-1196.

Grothe, B., and Sanes, D. H. (1994). Synaptic inhibition influences the tempo-
ral coding properties of medial superior olivary neurons: an in vitro study.
J. Neurosci. 14,1701-1709.

Hartig, W., Singer, A., Grosche, J., Brauer, K., Ottersen, O. P., and Briickner,
G. (2001). Perineuronal nets in the rat medial nucleus of the trapezoid body
surround neurons immunoreactive for various amino acids, calcium-binding
proteins and the potassium channel subunit Kv3.1b. Brain Res. 899, 123-133.
doi: 10.1016/S0006-8993(01)02211-9

Heffner, R. S., and Masterton, R. B. (1990). “Sound localization: brainstem
mechanisms,” in Comparative Perception, Basic Mechanisms, Vol. I, eds
M. A. Berkley and W. C. Stebbins (New York, NY: John Wiley & Sons),
285-314.

Hilbig, H., Beil, B., Hilbig, H., Call, J., and Bidmon, H. J. (2009). Superior olivary
complex organization and cytoarchitecture may be correlated with function
and catarrhine primate phylogeny. Brain Struct. Funct. 213, 489-497. doi:
10.1007/s00429-008-0201-5

Hilbig, H., Nowack, S., Boeckler, K., Bidmon, H. J., and Zilles, K. (2007).
Characterization of neuronal subsets surrounded by perineuronal nets in
the rhesus auditory brainstem. J. Anat. 210, 507-517. doi: 10.1111/j.1469-
7580.2007.00713.x

Jalabi, W., Kopp-Scheinpflug, C., Allen, P. D., Schiavon, E., DiGiacomo, R. R,,
Forsythe, I. D, et al. (2013). Sound localization ability and glycinergic inner-
vation of the superior olivary complex persist after genetic deletion of the
medial nucleus of the trapezoid body. J. Neurosci. 33, 15044-15049. doi:
10.1523/JNEUROSCI.2604-13.2013

Kadner, A., and Berrebi, A. S. (2008). Encoding of temporal features of
auditory stimuli in the medial nucleus of the trapezoid body and supe-
rior paraolivary nucleus of the rat. Neuroscience 151, 868-887. doi:
10.1016/j.neuroscience.2007.11.008

Kandler, K., and Friauf, E. (1995). Development of glycinergic and glutamatergic
synaptic transmission in the auditory brainstem of perinatal rats. J. Neurosci.
15, 6890-6904.

Kapfer, C., Seidl, A. H., Schweizer, H., and Grothe, B. (2002). Experience-
dependent refinement of inhibitory inputs to auditory coincidence-detector
neurons. Nat. Neurosci. 5, 247-253. doi: 10.1038/nn810

Kim, S. E., Lee, S. Y., Blanco, C. L., and Kim, J. H. (2014). Developmental pro-
files of the intrinsic properties and synaptic function of auditory neurons
in preterm and term baboon neonates. J. Neurosci. 34, 11399-11404. doi:
10.1523/JNEUROSCI.4734-13.2014

Kopp-Scheinpflug, C., Tozer, A. J., Robinson, S. W., Tempel, B. L., Hennig,
M. H., and Forsythe, I. D. (2011). The sound of silence: ionic mechanisms
encoding sound termination. Neuron 71, 911-925. doi: 10.1016/j.neuron.2011.
06.028

Kotak, V. C., Korada, S., Schwartz, I. R., and Sanes, D. H. (1998). A developmen-
tal shift from GABAergic to glycinergic transmission in the central auditory
system. J. Neurosci. 18, 4646-4655.

Kulesza, R. J. (2007). Cytoarchitecture of the human superior olivary com-
plex: medial and lateral supeiror olive. Hear. Res. 225, 80-90. doi:
10.1016/j.heares.2006.12.006

Kulesza, R. J. (2008). Cytoarchitecture of the human superior olivary complex:
nuclei of the trapezoid body and posterior tier. Hear. Res. 241, 52-63. doi:
10.1016/j.heares.2008.04.010

Kulesza, R. J. (2014). Characterization of human auditory brainstem circuits by
calcium-binding protein imunohistochemistry. Neuroscience 258, 318-331. doi:
10.1016/j.neuroscience.2013.11.035

Kulesza, R. J., Kadner, A., and Berrebi, A. S. (2007). Distinct roles for glycine and
GABA in shaping the response properties of neurons in the superior paraolivary
nucleus of the rat. J. Neurophysiol. 97, 1610-1620. doi: 10.1152/jn.00613.2006

Kulesza, R. J. Jr., Lukose, R., and Stevens, L. V. (2011). Malformation of the human
superior olive in autistic spectrum disorders. Brain Res. 1367, 360-371. doi:
10.1016/j.brainres.2010.10.015

Kuwabara, N., DiCaprio, R. A., and Zook, J. M. (1991). Afferents to the medial
nucleus of the trapezoid body and their collateral projections. J. Comp. Neurol.
314, 684-706. doi: 10.1002/cne.903140405

Kuwabara, N., and Zook, J. M. (1992). Projections to the medial superior olive from
the medial and lateral nuclei of the trapezoid body in rodents and bats. J. Comp.
Neurol. 324, 522-538. doi: 10.1002/cne.903240406

Kuwada, S., Batra, R, Yin, T. C,, Oliver, D. L., Haberly, L. B., and Stanford,
T. R. (1997). Intracellular recordings in response to monaural and binaural
stimulation of neurons in the inferior colliculus of the cat. J. Neurosci. 17,
7565-7581.

Lohmann, C., and Friauf, E. (1996). Distribution of the calcium-binding pro-
teins parvalbumin and calretinin in the auditory brainstem of adult and
developing rats. J. Comp. Neurol. 367, 90-109. doi: 10.1002/(SICI)1096-
9861(19960325)367:1<90::AID-CNE7>3.0.CO;2-E

Magnusson, A. K., Kapfer, C., Grothe, B., and Koch, U. (2005). Maturation
of glycinergic inhibition in the gerbil medial superior olive after hear-
ing onset. J. Physiol. 568(Pt 2), 497-512. doi: 10.1113/jphysiol.2005.
094763

Mathews, P. J., Jercog, P. E., Rinzel, J., Scott, L. L., and Golding, N. L. (2010).
Control of submillisecond synaptic timing in binaural coincidence detectors by
Kv1 channels. Nat. Neurosci. 13, 601-611. doi: 10.1038/nn.2530

Meffin, H., and Grothe, B. (2009). Selective filtering to spurious localization cues
in the mammalian auditory brainstem. J. Acoust. Soc. Am. 126, 2437-2454. doi:
10.1121/1.3238239

Mc Laughlin, M., van der Heijden, M., and Joris, P. X. (2008). How secure is in
vivo synaptic transmission at the calyx of Held? J. Neurosci. 28, 10206-10219.
doi: 10.1523/JNEUROSCI.2735-08.2008

Moore, J. K. (1987). The human auditory brain stem: a comparative view. Hear.
Res. 29, 1-32. doi: 10.1016/0378-5955(87)90202-4

Moore, J. K. (2000). Organization of the human superior olivary complex. Microsc.
Res. Technol. 51, 403-412. doi: 10.1002/1097-0029(20001115)51:4<403::AID-
JEMT8>3.0.CO;2-Q

Moore, J. K., and Linthicum, F. H. Jr. (2004). “Auditory system,” in The Human
Nervous System, Chap. 34, eds J. K. Mai and G. Paxinos (Amsterdam: Elsevier).
doi: 10.1016/B978-012547626-3/50035-1

Moore, J. K., and Moore, R. Y. (1971). A comparative study of the superior oli-
vary complex in the primate brain. Folia Primatol. (Basel) 16, 35-51. doi:
10.1159/000155390

Moore, J. K., and Osen, K. K. (1979). The cochlear nuclei in man. Am. J. Anat. 154,
393-418. doi: 10.1002/aja.1001540306

Moore, J. K., Simmons, D. D., and Guan, Y. (1999). The human olivocochlear
system: organization and development. Audiol. Neurootol. 4, 311-325. doi:
10.1159/000013855

Moore, M. J., and Caspary, D. M. (1983). Strychnine blocks binaural inhibition in
lateral superior olivary neurons. J. Neurosci. 3, 237-242.

Morest, D. K. (1968). The collateral system of the medial nucleus of the
trapezoid body of the cat, its neuronal architecture and relation to the
olivo-cochlear bundle. Brain Res. 9, 288-311. doi: 10.1016/0006-8993(68)
90235-7

Myoga, M. H., Lehnert, S., Leibold, C., Felmy, F., and Grothe, B. (2014).
Glycinergic inhibition tunes coincidence detection in the auditory brainstem.
Nat. Commun. 5:3790. doi: 10.1038/ncomms4790

Frontiers in Neuroanatomy | www.frontiersin.org

March 2015 | Volume 9 | Article 35


http://www.frontiersin.org/Neuroanatomy/
http://www.frontiersin.org/
http://www.frontiersin.org/Neuroanatomy/archive

Kulesza and Grothe

The MNTB in humans

Noh, J., Seal, R. P., Garver, J. A., Edwards, R. H., and Kandler, K. (2010). Glutamate
co-release at GABA/glycinergic synapses is crucial for the refinement of an
inhibitory map. Nat. Neurosci. 13, 232-238. doi: 10.1038/nn.2478

Ollo, C., and Schwartz, I. R. (1979). The superior olivary complex in C57BL/6 mice.
Am. ]. Anat. 155, 349-373. doi: 10.1002/aja.1001550306

Olszewski, J., and Baxter, D. (2014). Olszewski and Baxter’s Cytoarchitecture of the
Human Brainstem, 3rd Edn, edsJ. A. Buttner-Ennever and A. K. E. Horn (Basel:
S. Karger).

Park, T.]., Grothe, B., Pollak, G. D., Schuller, G., and Koch, U. (1996). Neural delays
shape selectivity to interaural intensity differences in the LSO. J. Neurosci. 16,
6554-6566.

Paxinos, G., and Huang, X. (1995). Atlas of the Human Brainstem. San Diego, CA:
Academic Press.

Pecka, M., Brand, A., Behrend, O., and Grothe, B. (2008). Interaural time differ-
ence processing in the mammalian medial superior olive: the role of glycinergic
inhibition. J. Neurosci. 28, 6914-6925. doi: 10.1523/JNEUROSCI.1660-08.2008

Portfors, C. V., and von Gersdorff, H. (2013). Macrocircuits for sound localization
use leaky coincidence detectors and specialized synapses. Neuron 78, 755-757.
doi: 10.1016/j.neuron.2013.05.034

Resibois, A., and Rogers, J. H. (1992). Calretinin in rat brain: an immunohisto-
chemical study. Neuroscience 46, 101-134. doi: 10.1016/0306-4522(92)90012-Q

Richter, E. A., Norris, B. E., Fullerton, B. C., Levine, R. A., and Kiang, N. Y. (1983).
Is there a medial nucleus of the trapezoid body in humans? Am. J. Anat. 168,
157-166. doi: 10.1002/aja.1001680205

Schmidt, E., Wolski, T. P. Jr., and Kulesza, R. J. Jr. (2010). Distribution of perineu-
ronal nets in the human superior olivary complex. Hear. Res. 265, 15-24. doi:
10.1016/j.heares.2010.03.077

Scott, L. L., Mathews, P. J., and Golding, N. L. (2010). Perisomatic voltage-
gated sodium channels actively maintain linear synaptic integration in prin-
cipal neurons of the medial superior olive. J. Neurosci. 30, 2039-2050. doi:
10.1523/JNEUROSCI.2385-09.2010

Siveke, L., Pecka, M., Seidl, A. H., Baudoux, S., and Grothe, B. (2006). Binaural
response properties of Low frequency neurons in the gerbil dorsal nucleus of the
lateral lemniscus. J. Neurophysiol. 96, 1425-1440. doi: 10.1152/jn.00713.2005

Smith, P. H,, Joris, P. X, Carney, L. H., and Yin, T. C. (1991). Projections of physi-
ologically characterized globular bushy cell axons from the cochlear nucleus of
the cat. J. Comp. Neurol. 304, 387-407. doi: 10.1002/cne.903040305

Smith, P. H,, Joris, P. X,, and Yin, T. C. T. (1998). Anatomy and physiology of
principal cells of the medial nucleus of the trapezoid body (MNTB) of the cat.
J. Neurophysiol. 79, 3127-3142.

Sommer, I., Lingenkohl, K., and Friauf, E. (1993). Principal cells of the rat medial
nucleus of the trapezoid body: an intracellular in vivo study of their physiology
and morphology. Exp. Brain Res. 95, 223-239. doi: 10.1007/BF00229781

Spangler, K. M., Warr, W. B., and Henkel, C. K. (1985). The projections of princi-
pal cells of the medial nucleus of the trapezoid body in the cat. J. Comp. Neurol.
238, 249-262. doi: 10.1002/cne.902380302

Spirou, G. A., and Berrebi, A. S. (1997). Glycine immunoreactivity in the
lateral nucleus of the trapezoid body of the cat. J. Comp. Neurol. 383,
473-488. doi:  10.1002/(SICI)1096-9861(19970714)383:4<473::AID-CNE6>
3.0.CO;2-#

Spirou, G. A., Rowland, K. C., and Berrebi, A. S. (1998). Ultrastructure of neu-
rons and large synaptic terminals in the lateral nucleus of the trapezoid
body of the cat. J. Comp. Neurol. 98, 257-272. doi: 10.1002/(SICI)1096-
9861(19980824)398:2<257::AID-CNE7>3.0.CO;2-#

Stange, A., Myoga, M. H., Lingner, A., Ford, M. C., Alexandrova, O., Felmy,
F., et al. (2013) Adaptation in sound localization: from GABA(B) receptor-
mediated synaptic modulation to perception. Nat. Neurosci. 16, 1840-1847. doi:
10.1038/nn.3548

Strominger, N. L. (1978). “The anatomical organization of the primate auditory
pathways,” in Sensory Systems of Primates, ed. C. R. Noback (New York: Plenum
Press).

Strominger, N. L., and Hurwitz, J. L. (1976). Anatomical aspects of the supe-
rior olivary complex. J. Comp. Neurol. 170, 485-497. doi: 10.1002/cne.901
700407

Tollin, D. J., and Yin, T. C. T. (2005). Interaural phase and level difference sen-
sitivity in low-frequency neurons in the lateral superior olive. J. Neurosci. 25,
10648-10657. doi: 10.1523/JNEUROSCI.1609-05.2005

Vicq d’Azyr, F. (1784). “Observations anatomiques sur trois Singes appelés le
Mandrill, le Callitriche & le Macaque; suivies de quelques Réflexions sur
plusieurs points d’Anatomie comparée,” in Histoire de 'Académie Royale des
Sciences (Paris: Imprimerie Royale), 478-493.

von Gersdorff, H., and Borst, J. G. (2002). Short-term plasticity at the calyx of held.
Nat. Rev. Neurosci. 3, 53-64. doi: 10.1038/nrn705

von Goethe, J. W. (1830). Principes de Philosophie Zoologique. Hamburg: Pichon et
Didier.

Wang, L. Y., Gan, L., Forsythe, I. D., and Kaczmarek, L. K. (1998). Contribution
of the Kv3.1 potassium channel to high-frequency firing in mouse audi-
tory neurones. J. Physiol. 509(Pt 1), 183-194. doi: 10.1111/j.1469-7793.1998.
183bo.x

Wenthold, R. J., Hue, D., Altschuler, R. A, and Reeks, K. A. (1987).
Glycine immunoreactivity localized in the cochlear nuckleus and super-
opr olivary complex. Neuroscience 22, 897-912. doi: 10.1016/0306-4522(87)
92968-X

Werthat, F., Alexandrova, O., Grothe, B., and Koch, U. (2008). Experience depen-
dent refinement of the inhibitory axons projecting to the medial superior olive.
Dev. Neurobiol. 68, 1454-1462. doi: 10.1002/dneu.20660

Zarbin, M. A., Wamsley, J. K., and Kuhar, M. J. (1981). Glycine receptor: light
microscopic autoradiographic localization with [3H]strychnine. J. Neurosci. 1,
532-547.

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Kulesza and Grothe. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this jour-
nal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neuroanatomy | www.frontiersin.org

March 2015 | Volume 9 | Article 35


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuroanatomy/
http://www.frontiersin.org/
http://www.frontiersin.org/Neuroanatomy/archive

	Yes, there is a medial nucleus of the trapezoid body in humans
	Introduction: The MNTB Dilemma
	Investigations of the Human MNTB
	The Human MNTB: The Denial of its Existence and the Implications of this Claim
	The Human MNTB: The Evidence for its Existence

	Conclusion
	Acknowledgments
	References


