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Abstract

Understanding the function and connectivity of thalamic nuclei is critical for understanding
normal and pathological brain function. The medial geniculate nucleus (MGN) has been studied
mostly in the context of auditory processing and its connection to the auditory cortex. However,
there is a growing body of evidence that the MGN and surrounding associated areas (‘MGN/S’)
have a diversity of projections including those to the globus pallidus, caudate/putamen, amygdala,
hypothalamus, and thalamus. Concomitantly, pathways projecting to the medial geniculate include
not only the inferior colliculus but also the auditory cortex, insula, cerebellum, and globus
pallidus. Here we expand our understanding of the connectivity of the MGN/S by using
comparative diffusion weighted imaging with probabilistic tractography in both human and mouse
brains (most previous work was in rats). In doing so, we provide the first report that attempts to
match probabilistic tractography results between human and mice. Additionally, we provide
anterograde tracing results for the mouse brain, which corroborate the probabilistic tractography
findings. Overall, the study provides evidence for the homology of MGN/S patterns of
connectivity across species for understanding translational approaches to thalamic connectivity
and function. Further, it points to the utility of DTI in both human studies and small animal
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modeling, and it suggests potential roles of these connections in human cognition, behavior, and

disease.
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1. Introduction

The thalamic nuclei are critical for interfacing and organizing cortical and subcortical
connectivity and functioning. Traditionally, thalamic nuclei like the medial and lateral
geniculate have been described as relay stations for auditory and visual information,
respectively. For example, the most studied function of the medial geniculate nucleus
(MGN) is its role in passing auditory information from the inferior colliculus to the auditory
cortex (Budinger et al., 2000; Crippa et al., 2010; Geiser et al., 2012; Horie et al., 2013;
Jones, 1985; Llano and Sherman, 2008; Mesulam and Pandya, 1973; Monakow, 1914;
Poliak, 1926; Redies et al., 1989; Ryugo and Killackey, 1974; Tunturi, 1946; Walker, 1937).
However, there is also evidence the MGN has a far broader role in multisensory processing
(Blum et al., 1979; Brinkhus et al., 1979; Carstens and Yokota, 1980; Love and Scott, 1969;
Wepsic, 1966). Further, there is growing evidence that the MGN does not operate in
isolation from other posterior thalamic nuclei (i.e. the posterior intralaminar,
suprageniculate, and peripeduncular nuclei) which are in very close proximity and may be
part of a more collective functional system(Linke and Schwegler, 2000; Winer and Morest,
1983). In fact, there is preliminary evidence that the MGN and surrounding nuclei (here to
referred to as ‘“MGN/S’,) project to the amygdala (Carter and Fibiger, 1977; LeDoux et al.,
1985a; LeDoux et al., 1985b; Ottersen and Ben-Ari, 1979; Shinonaga et al., 1994), insula/
parainsular area (Clasca et al., 1997; Guldin and Markowitsch, 1984; Linke and Schwegler,
2000), caudate/putamen(LeDoux et al., 1985a), globus pallidus(Moriizumi and Hattori,
1992), the hypothalamus(LeDoux et al., 1985a; LeDoux et al., 1984), the thalamus(LeDoux
et al., 1985a; LeDoux et al., 1984), and the midbrain(Moriizumi and Hattori, 1992).
Additionally, the MGNY/S receives input from the globus pallidus(Shammah-Lagnado et al.,
1996), the auditory cortex(Roger and Arnault, 1989) (Winer et al., 2001), the
insula(Cranford et al., 1976), the cerebellum(Raffaele et al., 1969) (Zimny et al., 1981), and
the inferior colliculus(Benevento and Fallon, 1975).

Since the MGNY/S plays a central role in sensory processing, a thorough understanding of its
anatomy and function are important for understanding certain disorders. For example, the
function of the MGN/S has been well-established in auditory fear learning (LeDoux et al.,
1985a; LeDoux et al., 1985b, 1986; LeDoux et al., 1984). Further, recent studies have
suggested that thalamic auditory processing may play a role in tinnitus(Aldhafeeri et al.,
2012; Crippa et al., 2010; Landgrebe et al., 2009; Muhlau et al., 2006; Su et al., 2012),
attention deficit disorder(Hart et al., 2013; Schweitzer et al., 2004; Xia et al., 2012), and
schizophrenia(Dorph-Petersen et al., 2009; Smith et al., 2011). However, the broad network
connectivity of the MGNY/S is not currently well-established nor is the role of these
connections. Further, the majority of the cited work above has focused on the rat model.
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Given that the mouse model offers opportunities for neuro-genetics research and work in
human patient populations can directly address the role of the MGNY/S in disease studies,
studying both is imperative to future progress.

Unfortunately, there is a paucity of studies addressing these issues. Furthermore, existing
MGN/S connectivity work uses different methodologies in mice versus humans - mouse
MGNY/S connections were studied using injection tract tracing(Horie et al., 2013; Llano and
Sherman, 2008), while human MGN/S connections to the amygdala and the inferior
colliculus used diffusion weighted MRI methods(DTI)(Crippa et al., 2010; Devlin et al.,
2006; Javad et al., 2013). Furthermore, given that anatomy and physiology differ in some
systems between humans and other species (Carlson, 2012; Manger et al., 2008; Preuss,
2000; Smulders, 2009), verification of homologous MGN/S connectivity across species is an
important foundational step for translational research.

Here we present a whole-brain exploration and comparison of the general patterns of
connectivity of the mouse and human MGNY/S probabilistic tractography. Further, we focus
down on the specific patterns of connectivity between the MGN/S and the amygdala,
auditory cortex, and fastigial nucleus of the cerebellum to explicitly compare between
humans and mice. These analyses and comparisons are important because probabilistic
tractography is often cited as a translationally useful tool (and a powerful comparative
anatomy tool between humans and other primates (Hecht et al., 2013; Rilling et al., 2008;
Thiebaut de Schotten et al., 2012; Zhang et al., 2012), but there is a dearth of studies linking
small animal models (e.g. mouse) to humans. Therefore, the objectives of the following
paper are to address the broad patterns of connectivity as predicted by probabilistic
tractography of the human and mouse MGN/S, to provide evidence for the comparative
utility of probabilistic tractography by focusing on the specific patterns of connectivity
between species, and to partially validate the results of small animal probabilistic results
with anterograde tracing from the MGN/S. First, we hypothesized that humans and mice
would show connectivity patterns between MGN/S and the amygdala, auditory cortex,
caudate/putamen, globus pallidus, thalamus, hypothalamus, cerebellum, and insula.
Additionally, we sought to further validate(Gutman et al., 2012) the mouse probabilistic
tractography results by comparing them to anterograde tracing results in the MGN/S. We
hypothesized that the mouse probabilistic tractography results would recapitulate the
patterns of connectivity evaluated using anterograde tracing.

2. Materials & Methods

2.1 Human Participants

All study procedures were approved by the institutional review board of Emory University.
A total of 10 African American women and 3 African American men, aged 20-52 (mean
age of 38 years old) were recruited under a broader, on-going neuroimaging study of risk
factors for PTSD in civilians(Fani et al., 2013; Fani et al., 2012). The participants selected
for the current student were randomly sampled from the control arm of the study. All
participants underwent a screening procedure to ensure there was no active use of
psychotropic medication, no current alcohol or substance abuse, no history of psychiatric
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disorders, no history of head injury or other neurological disorders. All female participants
received a pregnancy test prior to the imaging session.

2.2 Animal Studies

2.2.1 MRI Arm—All imaging was conducted on naive 8 week old C57BL/6J male mice
(n=10). The 10 mice were placed under anesthesia using ketamine/ dexmedetomidine, were
perfused with 10 mls phosphate buffered saline (PBS, PH 7.4), followed by 10 mls 4%
paraformaldehyde (PF) in PBS and then postfixed (for 24 hours) in the same 4% PF/PBS.
The brains were then embedded in an agarose-gadolinium (I11) oxide matrix for imaging.
Previous work has shown the validity and utility of using this method (Gutman et al., 2012).

2.2.2 Anterograde Biotinylated Dextran Amine (BDA) Tracing Arm—A separate
cohort of naive 8week old C57BL/6J male mice (n=5, Jackson Labs, Bar Harbor, Maine)
were used for the anterograde tracing (using 10,000 MW, BDA) arm of the study. The
details of the BDA method are presented elsewhere (Gutman et al., 2012), but in brief,
injections of 0.15 microliters of BDA were targeted at the MGN/S (-=3.0mm AP, +/- 2.2
mm ML, — 3.2 mm DV from Bregma) using a Stoelting Just for Mice Stereotax (Wood
Dale, Illinois) with a Hamilton Neuros 5 microliter syringe driven by a World Precision
Instruments UMC4-J pump controller and UMP3 pump (Sarasota, FI). The duration of
injection was 1 minute with the syringe left in place for 10 minutes followed by syringe
withdrawal over the course of 1 minute. The mice were perfused 1 week later, their brains
extracted, sectioned (35 microns), mounted, and examined on a Nikon E800 microscope
with a Darklite Illuminator (MVI, Inc, Avon, MA).

2.3 Magnetic Resonance Imaging - Human

All human MRI scanning was conducted on a research-dedicated Siemens 3-Tesla TIM-Trio
Scanner (Munich, Germany) that is part of the Emory/Georgia Tech Biomedical Imaging
Technology Core (BITC). The parameters used for the diffusion weighted imaging scans are
found in previous work(Fani et al., 2012). In brief, the slice thickness was 2mm, with an
imaging matrix of 128 x 128, and a field of view of 256 mm x 256 mm, TE = 154 ms, TR
13500 ms, and b = 1000 s/mm?. There were 60 diffusion weighted volumes with 3 b0
volumes. Additionally, T1 anatomical scans were acquired with an MPRAGE sequence with
a slice thickness of 1mm, imaging matrix 256 x 256, FOV = 256 mm x 256 mm, TE = 3.02
ms and TR = 2600 ms.

2.4 Magnetic Resonance Imaging — Mouse

All mouse MRI scanning was conducted on a research dedicated Bruker 9.4 Tesla MRI
scanner (Billerica, MA). All brains were scanned using our previously designed ex vivo
procedure(Gutman et al., 2012; Gutman et al., 2013). In brief, perfused mouse brains were
embedded in a gadolinium agarose matrix and scanned at multiples of 6 with a T2 RARE
sequence and a 60 direction DWI sequence. T2-weighted images were first acquired at 161
micron isotropic resolution (TE = 26ms, matrix 256 x 512, 20 averages, scan time ~ 16
hours). Diffusion weighted images were then acquired using a 2-D spin-echo based
sequence with 200 micron isotropic resolution. (TE = 26.9 ms, TR=10000 ms, matrix size of
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256 x 128, 60 axial slices collected/tube, 60 gradient directions with a diffusion weighting
b=2000 s/mm?, and 3 b0 images).

2.5 Seed Generation

All post-acquisition processing was conducted as analogously as possible between the
human and mouse data sets (differences in processing are noted). Since the mouse volumes
were collected 6 at a time, each mouse volume was isolated from the larger raw imaging
volume as previously described(Gutman et al., 2012). From there, the human and mouse
diffusion volumes were processed by isolating them either from the skull (human) or the
embedding matrix (mouse), using the Brain Extraction Toolkit (BET(Smith, 2002), http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/BET ). Both human and mouse brains were then processed
using the FSL DTI pipeline in preparation for probabilistic tractography (FDT)(Behrens et
al., 2007; Behrens et al., 2003), http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT).

The MGNY/S seeds were based on anatomical localization with the use of the Atlas of the
Human Brain (with guidance from (Devlin et al., 2006)) and the Paul Allen mouse reference
atlas (Lein et al., 2007). Given the higher resolution, all seeds were defined in anatomical
space, to which the b0 images, and consequentially probabilistic tractography results, were
registered for evaluation. In particular, after the initial placement of the MGN/S seed based
on anatomy in the high resolution anatomical scan, it was then was cross referenced with
tractography results from seeds placed within the auditory cortex and inferior colliculus
(Figure 1). For example, with the human MGNY/S regions of interest (ROIs), they were
drawn in the T1 weighted high resolution space (e.g. the MGNY/S is ventral to the ventral
posterolateral thalamic nucleus and anterior pulvinar nucleus, dorsal to the cerebral
peduncle, medial to the lateral geniculate, and lateral to the dorsal trigemino-thalamic tract),
which was then overlaid with back-transformed probabilistic connectivity maps of the
auditory cortex (AC) and inferior colliculus(IC). The anatomically defined MGN/s seed was
constrained to the area covered by the projections from the AC and IC. Further, the tracts
from the visual cortex were also generated and used to ensure that the MGN/S was isolated
from the lateral geniculate nucleus (i.e. no portion of the MGN/S seed overlapped with the
areas covered by the tracts from the visual cortex). The mouse MGN/S seeds were
analogously generated and checked, though their anatomical identification is significantly
easier given the anterior to posterior displacement of the nuclei (e.g. posterior to the LGN,
medial to the hippocampus, lateral to the midbrain).

2.6 General Probabilistic Tractography Analysis

Probabilistic tractography, with multi-fiber reconstruction (probtrackx), was then generated
for each voxel within the MGNY/S seed mask (all default settings were used except for the
inclusion of Euler streamlining and distance correction). A priori exclusion masks were
placed in the occipital lobe and pre/postcentral gyrus to help mitigate spurious tractography
results from the lateral geniculate and ventrolateral nuclei which are located adjacent to the
medial geniculate. Further, exclusion masks were placed at the natural boundaries in the
brain including the ventricles (mouse and humans) and the interface between the
hippocampus and the midbrain/thalamus (mouse, to prevent tractography errors due to
partial voluming effects in this area). Using a standard two-level registration process, the
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probabilistic tractography results were transformed (using the inverse matrix of registering
the lower resolution b0 image to the higher resolution anatomical scan) into each subject’s
high resolution mouse T2 or human T1 space. The individual subject’s high resolution
images were then registered to a common imaging space (e.g. Montreal Neurological
Institutes 152 Brain 61 Generation(Grabner et al., 2006) for humans or our own standard
mouse space template(Gutman et al., 2012; Gutman et al., 2013)). Placing the results in
common space allows for better identification of anatomy and also facilitates group level
analysis.

For a general analysis of the tract distributions with respect to the MGN/S, the tractography
results were set to a threshold 0.1% of the maximum number of tracts in a subject (Devlin et
al., 2006). These thresholded results were then either averaged across the group or binarized
and summed. The use of binarization and summation of the results highlights how consistent
a particular set of tracts were across subjects. The human results were submitted to FSL
Atlasquery function to determine the areas of the brain were the MGN connectivity mapped
onto the MINI152 space. The mouse results were compared to the Paul Allen Brain mouse
reference atlas (Allen Institute for Brain Science, Allen Mouse Brain Atlas (Lein et al.,
2007), http://mouse.brain-map.org/static/atlas) to determine areas of connectivity.

2.7 Focused Probabilistic Tractography Analysis

3. Results

Since the general analysis of tract distributions is necessarily broad and difficult to parse
into pathways of connectivity, the specific patterns of connectivity between the MGN/S and
the amygdala, auditory cortex, and fastigial nucleus were analyzed for both the human and
mouse data. In particular, seeds were generated for auditory cortex, amygdala and fastigial
nucleus of the cerebellum, which were then used as “waypoint” masks when analyzing the
probabilistic tractography of the MGN/S (i.e. the results would only show tracts starting at
the MGN/S and passing through the waypoint). The same exclusion masks and probtrackx
settings were used for this analysis, as were used for the general analysis. Unlike the general
analysis, the threshold for these images was increased to 10% of the maximum projection
since the analysis was constrained to the connectivity between two areas of the brain,
meaning less overall spurious connections and hence less “noise”.

3.1 Isolation of Human MGN/S

The results presented in Figure 1 illustrate the anatomical localization of the medial
geniculate in each human participant (panel A) based on the Mai, Paxinos and Voss Atlas of
the Human Brain(Mai et al., 2008). As a form of validation for the accuracy of these seed
placements, these localizations were cross referenced to projections from the inferior
colliculus (panel B) and the primary auditory cortex. The visual cortex connectivity
distribution was used to confirm the differentiation of the medial geniculate nucleus from
the lateral geniculate nucleus (panel C). Each individual human brain (shown in a consistent
position across figures on the surrounding border, with the male participants shown on the
lower right three brains) showed the same pattern of the auditory cortex connecting more
medially (shown in the red to yellow overlay) when compared to the visual cortex
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projections which had more lateral projections (shown in the light to dark blue overlay).
Importantly, all of the anatomically defined MGN/S seeds fell within the pathway of the
inferior colliculus and auditory cortex and did not require modification.

3.2 General MGN/S Probabilistic Connectivity in Humans

Following MGN/S seed generation and isolation, the general connectivity of the human
MGNY/s was analyzed and the results are presented in Figure 2. The results (Figure 2, Panel
A) highlight the human probabilistic connectivity between the MGN/S and the amygdala
(highlighted in purple on the atlas image), caudate, putamen, and globus pallidus on the
MNI152 2mm atlas at A-P slice 64 as compared to Plate 25 from the Human Brain
Atlas(www.thehumanbrain.info, Dusseldorf, Germany). Moving more posteriorly to MNI
slice 52, Panel B (middle Panel) details the connections between the MGN/S and the
auditory cortex (highlighted in purple on the atlas image), middle temporal cortex, posterior
putamen, insula, thalamus, and portions of the midbrain as compared to Plate 40 from the
Human Brain Atlas. Moving most posteriorly to A-P slice 32, Panel C (bottom panel) shows
the connectivity of the MGNY/S and the cerebellum as compared to the cerebellar atlas
standard in FSL atlas resources(Diedrichsen et al., 2009). The results are tabulated in the
second column of Table 1 with the number of participants showing the pattern of
connectivity. A few examples are worth highlighting with respect to the next few results
sections. Looking to connectivity between the MGN/S and amygdala, it is notable that 13 of
13 subjects showed the connectivity on the right side, and 12 of 13 subjects showed the
connectivity on the left side. Likewise, the connectivity between the MGN/S and the
cerebellum had 13 of 13 subjects showing the connectivity on the left, and 11 of 13 subjects
showing connectivity on the right. It is interesting to note, that despite the use of the
auditory cortex probabilistic tractography as a means to confirm the location of the MGN/S,
the patterns of connectivity between the MGN/S and the auditory cortex only showed 8/13
subjects for both hemispheres when using the 0.1% threshold and then binarizing. Further, it
is worth noting that in the areas immediately adjacent to the MGN/S there is a diffuse
pattern of connectivity throughout the thalamic regions.

3.3 MGN/S Probabilistic Connectivity in Mice

Paralleling the results found in humans, the results of the probabilistic connectivity of the
MGNY/S in mice are presented in Figure 3. In particular the surrounding border of each panel
show the tractography results for each mouse thresholded at 0.1%. The left-center image
shows the binarized and summated image of those results threshold at least 5 brains. Moving
from anterior to posterior, panel A (top panel) highlights the connectivity of the MGN with
the amygdala, caudate putamen, thalamus and hypothalamus as compared to section 70 of
the Paul Allen Mouse Brain Reference Atlas (atlas.brain-map.org). In panel B, the
connectivity maps show connections to the auditory cortex, thalamus, hypothalamus, and
portions of the midbrain as compared to section 2 of the Paul Allen Brain atlas. Panel C
shows the connections between the MGN and the cerebellum, particularly the fastigial
nucleus as compared to section 116 of the Paul Allen Mouse Brain Reference Atlas.
Looking at the same patterns noted in section 3.2 for humans, the mouse probabilistic
tractography showed that 6/10 mice showed connections to the amygdala in both
hemisphere. Likewise 9/10 mice showed connections to the auditory cortex in both
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hemisphere. Finally, on the right hemisphere 8 of 10 mice and on the left hemisphere 9 of 10
mice showed connectivity between the MGNY/S and fastigial nucleus of the cerebellum. Like
in the human results, it is worth noting that in the areas adjacent to the MGN/S there is a
diffuse pattern of connectivity throughout the thalamic regions and also the midbrain
regions.

3.4 Focused Mouse Connectivity Comparisons in Midbrain and Thalamus

Given the rather diffuse tractography results when seeding the mouse MGN/S, it is
important to evaluate the results with respect to the underlying axonal tracts. Therefore,
Figure 4 compares the general probabilistic tractography results at different thresholds (1%,
10%, 25%, and 50%) to a matched brain section from the BDA anterograde tracing arm of
the study. Figure 4A shows a zoomed in section focused on the thalamus and hypothalamus
when compared to Section 73 and 74 of the Paul Allen Brain Atlas (not shown in Figure).
Notably there are projections to the lateral posterior nucleus and central medial nucleus of
the thalamus, the zona incerta of the hypothalamus, and the posterior hypothalamic nucleus.
In addition to these areas that receive the MGN/S projections, it is notable that the 4A also
shows extensive fibers of passage through the thalamus and hypothalamus (though the fibers
are faint in the captured image) and fibers coursing through the medial lemniscal pathway
and the internal capsule. Figure 4B shows a very stringently thresholded (50%) probabilistic
tractography image which shows a strong concordance (see white arrows) with the areas of
higher BDA density. Figure 4C-E highlights how reducing the threshold increases the
distribution of tracts. It is worth noting, that while thresholds of 10% and above do appear to
increase the concordance with the retrograde imaging overall, there is the loss of certain
probabilistic tractography results like the auditory cortex which are apparent at 0.1%
threshold (see discussion for further consideration).

3.5. Comparisons of Connectivity between the MGN/S and the Amygdala, Auditory Cortex,
Fastigial Nucleus

In order to distinctly compare the patterns of connectivity of the MGN/S between humans
and mice, a focused analysis of the patterns of probabilistic connectivity was conducted
between the MGN/S and the amygdala, auditory cortex, and fastigial nucleus of the
cerebellum in humans and mice. Figure 5 shows the results of the analysis for the
connectivity between the MGN/S and the amygdala. Figure 5A shows the average tracts
across the 13 human brains that exist between the MGN/S and the amygdala, with Figure 5B
showing a more posterior section showing that the pathway of the tract is through the
internal capsule. Likewise the left side of Figure 5C shows the patten of connectivity
between the MGN/S and amygdala in the mouse, which also crosses through the internal
capsule. The corresponding section with the anterograde BDA tracing shows that the tracts
do pass from the MGNY/S and course through the internal capsule before termination on the
amygdala. Figure 5D shows an adjacent BDA anterograde section with the rather extensive
coverage of the amygdala.

Likewise, Figure 6 shows the patterns of connectivity between the MGN/S and the auditory
cortex as compared between humans and mice. Figure 6A shows the average tracts across
the 13 human subjects between the MGN/S and the auditory cortex, with Figure 6B showing
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their path through the internal capsule, particularly the posterior limb, which cross over the
external capsule. These results are echoed in the mice in Figure 5C with left side of the
image showing the probabilistic tractography results to the auditory cortex using the internal
capsule, then crossing the external capsule with the concurrent anterograde tracing results
showing the same pattern. Figure 5D shows the density of the anterograde tracing in an
adjacent posterior section that covers the auditory cortex in a pattern consistent with Figure
3B.

Next, Figure 7 highlights the patterns of connectivity between the MGN/S and the fastigial
nucleus of the cerebellum between humans and mice. Figure 7A shows the average tracts for
the human subjects between the MGN/S and the fastigial nucleus of the cerebellum as
determined using a previously published probabilistic atlas of the cerebellum(Diedrichsen et
al., 2011). Looking at a sagittal perspective, the connectivity between the fastigial nucleus
and the MGN/S is mediated by the superior cerebellar peduncle. These results are mirrored
in the mouse probabilistic tractography data as well, Figure 7C showing the average tracts
between the MGN/S and the fastigial nucleus as determined using the Section 116 of the
Paul Allen Brain Mouse Atlas.

Finally, Figure 8 presents an overview of the anterograde tracing results used for
comparison to the probabilistic tractography in mice. Of the five mice used for the study,
one showed the most concordance with the MGN/S seed used for the mouse probabilistic
tractography analysis. The results from the anterograde tracer injections for that mouse are
detailed in Table 1 along with comparison to the results of the general connectivity patterns
seen in Figure 3. In agreement with the mouse probabilistic tractography results there were
fibers of passage and termination through the thalamus, hypothalamus, and midbrain.
Additionally, there were dense projections that terminated in the auditory cortex, amygdala,
and the caudate/putamen.

4. Discussion

Though the classical role of the MGN is to relay information to the auditory cortex, the
numerous other projections from the MGN and surrounding areas need further exploration.
This is particularly important since recent studies have suggested that thalamic auditory
processing may play a role in tinnitus(Aldhafeeri et al., 2012; Crippa et al., 2010; Landgrebe
et al., 2009; Muhlau et al., 2006; Su et al., 2012), attention deficit disorder(Hart et al., 2013;
Schweitzer et al., 2004; Xia et al., 2012), and schizophrenia(Dorph-Petersen et al., 2009;
Smith et al., 2011), though the exact circuits for these diseases has not been postulated. Here
we have shown that the connections previously found in rats also exist in both humans and
mice, which expanded our understanding of both mouse and human MGN/S connectivity
over previous work. More pointedly, we have directly compared the connections between
the MGN/S and the auditory cortex, amygdala, and the fastigial nucleus of the cerebellum,
which showed distinct homology between humans and mice, and also corresponded to the
anterograde tracing results presented here. Looking more broadly, these results suggest a
common pattern of connectivity between mice, rats, and humans, suggesting that these
connections are likely evolutionarily conserved throughout the mammalian family tree.
Additionally, we have further expanded the corroboration of diffusion weighted MRI based
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probabilistic tractography in mice with the use of the anterograde tracing molecules
biotinylated dextran amine(Gutman et al., 2012).

Our comparison of the broad patterns of probabilistic tractography in mice and humans
revealed connections between the MGN/S and the auditory cortex, amygdala, globus
pallidus, caudate/putamen, hypothalamus, thalamus, and cerebellum. Interestingly, we also
saw connections with the middle temporal cortex (discussed further below). A review of the
literature reveals that the functional role of these specific connections is not apparent. Of the
medial geniculate connections, the most studied is the reciprocal connection between the
amygdala (central and lateral) and MGN. Early work by Ledoux and colleagues showed that
the connection between the auditory thalamus and the amygdala, but not necessarily the
auditory cortex to the amygdala, was important for auditory fear conditioning in the rat
(LeDoux et al., 1984). Further exploration of the connections from the MGN provided
evidence that disruptions of the MGN - amygdala tracts, but not to the caudate/putamen,
resulted in diminished fear conditioning responses(lwata et al., 1986; LeDoux et al., 1985a;
LeDoux et al., 1986). However, whether this pathway serves a broader role in cognition and
behavior is still unclear.

With regards to the connections with the caudate-putamen, our results are also consistent
with past work in the rat(LeDoux et al., 1984; Ryugo and Killackey, 1974) that showed the
primary source of these projections were the ventral and dorsal subdivisions of the MGN
(Ryugo and Killackey, 1974). Beyond tract tracing, there is converging evidence for the
connection in the form of evoked unit responses in striatal neurons when electrical
stimulation is applied to the medial geniculate nucleus(Clugnet et al., 1990). With the
pallidum there is evidence in the rat that there are reciprocal projections between the medial
portion of the medial geniculate and the globus pallidus (Moriizumi and Hattori, 1992;
Shammah-Lagnado et al., 1996). The role of the connection between the MGN and globus
pallidus is unclear. Clearly there is a lack of research on the role of the direct connections
between the MGN and the caudal portions of the caudate-putamen and globus pallidus.
However, looking more broadly, there is accumulating evidence for the basal ganglia in
processing auditory information, including projections from the auditory cortex(McGeorge
and Faull, 1989). Such work is now coalescing into a broadly accepted theory that the basal
ganglia is involved in temporal auditory perception (e.g. beat perception)(Grahn and Brett,
2007), in the synchronization of auditory and visual sensory information(Freeman et al.,
2013), in the processing of language(Lieberman et al., 1990), and in vocal learning and
perception in song birds(Hessler and Doupe, 1999) (Brainard and Doupe, 2000). Inputs from
the MGN/s (and vice versa) into the basal ganglia may sub-serve important roles in these
facets of cognition and behavior.

The connections between the hypothalamus and the MGN/S implicate a potential
neuroendocrine role. Both the BDA tracing results and the probabilistic results suggest that
there is a fair degree of connectivity between the MGN/S and the hypothalamus (albeit the
BDA staining density is lower than seen in the other areas). Of the results presented here
with humans and mice there is a match to previous work in rats showing a projection from
the immediately adjacent area of the MGN to the ventromedial hypothalamus(LeDoux et al.,
1984). A study of this connection has shown that lesions to the MGN, and potentially
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surrounding nuclei, drastically reduce the release of corticosterone released in response to
audiogenic stress (restraint and ether stress showed normal corticosterone release)(Campeau
et al., 1997). Likewise our results that in humans and mice there are notable connections
between the MGNY/S and the zona incerta, which has been substantiated in rats (Power et al.,
1999), though again the role of this connection is poorly understood.

Regarding the connectivity between the MGN/S and the rest of the thalamus, there is
evidence that the immediately adjacent areas around the MGNY/S send projections to the
subparafasicular nucleus in rats (LeDoux et al., 1985a; LeDoux et al., 1984; Wang et al.,
2006). We show the same connections using our classical tracing study in mice.
Interestingly, very little is known about the subparafasicular nucleus, though it is known that
it is the point of convergence of input from medial prefrontal, insular, and ectorhinal
cortices, as well as the lateral septum, amygdala, portions of the hypothalamus,
periaqueductal gray, and several other nuclei(Wang et al., 2006). Based on the source of
these afferent inputs it has been postulated that the area is involved in reproductive, visceral,
nociceptive, and auditory functions. Looking more broadly at Table 1 and the results in the
Figure 2, 3, and 8, it would appear that there are numerous other connections between the
MGNY/S and thalamus that should be explored. Finally, focusing to the connectivity between
the MGN/S and cerebellum, there is limited early work in the cat and the rat that substantiate
these tracts, though little work has followed up to determine the role of the connection
(Raffaele et al., 1969; Zimny et al., 1981)

Overall, the probabilistic tractography results show that there are large similarities in the
broad patterns of connectivity between mice and humans (see Table 1). These similarities
suggest that these connections have functional utility though these functions are still poorly
understood. Interestingly, there are points of discordance in the comparison between the two
species. The human data shows unilateral projections to the middle temporal cortex, which
does not have direct connectivity to MGN or adjacent nuclei. Further analysis will be
necessary to determine whether these unknown connections are a false positive result of
probabilistic tractography algorithm. Further, the human data showed connectivity between
the MGN/S and the insula, which is concordant with other species (as aforementioned);
however the mouse data did not show this finding in the majority of the brains investigated
(the connection was apparent in 4/10 brains bilaterally and hence the data was not
presented). The lack of a finding in the mouse likely reflects large robust tracts adjacent to
the MGN/S (e.g. internal capsule), dominating the majority of the tractography results and
mitigating other projections to cortical areas. It is worth noting here that the general
connectivity results show that areas like the auditory cortex, insula, and amygdala required a
low threshold to observe in both humans and mice. This reflects that while improvements in
the probabilistic algorithm like distance correction and crossing fibers analysis have helped
to increase the ability to find tracts, these tracts still are ultimately less common with respect
to the major pathways.

There is significant evidence presented here for the convergence of probabilistic
tractography and the anterograde tracing findings. While previous work has identified a few
points of specific corroboration between anterograde tracing and probabilistic tractography
(Gutman et al., 2012), here we provide a more comprehensive and specific comparison
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between the two methods. In our data, probabilistic tractography highlight the major
fasciculi that contain the projections from the MGNY/S seed including the internal capsule,
medial lemniscus, and superior cerebral peduncle. Notably, these same major white matter
projections were also noted in the anterograde tracing data. Furthermore, the conjunction of
the two techniques reveals that probabilistic tractography was able to pick up fibers passing
through large portions of the midbrain, thalamus and hypothalamus, which are
heterogeneous mixtures of white and grey matter. Since the size of axons is orders of
magnitude smaller than the voxel size, it does increase the chances of a false positive or
false negative in these areas of heterogenous white and grey matter. This is exhibited in
Figure 3 which shows diffuse projections throughout the thalamus, hypothalamus and
midbrain. While this can be partially ameliorated with higher and higher thresholds, such
thresholding also increases the chances for false positives (e.g. like the auditory cortex in
Figure 4). Further, it should be noted, that as seen in Figure 4 and 8, there are actually
extensive anterograde projections and terminations throughout the thalamus and
hypothalamus (these results are also seen Paul Allen mouse connectivity MG Injections,
http://connectivity.brain-map.org/), so diffuse probabilistic results not be immediately
discredited. Finally, on this point it should also be considered that the tracing employed in
the study was only anterograde, and there are likely extensive projections to the MGN/S that
are captured by the probabilistic tractography but not our anterograde tracing.

In terms of study limitations there are few notable points that need addressed with regards to
human participant selection, differences in image acquisition, and finally overall data
interpretation limitations. First, the human arm of the study was conducted with all African
Americans, mostly with female participants and the average age was older than most
imaging studies. Looking at the patterns of the three men versus the ten women in all figures
suggest that there is not an obvious gender difference. Likewise, age effects were not readily
apparent when looking at connectivity between the participants in their 20s and 50s. With
regards to race, there is no evidence readily available suggesting it would affect
connectivity, but future studies are encouraged to investigate the question further. With
regards to imaging acquisition, it should be remarked that the mouse diffusion weighted
volumes were collected ex vivo while the human volumes were collected in vivo. Our
previous work has suggested that the ex vivo images reliably recapitulate the results seen
with classical tracing (Gutman et al., 2012), as does this current study. Finally, with regards
to the analysis, the use of diffusion weighted imaging naturally limits the resolution and
hence resolving power of the analysis and is also not predictive of direction (e.g.
anterograde vs. retrograde). Therefore, it is not possible to further elucidate which of the
MGN or surrounding nuclei are contributing to the different paths of connectivity with our
current data sets, however, with a recent surge in small animal imaging there are sequences
with increasing resolution that may address these questions in the future(Wu et al., 2013).
Additionally, the collection of higher resolution data using conventional imaging requires
prohibitively long scan times, though advances are growing in the field to ameliorate some
of these concerns(Muller et al., 2012). Looking more broadly, diffusion weighted imaging is
used widely to make conclusions concerning human patterns of connectivity and also
changes in the diffusion measurements of fractional anisotropy and mean diffusivity.
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Understanding what these measurements are showing requires the use of well validated
animal models, as in the case of this study.

Overall, the preceding discussion and findings provide a foundation against which to study
the role of these conserved but poorly understood patterns of MGN/S connectivity. Given
the growing literature that implicates the auditory thalamic nuclei in disorders as diverse as
tinnitus and schizophrenia there is a need to study these pathways and their function.
Additionally, excellent work has begun to demonstrate the role of mice in understanding
stress related brain structure and function (Golub et al., 2011; Grunecker et al., 2013). Our
data provide a precedent for the use of tractography in a comparative and translationally
meaningful way with a small animal model. These findings provide a foundation for future
experimental work examining aberrations in connectivity with experimental small animal
genetically tractable models like the mouse.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Determination of the Human MGN/S Seed
Panel A shows the summation of the MGN/S seed (red) on a standard MNI template (center

left) with the atlas image (central right, www.thehumanbrain.info) provided for comparison.
The surrounding brains show the placement of the seed on the T1 anatomical image for each
participant individually. Panel B shows the patterns of connectivity (in green) for the
inferior colliculus seed. The central left brain shows the summation of all participants in
MNI152 space (threshold set 0.1% tracts and to a minimum of 7 of the 13 brains showing
the results as indicated on the top of the color key). The perimeter shows the individual IC
tractography results for the 1C seed thresholded at 0.1%. Looking at the central summation
figure, notice the overlap of the inferior colliculus pathways with the placement of the
MGNY/S seed in Panel A — as indicated by the white arrows. Likewise, panel C shows the
same summation map of the probabilistic tractography of the primary visual cortex (dark
blue to bright blue) and the summation map of the projections of the primary auditory cortex
(red to yellow). In the central summation figure, notice the overlap of the auditory pathways
with the placement of the MGN/S seed in Panel A — as indicated by the white arrows.
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Figure 2. The Probabilistic Connections of the Human MGN/S
Panel A shows the general pattern of connectivity between the MGN/S and the amygdala

(highlighted on the Human Brain Atlas image in purple) and also portions of the caudate,
putamen, and globus pallidus. As in Figure 1, the left central figure is the summation of the
binarized tracts from all subjects overlaid onto the MNI152 brain (threshold set at 0.1%
tracts and 6 of the 13 participants showing the connectivity). The surrounding brains are the
individual results (matched in position to Figure 1) thresholded a 0.1%. Panel B is analogous
in layout to Panel A and shows the connectivity of the medial geniculate to the thalamus,
auditory cortex, middle temporal cortex, insula, and portions of the midbrain. Likewise,
Panel C shows the connectivity of MGN/S and cerebellum, with the right central image
representing the probabilistic cerebellar atlas included with FSL.
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Figure 3. The Probabilistic Connections of the Mouse Medial Geniculate Nucleus
Panel A shows the connectivity of the MGN/S and the caudate/putamen (light blue) and the

amygdala (highlighted in purple, along with the thalamus and hypothalamus. Following the
layout of the previous figures, the left central figure is the summation of the thresholded and
binarized probabilistic tractography results from all participants overlaid onto our standard
24 average mouse brain (5 of 10 mice showing the connectivity). The surrounding smaller
brains are the individual probabilistic tractography results overlaid onto the standard mouse
brain. The right central figure is the closest corresponding section from the Paul Allen brain
atlas. Panel B shows the connectivity of the medial geniculate and the thalamus,
hypothalamus, auditory cortex, and portions of the midbrain and spinal tracts. Panel C
shows the connectivity of MGN/S and cerebellum.
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Figure 4. A Focused Comparison of Anterograde Tracing and Probabilistic Tractography in the
Midbrain and Thalamus

Panel A shows the BDA anterograde tracing results for injections into the MGN/S, with
notable pathways to the hypothalamus (zona incerta and lateral hypothalamus) and thalamus
(lateral posterior and central median nucleus). Panel B shows an extensively thresholded
(50% of tracts) average tractography results, which corresponds to the Panel A, that
accurately correspond to those in Panel A (indicated with white arrows). Panel C—E shows
the same average probabilistic tractography, though with different threshold values. Note
that Panel A has rather diffuse tracts running across the thalamus and hypothalamus, which
are most closely recapitulated in Panel E with the 1% threshold. Yet even at the 1%
threshold there is a loss of the auditory cortex connections that are apparent at 0.1%
thresholding in Figure 4B.
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Figure 5. A Focused Comparison of Human and Mouse MGN/S and the Amygdala
Panel A shows the average probabilistic tractography (thresholded at 10%) between the

human MGNY/S and amygdala (the amygdala is indicated by the white arrow). Panel B
shows a section posterior to Panel A to highlight that the pathway between the MGN/S and
amygdala is the internal capsule (indicated by the arrow). In parallel, Panel C the average
probabilistic tractography results (thresholded at 10%) between the mouse MGN/S and the
amygdala, along with the concordance to the anterograde tracing results (lateral white
arrows point out the amygdala, medial white arrows point out the fibers of passage through
the internal capsule). Panel D shows the more extensive amygdala connections in an
adjacent posterior section.
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Figure 6. A Focused Comparison of Human and Mouse MGN/S and Auditory Cortex
Connectivity

Panel A shows the average probabilistic tractography (thresholded at 10%) between the
human MGNY/S and Auditory Cortex (the auditory cortex is indicated by the white arrow).
Panel B shows a section posterior to Panel A to highlight that the pathway between the
MGNY/S and auditory cortex is the internal capsule. In parallel, Panel C the average
probabilistic tractography results between the mouse MGN/S and the auditory cortex, along
with the concordance to the anterograde tracing results (white arrows point out the auditory
cortex. Panel D shows the more extensive auditory cortex connections in an adjacent
posterior section (indicated by white arrow).
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Figure 7. A Focused Comparison of Human and Mouse MGN/S and Fastigial Nucleus of the
Cerebellum Connectivity

Panel A shows the average probabilistic tractography (thresholded at 10%) between the
human MGNY/S and cerebellum (the fastigial nucleus is indicated by the white arrow, as
compared to a previously published atlas of the cerebellum). Panel B shows a sagittal
section that highlights that the pathway between the MGN/S and fastigial nucleus of the
cerebellum is the superior cerebellar peduncle. In parallel, Panel C the average probabilistic
tractography results between the mouse MGNY/S and the fastigial nucleus of the cerebellum
(indicated by the white arrow on the tractography and Paul Allen mouse brain atlas). Panel
D shows a sagittal section that highlights the pathway of the connectivity between the
fastigial nucleus and the MGN/S which is the superior cerebellar peduncle.
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Figure 8. The Anterograde Classical Tracing Results of the MGN/S
The whole brain sections on the left (Panels A-D, Sections 75, ) are a composite of the most

representative slice from one mouse. Panel A shows the extensive amygdala, auditory
cortex, and caudate-putamen projections which course through the internal capsule. Panels
B and C show that there are also notable projections and fibers of passage in the
hypothalamus, thalamus, and midbrain. Panels C and D show that the injection site the
predominantly resides in the MGN/S (as indicated by the white arrows). The right two
sections (E & F) are magnifications of the amygdala,/ caudate-putamen plus auditory
cortex on top from the upper left section and the magnification of the high density of fibers
of termination and passage through the thalamus, hypothalamus, and midbrain from the
upper middle section. Note that there are more subtle tracts present throughout the thalamus,
hypothalamus, and midbrain that are not apparent on the image reproduction, even Panels E
and F.

Neuroimage. Author manuscript; available in PMC 2016 January 15.



Page 26

Keifer et al.

sisAfeue AydesBoroesn ansijiqeqoad pasnooy e 4oy 7 ainbiH 9as

‘sisAjeue AydesBoloesy onsijigqeqold pasnaoy e 1oy T ainbi4 [eyuswajddng sas

‘sisAjeue AydesBoloely onsijiqeqo.d pasnooy e 1oy 7 ainbi4 aas

G'y ‘e sainbiq 99s

t
sisAjeue Aydeiboloesy onsijigqeqold pasnaoy e 1oy G ainbi4 8&
sisAJeue AydeiBoloes onsijiqeqoid pasnooy e 1oy 9 ainbi- 8as

*
panIesqQ 10N 0T 406 0T400T €TJ0TT €T4o¢€r -wnjegalsd
sn|nal1j02 Jouajul/iouadng pue Aaib [eonpanberiad 0T J0 0T 0T J0 0T €TJOET €TJOET _Uledqpin
Aa46 sunuod 0T400T 0T 4001 ETJOET ETJOET suod
snajonu
J1WeeYIgNS ‘e1adU| BUOZ ‘I19]9NN Je[ndLiusAeIed pue LIdd 0T 400T 0T 400T €T40¢€T €T4o¢€T snwefeylodAH
‘auoz JejnaLusAeledgns ‘snajonN dlweeylodAH Jousiuy
x3|dwo) J01I31S0d pue 13]INU/Sease J01I81S0d [eusA
pue ‘[esioQ [eIpawoislu] ‘Jejndiseesedgns ‘101810 [elare] ordoot 0400t ET40ET €140 ET Snuwerey L
asuaqg A1aA 0T 4007 0T400T €T4o¢er €T40¢€T $UsweInd sjepney
snpljjed sngoj ‘elelwouu] enueisqns 0T409 0T 40 L €T4oer ETJO0ET wnpijjed
189NN [eJ81e] ‘[eIpalN ‘[enuad 0T409 0T 409 €T4o¢T €T402t +xo_nEoo efepbAwy
asreds Alsp (umoys 10u) QT JO ¢ (umoys jou) QT 40 ¢ €TJOET €TJ0ET X8140D Jejnsu|
asue AloA 0T406 0T406 €408 €408 ,XeuoD Atonpny
Wby Wby ¥l Wby ¥l aJaydsiweH
Buioea | speaboisiuy A1Andsuu0)
Apms aseDd vag asno Aydeaboroe. | onsi|iqeqold asno [eaua 21151110014 UBWNH [e43Ud) S/NOIN UM Baly uleag

S/NOIA 8y ul papaas se Aydeiboloel] o1s1jIqeqold pue apelbolaluy asnoy pue Aydeiboloel ) o1sijigqeqold uewnH ayj Jo uostiedwo)

NIH-PA Author Manuscript

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2016 January 15.



