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Abstract

The locus coeruleus (LC) noradrenergic system regulates arousal and modulates attention through
its extensive projections across the brain. LC dysfunction has been implicated in a broad range of
neurodevelopmental, neurodegenerative and psychiatric disorders, as well as in the cognitive
changes observed during normal aging. Magnetic resonance imaging (MRI) has been used to
characterize the human LC (elevated contrast relative to surrounding structures), but there is
limited understanding of the factors underlying putative LC contrast that are critical to successful
biomarker development and confidence in localizing nucleus LC. We used ultra-high-field 7 T
magnetic resonance imaging (MRI) to acquire T1-weighted microscopy resolution images (78 um
in-plane resolution) of the LC from post-mortem tissue samples. Histological analyses were
performed to characterize the distribution of tyrosine hydroxylase (TH) and neuromelanin in the
scanned tissue, which allowed for direct comparison with MR microscopy images. Our results
indicate that LC-MRI contrast corresponds to the location of neuromelanin cells in LC; these also
correspond to norepinephrine neurons. Thus, neuromelanin appears to serve as a natural contrast
agent for nucleus LC that can be used to localize nucleus LC and may have the potential to
characterize neurodegenerative disease.
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Introduction

The nucleus locus coeruleus (LC) modulates arousal (Aston-Jones et al., 1984; Jouvet, 1969;
Vazey and Aston-Jones, 2014) and attentional states (Aston-Jones et al., 2000; Aston-Jones
and Cohen, 2005; Carli et al., 1983) through its extensive noradrenergic connections with
cortical and sub-cortical brain regions (Morrison et al., 1982; Porrino and Goldman-Rakic,
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1982; Morrison and Foote, 1986; Morecraft et al., 1992). Atypical development or
degeneration of LC has been implicated in the etiology of a variety of disorders involving
cognitive dysfunction, including Down syndrome, Parkinson’s disease, and Alzheimer’s
disease (Mann and Yates, 1983; Chan-Palay and Asan, 1989a; Chan-Palay, 1991; German et
al., 1992; Braak et al., 2000; Zarow et al., 2003; Vazey and Aston-Jones, 2012). A
biomarker of LC structural integrity would aid in the characterization of LC etiology in
these and other disorders, and could guide targeted pharmacotherapies for individuals with
LC dysfunction.

Magnetic resonance imaging (MRI) has been used to identify putative LC structural
contrast, or elevated signal relative to surrounding tissue, using a T1-weighted turbo spin
echo (T1-TSE) sequence with clinical 3 T MR scanners (Sasaki et al., 2006; Keren et al.,
2009). This contrast or hyperintensity is typically visible in the dorsal pons at the level of the
trochlear nucleus where LC noradrenergic neurons are particularly dense (German et al.,
1988; Chan-Palay and Asan, 1989b; Manaye et al., 1995). The histologic basis for putative
LC contrast in the T1-TSE MRI scan is unclear, but necessary for understanding the extent
to which MRI contrast can be used as a biomarker for neurodegenerative diseases that
exhibit nucleus LC decline (Ohtsuka et al., 2013).

One explanation for LC contrast in MRI scans is that neuromelanin pigment contributes to
the contrast because a similar hyperintensity is observable in the substantia nigra with T1-
TSE MRI scans where neuromelanin also accumulates (Sasaki et al., 2006). Neuromelanin is
a byproduct of neuronal norepinephrine (NE) and dopamine synthesis, accumulating in cell
bodies beginning in early childhood and increasing in concentration throughout life (Zecca
et al., 2004; Halliday et al., 2006). Thus, neuromelanin is a target for biomarker
development to characterize neurodegenerative diseases where low contrast is predicted to
occur with LC neuron loss in older adult samples. This hypothesis is supported by human
post-mortem 3 T MRI imaging of the substantia nigra in which neuromelanin contributes to
T1-TSE contrast (Kitao et al., 2013).

We tested the hypothesis that LC contrast seen in TSE sequences can be attributed to
neuromelanin that accumulates in nucleus LC. Ultra-high field 7 T imaging was used to
demonstrate consistent putative LC-MRI contrast using human post-mortem brainstems.
Histology was performed to show that neuromelanin and tyrosine hydroxylase (TH)
containing LC neurons corresponded to the presence of LC-MRI contrast for this
histological case study that leveraged the spatially varying location of LC-MRI contrast and
density of neuromelanin and TH in the left and right LC. Thus, ultra-high field imaging was
used to obtain sufficient resolution for integration with histologic data to provide cellular-
level evidence for the basis of LC-MRI contrast.

Materials and methods

Brainstem samples and tissue preparation

Post-mortem brainstem samples from the Medical University of South Carolina Carroll A.
Campbell, Jr. Neuropathology Laboratory were used to establish imaging methods that
consistently demonstrated LC-MRI contrast. These samples included tissue from
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approximately the superior colliculus level rostrally to the obex caudally. The brainstems
were from 4 females and 3 males with an age range of 62-91 years, and a donor mean age of
76.4 years (standard deviation, SD = 9.5; see Table 1). The mean post-mortem interval
between death and tissue extraction at autopsy was 9.11 h (SD = 7.18) and mean delay from
extraction to fixation was 2.14 h (SD = 1.95). All the samples were obtained from donors
whose next of kin provided a postmortem consent for tissue donation as approved by the
Medical University of South Carolina Institutional Review Board and in accordance with the
Declaration of Helsinki. The donor identity was kept anonymous from the arrival of the
tissue to the laboratory and a random identifier was assigned to each donor that could not be
linked to personal data for the donor.

The brainstem samples were selected to ensure intact anatomical structures throughout the
rostro-caudal extent of the 4th ventricle and complete pons. Exclusion criteria for brainstem
tissue selection included any gross pathological alterations observed in the pons or
cerebellum. The brainstem was separated from the rest of the brain via scalpel separation at
the level of the superior colliculus dorsally and rostral to the substantia nigra ventrally. The
brainstem specimens were fixed in 4% paraformaldehyde solution for an average of 72 h
and then transferred to 30% sucrose in 0.1 M phosphate buffer (PB) solution for 7-10 days
and stored in cryoprotectant at —20 °C. The clinical history of each donor and tissue
pathology was established using clinical records and postmortem examination by a licensed
neurologist and neuropathologist according to the National Institutes on Aging (NIA)
criteria for AD staging (Jack et al., 2012). Six of the 7 subjects had received a
neuropathological diagnosis of AD, and the last subject was found to have neuropathological
features consistent with LBD (Table 1). Again, these data were used to establish imaging
methods and there were too few cases to perform individual difference analyses.

All accessible brainstem arterial branches and vessels were carefully removed to prevent
susceptibility artifacts from intravascular (blood) iron. To maintain morphology and avoid
tissue distortion (Smith et al., 1994; Benveniste and Blackband, 2002), brainstems were
embedded in sterile 4% agar—saline in a 120 ml MRI compatible container (Fisher
Scientific) and stored at 4 °C before MRI scanning. To prevent differences in image contrast
caused by temperature variations (Bloembergen et al., 1948; De Poorter, 1995; Chen et al.,
2006), all specimens were allowed to reach room temperature (25 °C) before imaging.
Sample temperature was verified immediately before image acquisition (M = 25.45 °C, D =
0.35). Samples were centered inside the scanner and protected from vibration in a custom
MRI-compatible foam cradle.

Magnetic resonance imaging

All MRI scans were collected using a BioSpec 70/30 USR 7 T system at the MUSC Center
for Biomedical Imaging. The scanner was equipped with a 72 mm 1H quadrature volume
transmitter—receiver coil and operated with ParaVision 5.0 operating software (Bruker
BioSpin MRI GmbH, Germany). To obtain optimal LC-related contrast we acquired images
with the following parameters: echo time (TE; 9.8, 12.3, 14.8, 17.3, 19.8, 24.8, 29.8, 34.8,
and 39.8 ms) and inversion time (TI; 325, 825 and 1325 ms). Each variable was manipulated
separately, and a low resolution was utilized to leverage scanning time while maintaining
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sufficient LC-associated contrast. Common RARE-INV sequence parameters across the
acquisitions to optimize contrast were: number of slices = 8, slice thickness = 2 mm, slice
spacing = 0.5 mm, repetition time (TR) = 3000 msec, number of averages = 3, imaging
resonance frequency = 300 MHz, echo train length = 2, flip angle = 180°, matrix size = 128
x 128, field of view (FOV) = 4.00 x 4.00 cm, and in-plane voxel size = 310 um.

For comparison of putative LC-MRI contrast with cytological spatial distribution in the
same tissue, we aimed to acquire scans at microscopy (<100 um) in-plane resolution
(Johnson et al., 1993; Benveniste and Blackband, 2002). For each ex-vivo sample we first
acquired a reference scan that was used to align the RARE-INV scan volume geometry. In
particular, the volume bounding box was placed to encompass the entire tissue sample and
oriented to ensure that axial slices are perpendicular to the rostral-caudal axis of the
brainstem. The following sequence parameters were used to obtain microscopy resolution
images of the LC in postmortem tissue: number of slices = 18, slice thickness = 2 mm, slice
spacing = 0.5 mm, TR = 3000 ms, TE = 14.8 ms, T1 = 825 ms, number of averages = 5,
imaging resonance frequency = 300 MHz, echo train length = 2, flip angle = 180°, matrix
size =512 x 512, FOV = 4.00 x 4.00 cm, and in-plane voxel size = 78 pum. Images were
reconstructed at 16-bit dynamic range resolution (65,535 values). The total scan time for
each brainstem volume was 3 h 11 min.

Tissue selection and preparation—A case study design was used so that we could
provide detailed descriptions of the histologic features that co-occur with LC-MRI contrast.
This type of design is useful for characterizing histologic substrates of MRI contrast
(Bolding et al., 2013; Kitao et al., 2013). Our approach was designed to provide detailed
evidence of histologic features underlying LC-MRI contrast that can be targeted in larger
scale studies. Moreover, we leveraged the spatial distribution variation of LC-MRI contrast
within and across brainstem sections to better specify histologic properties that produce LC-
MRI contrast.

The histological analyses in this study were performed on a brainstem sample that exhibited
a substantial difference in left and right putative LC-MRI contrast (female, 91 years of age).
A 15 mm block of the pons that covered the extent of the image acquisition was incubated in
0.1 M PB with 30% sucrose in for 72 h prior to cryosectioning. The tissue was flash frozen
in liquid nitrogen and fully embedded in OCT mounting medium with the 4th ventricle
structure intact. The mounted tissue block was equilibrated to —20 °C before sectioning at 40
um-thickness on a HM 500 cryostat (Microm GmbH, Walldorf, Germany). Free floating
sections were collected in 0.1 M PB with 0.1% sodium azide at 4 °C, in consecutive wells in
a 24-well plate, so that sequential sections in each well/series were 400 um apart.

Hematoxylin & eosin (H&E) staining—A modified Mayer’s hematoxylin & eosin
(H&E) procedure (Allen, 1992) was used to visualize anatomical features and facilitate the
detection of nucleus LC adjacent to the periaqueductal gray region. Sections were mounted
on cleaned glass microscope slides, dried and defatted in xylene (2 x 10 min; Fisher
Scientific), rehydrated in alcohol (ethyl alcohol: 100%, 10 min; 95%, 5 min; 70%, 3 min;

Neuroimage. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Keren et al.

Page 5

50%, 3 min), and distilled water (3 min) before staining in hematoxylin (H3136; Sigma-
Aldrich, Saint Louis, MO, USA) for 5 min. The slides were washed in running tap water for
20 s before being counter-stained in eosin Y (E4382; Sigma-Aldrich) and phloxine B (4030;
Sigma-Aldrich) solution for 2 min. Slides were then dehydrated (ethyl alcohol: 95%, 4 min;
100%, 5 min), cleared in xylene (10 min) and cover-slipped with DPX mounting media
(SPI15-100; Fisher Scientific, Fair Lawn, NJ, USA).

Tyrosine hydroxylase immunohistochemistry—Free-floating
immunohistochemistry for tyrosine hydroxylase (TH) was used to visualize norepinephrine
cells in LC from a parallel series of sections. Sections were blocked in 10% goat serum in
Tris-buffered saline with Tween-20 (TBS-T) solution for 1 h and incubated with rabbit anti-
TH primary antibody (1:1000; P40101; Pel-Freez Biologicals, Rogers, AR, USA) diluted in
3% goat serum TBS-T for 48 h at 4 °C. Sections were then incubated with a biotinylated
goat anti-rabbit antibody (1:200; BA-1000; Vector Laboratories, Burlingame, CA, USA)
with 3% goat serum in TBS for 1 h, and then in Vectastain ABC 1:500 in TBS-T (SK-4005)
for 1 h. Staining was visualized with Vector VIP peroxidase for 10 min (SK-4600; Vector
Laboratories). The sections were mounted on glass slides, dried, dehydrated in alcohol,
defatted in xylene and cover slipped using DPX mounting media.

Neuromelanin histology—An unstained series of LC sections was mounted onto glass
slides, dehydrated, defatted and cover slipped with DPX mounting media for quantification
of pigmented neuromelanin (Fedorow et al., 2006). Tissue sections from three representative
rostral-caudal locations of the pons corresponding to the 2 mm MR slices were selected to
visualize neuromelanin distribution in the nucleus LC. Neuromelanin appeared as a brown
pigmented structure in the unstained sections.

Microscopy—High-resolution virtual slices with manual focus correction were acquired
from the unstained (neuromelanin) and stained (TH, H&E) sections using 10x and 2x
objectives, respectively, of a Nikon Eclipse E600 (Nikon, Japan) with a CCD camera and
Stereo Investigator software (v9.13, MicroBrightField, Inc., Williston, VT, USA). The same
light settings, exposure and white-balance parameters were used in all imaging. Authors
EMV and GSAJ examined and confirmed qualitative descriptions of the histological data.

Image pre-processing—Density maps from TH-stained sections across the space of the
MRI slices were obtained by converting the histologic images to binary 8 bit images with an
inverted lookup table and down-sampling the images to 512 x 512 pixels to match the
matrix size of the MRI acquisition. The binary histologic images were then co-registered
and summed across 5 slices within the axial anatomical space corresponding to the thickness
of each MRI slice (2 mm) to create a TH density map to characterize the consistency of TH-
stained cells across the space of the corresponding MRI slice. Thus, the density map was a
sum of the binary representations of TH across the slices corresponding to the section
thickness of the MRI data. All MRI scans were realigned on the axial, sagittal and coronal
planes for visualization using SPM8 (Wellcome Department of Cognitive Neurology,
University College, London, UK; http://www.fil.ion.ucl.ac.uk/spm/). To facilitate co-
registration of histological and MR images, an anatomical reference origin was set at the
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anterior medullary vellum. The SPM8 Check Registration tool was then used to manually
rigidly align the histological and MRI images.

Results

MR imaging methods for imaging LC

The ex-vivo LC imaging protocol was optimized for high resolution histological
comparisons and enhanced LC-associated MRI contrast. Fig. 1 demonstrates the effects of
different acquisition parameters on putative MR contrast in LC and surrounding tissue. The
sequences required adjustment to account for (1) the increase in magnetic field strength (i.e.,
3 Tvs. 7T MRI system) and associated T1 time lengthening with convergence of
longitudinal relaxation, which can limit tissue contrast (Benveniste and Blackband, 2002);
and (2) the impact of aldehyde-based post-mortem tissue fixation that creates molecular
binding and proton micro-environment changes in fixative penetrated tissue (Tovi and
Ericsson, 1992; Pfefferbaum et al., 2004; Shepherd et al., 2009).

Ex-vivo imaging of fixed tissue resulted in less contrast between LC and the periaqueductal
gray (PAG; Fig. 1) than we previously obtained with 3 T in vivo imaging using a similar T1-
TSE sequence (Keren et al., 2009). The RARE sequence was therefore modified to include a
longer repetition time and inversion recovery (RARE-INV), in addition to changes in echo
times, to optimize a sequence for characterizing putative LC contrast from that of the PAG
and other adjacent structures. Longer time to inversion increased LC contrast (Fig. 1A vs.
1B), whereas intensity from surrounding tissue was minimized by shorter echo times (Figs.
1C-E).

The final protocol provided an in-plane resolution of 78 pm compared to a typical in vivo 3
T acquisition with a resolution of 500 pm (Figs. 2A,B). Comparison of the RARE-INV
microscopy image with a traditional H&E microscopy image from the same tissue
demonstrates that our sequence allows comparison of gross cellular field morphology
between MR and traditional histological techniques (Figs. 2B, C).

Elevated bilateral contrast was consistently observed at the level of the dorsal pons in the
RARE-INV images (Fig. 3). These bilateral hyperintensities were located at the corner of
the 4th ventricle, at the approximate location of nucleus LC, and adjacent to the
hypointensities of the putative medial longitudinal fasciculus and superior cerebellar
peduncle. Hyperintensities could also be seen in the substantia nigra region (Fig. 4). Thus,
the RARE-INV microscopy acquisition produced a similar pattern of hyperintensities in the
putative LC and substantia nigra contrast as reported previously in in vivo studies using a
T1-TSE sequence at 3 T (Sasaki et al., 2006; Keren et al., 2009), although with a substantial
increase in spatial resolution of anatomical features that is demonstrated in Fig. 2.

White matter tracts were not observable in all samples (e.g., medial longitudinal fasciculus
in HB13, Fig. 3). In addition, there was variation between the LC contrast and surrounding
tissue across samples. Moreover, RARE-INV MR microscopy identified clear hemispheric
differences in putative LC contrast within samples (Figs. 3, 4). Note the hemispheric
asymmetry in size and shape of the putative LC contrast through slices 5-7 in Fig. 4.
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Histological validation with TH density mapping

To validate the anatomical detail and potential substrates underlying LC contrast in our MR
microscopy sequence, we undertook histological analyses on one sample (HB24; Figs. 3, 4)
that exhibited a particularly asymmetric LC morphology (Table 1). This approach allowed
us to explore the impact of within-subject differences in TH and neuromelanin deposition on
putative LC-MRI contrast, with limited confounds from fixation differences across samples
(Table 1).

TH density maps were created from summing across 5 serial TH-stained sections
anatomically corresponding to each 2 mm-thick MRI slice. These maps provided detailed
information on the location and density of TH+ neurons and processes potentially
contributing to LC-MRI contrast in these regions. The impact of relatively thick MRI slices
and the importance of summing across the histologic sections is demonstrated in Fig. 5
where MRI contrast is elevated in the right LC where there is consistent TH staining across
sections, in contrast to the left LC results where TH is inconsistently evident across
histological sections and exhibits limited LC-MRI contrast.

Fig. 6 further demonstrates that TH density was critical for observing LC-MRI contrast
across brainstem slices. Hemispheric asymmetry in TH histology corresponded to the
hemispheric asymmetry in contrast across the MRI slices of the same region (Figs. 5 and 6
slices 5-7). In particular, the rostral right side of the sample exhibited relatively weak LC-
MRI contrast (Fig. 6: slice 5) where there were sparse TH+ cell bodies with limited neurite
processes. The rostral left side of the sample exhibited stronger LC-MRI contrast and
increased TH positive neurons and processes compared to the right side (slice 5). LC-MRI
contrast was relatively pronounced bilaterally in slice 6 where this sample exhibited the
highest density of TH+ cells. Thus, LC-MRI contrast does not occur unless there is TH in
the same anatomical space.

Histologic specificity of LC-MRI contrast

The TH density maps provided gross morphologic evidence for where LC-MRI contrast
should be most pronounced. There were regions, however, where TH was present in the
absence of elevated MRI contrast. For example, Fig. 7 shows that elevated MRI contrast was
not observed in the caudal dorsal raphe nucleus that contains numerous TH+ neurons (Baker
et al., 1991). Importantly, neuromelanin does not accumulate in the dorsal raphe (Fig. 7).
Similarly, elevated contrast was not observed in TH+ LC neurites (Figs. 5 & 8) where there
was no neuromelanin.

To emphasize the observation that LC-MRI contrast occurs with the presence of
neuromelanin in TH positive cell bodies, Fig. 8 shows that the spatial distribution of LC-
MRI contrast was consistent with the spatial distribution of neuromelanin in the LC region.
Ellipsoid-shaped distributions of neuromelanin and LC-MRI contrast were present on the
left compared to oval distributions of neuromelanin and LC-MRI contrast on the right. Thus,
LC-MRI contrast is most pronounced in the presence of dense neuromelanin clusters and
TH-positive neurons.

Neuroimage. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Keren et al.

Page 8

In summary, the results demonstrate neuromelanin as a primary source of LC-MRI contrast
based on: 1) the presence of LC-MRI contrast with neuromelanin containing TH+ LC cell
bodies; 2) the corresponding asymmetrical and shape pattern of LC-MRI and neuromelanin;
and 3) the absence of LC-MRI contrast in the raphe nucleus where TH+ cell bodies were
observed without neuromelanin, and in the TH+ LC processes where neuromelanin was not
observed.

Discussion

We have demonstrated here that LC-MRI contrast in human postmortem tissue spatially
overlaps with the cellular field of nucleus LC and is dependent on the presence of
neuromelanin. There was a strong correspondence between the distribution of contrast in the
high-resolution images (78 pm in-plane voxel size) and the distribution of neuromelanin in
histological sections, as well as the distribution of TH-containing neurons. Thus, the LC-
MRI contrast obtained here provides a marker of the NE-producing neurons in nucleus LC.

The overarching goal of this study was to examine the histologic basis for LC-MRI contrast
in the LC region in order to better understand the meaning of LC-MRI contrast as a marker
for localizing LC in neuroimaging experiments (Keren et al., 2009) and as an in vivo
biomarker for LC degeneration (Matsuura et al., 2013; Ohtsuka et al., 2013; Takahashi et al.,
in press). An in vivo biomarker for LC degeneration would be useful for clinical diagnosis
because LC degeneration corresponds with several disorders, e.g., the severity of subsequent
Parkinson’s disease (PD) symptoms (Buchman et al., 2012), and with cognitive decline
associated with age (Wilson et al, 2013). Our results indicate that in vivo LC contrast does
indicate the location of LC neurons containing neuromelanin and needs to be evaluated in
the context of the accumulation of neuromelanin.

Our study included tissue from people with a history of AD or LBD, which are both
characterized by a loss of LC neurons (Chan-Palay and Asan, 1989a; German et al., 1992;
Zarow et al., 2003; Grudzien et al., 2007). Interestingly, there was marked variance in the
shape or distribution of LC-MRI contrast across samples (e.g., Fig. 3). Although our
histological case study focused on tissue from a donor who had a neuropathological
diagnosis of AD and therefore may not be representative of the older adult population,
selection of this tissue was advantageous because it exhibited spatially varying LC
morphology across the brainstem. This within case analysis is a valuable approach because
fixation times can vary across cases. Thus, each section and side of the brainstem served as a
source of cytoarchitectural variance for a sample that had a short post-mortem interval to
fixation. The figures show that the spatially varying density of TH and the presence of
neuromelanin strongly correspond to the location of LC-MRI contrast, thereby explaining
why LC-MRI contrast can be present.

Individual differences are an important consideration for studies involving neuromelanin
and LC-MRI, including for our histological results from a 91 year old donor. Neuromelanin
accumulates in cells throughout life, with the greatest concentration of neuromelanin
observed in the second half of life (Zucca et al., 2006). Shibata et al. (2006) reported a non-
linear association between LC-MRI contrast and age that was generally consistent with a
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non-linear association between age and neuromelanin concentration (Zecca et al., 2004). In
addition, the position of maximal LC-MRI contrast was more likely to be increasingly
caudal with increasing age (Keren et al., 2009), consistent with a greater rostral loss of LC
neurons with age (Manaye et al., 1995). There were too few tissue samples (n = 7) in our
study to perform correlational analyses, but there was a wide range of LC-MRI contrast
within and across samples that appeared unrelated to age. Cognitive data were not available
for our samples, but the high variability in LC-MRI contrast indicates that future studies
could characterize the extent to which LC-MRI contrast predicts the early executive function
symptoms in people with pre-clinical Alzheimer’s or Parkinson’s disease (Saunders and
Summers, 2011; Salmon, 2012; Rochat et al., 2013), and the extent to which LC-MRI can
serve as a hiomarker for such disorders (Hampel et al., 2010).

Our methods were optimized to obtain high spatial resolution images (78 pm in plane) in
comparison to the standard ~500 um in-plane resolution that is typically used to image LC in
human subjects. Fig. 2 shows how noisy these ~500 pm data can be in comparison to our 78
um data because of physiological motion, lower field strength, and shorter scanning time.
Thus, future studies linking LC histology to LC-MRI contrast at 3 T will be important for
evaluating an LC-MRI biomarker.

A limitation of previous in vivo studies on LC-MRI, and the current study, is that the MRI
data is T1-weighted and not quantitative. Semi-quantitative methods (e.g., using contrast
from adjacent tissue as a baseline control) are necessary to obtain values for group
comparisons using T1-weighted data (Matsuura et al., 2013; Ohtsuka et al., 2013). A
concern for this approach is that tissue serving as the baseline measurement might be
atypical in neurodegenerative diseases. Quantitative imaging methods are necessary to avoid
these confounds, and would be critical for implementation of an imaging biomarker.

One explanation for the LC contrast mechanism in multi-slice T1-TSE acquisitions is off-
resonance magnetization transfer effects that have been observed for multi-slice acquisitions
(Dixon et al. 1990). In support of this explanation, a gradient echo magnetization transfer
sequence was developed to image LC (Nakane et al., 2008) and this sequence appears to
provide greater LC contrast to noise than a T1-TSE sequence (Chen et al., 2014). Thus,
magnetization transfer ratio may be useful in quantifying neuromelanin in LC, but the extant
literature is not clear about the degree to which LC contrast is also present when the off-
resonance preparation is not applied.

The development of quantitative imaging methods for LC is challenging in human subjects
because of physiological noise and motion relative to the small size of LC. Our ex vivo
results indicate that imaging of melanin-like particles may be useful in developing a
quantitative sequence. For example, Ju et al. (2013) examined synthetic melanin particles
and found elevated T1 contrast for melanin compared to water, but only when ferritin was
included with the melanin. A proposed function of neuromelanin is to collect free metals,
such as iron, copper and manganese that could damage a cell (Zecca et al., 2006). These
metals are bound to neuromelanin in LC and could therefore contribute to the LC-MRI
contrast that we observed. However, Kitao et al. (2013) included a ferritin stain in their
study of the substantia nigra using a T1-weighted sequence and did not observe a
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relationship between substantia nigra MRI contrast and ferritin density. Although LC
neuromelanin may have more manganese and copper than iron (Zecca et al., 2004), the
similarity of our substantia nigra hyperintensity observation with that in the Kitao et al.
(2013) study, as well as the different concentrations of metals across melanin-containing
nuclei, suggest that neuromelanin itself is the primary contributor to LC-MRI contrast. This
conclusion is supported by our observation that TH neurons in LC (which contain relatively
high levels of neuromelanin compared to other monoaminergic neurons) produce strong
MRI contrast whereas similar TH neurons in dorsal raphe (lacking neuromelanin in
histological stains) did not (Fig. 7). This interpretation is strengthened by evidence that
melanin-containing tumors produce T1 shortening (Frieden et al., 1994; Premkumar et al.,
1996; Koral et al., 2010). The magnetic interaction between neuromelanin and the
surrounding tissue environment, as well as the degree to which neuromelanin is membrane-
bound, are likely key factors in the generation of the associated T1 contrast.

Conclusion

We have demonstrated that neuromelanin is a primary contributor to LC-MRI contrast that
is observed in neuroimaging studies of human subjects. In particular, hemispheric
asymmetry in neuromelanin corresponded to asymmetric LC-MRI contrast. Moreover, the
ultra-high resolution in our analyses provided evidence that the distribution of TH and
neuromelanin corresponded to the shape and distribution of LC-MRI contrast. These results
indicate that neuromelanin serves as a natural contrast agent for identifying the location of
nucleus LC. Further development of a sensitive and quantitative sequence in normative and
neurodegenerative disease samples will help establish LC-MRI contrast as a clinically
feasible method to aid in clinical decision making for people with neurodegenerative disease
that involves LC, but the low resolution of 3 T data and physiological noise at higher fields
are challenges that must be addressed to obtain a reliable metric of LC neuromelanin.
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Fig. 1.

Ogtimal parameters for ex-vivo LC-MRI. A rapid acquisition with refocused echoes
(RARE) sequence was used to obtain axial sections from brainstem tissue embedded in agar.
A) A short inversion recovery time (T1) produces distinct periaqueductal gray (PAG)
contrast compared to surrounding tissue, but no elevated contrast in putative LC regions
(orange triangles). B) Elevated contrast is still observed in the PAG with a long TI, as well
as specific increased contrast in putative LC regions (blue triangles). C-E) A short echo time
(TE) resulted in diminished PAG contrast relative to increased contrast in LC (blue
triangles). Magnified 4th ventricular area (dashed box) is presented in the middle row.
Bottom row demonstrates the relative increase in LC-MRI contrast with shorter TE using a
linear ROI that was used to collect contrast values across the brainstem for each TE
acquisition (y-axis: arbitrary units). An axial slice from the same tissue sample (HB 24) is
presented in all images (ROI positioning shown in the inset at bottom right). Image
parameters common across scans: number of slices = 8, slice thickness = 2 mm, slice
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spacing = 0.5 mm, repetition time = 3000 msec, inversion time = 825 ms, number of
averages = 3, imaging resonance frequency = 300 MHz, echo train length = 2, flip angle =
180°, matrix size = 128 x 128, field of view = 4.00 x 4.00 cm, in-plane voxel size = 310 pm.
Scale bars =5 mm.
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Fig. 2.
MRI microscopy of the human LC (HB24). A long (3 h 11 min) scan acquisition was used

to obtain microscopy resolution images (panel B) from post-mortem tissue to allow
comparative analysis with histology in the same tissue (panel C). To emphasize the benefit
of ultra-high resolution imaging for this project, a typical 3 T T1-TSE 11 min scan of the LC
is presented for comparison (panel A). A) Axial slice through the human brainstem obtained
using a T1-TSE sequence as described in Keren et al. (2009). Increased contrast can be
observed in the putative location of the LC (blue arrows). Double arrow indicates ventral
(V) and dorsal (D) directions. A magnified view of the 4th ventricle region (dashed box) is
displayed in the bottom panel, with additional detail of the observed contrast (inserts). The
spatial extent of putative LC-MRI contrast (dashed box in higher power image below)
includes only a few voxels due to relatively limited spatial resolution (400 um in plane
resolution). B) Microscopy resolution RARE-INV scan obtained at 7 T MRI with
postmortem tissue. Elevated contrast is observed in the putative LC region (blue arrows).
Lower panels in A and B show magnified regions indicated by dashed boxes in upper
panels. Dashed boxes in lower, high power images indicate location of LC-MRI contrast. C)
A bright-field photomicrograph of a hematoxylin and eosin (H&E)-stained 40 um-thick
axial section from the same tissue and equivalent rostral-caudal position as the MRI slice
displayed in panel B. Magnification of the ventricle and putative LC regions (bottom panels)
demonstrates spatial correspondence between microscopy LC-MRI contrast and H&E-
stained neurons in the LC region (yellow arrows; compare panels B and C). Scale bars =5
mm (top panels), and 500 pm (bottom panel inserts).
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2.5mm

Fig. 3.

7 '?' MR microscopy (in-plane resolution = 78 pum) through the mid-pons of postmortem
brainstem tissue samples across individual cases. For each specimen, an axial section is
presented at the level of apparent maximal LC-MRI contrast. The rostral-caudal location of
each slice is presented on a mid-sagittal view of the brainstem sample (inserts). Between-
sample variation in the putative LC-MRI contrast (blue triangles) can be observed, including
focal (e.g. specimen HB13) and diffuse patterns (e.g. specimen HB21) of contrast. The 4th
ventricle region of sample HB19 is magnified (top right panel) to demonstrate anatomical
detail, varied tissue contrasts, and detailed LC morphology that can be observed utilizing the
ex-vivo microscopy-resolution RARE-INV acquisition.
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Fig. 4.
Axial slices of an ex-vivo brainstem sample (HB24) obtained with 7 T MRI using RARE-

INVersion recovery sequence. Slices in panels numbered 1-14 correspond to slices taken
through the brainstem in upper left panel. Elevated contrast is observed in regions
corresponding to the left substantia nigra, pars compacta (SNpc, white triangle, panel 1), and
the locus coeruleus (LC, blue triangles, panels 5-7). Within-specimen morphological
asymmetry in putative LC-MRI contrast can be observed for slices 5-7. Anatomical
landmarks are indicated to facilitate orientation: 4th ventricle (4 V), cerebral aqueduct (CA),
corticospinal tract (CST), inferior cerebellar peduncle (ICP), inferior colliculus (IC),
interpeduncular fossa (IPF), medial lemniscus (ML), medial longitudinal fasciculus (MLF),
periaqueductal gray (PAG), superior cerebellar peduncle (SCP). Arrows indicates ventral
(V), dorsal (D), rostral (R), and caudal (C) directions.
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with signal

Fig. 5.

Lg-MRI contrast depends on the consistency of TH+ LC neurons across the thickness of an
MRI slice. A) Hllustration of a mid-sagittal section through the HB24 brainstem. Lower
rectangles and lines extending from the illustration to indicate the histological sections
shown in (B). B) TH+ neurons from the left and right LC (left and right column of images)
for the 5 equidistant 40 um-thick section images that span the thickness of the MRI slice.
Note the limited TH staining in LC processes (left) in comparison to dense staining for
clusters of LC cell bodies on the right. C) The density of staining for the left and right LC
was represented by binarizing the TH images and summing to create a TH density map that
also demonstrates the greater density of TH+ LC neurons on the right. This also coincides
with the more pronounced LC-MRI contrast on the right in (D). Slice 7 can also be seen in
Figs. 4 and 6.
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Fig. 6.

TI?|+ LC neuron density spatially corresponds to increased RARE-INVersion recovery
contrast. The same tissue sample as in Fig. 4 (HB24) underwent MRI scanning and was then
sectioned for histological analysis. A) Illustration of a mid-sagittal section through the
brainstem. Gray rectangles (MRI slices 5-7) represent the position of three 2-mm-thick
consecutive RARE-INV (UMRI) axial sections (see Fig. 4, panels 5-7) in which putative
LC-MRI contrast can be observed. The five consecutive, equidistant 40 um-thick sections
(black lines) contained within each of the three MRI slices (indicated at right in panel A)
were immunohistochemically stained for TH to visualize NE neurons in LC. Double arrow
indicates rostral (R) and caudal (C) directions. B) Magnified view of left and right TH-
stained neurons and processes in LC. Both photomicrographs are from histology section TH
74, the most caudal of five sections comprising MRI slice 6 in panel A. Double arrow
indicates ventral (V) and dorsal (D) directions. C) LC TH+ density maps and corresponding
LC-MRI contrast. In each row a TH+ signal density map (left) is shown next to its
corresponding MRI slice (right). The histology sections (panel A) were processed and
spatially rigidly aligned to a common stable anatomical landmark to produce TH density
maps (see Methods). Note that LC-MRI contrast is most pronounced for slices (white arrows
in panels at right) in which TH staining was observed across all 5 sections for that MRI slice
(red: TH staining on all 5 sections; blue: TH staining on 1 section).
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Fig. 7.
TH+ neurons that produce neuromelanin are necessary for LC-MRI contrast. Increased TH+

density in HB24 did not always spatially correspond to increased MRI signal. A) TH+
density map of the 4th ventricle region in the rostral pons (from sections through MRI slice
5 in Figs. 4 and 6C). In addition to the LC TH signal on either side, increased TH+ density
can be observed in midline regions flanking the ventral border of the 4th ventricle (white
triangles), corresponding to the location of the caudal dorsal raphe nucleus (dRN). B)
RARE-INV microscopy (UMRI) of the same tissue as in A. No increase in contrast was
observed in the periventricular area corresponding to dRN TH+ signal (white triangles). C)
Bright field photomicrograph of the 4th ventricle region at the rostral pons in a 40 um-thick
section stained for TH. The section presented is from the same tissue and from within the
slab imaged in (B). As expected, TH+ cells and proximal neurites can be observed (white
triangles) in the same region as increased TH+ density in (A), corresponding to the dRN. D)
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Bright field photomicrograph of the same region in an unstained section, showing
neuromelanin (NM+) granule distribution. Although neuromelanin granules can be observed
in the same area as the TH+ neurons of the LC (C) near the left and right boundaries of the
image, they are absent from the more medial dRN area (white triangles).
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Fig. 8.
Increased RARE-INV contrast corresponds to the location of TH+ neuromelanin containing

neurons of the LC. Photomicrographs and MRI microscopy acquisition from HB24. A) TH-
stained tissue showing NE neurons in LC. Magnified panels of left and right LC (lower)
show the extent of NE cell bodies and proximal neurites. B) Unstained section showing
distribution of neuromelanin (NM) granules in the same tissue section as A. Magnified
panels (lower) display depositions of large intracellular granules as well as smaller
extracellular neuromelanin in LC. C) RARE-INV (UMRI) scan of the same region with
microscopy resolution. Magnified panels in A, B and C demonstrate correspondence of
increased MRI contrast with distribution of NM granules in LC, and overlapping with the
location of NE cells in LC.
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