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Abstract

Despite the widespread use of magnetic resonance imaging (MRI) of the brain, the relative
contribution of different biological components (e.g. lipids and proteins) to structural MRI
contrasts (e.g., T1, T2, T2*, proton density, diffusion) remains incompletely understood. This
limitation can undermine the interpretation of clinical MRI and hinder the development of new
contrast mechanisms. Here, we determine the respective contribution of lipids and proteins to MRI
contrast by removing lipids and preserving proteins in mouse brains using CLARITY. We monitor
the temporal dynamics of tissue clearance via NMR spectroscopy, protein assays and optical
emission spectroscopy. MRI of cleared brain tissue showed: 1) minimal contrast on standard MRI
sequences; 2) increased relaxation times; and 3) diffusion rates close to free water. We conclude
that lipids, present in myelin and membranes, are a dominant source of MRI contrast in brain
tissue.

Introduction

Brain structural MRI is a cornerstone of modern medicine and neuroscience. It is, therefore,
surprising that the biological source of MRI tissue contrast remains incompletely
understood.

While structural MRI contrast mechanisms such as T1-weighted, T2-weighted, proton
density and diffusion-weighted MRI can measure different properties of brain tissue, all are
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based on the interaction of water with surrounding tissue components. What is less well
understood is the relative contribution of different tissue components to each structural MRI
contrast. The vague term ‘macromolecular composition’ is sometimes used to account for
the details of cellular architecture. But what type of cellular and molecular components
make up these ‘macromolecules’ driving many types of MRI contrast in the brain? A more
complete understanding of the biological basis for MRI contrast has the potential to generate
new insights into the pathophysiological mechanisms underlying human diseases and enable
technological advancements that improve the diagnostic sensitivity and specificity of MRI.

In consideration of potential biological substrates for structural MRI contrast, the human
brain consists of ~77% water, ~11% lipids, ~8% proteins, ~2% soluble organic substances,
~1% carbohydrates, and ~1% inorganic salts (Mcllwain and Bachelard, 1985). There are
considerable differences between different brain regions with white matter having a ~60%
higher lipid and ~10-15% lower protein concentration than gray matter (Knaap and J. Valk,
2005; O’Brien and Sampson, 1965; Randall, 1938). Based solely on these concentration
levels, lipids and proteins are prime candidates as sources of MRI contrast. In aqueous
solutions, both lipids and proteins have separately been shown to affect T1 and T2 relaxation
times of water protons (Kucharczyk et al., 1994, 1990; Makel& et al., 2001). Among the
different types of lipids specifically cholesterol has been shown to have a strong effect on the
different relaxation rates of white and gray matter (Koenig, 1991; Koenig et al., 1990). In
tissue, both lipids and proteins are found within cell membranes and myelin but their
separate effects are more difficult to characterize. Cell membranes are composed of
phospholipid bilayers and have been shown to hinder water diffusion and therefore have a
strong influence on diffusion contrast (Cooper et al., 1974) and, in the form of nerve fibers,
on diffusion anisotropy (Basser et al., 2000, 1994; Conturo et al., 1999; Jones et al., 1999;
Mori et al., 1999; Moseley et al., 1990). Myelin consists of ~70% lipids and ~30% proteins
(Kirschner and A.E., 1992; Norton and Autilio, 1966) and has been shown to have a strong
influence on T1, T2 and diffusion contrast (Clark et al., 1992; Eickhoff, 2005; Fatterpekar et
al., 2002; Stuber et al., 2014; Walters et al., 2007). Stlber et al. (Stiber et al., 2014)
demonstrated in cadaver brain that quantitative maps of T1 and T2* accurately predict
subsequent measurements of myelin and iron distribution observed by proton beam
microscopy. The degree of myelination has also been shown to lead to an increase of water
diffusion anisotropy (Beaulieu and Allen, 1994). In the cuprizone mouse model where mice
are fed a cuprizone diet that leads to demyelination of the tissue, a decrease in tissue contrast
has been observed for various MRI measures and tissue anisotropy has been shown to go
down (Thiessen et al., 2013)

In addition to the protein content within membranes and myelin, proteins such as collagens
and elastins are also aggregated in the cell cytoskeleton as well as the extracellular matrix.
The effect of the protein-rich cell cytoskeleton on diffusion has been studied in giant squid
axons and been shown to be small (Beaulieu and Allen, 1994) but this result has never been
verified in brain tissue. Lastly, while inorganic salts make up less than 1% of the brain
tissue, they can have a pronounced effect on certain types of MRI contrast (Fukunaga et al.,
2010). For example, the paramagnetic properties of metals, such as iron, change the local
magnetic field distribution and decreases the transverse relaxation times of the water. T2 and
T2* contrast are strongly influenced by iron and T2*-weighted images are often used to
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detect iron deposition in the brain in relation to diseases such as Parkinson’s (Morawski et
al., 2005) and dementia (Zeineh et al., 2015).

In addition to tissue content, the molecular dynamics that govern how macromolecules, such
as proteins or lipid chains, interact with water also affect tissue contrast. The mobility of
water molecules near macromolecules can be restricted, leading to different relaxation rates
for water pools within e.g. extra- or intracellular space and inside the myelin sheaths. Proton
exchange between different water pools and magnetization transfer (MT) between
macromolecules and water (Helms and Hagberg, 2009; van Gelderen et al., 2016) can lead
to cross-relaxation between different pools. Functional groups within macromolecules such
as the — OH group found in lipids or the —NH group found in proteins can lead to spin-
exchange between macromolecules and water. The relaxivity can thus change with the
number of open functional groups and be influenced by tissue fixation or pH of the tissue
(Gochberg et al., 1998; Kucharczyk et al., 1994).

Many prior studies focus on myelin when examining macromolecule-water interactions.
However, traditionally, it has been difficult to split myelin into its lipids and protein
components and study their separate effects on MRI contrast. One way to separate lipids and
proteins in brain tissue is to use a tissue clearing technique known as CLARITY (Chung et
al., 2013; Epp et al., 2015; Sylwestrak et al., 2016; Tomer et al., 2014). CLARITY isa
method that washes out lipids but first uses hydrogel-embedding to preserve the structural
integrity of brain tissue and the spatial organization of proteins, nucleic acids and other
small molecules (Fig. 1). The clearing process utilizes detergent to remove lipids that render
the tissue optically opaque. Refractive index matching of the cleared sample then allows for
staining of proteins and optical imaging of non-sectioned tissue samples. In this study we
aim to use CLARITY to test the separate effects of lipids and proteins on tissue contrast.
Specifically, we acquire brain structural MRI on mouse brain specimens before, during and
after the CLARITY process and quantitatively evaluate the timeline of lipid washout by
NMR spectroscopy, protein assays and optical emission spectroscopy. At the same time, we
assess the effects of tissue clearing on tissue content, tissue deformation and MRI properties,
which helps to inform on approaches to MRI-CLARITY comparisons.

Table 1 summarizes the different methods for measurement of MRI tissue contrast and tissue
content before, during and after clearing.

The brains of 14 adult C57bl6 mice were perfusion fixed with a hydrogel solution containing
4% acrylamide, 4% paraformaldehyde (PFA), 2% bis-acrylamide, phosphate buffered saline
(PBS) and thermal initiator VA-044 (Tomer et al., 2014). Briefly, mice were anaesthetized
and transcardially perfused with PBS followed by hydrogel solution. The hydrogel brains
were kept in excess of hydrogel solution at 4 °C for 1 day. After fixation, the samples were
de-oxygenated, polymerized for 3 hours at 37°C and excess hydrogel was removed. During
clearing the samples were incubated with SDS and boric acid clearing buffer (SBC) at 37°C
on a shaker. The SBC was replaced each week.
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Longitudinal MRI

The brains of two mice to be scanned during different stages of the clearing process were
excised and fixed using the CLARITY hydrogel solution described above. The tissue-
hydrogel hybrids were cut in 4 coronal slabs of 3 mm thickness each, to speed up the
clearing process. The largest coronal brain slab was placed in a container filled with
ChristoLube, a proton-free fluid which produces no MR signal. All MRI measurements were
performed on a preclinical 7T actively shielded MRI scanner Discovery MR901 (Agilent
Technologies-General Electric Healthcare) with 300 mT/m gradients using a 2-channel
‘millipede’ coil. The following types of MR scans were acquired: T1-weighted inversion
recovery, TE/TR/TI 12.3/2000/400 ms, 0.12x0.12x0.5 mm resolution, 1 average; T2-
weighted inversion recovery, TE/TR/TI 80/5000/2250 ms, 0.24x0.24x0.5 mm resolution, 1
average; Diffusion-weighted MRI sequence with 16-shot EPI readout, TE/TR 13/2000 ms,
0.24x0.24x0.5 mm resolution, 1 average, 30 diffusion directions and 3 b0 images. The
diffusion weighting was kept constant throughout the longitudinal study and set at b = 500
s/mm? in order to get enough signal during all stages of clearing. Evaluation of the MD and
FA maps was performed using the FMRIB Software Library (FSL, www.fmrib.ox.ac.uk/fsl).
SBC was replaced once a week after the MR measurements. To evaluate white matter (WM)
— gray matter (GM) contrast, regions of interest (ROIs) covering the white matter in the
corpus callosum and gray matter in the outer cortex of the mouse brain were selected on the
T1-weighted image. This was performed for the uncleared sample and week 1. The ROIs
were transformed to the MD and FA maps. Mean MD and FA values of these ROIs were
measured and the normalized contrast between WM and GM regions was calculated. For
week 2 the contrast value was set to zero as no segmentation between WM and GM was
possible in the reference T1-weighted dataset.

Longitudinal NMR Spectroscopy

In parallel with the longitudinal MRI measurements, NMR spectroscopy measurements were
obtained using the same samples at the same time intervals. The samples were immersed in
SBC and inserted within NMR tubes. 1H and 31P spectra of the samples were acquired on a
600 MHz Varian Inova NMR spectrometer with a 10 mm broadband probe. A capillary
containing 20% TSP was inserted together with the sample as a reference for the 1H
measurements and a capillary containing 0.2 mM medronic acid was inserted as a reference
for the 31P measurements. The 1H spectrum was measured with TR =5 s and 64 repetitions
leading to a total scan time of 5.5 min. The 31P spectrum was acquired with TR =5 s and
11520 repetitions leading to a total scan time of 16 hours. The 31P spectrum for uncleared
sample and weeks 1 and 2 was correlated to MD and FA WM-GM contrast by calculating
the Pearson coefficient between both datasets.

Quantitative MRI

Cross-sectional MRI scans were performed on six different samples: 1) a slab of an
uncleared mouse brain perfusion-fixed in 4% paraformaldehyde (PFA) and kept in PFA for 1
day before being transferred to PBS, 2) an uncleared mouse brain slab embedded in
hydrogel and stored in PBS, 3) a cleared mouse brain slab immersed in PBST (PBS + 0.1%
TritonX), 4) a cleared mouse brain slab immersed in PBS, 5) a sample containing only
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polymerized hydrogel and a 6) sample containing only PBS. All the mouse brain samples
were immersed in ChristoLube during MRI measurement in order to suppress the
background signal. The cleared mouse brain slabs were squeezed between two plastic cover
slides in order to better preserve their original shape which otherwise was completely lost
once immersed in ChristoLube. The following MRI sequences were applied to all six
samples using the same 7T GE scanner as described in the longitudinal MRI protocol:

A T1 map was acquired using a Fast Spin Echo Inversion Recovery (FSE-IR) sequence with
TE =7.17ms, TR = 5000ms, T1 = 50, 200, 400, 800, 1600 and 3200ms, 0.23x0.23x0.5mm
resolution and 2 averages. A T2 map of the same geometry was acquired using a Spin Echo
(SE) sequence with TE = 12.5, 25, 37.5, 50ms, and TR = 3500ms. A gradient echo sequence
(GRE) with the same geometry was acquired with TE = 20ms, TR = 3500ms for a T2*-
weighted image. The same GRE sequence but with TE = 2.6ms was acquired to get an
image with proton density weighted (PD) contrast. A dMRI scan was acquired using a 2D
Echo planar imaging (EPI) sequence with 16 shot acquisition, TE = 12.5ms, TR = 1200ms,
0.46x0.46x0.5mm resolution, 3 images with b = 0s/mm? and 20 linearly independent
diffusion directions with b = 500s/mm?.

The samples were bias-field corrected using the method described in (Li et al., 2015).
Profiles were taken along the left-right direction of each image and normalized to compare
changes in image contrast between samples. The measured values for the quantitative
analysis were taken from a slice in the center of the sample. For quantitative analysis, the FA
maps of the cleared, hydrogel and water samples were eroded using a disk with a three-voxel
radius to avoid a bright outer contour caused by edge effects.

Inductively coupled plasma optical emission spectrometry (ICP-OES)

Four hydrogel-embedded but uncleared samples and four cleared brain samples were
measured with ICP-OES to determine iron, calcium and phosphorus content before and after
clearing. The samples were cut into small pieces, dissolved in 50ul concentrated HNO3 and
heated to 130°C for 12 hours. When all the liquid had evaporated, the samples were re-
suspended in 5 ml 2% HNO3. Standard solutions for iron with 5ppm, 1ppm, 0.5ppm,
0.1ppm, 0.01ppm concentrations, for calcium with 5ppm, 1ppm, 0.5ppm, 0.1ppm, 0.01ppm
and for phosphorus with 20ppm, 5ppm, 1ppm, 0.5ppm, 0.01ppm were prepared. ICP-OES
was performed using a Thermo Scientific ICAP 6300 Duo View Spectrometer.

Protein analysis

Five regions each (cortex, corpus callosum, cerebellum, hippocampus, brain stem) were
dissected from three hydrogel-embedded but uncleared samples and three cleared brain
samples and analyzed using a bicinchoninic acid assay (BCA) (Bio-Rad Protein Assay, Bio-
Rad) in order to estimate the protein concentration in the samples. Samples were
homogenized by mechanical forces (Tissue Ruptor, Qiagen, Hilden, Germany) and
incubation with cell lysis buffer (1x Cell lysis buffer, 1x Protease Inhibitor, 1x PMSF all
from Cell Signaling, Danvers, USA).
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Three hydrogel-fixed but uncleared mouse brains and three cleared mouse brains were
mechanically disrupted (Tissue Ruptor, Qiagen) in 1 ml PBS (pH 7.4, ThermoFisher, Grand
Island, USA). The pH was measured on each of these brains using pH testing strips.
Additionally, a sample containing only SBC and one sample containing only PBS were
measured for their pH.

Molecular labeling of cleared tissue

Results

One mouse brain prepared with the same protocol (Tomer et al., 2014) was stained with
propidium iodide for cells, anti-neurofilament antibodies for neurofilaments and imaged
using a 10x objective on an Olympus F\VV1200 confocal microscope.

Longitudinal MRI

To show the change of various types of MRI contrast with decreasing lipid content we
performed T1-weighted, T2-weighted, and dMRI scans of the same mouse brain sample
during different stages of tissue clearing (Fig. 2). The transparency of the brain sample
increases during the clearing progress, starting at the cortex and extending over time to the
deep brain structures (Fig. 2, 15t column). As the tissue clearing progressed, two main
changes were observed in the T1-weighted, T2- and diffusion-weighted MR images: the
MRI contrast decreases and the tissue deformation increases. The tissue deforms because it
becomes softer and more pliable as it clears. Based on MRI measurements, the tissue
volume also expands by 315% between uncleared and week 1. There was no measurable
volume increase after week 1. Strong changes in tissue contrast can be observed already
after one week of clearing for all imaging modalities with the contrast being lowest in mean
diffusivity (MD) and fractional anisotropy (FA) image (Fig. 2, columns 2—4). After two
weeks of clearing the only visible contrast in any of the MR images is a signal difference
between the central and peripheral regions of the sample. Visual inspection shows that this is
due to incomplete clearing around the striatum. The FA and MD values in gray and white
matter during the different stages of tissue clearing are reported in Table 2. After three
weeks of clearing the contrast in the MR images is entirely gone, and the photographs of the
tissue specimen show a uniformly cleared sample. At this time point the sample is very soft,
and is easily deformed when the sample is placed in the MRI measurement container with
the MR-invisible fluid ChristoLube.

Longitudinal NMR Spectroscopy

In parallel with the longitudinal MRI measurements, NMR spectroscopy measurements were
made with the same samples and at the same time intervals. Figure 3a (top left) shows

the TH NMR spectra of the mouse brain at one week intervals before during and after
clearing. In addition to the endogenous components of the sample, the clearing buffer SBC
(detergent SDS and borate acid) within and around the sample also generates large peaks in
the 1H NMR spectrum. After one week of clearing, several peaks in the IH NMR spectrum
between 5 and 8 ppm, thought to represent small molecules such as metabolites like adenine
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complexes (Watanabe et al., 2012), have disappeared. Plotting the integral of of a peak at
2.18 ppm (marked by the red bar in Fig. 3 a) normalized by the integral of the reference peak
at 0 ppm shows a decrease of the 2.18 ppm peak after the first week of tissue clearing to less
than 40% of the uncleared value (Fig. 3a, top right). Known lipid peaks in the 1H spectrum
occur around 1 ppm: however, this region of the spectrum was obscured by the spectrum of
the detergent SDS solution.

The 31P NMR spectra representing phosphorus content show no peaks from the SBC
solution, facilitating an easier interpretation compared to 1H spectra (Fig. 3a, bottom left).
Several large peaks are observed in the 31P NMR spectrum of the uncleared sample. These
peaks almost completely disappear over the course of tissue clearing. The integral of the
peaks in the marked region between 10 and 20 ppm, normalized by the integral of the
reference peak at 18.4 ppm, shows a decline in phosphorus content to less than 5% of the
uncleared value (Fig. 3a, bottom right). The phosphorus content [31P] is washed out
exponentially at a rate of [31A] o ¢0-158/(R2>0.99). A small peak at 4 ppm in the 31P
NMR spectrum can still be observed after 4 weeks of clearing. The Pearson correlation
coefficients between 31P washout and MD and FA contrast measured in the longitudinal
MRI experiment were p = 0.991 and p = 0.986 respectively.

Quantitative MRI

The results of the quantitative MRI in six samples reflecting different stages and components
of the clearing process are shown in Figure 4 (pure hydrogel and PBS values shown only in
the bar graph) with numerical values in Table 3. The white and grey matter contrast visible
in the PFA-fixed (Fig. 4, first row) and the hydrogel-embedded samples (Fig. 4, second row)
is no longer present in the cleared samples (Fig. 4, rows four and five) with the exception of
some minimal contrast in the T1 and MD maps of the sample immersed in PBS. Similar to
the cleared sample in the longitudinal MRI experiment, the cleared sample expanded to 3x
the uncleared volume when immersed in PBST. In PBS the expansion was reduced to 1.06x
the uncleared volume. The signal intensity profiles highlight the tissue contrast between
areas such as cortex (high T1 at the sides of the uncleared profiles), caudoputamen (low T1
left and right of the profile center) and deep gray matter nuclei (high T1 in center of profile)
that is present in the uncleared samples but not in the cleared samples. Minimal contrast in
the T1 and MD maps is only present for the cleared sample immersed in PBS and not the
cleared sampled immersed in PBST. The diffusivity values MD and FA in the cleared
samples were similar to free water and independent of tissue expansion (i.e. the same for
cleared samples in PBS and PBST). While FA contrast is gone in the cleared samples, the
baseline FA for the cleared samples, hydrogel sample and the pure water sample is above 0
potentially due to minor imperfections in gradient calibration of the MRI scanner.

Inductively coupled plasma optical emission spectrometry (ICP-OES)

We determined the iron, calcium and phosphorus concentration in 4 uncleared and 4 cleared
samples using ICP-OES. For uncleared and cleared samples respectively, the concentrations
were as follows: iron 0.48 + 0.22 ppm (mean + standard deviation) and 0.20 £ 0.11 ppm (p =
0.2); calcium 3.07 + 1.77 ppm and 1.02 £ 0.17 ppm (p = 0.17); phosphorus 17.44 + 3.45
ppm and 4.30 £ 0.92 ppm (p = 0.01) (Fig. 3b).
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Protein analysis

pH

Protein analysis of the uncleared and cleared samples using a bicinchoninic acid assay
(BCA) showed protein concentrations of 2.50 + 0.08 pg/ul and 2.47ug £ 0.10 pg/pl
respectively (Fig. 3b). A paired t-test showed no significant difference between these
concentrations (p = 0.41).

pH measurements of the uncleared and cleared tissue samples showed a neutral pH between
7-8 for all six measured tissue samples. Measurement of a pure SBC sample showed a pH
slightly above 8 while the pH of PBS was 7.

Molecular labeling of cleared tissue

Figure 3c shows a cleared mouse brain slab stained for DNA using propidium iodide and for
neurofilaments using anti-neurofilament antibodies. Both DNA and neurofilament proteins
are preserved at their original locations in the cleared specimen.

Discussion

Lipids

In tissue, the separate effect of lipids has traditionally been difficult to measure and only the
combined influence of lipids and proteins in the form of cell membranes, organelles or
myelin on MRI contrast has previously been shown (Clark et al., 1992; Eickhoff, 2005;
Fatterpekar et al., 2002; Stiber et al., 2014; Walters et al., 2007). In this study, we combined
MRI and CLARITY measurements and NMR, BCA and ICP-OES to demonstrate the effect
of tissue clearing on tissue content and the accompanying changes in relaxivity, diffusivity
and MRI tissue contrast. Specifically, we found that lipid washout led to a change in
quantitative relaxation times (T1, T2) and diffusion values (MD, FA) towards those of free
water, and a dramatic decrease in MR tissue contrast in the cleared tissue samples (T1, T2,
T2*, PD, MD, FA). We also confirm the successful washout of lipids and retention of
proteins using NMR, BCA and ICP-OES.

The strong decrease in MRI tissue contrast with clearing shows that lipids not only have a
strong influence on tissue relaxivity but that they are responsible for the relaxivity
differences between white matter and grey matter. This agrees with prior findings that
glycolipids have a strong effect on water proton relaxivity in aqueous solutions and that
there are significantly different concentrations in white matter versus grey matter
(Kucharczyk et al., 1994). The resultant increase in the relaxation times of the cleared
sample are also in good agreement with Kucharczyk et al. who showed that phospholipids
alone, and more so in combination with other lipids like cholesterol, decreased T1 and T2 by
more than 50% within an ionic buffer solution (Kucharczyk et al., 1994). The property of
cholesterol to form so called “potholes” in the phospholipid bilayer membrane can lead to
long-lived hydrogen bonds that could lead to the strong effect on relaxation times and tissue
contrast (Koenig et al., 1990). A decrease in phosphorus concentration has also been shown
to decrease the proton exchange rate (Liepinsh, E., Otting, 1996), which could contribute to
the observed increased relaxation times with lipid washout.
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Lipid washout also led to diminished diffusion contrast and anisotropic water diffusion.
There was also a strong correlation between lipid washout and MD and FA WM-GM
contrast within the first two weeks of tissue clearing. Post-clearing MD increased to a value
comparable to free water. Further, no diffusion anisotropy was detected after lipid removal
and FA maps displayed no tissue contrast in cleared samples. Other groups have previously
shown that cell membranes are a dominant source of hindered water diffusion in tissue
(Cooper et al., 1974; Novikov et al., 2011) and experiments in a giant squid axon
demonstrated that the anisotropic water diffusion within the brain is primarily the result of
axonal membranes aligned in parallel (Beaulieu and Allen, 1994). Multiple layers of cell
membranes such as myelin wrapped around the axons can increase this effect by ~20%
(Beaulieu, 2002). Our results suggest that it is specifically the lipid components of the
membranes and myelin that are the major contributor to the differential rates and patterns of
diffusion observed by MRI.

Lipid washout was confirmed with 31P NMR, which showed that more than 90% of the
phospholipids were washed out during the clearing process (Fig. 3a). It is expected that other
types of lipids, not bound to the CLARITY hydrogel, are washed out to a similar degree
(Chung et al., 2013). The small amount of phosphorus (<3%) detected in the NMR spectra
after clearing could be attributed to phosphomonoesters and phosphodiesters that are part of
the DNA and expected to attach to the hydrogel. The ICP-OES measurements showed about
25% of phosphorus remaining in the cleared tissue (Fig. 3b). Since the uncleared and cleared
samples were stored in phosphate buffered saline (PBS) prior to the ICP-OES preparations,
remaining PBS in the samples could lead to this larger amount of residual phosphorus
compared to NMR.

The protein analysis using a BCA array showed that more than 83% of proteins that make up
the cytoskeleton were retained in a cleared specimen. This is in agreement with previous
measurements of protein retention in cleared samples (Chung et al., 2013). Staining and
imaging for cells and neurofilaments showed nucleic acids and proteins fixed at their
original position. The significant increase in relaxation times suggests, however, that
proteins in brain tissue do not shorten T1 and T2 values as much as lipids. Furthermore, the
flat MR images observed postclearing show that the retained proteins and nucleic acids are
not responsible for the usual signal differences that distinguish white and gray matter and
other tissue structures. The fact that proteins contribute minimally to tissue contrast is a new
finding that has previously not been possible to measure due to the difficulty in separating
lipids and proteins in tissue. In aqueous solutions, proteins have been shown to affect
relaxivity by proton exchange through —NH, —OH, — SH or amide groups (Makela et al.,
2001) and without proton exchange, protein macromolecules in close proximity to water
molecules can affect the tumbling rates of water and thereby affect water relaxivity (Koenig
and Brown, 1990).

There are several possible reasons why proteins would not contribute significantly to T1 and
T2 contrast. For example, the effect of proteins on tissue contrast would be relatively weak if
the affected T2 component is extremely short or if the net non-specific distribution of
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proteins within brain tissue is relatively homogeneous and different types of proteins affect
the MRI signal in similar ways, leading to homogeneous relaxivity properties across the
brain.

Since proteins also make up the cytoskeleton, our diffusion MRI data indicates that the
cytoskeleton and components such as microfilaments do not play a significant role in
creating the anisotropic diffusion patterns typically observed in brain tissue. Proteins showed
very little effect on water diffusivity given that the mean diffusivity increased to a value
comparable to free water after the lipids were removed. With CLARITY we have
demonstrated this explicitly for the first time in the central nervous system of a mammal,
over a large extent of brain tissue covering complete tissue structures. This is in good
agreement with prior studies in giant squid axons where the effect of the cytoskeleton has
been shown to be small compared to the axonal membranes (Beaulieu and Allen, 1994).

Effects of fixation and tissue clearing

In our experiments, tissue contrast and relaxation times are not only influenced by changing
lipid and protein concentrations but also several aspects of the fixation and clearing protocol.
Firstly, we must consider the effects of protein-crosslinking induced by both tissue fixation
and hydrogel embedding. PFA forms methylene bridges between active —-NH groups of the
proteins (Birkl et al., 2016) and hydrogel embedding leads to cross-links between proteins
and the surrounding acrylamide network in the presence of PFA (Tomer et al., 2014). This
reduction of active —NH groups and decreased protein mobility was previously studied
within protein solutions and shown to have varied affects on T1 and T2 depending on the
buffer solution, pH and whether or not the proteins had been denatured (Méakela et al., 2001).
Within human tissue, fixation has been shown to decrease in T1 and T2 relaxation times
(Birkl et al., 2016). Specifically, at 3T, T1 in fixation was shown to decrease T1 by 67-76%
in GM and 67% in WM and T2 by 5-11% in GM and 26% in WM. Longer fixation times
have also been shown to further decrease T1 and T2 (Tovi and Ericsson, 1992). The effects
of fixation in combination with a decrease in temperature (room temperature, 21°C vs.
physiological temperature, 37°C) cause a decrease in diffusion rates compared to in vivo
measurements (Sun et al., 2003). Despite this, it is well established that diffusion anisotropy
effects are well-preserved in fixed tissue (McNab et al., 2009; Miller et al., 2012, 2011; Sun
et al., 2003) and this is evident in our pre-clearing images (Figs. 2 & 4). Since all of our
experiments start with fixed tissue, the effects of tissue fixation reflect a difference between
in vivo and fixed tissue and possible changes between PFA-fixed and hydrogel embedded
tissue but not between cleared and uncleared samples.

In addition to fixation and hydrogel embedding, the clearing process can also strongly
change the protein environment as it relates to relaxation and diffusion rates. Specifically,
lipid washout and tissue expansion during clearing can lead to changes in water diffusion
and the number of water binding sites, thereby affecting the relaxivity of the sample. The
increase in tissue volume during clearing leads to a decrease in local protein density which
can impact relaxation times, tissue contrast and diffusion properties. For the longitudinal
measurements, there was a 315% volume increase between the uncleared sample and week 1
but no measurable increase between week 1 and week 3. Since we observe a strong effect on
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tissue contrast between week 1 and 3, this suggests that a large part of the contrast decrease
cannot be attributed to the volume increase. However, we did observe that the residual
contrast (T1 and MD maps) in a cleared sample immersed in PBS (+6% expansion) was not
present for a cleared sample immersed in PBST (+300% expansion). Quantitative
comparisons of the +6% versus 300% expanded samples revealed differences in T1 and T2
relaxation times of —20% and +20% respectively but no difference in FA or MD. The
solutions for the +300% increased volume (PBST) and +6% volume (PBS), were kept as
similar as possible, but the 0.1% of Triton-X in the PBST sample could also have influenced
the protein environment and relaxation times. Since the sample volumes can be affected not
only by immersion solution but also by the cover slips fixing sample shape and position in
the ChristoLube container, volumes were measured based on the MRI data to ensure that the
presented volumes were the effective volumes during the MRI scan. To thoroughly test the
effects of volume on tissue contrast, a study using a different clearing protocol such as
iDISCO (Renier et al., 2014), which leads to a decrease of tissue volume after clearing,
could provide additional information. We also controlled for the potential effects of a pH
change during clearing but found pH to be neutral in both uncleared and cleared samples.

While the separate effects of lipids and protein have traditionally been difficult to measure,
there are many studies that measure myelination through MRI (Laule et al., 2007). Koenig et
al. have shown that myelin can relax adjacent water molecules seven times more efficiently
than the corresponding protein-water interface (Koenig et al., 1990). In multiple sclerosis
strong correlations have been found between histologically-defined myelin content and MRI
measurements of T1 (Mottershead et al., 2003), T2 (Whittall et al., 1997) FA (Schmierer et
al., 2007), magnetization transfer ratio (MTR) (Schmierer et al., 2004) and myelin water
fraction (MWF) (Laule et al., 2006). For T2 measurements, water pools with a very short T2
component are attributed to water trapped between the myelin sheaths (Whittall et al., 1997).
Demyelination effects on MRI contrast have also been studied via mouse models such as the
cuprizone (Nathoo et al., 2014; Thiessen et al., 2013) and shiverer mouse models (Song et
al., 2002). In one study, the demyelination status of a lesion in cuprizone-fed mice was
found to be accurately predicted by a combination of T1, T2 and MTR (Merkler et al.,
2005). In shiverer mice, diffusion perpendicular to the fiber tracts was found to be elevated
relative to controls (Song et al., 2002). Our tissue clearing results are in good agreement
with these MRI studies of demyelination but also pinpoint more specifically the lipids within
the myelin as the key component leading to the observed changes.

Iron & calcium

Although our study focuses on lipids and proteins, we take into account the effect of other
components in brain tissue. Paramagnetic properties of metals, such as iron, change the local
magnetic field distribution and decrease the transverse relaxation times T2 and T2* of water
(Fukunaga et al., 2010). The lack of T2 and T2* contrast in the cleared samples suggests that
iron was also washed out during the experiments. This was confirmed by the ICP-OES
measurements that showed a decrease in iron concentration in cleared samples from 0.48
+0.23 ppm to 0.20 = 0.11 ppm. Less than 5% of iron in the brain is free iron (Kakhlon and
Cabantchik, 2002). Most iron is stored in proteins such as ferritin or transferrin. Ferritin and
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transferrin should be preserved by the hydrogel embedding but it is not clear if the iron
associated with these proteins is also retained. Our ICP-OES measurements provide
evidence that at least some iron associated with these proteins is also washed out during
tissue clearing. The decrease in tissue contrast, however, shows that these low concentrations
do not lead to any significant tissue contrast in the cleared samples. Accumulation of
calcium has also been shown to influence tissue contrast (Wehrli, 2013). The ICP-OES
measurements showed a decrease in calcium concentration in the cleared samples, which
again confirms that these low calcium concentrations do not influence tissue contrast.

Our experiment relied on an accurate knowledge of which tissue components are washed out
or retained and to what degree. We, therefore, measured lipid washout by measuring changes
in phosphorus content using NMR spectroscopy and ICP-OES. Lipid washout has not
previously been quantified for CLARITY and therefore our results demonstrating an
exponential decay of lipid content over time and washout of more than 95% of tissue lipids
content by 4 weeks, provide new insights into the temporal characteristics of tissue clearing
that may help refine tissue clearing approaches.

Another interesting observation is that the protein-hydrogel network in the cleared tissue had
different MRI properties from the pure hydrogel. In tissue, proteins linking acrylamide
strands of the gel network create a different configuration of the gel network compared to a
pure hydrogel (Fig. 1 in (Tomer et al., 2014)). This difference in the hydrogel configuration
could be one of the causes of the different relaxation times and mean diffusivity observed in
the cleared tissue versus the pure hydrogel sample. Another effect is that the pure hydrogel
sample has not undergone the clearing process. The clearing process prevents the hydrogel
within the tissue from making further connections, while the pure hydrogel sample can
continue to form new connections over time, leading to a different rigidity of the network
compared to the cleared tissue sample.

Several other aspects of the fixation and clearing protocol can also affect the hydrogel
structure and clearing outcome. This includes variations in tissue fixation time before
polymerization, polymerization time and oxygen content within the sample container during
polymerization. In the current study, efforts have been made to control for each of these
effects.

The observed MRI contrast decrease and tissue deformation of the cleared samples have
important implications for studies comparing MRI and CLARITY data in the same samples
(Aswendt et al., 2017). Firstly, the strong decrease of MRI tissue contrast after clearing
indicates that MRI measurements must be performed before tissue clearing. Secondly, the
significant tissue expansion and distortion observed during the clearing process
demonstrates the need for non-linear co-registration algorithms to align the CLARITY
images to MRI or a common space such as the Allen Brain Atlas (Hawrylycz et al., 2012).
MRI is often compared to histology as a means to understand the biological substrate of the
MRI signal on a cellular level. Comparing MRI against conventional 2D histological
sections allows examination of cell or myelin density (Geyer et al., 2011) or fiber
directionality in 2 dimensions (Leuze et al., 2014). To compare 3D structures, such as fibers
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running through-plane, a comparison of MRI with a 3D histological technique is preferred.
Tissue clearing enables visualization of tissue samples up to 10-100x thicker than
histological sections and as such provides new opportunities for validating MRI results.

The recent advent of the CLARITY technique has allowed us for the first time to separate
the relative contribution of lipids and proteins to brain MRI contrast. Our results show that
although lipids and proteins account for approximately the same percentage of brain matter
by weight, the lipids are by far the dominant source of tissue contrast. While proteins may
influence relaxivity, we observed minimal T1 and MD contrast and no contrast at all for all
the other MRI sequences when the lipids are removed by clearing. Our data also provides
evidence that hindered water diffusion in brain tissue is mainly caused by lipids found
within bi-lipid cell membranes, while the preserved cytoskeleton has no observable effect on
water diffusion rates or anisotropy.
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Figure 1.
Schematic diagram of the CLARITY protocol. The tissue sample is immersed in a hydrogel

that binds to biomolecules with an active NH, group such as proteins or amino acids. After
polymerization of the acrylamide hydrogel within the tissue the sample is cleared using SDS
detergent to wash out all tissue components that do not bind to the hydrogel such as the
lipids but also other elements like iron and calcium.
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Mouse brain during the different stages of tissue clearing. MRI contrast decreases with

increasing transparency of the brain (top to bottom).
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Figure 3.
(a) NMR spectra of a mouse brain during different stages of the clearing process. The

integral of the marked peak at 2.18 ppm in the 1H spectrum only decreases after the first
week of clearing. The integral over all 31P NMR peaks from 10 ppm to —20 ppm decreases
exponentially at a rate of [31P]xe™(-0.158t)(R2>0.99) with clearing progress. The same
graph shows the normalized WM-GM contrast in the MD and FA images during the
longitudinal study. The correlation between WM-GM contrast and 31P content showed a
Pearson coefficient of p = 0.991 for MD and p = 0.986 for FA. (b) The ICP-OES
measurements show a trend towards lower iron and calcium concentration in the cleared
samples (paired t-test, p(Fe) = 0.2, p(Ca) = 0.17) and a significantly lower phosphorus
concentration in the cleared sample (p = 0.01). The bars show mean + standard deviation
over the multiple measured samples. (c) Staining the cleared tissue with propidium iodide
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for cells (red) and neurofilaments (green) shows that the nucleic acids and proteins are
preserved at their original locations in the tissue.
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Figure 4.

(@) T1-map (T1), T2-map (T2), T2*-weighted image (T2*w), proton density weighted image
(PD), mean diffusivity map (MD) and fractional anisotropy map (FA) for an uncleared
sample fixed only in PFA (top row), an uncleared sample embedded in acrylamide hydrogel
(2" row), a cleared sample immersed in PBST (4! row) and a cleared sample immersed in
PBS (5! row). The second row shows intensity profiles of the images above with black
being the intensity profile for the PFA sample and red for the hydrogel sample. The 6t row
shows intensity profiles of the cleared brains with black being the profile of the sample
immersed in PBST and red the sample in PBS. (b) Comparison of the quantitative MRI
measurements for all samples. The bars show the mean value over a whole slice in the center
of the sample and the error bars denote one standard deviation. Additionally the T1, T2, MD
and FA values for a sample containing only hydrogel and a sample containing only
phosphate buffered saline (PBS) are shown.
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Table 2

Page 23

Fractional anisotropy (FA) and mean diffusivity (MD) values in white (WM) and gray matter (GM) during

different stages of tissue clearing.

uncleared week 1 week 2°
FA in WM 0.42+0.20 0.13+0.05
0.17 £0.03
FAin GM 0.17+0.06 0.10+0.05
MD in WM [103 mm%s] 0.25+0.11 1.44+0.10
1.70+£0.13
MD in GM [103 mm%s] 0.42+0.27 1.68+0.15

*
contrast too low to differentiate WM and GM regions
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