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Quantitative Magnetic Susceptibility of the Developing Mouse
Brain Reveals Microstructural Changes in the White Matter
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1Brain Imaging and Analysis Center, Duke University School of Medicine, Durham NC, USA

2Center of In Vivo Microscopy, Duke University School of Medicine, Durham NC, USA
3Department of Radiology, Duke University School of Medicine, Durham NC, USA

Abstract

Cerebral development involves a complex cascade of events which are difficult to visualize and
quantify /n vivo. In this study we combine information from Diffusion Tensor Imaging (DTI) and
Quantitative Susceptibility Mapping (QSM) to analyze developing mouse brains at five stages up
to 56 days postnatal. Susceptibility maps were calculated using frequency shifts in gradient echo
MR images acquired at 9.4 T. Mean apparent magnetic susceptibility and magnetic susceptibility
anisotropy of major white matter tracts were evaluated as a function of age. During the first two
weeks, susceptibility of white matter appeared paramagnetic relative to surrounding gray matter; it
then gradually became more diamagnetic. While diffusion anisotropy was already apparent and
high at postnatal day 2, susceptibility anisotropy only became significant during the third week.
This mismatch indicated different microstructural underpinnings for diffusion anisotropy and
susceptibility anisotropy. Histological exams were also performed to evaluate myelin and iron
content. It is confirmed that the main source of susceptibility contrast in WM is the myelin
content. The ability to quantify the magnetic properties of white matter will provide valuable
information on the architecture of the brain during development and potentially a more specific
indicator for myelin degenerative diseases.

Keywords

Quantitative susceptibility mapping (QSM); Susceptibility tensor imaging (STI); Brain
development; Iron; Myelin

Introduction

Phase images of gradient echo (GRE) MRI show high tissue contrast generated mainly from
magnetic susceptibility differences (Duyn et al., 2007; Rauscher et al., 2005). The source of
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this contrast is complex and is still under investigation. Some suggested molecular sources
that are naturally present in the brain include: non-heme iron (mostly in the form of ferritin),
deoxy-hemoglobin and myelin (Haacke et al., 2005; Liu et al., 2011; Shmueli et al., 2009),
oxygenation (Lu and Ge, 2008), calcium (Schweser et al., 2010a), macroscopic geometry
(Schéfer et al., 2009a; Shmueli et al., 2009), micro structural orientation (Bender and Klose,
2010; He and Yablonskiy, 2009; Liu, 2010; Schéfer et al., 2009b) and chemical exchange
(Luo et al., 2010; Zhong et al., 2008). In general, magnetic susceptibility of white matter
appears diamagnetic relative to gray matter and is anisotropic, meaning that its value
depends on the orientation of the applied magnetic field. Myelin is considered the dominate
source of this anisotropic diamagnetic susceptibility. Imaging magnetic susceptibility
thereby provides a potential non-invasive method for mapping myelination that is crucial to
the development and functioning of the brain.

The importance of myelin in forming the diamagnetism and susceptibility anisotropy of
white matter has been demonstrated in a number of recent studies. In one study, it was
shown that the strong susceptibility contrast between white and gray matter disappeared in
the dysmyelinating shiverer mouse whose myelin was not properly developed due to genetic
modification (Liu et al, 2011). This contrast also decreased when mice were fed with a
cuprizone diet that resulted in demyelination in the central nervous system (Lee et al, 2012).
The developing brain offered another vehicle to test this myelin hypothesis. It was shown
that phase contrast was reduced in the human neonates whose brains are known to be not
well myelinated yet (Zhong et al., 2011). In the developing mouse brain from postnatal day
(PND4) to day 40 (PND40), it was also observed that phase contrast between gray and white
matter was correlated with the optical intensity of myelin stained histological slides
(Lodygensky et al., 2012). However, both studies are based on phase contrast rather than the
more intrinsic tissue property, i.e. the local quantitative susceptibility value. In a recent study
of quantitative susceptibility mapping (QSM) in a large population from 1 to 83 years of
age, it was further revealed that magnetic susceptibility of white matter first becomes more
diamagnetic as the brain develops followed by a continuing decreasing of diamagnetism as
the brain ages (Li et al, in press). This developmental trajectory was explained by the
myelination and demyelination process which occurs in normal brain development and

aging.

Besides the diamagnetism, another important characteristic of magnetic susceptibility of
white matter is that it is anisotropic (Lee et al., 2010; Liu, 2010). When the orientation of the
applied magnetic field is changed, the measured apparent magnetic susceptibility of the
white matter also changes. The origin of this anisotropy is intimately tied to the myelin
sheath that surrounds the axons. Li et al showed that molecular susceptibility anisotropy of
myelin lipids and the ordered arrangement of these molecules in the lipid bilayer structure
can largely explain the bulk susceptibility anisotropy observed in MRI (Li et al., 2012). It
was further shown that magnetic susceptibility anisotropy of white matter is directly
proportional to myelin concentration. In the extreme case of shiverer mouse, not only
susceptibility contrast but also susceptibility anisotropy of the white matter disappears.

While previous studies have indicated a correlation between myelination and gradient-echo
phase in early brain development, the quantitative relationship between myelination and the
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underlying susceptibility value and susceptibility anisotropy in early brain development
remains unknown. During this period of development, the brain undergoes rapid changes in
size, morphology, microstructure and molecular composition. In particular, axonal growth,
pruning and myelination all profoundly affect the biophysical properties of the white matter.
At the same time, iron is also critical for proper myelination, resulting in a potentially
competing mechanism for susceptibility of white matter.

The aim of the study is to quantitatively evaluate susceptibility and susceptibility anisotropy
of the white matter in the mouse brain as a function of age from postnatal day 2 (PND2) to
day 56 (PND56). Histological staining is used to determine the quantitative relationship
between myelin and iron content with susceptibility. Diffusion tensor imaging (DTI) is
conducted to evaluate the development of axonal organization. It is shown that susceptibility
of the white matter is highly correlated (R? = 0.9329, p = 0.0036) with the optical intensity
of Luxol Fast Blue staining (myelin staining) and is uncorrelated with Perl’s Prussian Blue
staining (iron staining) (R% = 0.0065, p = 0.4510). Interestingly, white matter appears
paramagnetic relative to gray matter during the first two weeks after birth. While
susceptibility anisotropy increases as the brain develops, it only becomes significant after the
second week.

Materials and Methods

Animal preparation

MRI

All procedures were approved by the Duke Institutional Animal Care and Use Committee.
Pregnant C57BL/6 dams were obtained from the Jackson Laboratories (The Jackson
Laboratory, Bar Harbor, ME). Food and water were provided to the dam ad libitum. Mouse
neonates at PND2, 7, 14 and 22 (n7= 4 for each postnatal stage) and PND56 (/7= 2) were
anesthetized with Nembutal and perfusion fixed. Briefly, a catheter was inserted into the left
ventricle of the mouse heart. The animal was perfused with a peristaltic pump with 20 cc of
warm (37 °C) 0.9% saline followed by 20 cc of 10% buffered formalin (Buffered Formalde-
Fresh; Fisher Scientific) (Johnson et al., 2002). After perfusion fixation, the heads of the
mice were stored in 20% buffered formalin overnight before imaging experiments in the
following day. The perfused mouse brain was kept within the skull to prevent any potential
damage to the brain caused by surgical removal. Each age group contained animals from all
litters to minimize litter effect.

The specimens were sealed tightly inside a cylindrical tube (Iength 30mm and diameter
11mm) filled with Fomblin. The perfusion-fixed mouse brains were scanned on a 9.4 T (400
MHz) 89-mm-diameter vertical bore Oxford magnet with shielded coil providing gradients
of 1600 mT/m and a GE EXCITE MR imaging console (GE Healthcare, Waukesha, WI). To
obtain magnetic susceptibility maps, the specimens were scanned with a 3D gradient echo
sequence (GRE), TE = 20 ms, TR = 200 ms, FOV = 22x11x11 mm3, matrix size =
368x184x184 and flip angle 40°. After a GRE acquisition, the tube that contained the brain
was rotated by some angles along the long axis of the tube which was perpendicular to the
By. A total of 7 to 9 orientations were imaged. For the DTI maps a 3D spin echo sequence
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was used with parameters: matrix size = 165x82x82 with a b-value = 1000 s/mm?, TE = 12
ms, TR = 2.5 s. Six encoding directions were used. The encoding directions are (1, 0, 1), (1,
0,-1),(1,1,0),(1,-1,0),(0,1,1),and (0, 1, -1).

Image processing and analysis

The pixel size was adjusted by k-space truncation to isotropic 60pum for all gradient echo
images. Phase data from the GRE were reconstructed, unwrapped and large background
phase was removed with the spherical-mean-value filter followed by a deconvolution
operation (Schweser and Lehr, 2010) using a 3D-mask that segments the brain from the
skull. The mask was created with ITK-SNAP (Yushkevich et al., 2006). Quantitative
magnetic susceptibility value was computed for each voxel iteratively using the LSQR
algorithm (Liu, 2010) by inverting the following formula:

Af=rpoHo - FT"! [(é - ]lj:—z) FT(X)] [1]

where Afis the frequency shift (after unwrapping and background phase removal) and y is
the quantitative and macroscopic magnetic susceptibility (Salomir et al., 2003). Note that
susceptibility calculated this way is relative to the Larmor frequency (the mean of the whole
brain). Any paramagnetic and diamagnetic susceptibility is relative to this reference.

Regions-of-interest (ROI) in three white matter structures-corpus callosum (CC), anterior
commissure (AC), and fornix system (FS) (including the fimbria) - were manually and
conservatively segmented using ITK-SNAP based on FA maps. These regions-of-interest
were then scaled onto the QSM maps to match their resolution using Convert3D (part of
ITK-SNAP). The weighted average of each ROI and its standard deviation were calculated,
giving us quantitative data for the susceptibility, anisotropy and diffusivity of each structure.

Gradient echo images acquired different orientations were registered to the first orientation
using FSL-FLIRT. The resulting transformation matrix was used to coregister susceptibility
maps with FSL-FLIRT (Jenkinson et al., 2002). Fiber orientation of each ROl was obtained
from major eigenvectors of the diffusion tensor, thus allowing us to evaluate the dependence
of susceptibility on the angle of the fibers with respect to By. The process was repeated for
each of the 5 different postnatal stages. Due to the spatial constraints of the small solenoid
RF coil used to achieve maximal SNR, the brain was only rotated around the anterior-
posterior axis. This setup is sufficient to evaluate susceptibility anisotropy but insufficient to
evaluate the full susceptibility tensor as described by Eq. 7 of Li et al (Li et al., 2012) which
requires rotation around two axes perpendicular to By.

Diffusion tensor images were analyzed as described previously (Basser and Pierpaoli, 1996).
To minimize variations induced by potential temperature fluctuations, the mean diffusivity
was normalized by ensuring that the mean diffusivity of the fluid within the ventricles was
the same at all ages. The ventricles of PND2 were used as the reference. This normalization
did not affect FA values.
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All numerical analyses were performed in Matlab R2010a (Mathworks, Natick, MA). The
calculations were performed on a Linux cluster comprised of 61 computing nodes with 8
CPU cores and a total of 1.76 TB of memory, although they can be performed on a typical
desktop computer as well (Li et al., 2011).

Histological analysis

Histological examinations were performed after the MRI scans. Coronal 2-um thick slices
were stained with either a myelin staining agent (LFB-Luxol Fast Blue) or an iron staining
agent (PPB - Perl’s Prussian Blue) only (no eosin or other counter-stain was used). As a
control for iron staining, three slices of human liver tissue were also stained with PPB with
the same protocol simultaneously. Slides were imaged using Axioscop2 FSmot optical
microscope with EC Plan-Neofluar Zeiss Lens at 10 x magnification, 0.3 aperture under the
same settings and light conditions. The other settings were: pixel size = 1.96 um, 12-Bit
depth RGB color, matrix size = 456x344 with 3x3 binning, 5-ms exposure time in tile mode.
Background shading effects of picture tiling were removed using a blank image with Matlab.
Using ImageJ (US National Institutes of Health) the mean transmitted light intensity
(luminosity) of a specific white matter region (external capsule) was assessed with age in
contrast to a neighboring gray matter area (contrast = 1 — [(lumWM - lumGM)/maxium])
and weighted to the white background. Note that lumWM represents the luminosity of white
matter, lumGM for luminosity of gray matter and maxlum for maximum luminosity.

X-Ray Spectroscopy

Statistics

Results
DTI

Scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS) was
performed on a PND22 slice using a Hitachi S-4700 Cold Field Emission Scanning Electron
Microscope to detect iron. At first the slice was coated with gold in a vacuum chamber. Then
SEM was used to draw an accurate FOV on the white matter structure (external capsule) and
an adjacent gray matter area, the atoms of which were later excited with an electron beam.
The resulting X-rays are measured by an energy-dispersive spectrometer to create a
histogram of all the detected element percentages by weight.

Magnetic susceptibility and diffusion measurements were correlated with histological data.
Statistical analysis for the correlation was performed with SPSS (16.0.2 SPSS Inc.).

Figure 1 shows two representative slices of color coded fractional anisotropy (FA) maps for
progressively older mouse brains from left to right. Color coding was based on the
orientation of the major principal eigenvector of the diffusion tensor with green representing
left-right, red representing anterior-posterior and blue representing dorsal-ventral. The top
row shows coronal slices at the level of corpus callosum (CC), fornix system (FS); the
bottom row shows coronal slices of anterior commissure (AC). The same coronal slices are
shown in Fig. 2 in grayscale. Top two rows are the FA maps; bottom two rows are the mean
diffusivity (trace of the tensor divided by 3) maps. White matter structures including CC, FS
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and AC have already developed high contrast in FA and mean diffusivity maps even at
PND2. The orientations of the white matter structures appear consistent for all ages.

Figure 3 shows the mean values of FA (left) and mean diffusivity (right) for AC, CC and FS
as a function of age. Overall, there was an increasing trend for FA and a decreasing trend for
the mean diffusivity as brain develops. Interestingly, there appeared to be a dip in FA for FS
and especially in mean diffusivity at around PND?7.

Frequency Shift and Magnetic Susceptibility

Fig. 4 shows representative frequency shift and quantitative magnetic susceptibility maps of
all ages. The slice locations are the same as in Fig. 2. It can be seen that magnetic
susceptibility provides more localized depiction of tissue property compared to frequency
shift, since frequency shift is affected by the long-range dipole field effect as shown for
example in AC. As the brain develops, white matter becomes noticeably more diamagnetic
(brighter). At PND2&7, white matter appears in fact paramagnetic relative to surrounding
gray matter; at the same time, the ventricles appear highly diamagnetic relative to gray
matter at these ages. Fig. 5 plots the quantitative evolution of frequency and susceptibility
relative to surrounding gray matter as a function of age. There is a clear reverse of contrast
sometime between the second and the third week for all three major white matter regions.

Figure 6 evaluated susceptibility anisotropy as a function of age in the fornix system. Fig.
6A shows the locations of the ROI in bilateral areas of the fornix system (red and green) and
neighboring grey matter regions (blue and yellow) respectively that was used as the
reference. Fiber orientation is obtained for the same structure from DTI maps on Fig. 6B.
Fig. 6C plots the apparent magnetic susceptibility contrast (FS - GM) as a function of sin%a
where « is the fiber angle. The fitted equations are summarized in Table 1. The green circle
in Fig. 6C indicates the point at which the fitted line intercepts the Ay axis. As shown in Fig.
6C and Table 1, there is a dramatic increase of susceptibility anisotropy as the brain
develops. The fitted curves show negative but close to zero and statistically insignificant (p >
0.09) magnetic susceptibility anisotropy (x;; — x ) during the first two weeks postnatal
(Table 1). However, there is a rapid increase of MSA and sign reversal in the third week. By
PND22, MSA has reached to 0.02 compared to just —0.0028 at PND14. MSA continues to
grow through PND56 reaching 0.026.

Histology and X-Ray Spectroscopy

The control liver PPB slides show clear positive iron staining (Supplementary Figure 1). Fig.
7A shows a representative brain slice around bregma —2.5 mm stained with Perl’s Prussian
blue; Fig. 7B shows the corresponding staining with LFB. Fig. 7C plots the corresponding
PPB contrast as a function of age showing relatively weaker changes in contrast. Fig. 7D
plots the LFB contrast of a selected ROI in the external capsule relative to neighboring gray
matter region as a function of age. There is a clear trend of increasing LFB contrast as the
brain develops.

Fig. 8 shows an SEM image of an ROI over the external capsule as indicated on the
histological slide (Fig. 8A). Fig. 8B shows the EDS of a small region (spot 4) within this
ROI. The EDS reveals the following elemental composition by weight percentage: C @
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44.17%, O @ 26.71%, Na @ 3.23%, Mg @ 1.17%, Si @ 20.86%, K @ 0.77% and Ca @
3.09%. The high silicon percentage comes from the glass plate of the histological slide, not
the brain specimen itself. Similar values were found in adjacent ROIs. Overall, the iron level
was low and not detectable by EDS.

Fig. 9 shows the correlation of susceptibility vs. LFB contrast (Fig. 9A), susceptibility vs.
PPB contrast (Fig. 9B), mean diffusivity vs. LFB (Fig. 9C) and mean diffusivity vs. PPB
contrast (Fig. 9D) in the corpus callosum (including the external capsule). There is a strong
and statistically significant correlation between susceptibility and LFB contrast (R2=0.9329,
p=0.0036). The other three correlations are weak and statistically insignificant (p > 0.05).

Discussion

In this study, we evaluated the temporal evolution of magnetic susceptibility in the white
matter of mouse C57BL/6 from PND2 to PND56. We have several key findings: 1) magnetic
susceptibility becomes increasingly diamagnetic as the brain develops; 2) MSA increases
monotonically as a function of age; 3) there is a sign change for susceptibility around the
third week; and 4) diamagnetic susceptibility is highly correlated with myelin staining
intensity. While this study further confirms myelin as the dominant source of the
diamagnetism in brain white matter, it provides the first experimental evidence of
developmentally evolving MSA. Both susceptibility and MSA indicate a characteristic
structural change in the white matter around the 3" week postnatal. These findings suggest
that susceptibility imaging may complement other MRI techniques, such as DTI, T2
quantification and magnetization transfer, to provide a more complete picture of brain
development.

Diffusion and susceptibility changes in brain development

DTl is a powerful tool for depicting white matter changes during brain development (Mori
and Zhang, 2006). DTI parameters such as FA, mean diffusivity and radial diffusivity are
sensitive to macroscopic changes in fiber tracts involving coherence and compaction as well
as microscopic changes such as intracellular components and fiber thickness (Beaulieu,
2002; Neil et al., 2002). It is generally reported that during brain maturation mean diffusivity
decreases while FA increases (Bockhorst et al., 2008; Chahboune et al., 2007). The changes
in FA observed here (Fig. 3) agree with previous findings (Baloch et al., 2009) that show an
increase from 0.5 to 0.6 for CC and AC. In addition, we observed a small decline of FA in
FS at PND7. Similarly, a small drop of FA around PND12 in live mice was also reported in
(Larvaron et al., 2007) and around PND7 in (Baloch et al, 1991). We also observed
consistently lower diffusivity in all three white matter regions at PND7. However, this was
only a single time point. More time points will be needed to verify the physiological
significance. A dip in diffusivity accompanied by increased FA (in CC and AC) would seem
to suggest potential effects of axon pruning and/or apoptosis on top of myelination
(Bockhorst et al., 2008). These results indicate that while it is generally true that during
white matter maturation diffusivity decreases and anisotropy increases, the detailed picture
may vary due to the competing biological processes affecting diffusion properties. Although

Neuroimage. Author manuscript; available in PMC 2015 May 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Argyridis et al.

Page 8

it is sometimes tempting to link changes in DTI solely to myelination during development,
the evidence in the literature indicates that it would certainly be an oversimplification.

While the color coded FA maps (Fig. 1) shows visually small variations in white matter
orientation, the changes of magnetic susceptibility is dramatic (Fig. 4). The color-coded FA
maps indicate that axonal orientation is well organized in major white matters even as early
as PND2, although it is clear that the brains were not well myelinated in the first three weeks
of age. This will support the idea that diffusion FA does not primarily originate from
myelination; rather it’s from the axon itself. This is consistent with early findings that FA is
only reduced by about 10% in the shiverer mouse, in which myelin is nearly absent (Liu et
al., 2011). Histological data also did not reveal significant correlation between diffusion and
myelination in this age range (Fig. 9C). On the other hand, the increasing diamagnetism
correlates very well (R? = 0.93) with the increase of myelin as depicted by LFB staining
(Fig. 9). Because of this strong correlation, magnetic susceptibility is able to differentiate the
rates of myelination for different structures as illustrated by Fig. 5B. The myelination
process for CC appears to be much slower compared to AC and FS.

Brain volume change may also play a role in affecting tissue magnetic susceptibility
especially during early brain development when the brain volume increases rapidly
(Holmes-Hampton et al., 2012). The rapid growth in volume may explain the decline of LFB
staining around PND7 (Fig. 7D). Rapid volume increase accompanied by increased water
content could lead to a paramagnetic shift of the apparent magnetic susceptibility (Fig. 5B),
as lipids and proteins are more diamagnetic relative to water.

Development of MSA and myelination

Our study also revealed a striking difference between diffusion anisotropy and susceptibility
anisotropy in their respective developmental timelines. While diffusion anisotropy is already
well developed at PND2 (~0.5 at PND2 vs. ~0.6 at PND56) (Fig. 3), susceptibility
anisotropy only become significant around the third week postnatal (Fig. 6C). This dramatic
difference supports the notion that diffusion anisotropy and susceptibility anisotropy are
governed by different microstructural components. This is consistent with the report by Li et
al who showed a lack of correlation between diffusion anisotropy and susceptibility
anisotropy in the adult human brain at 7T (Li et al., 2012).

During the first 4 weeks of mouse postnatal brain development, axons go through rapid
myelination. Myelin at the molecular level, as most biomolecules, is known to have
anisotropic magnetic susceptibility which is used to determine structures in NMR and EPR
spectroscopy (Bertini et al., 2002). In the white matter, the ordered arrangement of myelin
lipids results in a macroscopic magnetic susceptibility anisotropy that is measurable on a
voxel level. This macroscopic manifestation is due to the cylindrical pattern of the
phospholipid bilayers which align around the axons during maturation. The continuing
myelination process enables us to observe the increase in anisotropy as it is represented by
the increase of the slope in the successive plots of Fig.6C. According to Li et al (Li et al.,
2012), MSA is related to the molecular susceptibility of myelin lipids (x 5,) following
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Pt 2 where 7z is the volume fraction of myelin

lipids, xg is the baseline susceptibility due to choice of frame of reference and isotropic

susceptibility effects.

The magnitude of MSA during the first two weeks is about 10 times smaller than that at
PND22. One interesting observation is the slightly negative MSA during early brain
development (first two weeks) (Table 1). The reversed sign coincides with the paramagnetic
appearance (opposite of that at PND22 and beyond) in the white matter during the same
period. Future experiments will be needed to further verify the existence of negative MSA
during this early period of brain development.

The role of iron in the white matter

Iron has been considered the main source of paramagnetic susceptibility in deep brain nuclei
(Haacke et al., 2005; Hopp et al., 2010; Schweser et al., 2011; Zheng et al., 2013). We
initially considered the possibility of iron contributing to the apparent paramagnetic
susceptibility and slightly negative but close to zero MSA during the first two weeks of brain
development. However, neither iron staining nor EDS seems to support this hypothesis. It is
apparent that very little iron is present. With our current staining protocol, iron staining with
Perl’s Prussian Blue remains pink and doesn’t turn blue because there is so little iron. A
counter-stain such as eosin was not used. Future studies will require improved staining
protocols. Nevertheless, the level of iron is so low that it is below the 0.1% detectability
threshold of EDS. As can be seen from Fig. 8C, iron is not present in the histogram at its
expected K-alpha 6.4 keV energy level. Although iron levels in human brain tissues have
been measured with x-ray based spectroscopy or mass spectrometry (Stueber et al., 2012,
Schweser et al., 2010b, Zheng et al., 2013), iron concentration can be 10 times lower in the
rodent brain (Connor and Benkovic, 1992). This is consistent with the report that iron
concentrations in the human brain correlate with QSM much better (R2=0.81) than in the
mouse brain (Hopp et al., 2010).

Limitations

Magnetic susceptibility measured by MRI is relative; it is affected by the RF carrier
frequency and phase filtering procedures. While previous studies have used CSF or white
matter as internal reference, the rapidly changing nature of early brain development makes
them unsuitable as stable reference. Clearly, myelination changes the susceptibility of white
matter. Recent studies have also shown rapidly changing molecular content in CSF during
early brain development (Falcao et al., 2012; Lehtinen et al., 2011). Although our data
indicate more diamagnetic CSF relative to the parenchyma towards early ages, we cannot
exclude the possibility of contamination by the fixative and soaking solutions. Because of
these concerns, we decided to use the mean value of the whole brain as the reference. Given
the large volume of the brain, the mean value is likely to be more stable. Nevertheless,
reference remains an unresolved issue in quantifying susceptibility. However, MSA is not
affected by reference.
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Luxol Fast Blue and Perl’s Prussian blue staining, although commonly used, are not
quantitative or absolute measures of molecular concentration. They are also affected by
staining agent density and durations of reaction. More sensitive iron staining protocols are
also needed to detect low levels of iron to better understand its roles in white matter. Due to
the labor intensive nature of histological analysis, we are only able to acquire a limited
number of slices instead of the whole brain. In addition, shearing and tearing of the thin
sliced tissue is common. As a result, we were only able to visually match histological slices
with MRI. Future studies may benefit from registering a stack of histological slices with
MRI in 3D. Nevertheless, this serves as an indication of the potential advantage of QSM for
studying myelination in brain development as it is noninvasive and can be applied both ex
vivo and in vivo.

Conclusion

Our study of quantitative susceptibility mapping in developing mouse brains revealed a
transition from paramagnetic susceptibility to diamagnetic susceptibility relative to gray
matter in major white matter fiber bundles. It revealed further a characteristic developmental
trajectory of magnetic susceptibility anisotropy where significant anisotropy starts to appear
during the third week postnatal. This characteristic evolution of susceptibility and
susceptibility anisotropy reflects myelination and structural changes in the white matter.
Mapping those changes could potentially be applied /in vivoto study pathologies related to
myelination and microstructure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Color-coded DTI FA maps of the developing mouse brain from PND2 to PND56. Major

white matter tracts appear coherently organized at PND2. Red arrows point to the three
major white matter regions in green which will be studied (AC: anterior commissure; CC:
corpus callosum; FS: fornix system).
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Fractional anisotropy
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Figure 2.
DTI FA and mean diffusivity maps of the developing mouse brain. White matter shows high

FA contrast throughout PND2 and PND56. There are only small visual differences of FA
contrast among the brains.
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Figure 3.
FA and mean diffusivity of white matter regions-of-interest as a function of age. There is a

slight increase of FA from PND2 to PND56 while the mean diffusivity decreases. A
noticeable dip of mean diffusivity is seen at PND7. AC: anterior commissure; CC: corpus
callosum; FS: fornix system.
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Frequency shift
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Figure 4.
Examples of frequency shift and magnetic susceptibility maps of the developing mouse

brain. Susceptibility provides better delineation of white matter structures such as the
external capsule (green arrows). White matter largely appears paramagnetic relative to gray
matter in PND2&7 while contrast is weak at PND14. At PND22&56, white matter appears
diamagpnetic.
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Figure 5.
Frequency contrast (A) and magnetic susceptibility contrast (B) of selected white matter

regions relative to neighboring gray matter as a function of age. Overall, susceptibility
becomes more diamagnetic. The rate of change varies from structure to structure.
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Figure 6.

Susceptibility anisotropy in a white matter ROI as a function of age. (A) ROI location in FS
and reference ROI in neighboring gray matter; (B) the same ROI selection on color-coded
FA maps for determining the corresponding fiber bundle orientation; (C) apparent magnetic
susceptibility of the fornix system as function of sina where « is the fiber angle with
respect to Bp. The slope of the fitted trend line increases as the brain develops indicating
increasing anisotropy. Only weak anisotropy is present during the first two weeks. The green
circle indicates the location of zero crossing.
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Figure 7.
Examples of histological slices at different ages. (A) 2-um PPB stained and (B) LFB stained

coronal slices under light microscopy. (C) PPB contrast of the external capsule (inside green
dotted area) relative to neighboring gray matter as function of age; (D) corresponding LFB
contrast as a function of age.
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Figure 8.
EDS of an ROI over the external capsule. (A) A LFP stained slice showing the location of

the ROI; (B) SEM image of the ROI with “spot 4” indicating where the EDS was measured,;
(C) EDS showing elemental composition within “spot 4”. No iron is detected on the EDS.
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Figure 9.
Figure 9. Correlation of MRI quantities with histology. (A) Correlation of susceptibility

contrast vs. LFB; (B) susceptibility vs. PPB; (C) mean diffusivity vs. LFB and (D) mean
diffusivity vs. PPB. Strong correlation was observed for susceptibility vs. LFB (A).
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Magnetic susceptibility anisotropy (MSA) in the fornix system.

Table 1

Ay = -MSA*sin%a, + x | R2 | p
PND2 | Ay=0.0002*sin2+0.0033 | R2=0.0004 | p=0.4767
PND7 | Ay=0.0016%sin2a+0.0002 | R2=0.1489 | p=0.0964
PND14 | Ay=0.0028*sin2a+0.0010 | R2=0.1082 | p=0.0987
PND22 | Ay=-0.0200*sin2a-0.0019 | R2=0.5822 | p=0.0002
PND56 | Ay=-0.0260*sin2a-0.0130 | R2=0.5584 | p=0.000001
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