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Abstract
Optic nerves from mice that have undergone retinal ischemia were examined using a newly
implemented quantitative magnetization transfer (qMT) technique. Previously published results
indicate that the optic nerve from retinal ischemia mice suffered significant axon degeneration
without detectable myelin injury at three days after reperfusion. At this time point, we acquired ex
vivo qMT parameters from both shiverer mice (which have nearly no myelin) and control mice
that have undergone retinal ischemia, and these qMT measures were compared with diffusion
tensor imaging (DTI) results. Our findings suggests that the qMT estimated ratio of the pool sizes
of the macromolecular and free water protons reflected the different myelin contents in the optic
nerves between the shiverer and control mice. This pool size ratio was specific to myelin content
only and was not significantly affected by the presence of axon injury in mouse optic nerve three
days after retinal ischemia.
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Introduction
Magnetic resonance imaging (MRI) techniques have been widely used on the diagnosis of
white matter diseases in the central nervous system. Conventional T1, T2, and proton density
weighted imaging provide contrasts to differentiate lesions from normal white matter. More
sophisticated imaging techniques, such as magnetization transfer (MT) imaging (1),
diffusion tenser imaging (DTI) (2), and multiple components T2 imaging (3), provide not
only contrast but also quantitative information for lesion detection. Though demyelination is
the major target of many MRI studies, many white matter diseases are a combination of
demyelination and other pathologies, such as edema, gliosis, inflammation, and axon
degeneration. It is important to know the specificity of each MRI technique to each of these
white matter pathologies.

DTI investigates the microstructures in white matter by characterizing water diffusion
anisotropy. Previous results suggest that directional diffusivities from DTI experiments are
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specific to white matter pathology (4-6). The radial diffusivity, which is the apparent water
diffusion coefficient in the direction perpendicular to the axonal fibers, may reflect the
integrity of the myelin sheaths surrounding the fibers; the axial diffusivity, which is the
water apparent diffusion coefficient in the direction parallel to the axonal fibers, may reflect
the integrity of the axonal fibers themselves. Shiverer mice brain (which has nearly no
myelin in the white matter, but has intact axonal fibers) (7) was imaged by DTI and
compared to control mice brain (5,8). Significant differences were found in the radial
diffusivity in the white matter, while there was no difference in the axial diffusivity in the
white matter. Furthermore, mice optic nerves with retinal ischemia (which has both axonal
damage and myelin degeneration during the time course) were examined by DTI (9,10). It
was found that at three days after the retinal ischemia, the axial diffusivity of the injured
optic nerve was significantly decreased, while the radial diffusivity of the injured optic
nerve remained unchanged. The correlated histology results indicated axonal damage but no
demyelination. Therefore, mouse optic nerve undergoing retinal ischemia is an excellent
animal model to investigate the specificity of MRI techniques on the detection of
demyelination while axonal damage is present.

MT is very sensitive to myelin, since it characterizes the interactions between free water
protons and macromolecular protons which are associated with myelin lipids (11,12).
Magnetization transfer ratio (MTR) is a semi-quantitative parameter which describes the
degree of this interaction. MTR equals one minus the ratio of the free water signal with and
without an off-resonance rf pulse that selectively saturates the solid-like macromolecular
protons. MTR has increased sensitivity to demyelinated lesions over conventional MRI
techniques (1). However, MTR values depend on the details of the pulse sequence and they
also may be affected by other pathologies, and therefore lack specificity for myelin.
Quantitative magnetization transfer (qMT) provides a more direct insight by modeling the
underlying properties involved in the MT process (13). All of the relaxation and exchange
rates of the free water and macromolecular protons are individually characterized in a qMT
model. One of the qMT parameters, the pool size ratio (the ratio of the number of bound
macromolecular protons to the free water protons), is independent of pulse sequence details
and may be a more direct measure of myelin. For example, the pool size ratio measurement
reflects the dysmyelination of shiverer mice brain (8) and spinal cord (14).

Determining the specificity of MT parameters to the underlying biophysical conditions is
complicated by the typical coupling of pathological features. For example, though
demyelination is the dominating pathology that affects the qMT parameters, the role of other
pathologies such as inflammation on qMT measurements needs to be considered. Stanisz et
al (15) examined the qMT properties in inflamed neural tissues, and found that the pool size
ratio is not the best indicator of demyelination when inflammation is also present, not only
due to the increase in the number of extra-myelin water protons by inflammation, but also
due to the change in the MT properties caused by the pH change in the inflamed sample.
Odrobina et al (16) measured the qMT parameters for ex vivo demyelinated rat sciatic nerve
and confirmed the correlation between myelin fraction and the pool size ratio, but also noted
the difficulty of separating demyelination from inflammation by qMT alone. Tozer et al (17)
also correlated the pool size ratio in the qMT measurements with the myelin water fraction
in the multiple component T2 measurements for human subjects. They suggested that it is
still valuable to perform both measurements to increase the specificity of those parameters to
demyelination with existing inflammation.

Changes in axon integrity may also influence qMT measurements of demyelination.
However, most current studies are limited to the relation of axonal damage to MTR, not to
qMT parameters. For example, Schmierer et al measured the MTR in postmortem multiple
sclerosis brain with the addition of quantitative pathological studies (18). They found
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significant correlation not only between myelin content and MTR, but also between myelin
content and axonal count. However, it was not clear how axon count changes and myelin
content changes separately affect the semi-quantitative MTR measurement, nor did they
address how the axon count changes affect the quantitative MT measurements. Post mortem
studies of the spinal cord of multiple sclerosis patients by Mottershead et al also revealed
strong correlations of reduced myelin content and axonal loss to reduced MTR (19), but
again without separating the effects of demyelination and axonal loss. In contrast, Blerzer et
al investigated the quantitative MRI and pathology correlations of brain white matter lesions
in experimental autoimmune encephalomyelitis (EAE) non-human primates, and their
results showed that the correlation of axonal density with MTR was insignificant (20).
Hickman et al (21) performed MT imaging in acute optic neuritis patients and found that
MTR values did not change at the onset, when visual impairment was at its worst. They
proposed that this lack of change was possibly due to the acute axonal degeneration
transiently increasing MTR and other pathologies decreasing MTR. Their suggested
possibility of conflicting pathologies shows the need for animal studies with separated and
controlled pathologies. In summary, both appropriately specific animal models and more
specific MR measures (i.e. the qMT measured pool size ratio) may be necessary to evaluate
the correlations between demyelination measurements and changes of axonal pathology.

In this paper, we utilized ex vivo samples with known axonal damage without
demyelination, mice optic nerve at three days after retinal ischemia (9,10), to test the
dependency of the pool size ratio measured by qMT on axonal degeneration alone. We
acquired data on both shiverer and control mice, and both normal and injured optic nerves to
investigate both the sensitivity and specificity of the pool size ratio on demyelination as
separated from axonal degeneration. DTI and histology studies were also performed to
provide a separate measure of the pathology.

Theory
We chose the recently developed SIR-FSE method (22) to perform the qMT measurements.
This technique uses a fast spin echo pulse sequence with a preceding 180 degree inversion
pulse. Unlike the widely used pulsed saturation method (23), which manipulates the
restricted macromolecular spins, SIR-FSE selectively inverts the free liquid spins. As a
result of MT, the free recovery of the liquid spins after the inversion pulse is bi-exponential
(with fast and slow recovery rates on the order of magnitude of 25 Hz and 1 Hz,
respectively) instead of single exponential (24). A series of inversion times are used to
model the transient signal of the bi-exponential recovery after the inversion pulse. A
constant pre-delay time td (the time delay after the fast spin echo acquisition in each
repetition), instead of a constant repetition time TR, allows a determination of the qMT
parameters when starting from non-equilibrium conditions and resulting in greater SNR
efficiency (22).

For a two-pool system (immobile macromolecular protons and free water protons) such as
brain tissue, the recovery of the inverted free pool magnetization after the inversion pulse is
(22):

[1]

where
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[2]

R1
- and R1

+ are the slow and fast recovery rates, respectively. The subscripts f and m refer to
the free and macromolecular proton pools, respectively. Mf(t) and Mm(t) are the longitudinal
magnetizations with equilibrium values Mf∞ and Mm∞. R1f and R1m are the longitudinal
relaxation rates of the free and macromolecular protons when there is no magnetization
transfer between them. kfm is the magnetization exchange rate from the free pool to the
macromolecular pool, kmf is the rate from the macromolecular pool to the free pool, and kfm/
kmf is equal to the pool size ratio (pm/pf).

kmf is usually much larger than any other rate, and a Taylor expansion gives the
approximations(25):

[3]

In the experiments  are determined by fitting the measured images to Eq
[1], where t is the varied inversion time. The qMT parameters are then calculated from Eq
[3], where td is the constant predelay, Sm is the simulated saturation effect of the rf pulse
(0.41 ± 0.11 for a 1 ms sinc inversion pulse on a solid pool with a Gaussian lineshape and a
T2 between 10 μs and 20 μs, calculated by the same method as described in (26,27) ). Being
an on-resonance method, the results have little dependence on the assumed lineshape, as
discussed in previous publications (22).

The Diffusion tensor (D) can be derived according to Eq [4], where S is the diffusion-
weighted signal, S0 is signal with diffusion weighting factor b = 0 , and n represents the
encoding directions (28). The resulting tensor element maps can be used to derive
eigenvalues ( λ1,λ2,λ3 ) of the diffusion tensor by matrix diagonalization. Quantitative
indices including axial diffusivity ( λP ), radial diffusivity ( λ⊥ ), and relative anisotropy
(RA), can be derived according to following equations:

[4]

[5]

[6]

[7]
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Methods
Animal preparation

All procedures were in compliance with the National Institute of Health Guide for the Care
and Use of Laboratory Animals, as well as institutional policies and guidelines. Unilateral
retinal ischemia was induced in five shiverer and six control mice. Briefly, 100 – 120 mmHg
intraocular pressure was applied to the left eye of each mouse for one hour by inserting into
the anterior chamber a 32-gauge needle connected to a saline reservoir placed above the eye.
Reperfusion started immediately after removal of the cannula. At three days after the retina
ischemia, all mice were euthanized and perfused through the left cardiac ventricle with
phosphate-buffered saline (PBS) followed by 10% formalin/PBS solution. The mice were
decapitated and their heads were kept in 10% formalin/PBS solution and stored at 4°C for
one week. Just before imaging, each mouse head was transferred to a 10 mm diameter
cylinder filled with PBS solution.

Data Acquisition
Cylinders with fixed mouse head were placed in a 1 cm inner diameter solenoid coil which
serves as both RF transmitter and receiver, and data from one coronal slice which contains
both optic nerves were acquired in a 4.7 T Varian UNITY INOVA spectrometer with an
actively shielded Magnex gradient coil (10 cm inner diameter, 60 G/cm, 100 μs rise time). A
fast spin echo sequence with a 1 ms sinc inversion pulse was used for the qMT experiments.
18 images with the inversion times ranging from 5 ms to 7.9 s were obtained with 2 s
constant pre-delay, 8 averages, 16 echoes (with zero phase encode in the first echo), 10 ms
echo spacing time, 25 mm by 25 mm field of view, 0.8 mm thick slice, and 256×256 data
matrix zero-filled to 512×512. The imaging slice was chosen at a position which was about
1 – 1.5 mm anterior from the optic chiasm. This position was also chosen for the histology
study to ensure the MRI slice matches the histology slice. The total imaging time was 2
hours. Data were fitted to the bi-exponential function of the inversion times (Eq [1]) to
determine qMT parameters pixel by pixel. The goodness of qMT data fitting was ensured by
setting a criteria to the fitting residue versus signal, specifically,

. Almost all pixels met this criteria except a few
boundary pixels which were excluded in the data analysis.

A diffusion weighted spin echo pulse sequence with 1 s repetition time, 4 averages, 38 ms
echo time, 13 ms time between gradient pulses, 4 ms diffusion gradient duration, b value of
1.879 ms / μm2, diffusion sensitizing gradients along six directions (x,y,z) = (1,1,0), (0,1,1),
(1,0,1), (-1,1,0), (0,-1,1), (1,0,-1), plus an image with no diffusion gradients, and the same
spatial resolution as in the qMT experiments was used to acquire data (the scan time was 2
hours). On a pixel-by-pixel basis, the axial diffusivity ( λ ), radial diffusivity ( λ⊥), and
relative anisotropy (RA), as defined by Eqs [5]-[7], were derived using software written in
Matlab (MathWorks, Natick, MA, USA).

Statistical Analysis
For each qMT and DTI parameter, statistically significant difference between the injured
and uninjured optic nerves was evaluated by a two-tailed student t-test. The t value was
calculated by the means and standard deviations of each parameter in control/shiverer mice
optic nerves. With the t-value and the known degree of freedom (6 control mice and 5 shiver
mice gave a degree of freedom equals 9), the probability (p-value) that each parameter being
the same between the control and the injured optic nerves was determined.
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Histology Study
After MRI studies, 4 mm thick coronal tissue blocks were obtained from each control and
shiverer mouse brain and embedded in paraffin. 3 μm thick slices matching the MRI slices
were cut and deparaffinized in xylene for immunohistochemical examinations. The integrity
of myelin was assessed by using a primary antibody against myelin basics protein (MBP,
1:250; Zymed Laboratories Inc., South San Francisco, CA). The integrity of axon was
assessed by using a primary antibody against phosphorylated neurofilament (pNF, SMI-31,
1:1000; Sternberger Monoclonals, Lutherville, MD). Following 15 minutes wash in PBS,
slices were incubated in fluorescent secondary antibodies for one hour at room temperature
(1:200, anti-rabbit conjugated to Texas Red for MBP, 1:200, anti-mouse conjugated to
Alexa 488 for SMI-31; Molecular Probes). Histological sections were examined with a
Nikon Eclipse 80i microscope equipped with a 60x oil objective, and digital images were
captured with a Photometrics CCD digital camera using MetaMorph image acquisition
software (Universal Imaging Corporation, Downington, PA). The MBP and SMI-31 positive
axons were counted in a blinded fashion. Images captured from the center of each optic
nerve were displayed using MetaMorph. Both the red MBP positive staining ring
representing the myelinated axon and the green SMI-31 positive staining dot representing
the normal axon were counted. The axon counting was conducted through the entire
captured image (110μm×110μm).

Results
Figure 1 shows a T2 weighted image, a relative anisotropy map from the DTI experiments,
and a pool size ratio map from the qMT experiments for a control mouse. The resulting qMT
and DTI parameters for all mice are listed in Table 1.

qMT and DTI results
The pool size ratios in the control mice optic nerves are much higher than those in the
shiverer mice optic nerves (30% difference for the injured optic nerves, p = 0.0001; 24%
difference for the uninjured optic nerves, p = 0.008). There is nearly no pool size ratio
difference (3%, p = 0.70) between the left (injured) and right (uninjured) optic nerves in the
control mice, while there is insignificant difference (10%, p = 0.07) in the shiverer mice.
The slow rates (the reciprocal of T1, which is the longitudinal relaxation time of the sample
as one would measure using inversion recovery methods with relatively long ti values) and
fast rates (approximately equals the MT exchange rate from macromolecular protons to free
water protons) in all mice are similar between the injured and uninjured optic nerves.

The radial diffusivities are the same between the injured and uninjured optic nerves (no
difference, p = 0.90 for the control mice; no difference, p = 0.84 for the shiverer mice).
Meanwhile, the radial diffusivities in the shiverer mice are much higher than those in the
control mice (23% difference for the injured optic nerves, p = 0.03; 23% difference for the
uninjured optic nerves, p = 0.06). For the axial diffusivities, there are significant differences
(33% for the control mice, p = 0.006; 26% for the shiverer mice, p = 0.0002) between the
injured optic nerves and the uninjured optic nerves. Meanwhile, the axial diffusivities in the
shiverer mice optic nerves are slightly and insignificantly higher than those in the control
mice optic nerves (9% difference for the injured nerves, p = 0.35; 8% difference for the
uninjured nerves, p = 0.17). For the relative anisotropy, there are significant differences
(27% for the control mice, p = 0.0011; 27% for the shiverer mice, p = 0.0005) between the
injured and uninjured optic nerves, while there are small differences (8% for the injured
nerves, p = 0.16; 6% for the uninjured nerves, p = 0.17) between the control and shiverer
mice.
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Histological Study Results
Immunohistochemistry exhibited that reduction of the positive staining to pNF in injured
optic nerves suggestive of the axonal damage at 3 days after retinal ischemia (Fig 2).
Despite the absence of myelin (stained by MBP) in shiverer mice, both control and shiverer
mice showed similar degree of axonal damage in the injured optic nerves, where 82 ± 12%
(p < 0.05) and 75 ± 12% (p < 0.05) reductions of the pNF counts were measured from
control and shiverer mice, respectively (Fig 3). For the control mice, the MBP staining result
in the injured optic nerves is similar to that in the uninjured optic nerves, suggesting that
there was no demyelination in the injured optic nerves.

Discussion
It has been shown that white matter abnormalities may cause increased T1 and T2, decreased
MTR, and changes of diffusion properties including RA, FA, and ADC (2,29,30). Those
parameters are sensitive to both myelin and axon pathologies, and they are not able to
differentiate the effects of demyelination and axonal degeneration. Though both pathologies
usually accompany each other, they might develop at different stages and have different
consequences. For example, it has been suggested that demyelination is the dominating
pathology for the relapsing-remitting multiple sclerosis, while axonal degeneration is the
dominating factor for the irreversible chronic-progressive multiple sclerosis (31). Therefore,
MRI techniques that distinguish demyelination with axonal degeneration are essential for
diagnosis and clinic applications.

Radial diffusivity and axonal diffusivity may reflect the integrity of the myelin sheath and
axon tracts, respectively (4-6,9,10,32). Meanwhile, the pool size ratio in qMT measurements
is suggested to be highly related to myelin contents (8), and it is also a possible marker to
differentiate the pathological changes in myelin sheath/axon tracts. qMT and DTI studies
have been performed on control/shiverer mice corpus callosum. Both the pool size ratio and
the radial diffusivity are sensitive to the myelin sheath of axonal fibers, and these two
parameters correlate to each other (8). In this study, our findings on mice optic nerves
support theses previous results. The percentage difference in macromolecular proton pool
size ratios between control and shiverer is smaller than that measured in shiverer mice spinal
cord by pulsed MT measurements (14), which may reflect differences between brain and
spinal cord, sample preparation, or qMT acquisition method. The pool size ratios in the
control mice optic nerves (both the injured and uninjured nerves) are significantly higher
than those in the shiverer mice optic nerves, correlating with the lack of myelin in the
shiverer mice optic nerves. On the other hand, the radial diffusivities in the control mice
optic nerves (both the injured and uninjured nerves) are significantly lower than those in the
shiverer mice optic nerves, also indicating the lack of myelin in the shiverer mice optic
nerves. Furthermore, the changes of pool size ratio and radial diffusivity are of a similar
percentage, which is consistent with our previous results on mice corpus callosum. Our
results confirm that both the pool size ratio and radial diffusivity correlate with the integrity
of myelin in mice optic nerves.

For qMT parameters other than the pool size ratio, the slow rates (which are equivalent to
the measured R1 of studies that employ only large ti values) in the optic nerves are lower
than the slow rates in the corpus callosum we measured previously (8). However, the slow
rates in the control mice optic nerves are slightly higher than those in the shiverer mice optic
nerves, consistent with previous corpus callosum results. The slow rate difference between
the control and shiverer mice optic nerves is small, indicating that T1 is not an optimal
marker for myelin. Nor is the fast recovery rate (which by Eq [3] is roughly equal to kmf,
and sometimes referred to as R (13)), since it is not differentiated between the control and
shiverer mice optic nerves. For DTI parameters, the diffusivities measured in our
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experiments are significantly lower than those from in vivo mice optic nerve (9) and ex vivo
bovine optic nerve measured within 2 hours post mortem without fixation (33). This low
diffusivity is probably due to the formalin fixation effects (34). Nevertheless, the diffusion
anisotropy is likely preserved after fixation (32,34). We did not see any obvious change of
axial diffusivities in the corpus callosum between the control and shiverer mice previously,
but we did see small changes (8-9%) of axial diffusivities in the optic nerves between the
control and shiverer mice. This may be due to the partial volume effects and the limited size
of the ROI. In any case, the p values for the axial diffusivity in the optic nerves range from
0.17 to 0.35, indicating no significant difference. These values are also comparable to the p
value (p = 0.27) previously calculated from the corpus callosum axial diffusivities between
the control and shiverer mice (8). The relative anisotropies in control mice optic nerves are
higher than those in shiverer mice optic nerves, which is consistent with previous mice brain
results, though more significant difference was observed in mice corpus callosum. In
general, the qMT and DTI analysis on the dysmyelinated shiverer and the myelinated
control mice optic nerves agrees well with our previous analysis on the shiverer/control mice
corpus callosums.

Optic nerve contains dense packed myelin sheath around the axonal fibers and has no
crossing fiber tracts. After the retinal ischemia surgery, the degenerations of myelin and
axon fiber start at different time points and proceed at different rates. In general, at three
days after the ischemia, axonal degeneration is significant, but demyelination is absent
(9,10). The separation of these two pathologies provides an excellent model to evaluate the
specificity of qMT and DTI parameters to myelin. From our DTI results, the radial
diffusivity (which previous results (5,6,8,9) indicate may be sensitive to myelin) is the same
in the injured optic nerves and the uninjured optic nerves, and for both control and shiverer
mice. These similar radial diffusivities indicate the lack of demyelination, which is
confirmed by the MBP immunostaining results. On the other hand, the axial diffusivity,
which may reflect the axonal fiber integrity (4,9,10), is significantly different between the
injured and uninjured optic nerves, indicating that noticeable axonal degeneration is present
in the injured optic nerves, which is in agreement with the Neurofilament labeling results.
There is also significant difference for the relative anisotropy between the injured and
uninjured optic nerves, due to the difference of the axial diffusivity since the radial
diffusivity is unchanged.

With the confirmation of Histology and DTI results that there is axonal degeneration but no
demyelination, qMT measurements were performed on this animal model to check if there is
any effect on the qMT parameters caused by the presence of axonal degeneration. We did
not see any significant difference in the measured pool size ratios between the injured and
the uninjured optic nerves for the control mice, which suggests that axonal degeneration did
not play a role in the detection of demyelination in the control mice by qMT measurements.
For the shiverer mice, the uninjured optic nerves have slightly higher pool size ratio than the
injured optic nerves. Since shiverer mice have nearly no myelin in their optic nerves, the
source of this difference is from the contribution to the pool size ratio by pathologies other
than demyelination. While our results indicate that changes in the pool size ratio principally
reflect myelin changes, some dependence on non-myelin bio-structures is likely. For
example, the pool size ratio of gray matter is not zero, and it is also not zero for the
dysmyelinated shiverer mice white matter (8). However, any pool size ratio dependence on
changes in non-myelin bio-structures in this model is small (9% difference between the
injured and uninjured optic nerves of the shiverer mice) and of relatively low significance (p
= 0.07). Furthermore, our results also show that the slow and fast rates remain the same for
the injured optic nerves when comparing to the uninjured optic nerves. Therefore, in
general, the qMT measurements were not significantly affected by the lone presence of
axonal degeneration in our experiment.
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qMT maps of healthy subjects were produced by different groups. Sled et al show that the
pool size ratio in white and gray matter regions are significantly different (35); Yarnykh et al
were able to show the appearance of the major fiber tracts on the pool size ratio map, and
therefore to show that pool size ratio is associated with the density of fiber tracts (36).
Yarnykh’s results are not contradictory to ours, as the myelin sheath density also increases
with increases in the fiber tract density. We were not able to see fiber tracts in the white
matter of our pool size ratio maps due to the small size of mice brain and the relatively large
voxel size for microstructures imaging, but we were able to show that the pool size ratio
measurement generally will not be affected by the axonal damage in the injured optic
nerves. We believe that the density change of axonal fibers will affect qMT measurements
because of the consequent myelin sheath density change, but the axonal degeneration caused
by fiber transection will not affect qMT measurements.

Narayanan et al measured the pool size ratio in normal appearing white matter (NAWM) of
MS patients via the pulse saturation technique (37). In addition to myelin detection by qMT,
they also measured the resonance intensities of N-acetylaspartate (NAA) relative to creatine
(Cr) to investigate the axonal injury. They found no correlation between the pool size ratio
(putative myelin marker) and the NAA/Cr ratio (putative axonal intensity marker). Their
results are consistent with axonal injury in the NAWM (i.e. the Wallerian degeneration of
transected axons) not paralleling demyelination. The variation of the measured pool size
ratio in the NAWM was small in their experiments, also implying that the existing axonal
degeneration does not affect the pool size ratio measurement.

While our results are consistent with these human in vivo measurements, a full knowledge of
the specificity of diffusion tensor and qMT imaging methods will require a range of animal
studies where the relative degrees of demyelination, axonal loss, gliosis, and edema are
varied. This study fills in a data point by comparing qMT and diffusion tensor results in an
animal model separating the effects of demyelination and axonal degeneration. However,
inflammation effects cannot be separated from demyelination effects by this method. In
general, the pathological specificity of a particular method in a particular animal model will
depend on the concurrent biophysical changes, and modeling such changes may provide
insight into expected correlations. While neurofilaments and axoplasm have a small effect
on water diffusion, the primary determinant of diffusion tensor imaging in white matter is
the restrictive effects of membranes (38). DTI will reflect pathologies only to the degree to
which they affect water transport. While there have been a few studies modeling diffusion of
myelin associated water (39-41), this water component, with its short T2, likely plays only a
small direct role in diffusion measurements of white matter, and instead myelin plays the
role of a diffusion barrier. A third leading method for myelin specific imaging not included
in this study is multi-exponential T2(MET) and, like qMT, it is affected by the strong water-
macromolecular coupling via the cholesterol in the lipid bilayers of myelin in white matter
(42), and, therefore, these two methods may be expected to show similar sensitivity and
specificity to various pathologies. Four pool modeling studies of white matter (43,44),
however, have given inconsistent results on whether there is an underlying biophysical basis
for qMT-MET correlation.

Conclusion
We implemented selective inversion recovery fast spin echo (SIR-FSE) quantitative
magnetization transfer (qMT) imaging technique to investigate the integrity of myelin in
optic nerves after retinal ischemia in control and shiverer mice. We found that at three days
after the ischemia there was significant axonal degeneration in mice optic nerves, but no
detectable demyelination. Our qMT measurements sensitivity to myelin was not
significantly affected by the axonal injury, as indicated by the control versus shiverer qMT
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results. In addition, qMT parameters were similar between the injured optic nerves and
uninjured optic nerves. Our results suggest that the key qMT parameter, the pool size ratio,
is not only sensitive but also specific to demyelination even when axonal injury is co-
existing.
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Figure 1.
A): the T2 weighted image of one coronal slice from a control mouse. Optic nerves are
located inside the small rectangle. B): the relative anisotropy map of the same slice from this
mouse. C): magnified relative anisotropy map inside the small rectangle. D): magnified pool
size ratio map. RA maps have the best contrast between the optic nerve and surrounding
tissues, therefore they were used to determine the position of the optic nerves and choose
ROIs for each mouse.
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Figure 2.
Immunohistochemical results for A) uninjured optic nerve of a control mouse B) injured
optic nerve of a control mouse C) uninjured optic nerve of a shiverer mouse and D) injured
optic nerve of a shiverer mouse. A and B show the axonal degeneration (the green color
SMI-31 labeling) and no demyelination (the red color MBP labeling) at three days after the
retinal ischemia in a control mouse optic nerve; C and D show the axonal degeneration at
three days after the retinal ischemia in a shiverer mouse optic nerve; both A comparing to C
and B comparing to D show the dysmyelination in the shiverer mouse optic nerve.
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Figure 3.
Quantitative analysis of immunohistochemistry in normal (white bars) and injured (black
bars) optic nerves (N = 4 for each bar). The counts of axons (pNF stained) showed that the
axonal density is comparable between shieverer and control mice optic nerves. Both mice
showed significant loss of normal axons in injured optic nerves at 3 days after the retinal
ischemia.
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