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Abstract

Background—Gray matter (GM) atrophy in brain is one of the best predictors of long-term
disability in multiple sclerosis (MS) and recent findings have revealed that localized GM atrophy
is associated with clinical disabilities. GM atrophy associated with each disability mapped to a
distinct brain region; revealing a disability-specific atlas (DSA) of GM loss.

Objective—To uncover the mechanisms underlying the development of localized GM atrophy.

Methods—We used voxel-based morphometry (VBM) to evaluate localized GM atrophy and
Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging-compatible Tissue-hYdrogel
(CLARITY) to evaluate specific pathologies in mice with experimental autoimmune
encephalomyelitis (EAE).

Results—We observed extensive GM atrophy throughout the cerebral cortex, with additional foci
in the thalamus and caudoputamen, in mice with EAE compared to normal controls. Next, we
generated pathology-specific atlases, voxelwise mappings of the correlation between specific
pathologies and localized GM atrophy. Interestingly, axonal damage (end-bulbs and ovoids) in the
spinal cord strongly correlated with GM atrophy in the sensorimotor cortex of the brain.

Conclusions—The combination of VBM with CLARITY in EAE can localize GM atrophy in
brain that is associated with a specific pathology in spinal cord; revealing a pathology-specific
atlas (PSA) of GM loss.
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Introduction

Multiple sclerosis is an autoimmune-mediated disease of the central nervous system
characterized by demyelination, axonal damage, and synaptic loss.! While MS has long been
regarded as a disease of white matter (WM), gray matter (GM) atrophy has a direct
relationship with clinical outcomes.2

Voxel-based morphometry (VBM) is an effective method of analyzing localized GM atrophy
in a biology-driven manner, as opposed to focusing on a priori selected structures. In VBM,
statistical analyses are conducted throughout the entire brain on a voxelwise basis,®
permitting localization of volume changes across neuroanatomical structures. Voxelwise
analyses have been conducted extensively in MS and have provided valuable insights into
the pattern and progression of GM atrophy.* -8 VBM is particularly well-suited in MS
because GM atrophy is not homogenously distributed throughout the brain. For example,
atrophy within sensorimotor cortex was shown to correlate with worse scores on the
Expanded Disability Status Scale (EDSS), a composite heavily weighted by walking
disability.8 Furthermore, our group has used VBM to generate disability-specific atlases
(DSAs), voxelwise mappings of GM atrophy in the cerebral cortex that are associated with
specific disabilities. We showed that GM atrophy in distinct, clinically-eloguent cortical
regions correlated with distinct disabilities, such as atrophy in the primary auditory cortex
with poorer performance on the paced auditory serial addition test (PASAT).2 These studies
illustrate the need to further understand the mechanisms contributing to regional GM
atrophy. Investigating these mechanisms is challenging in humans, but they can readily be
addressed through the use of animal models, such as experimental autoimmune
encephalomyelitis (EAE).

Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging-compatible Tissue-hYdrogel
(CLARITY) is an optical clearing technology that permits intact imaging of the entire brain
and spinal cord.® This approach is well-suited to visualizing neurons and axons in three
dimensions, in both brain and spinal cord, in both normal and pathological conditions,® 10
such as in EAE.1! Thus, CLARITY can be utilized to visualize pathological mechanisms
across the neuraxis that may lead to GM atrophy. In fact, different cellular pathologies may
be responsible for atrophy in different brain regions. This may explain the difficulty in
uncovering the underlying mechanism of whole GM atrophy — there is not one mechanism,
but many.

Here, we will focus on an important candidate mechanism, axonal damage in the spinal
cord. In order to visualize the relationship between GM atrophy and axonal damage, a
voxelwise regression analysis was conducted and a mapping of GM atrophy in the cerebral
cortex that was associated with axonal damage in the spinal cord was created — a pathology-
specific atlas (PSA).
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Materials and Methods

Mice

18 female Thy1-YFP* C57BL/6J mice with EAE and 17 female age-matched, healthy
controls (Jackson Laboratories, Bar Harbor ME) ranging from 11 to 15 weeks of age were
used for this study. All procedures were performed in accordance to the guidelines of the
National Institutes of Health and the Chancellor’s Animal Research Committee of the
University of California, Los Angeles Office for the Protection of Research Subjects.

Experimental Autoimmune Encephalomyelitis

EAE was induced as described.! Briefly, mice were immunized subcutaneously with MOG
peptide 35-55 (300 pg) and Mycobacterium tuberculosis (500 pg) emulsified in complete
Freund’s adjuvant, in a volume of 0.1 ml over the right draining inguinal and axillary lymph
nodes. One week later, a booster immunization was delivered subcutaneously over the
contralateral lymph nodes. Pertussis toxin (500 ng; List Biological Laboratories, Campbell,
CA) was injected intraperitoneally on days 0 and 2.12 EAE was graded on a scale of 0-5, as
described.13

Magnetic Resonance Imaging

All animals were scanned /n vivo 20 days after EAE induction at the Ahmanson-Lovelace
Brain Mapping Center at UCLA on a 7T imaging spectrometer (Bruker Instruments,
Billerica, MA), as described.14

Voxel-based Morphometry

VBM analyses were performed with Statistical Parametric Mapping (SPM) 8 software
(Welcome Trust Center for Neuroimaging, London, United Kingdom; http://
www.fil.ion.ucl.ac.uk/spm) and SPMMouse (SPMMouse, http://www.spmmouse.org) 12
within MATLAB version 2013a (Mathworks, Natick, MA). MR images were manually
registered to tissue probability maps (TPMs) generated from 60 C57BL/6J mice 14 using 6-
parameter linear transformations. The images were bias corrected and segmented into GM,
WM, and cerebrospinal fluid (CSF) using the unified segmentation algorithm.16 The
resulting segments were used to create a Diffeomorphic Anatomical Registration using
Exponentiated Lie algebra (DARTEL) template 17 and the individual GM segments were
warped to this template and modulated. Finally, the normalized and modulated GM
segments were smoothed with a 600 um FWHM Gaussian kernel and used as the input for
the statistical analysis.

Cross-sectional differences in local GM volume between EAE and control mice were
examined with a general linear model. Whole brain volume was included as a covariate to
account for the variance associated with brain size and to prevent potential effects due to
differences in brain size. Within this model, significant differences in local GM volume
between groups were determined via student’s t-tests. All findings were corrected for
multiple comparisons by controlling the false discovery rate (FDR) 18 and all significance
maps were thresholded at q < 0.05. All analyses were performed bi-directionally.
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Associations of voxelwise GM volumes with axonal end-bulbs and ovoids using voxelwise
regression analyses were assessed within the general linear model. Whole brain size was
included as a variable of no interest. All significant findings were corrected for multiple
comparisons by controlling the FDR.

Bias-corrected images were skull-stripped, warped to the DARTEL template, and averaged
to create a mean template for visualization.

Atlas-based Morphometry

A minimum deformation atlas (MDA) was created using the MR images from all subjects
and anatomical structures were manually labelled on the MDA using BrainSuite 16a 19
(http://brainsuite.org) as described.20 The labels were then warped out to the individual
images and manually corrected by an investigator blind to each treatment group.

CLARITY

The brains from a subset (9 EAE mice and 10 normal controls) and spinal cords from all of
the animals were optically cleared using the CLARITY protocol modified for “passive
clearing” as described.11

Immunohistochemistry

The brains of a subset of animals (5 EAE mice and 5 normal controls) were stained using
immunohistochemistry (IHC) as described.20 Tissues were stained for either NeuroTrace
(Invitrogen), myelin basic protein (MBP) (Aves), major histocompatibility complex Il
(MHC-II) (BioLegend), and/or ionized calcium-binding adapter molecule 1 (Ibal) (Wako).

Microscopy

Laser scanning confocal microscopy was performed at the California NanoSystems Institute
(CNSI) Advanced Light Microscopy/Spectroscopy Shared Resource Facility at UCLA as
described.11: 20

CLARITY Analysis

Automated cell counting in Imaris (Bitplane, Belfast, United Kingdom) was used to analyze
the number of cortical layer V pyramidal neurons in the sensorimotor cortex. Spinal cord
images were visualized and processed using FIJI (https:/fiji.sc) as described.1!

Statistical Analyses

ABM, CLARITY, and immunohistochemistry data were analyzed in R (https://www.r-
project.org). Two-group comparisons were conducted using a student’s t-test (two-tailed).
Regression analyses are reported as Spearman correlation coefficients. All reported p values
are corrected for multiple comparisons by controlling for the FDR. 95% confidence intervals
for mean values are reported in brackets and were found by resampling (10,000 bootstraps).
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Gray matter atrophy

In vivo MRI scans were collected from 18 female mice with EAE and 17 female, age-
matched normal controls 20 days after disease induction (Fig. 1). VBM was conducted to
identify regions of significant GM volume change in mice with EAE (p < 0.05). A statistical
parametric map (SPM) indicated substantial GM atrophy in the brains of mice with EAE
compared to controls (Fig. 2A). Atrophy was observed primarily in the cerebral cortex with
smaller clusters in the caudoputamen, cerebellum, and thalamus (Fig. 2B).

As a complementary approach, volumes were measured for whole brain, GM, WM, CSF,
caudoputamen, cerebral cortex, cerebellum, and thalamus (Table 1). Mice with EAE
demonstrated a decrease of 7.45% (p = 0.0016) in cerebral cortex volume, 3.15% (p =
0.0052) in caudoputamen volume, 2.32% (p = 0.034) in thalamus volume, and 2.27% (p =
0.028) in cerebellum volume compared to normal controls. Thus, this complementary
approach corroborated our new findings of localized GM atrophy demonstrated by VBM
(Fig. 2A & B). Further, EAE mice exhibited a 6.01% decrease in mean whole brain GM
volume compared to controls (p = 0.0020). An analysis of whole brain WM and the corpus
callosum volume revealed no significant difference between EAE mice and normal controls,
consistent with our previous findings in the cerebellum. 21

Axonal damage in the spinal cord

We then addressed whether an important candidate pathology, remote injury in spinal cord,
was associated with localized GM atrophy in the cerebral cortex. We evaluated axonal
transection (end-bulbs) and axonal injury (ovoids) in the spinal cord. Whole spinal cords
were optically cleared, imaged, and analyzed (Fig. 2C & D). Mice with EAE exhibited a 5.3-
fold increase in axonal end-bulbs compared to control mice (p = 0.0063) (Fig. 2E).
Additionally, EAE mice also exhibited a 5-fold increase in axonal ovoids compared to
controls (p = 1.3 x 1079) (Fig. 2F).

We had previously created disability-specific atlases using MRI scans from MS patients in
order to highlight the relationship between voxelwise GM atrophy and specific disabilities.2
This biology-driven approach demonstrated that distinct disabilities were associated with
GM atrophy in distinct, clinically-eloquent regions. Here, we created pathology-specific
atlases using MRI scans in EAE mice to demonstrate the relationship between voxelwise
GM atrophy and axonal damage in the spinal cord.

The spinal cord axonal-transection (end-bulbs) PSA showed a significant relationship with
GM atrophy mainly within the primary and secondary motor cortex and much of the primary
and supplemental somatosensory cortex (peak p = 0.0036, FDR corrected) (Fig. 2 G & H).22
The total volume of this PSA was 11.2 mm3. This result demonstrated that worse axonal
transection in spinal cord correlates with worse GM atrophy in the sensorimotor cortex.

The spinal cord axonal-injury (ovoids) PSA exhibited a pattern very similar to the axonal-
transection PSA, albeit smaller (6.64 mm3), yet still significant (peak p = 0.0093, FDR
corrected) (Fig. 2 | & J). The similarity between the axonal-transection PSA and the axonal-
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injury PSA was expected, given that there was a strong correlation between axonal end-
bulbs and ovoids (R = 0.754, p = 0.0016).

Notably, each pathology-specific atlas (axonal transection, Figure 2 G & H, and axonal
injury, Figure 2 | & J) was distinctly less widespread than overall voxelwise GM atrophy in
mice with EAE (Figure 2 A & B), together demonstrating that GM atrophy associated with
axonal damage in the spinal cord represents a subset of overall GM atrophy in the brain
during EAE.

Neuronal loss in sensorimotor cortex

The neuroanatomic correlation between axonal transection in spinal cord and GM atrophy in
sensorimotor cortex prompted investigation into cellular pathology in the sensorimotor
cortex of mice with EAE. Thyl-YFP* mice express yellow fluorescent protein in a subset of
their cortical layer V pyramidal neurons (Fig. 3A & B).23: 24 Mice with EAE demonstrated a
44.7% reduction in cortical layer V pyramidal neurons in the sensorimotor cortex compared
to controls (p = 0.00028) (Fig. 3C). As a complementary approach, we quantified
NeuroTrace-labeled cells (all neurons) in the sensorimotor cortex in single tissue sections.
We observed that mice with EAE showed a 13.7% reduction in cells labeled with
NeuroTrace compared to controls (p = 0.0063) (Fig. 3C).

More loss of Thyl-YFP* neurons than NeuroTrace-labeled neurons in cerebral cortex is
consistent with greater vulnerability of Thy1-YFP* neurons, since they are the source of
Thy1-YFP* axons in spinal cord.23 Indeed, there was a strong inverse correlation between
the number of cortical layer V pyramidal neurons and the number of end-bulb positive axons
(R =-0.785, p = 0.028), indicating a strong relationship between axonal transection in
spinal cord and neuronal loss in sensorimotor cortex.

Demyelination and microglial activation in sensorimotor cortex

We evaluated demyelination within the sensorimotor cortex by immunohistochemistry (Fig.
4A & B). Mice with EAE exhibited a 32% reduction in MBP-staining compared to controls
(p = 0.00030) (Fig. 4C).

There was a strong correlation between neuronal loss and myelin loss in the sensorimotor
cortex (R =0.758, p = 0.028), indicating that neuronal loss and myelin loss are closely
related. Nevertheless, there wasn’t a statistically significant correlation between end-bulb
positive axons in the spinal cord and myelin loss in the sensorimotor cortex.

We assessed differences in activated microglia within the sensorimotor cortex in Ibal/MHC-
Il double-stained confocal images using morphology (Fig. 5A). We observed that mice with
EAE exhibited a 3.5-fold increase in activated microglia compared to controls (p = 0.017)
(Fig. 5B).

There was a strong direct correlation between the percentage of activated microglia and end-
bulb positive axons (R = 0.714, p = 0.042), indicating a strong relationship between
microglial activation in sensorimotor cortex and axonal transection in spinal cord. We also
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observed a strong indirect correlation between the percentage of activated microglia and
neuronal numbers, both within sensorimotor cortex (R = —0.733, p = 0.042).
Discussion

It has been suggested that axonal damage is associated with whole GM atrophy in the brains
of MS patients,25 but localization of each has remained unclear. In this study, we used a
biology-driven approach in the MS model, EAE, to reveal that axonal transection in spinal
cord correlates strongly with GM atrophy in sensorimotor cortex. While we previously
demonstrated that axonal transection in spinal cord correlated with atrophy of the whole
cerebral cortex using atlas-based morphometry,1 whether there were specific regions within
the cerebral cortex that were associated with axonal transection in spinal cord was unknown.
Here, we have developed a novel approach, pathology-specific atlases, mapping the
relationship between localized GM atrophy and specific pathology, in effect localizing the
impact of a specific pathology on GM in the brain.

These results extend previous studies from our lab demonstrating GM atrophy in discrete
anatomical structures and neuronal loss in EAE.11: 20. 21 |n this study, we observed that
axonal transection correlated strongly with Thy1-YFP* neuronal loss in the sensorimotor
cortex. Together, our results suggest potential mechanisms underlying GM atrophy in EAE.
Cortical layer V neurons in the sensorimotor cortex directly innervate the spinal cord
through the corticospinal tract.28: 27 The Thy1-YFP™* axons that we analyzed in the spinal
cord are projections from the Thy1-YFP* cortical layer V neurons in sensorimotor cortex.23
We hypothesize that these long projections make them highly vulnerable to axonal injury
and transection induced by inflammatory lesions along the length of the spinal cord, and that
axonal injury and transection eventually lead to retrograde degeneration and cell death.
Interestingly, in a mouse spinal cord injury model, axonal transection did not lead to Thy1-
YFP* cortical layer V neuron loss in sensorimotor cortex,2 suggesting that processes
specific to EAE are responsible for neuronal loss. The remarkable specificity of the axonal-
transection PSA suggests that distal axonal damage plays a key role in the development of
GM atrophy in the sensorimotor cortex during EAE.

Notably, although the axonal-transection PSA was within the area of overall GM atrophy
observed in EAE mice compared to normal controls (Figure 2 A & B), there were also large
regions of GM atrophy that were not within this PSA (Figure 2 G & H). This suggests that
while axonal transection in spinal cord correlates with atrophy within sensorimotor cortex,
additional pathologies may also contribute to overall GM atrophy in EAE. Interestingly, GM
atrophy in sensorimotor cortex after axonal transection in spinal cord injury models is
controversial,29 again suggesting that processes specific to autoimmune-mediated disease
may be responsible for GM atrophy in EAE.

MS has GM atrophy in cerebral cortex and cortical lesions characterized by focal
demyelination. However, the relationship between cortical lesions and atrophy of normal-
appearing gray matter (NAGM) in cerebral cortex is unclear. We do not observe cortical
lesions in EAE, but we do observe cortical GM atrophy, demonstrating that cortical GM
atrophy need not be limited only to areas affected by cortical lesions.30: 31
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Consistent with the development of GM atrophy in NAGM of the cerebral cortex, our VBM
analysis in EAE also identified localized atrophy in several deep GM structures including
the anterior caudoputamen and the thalamus (Fig. 2). Voxelwise analyses have previously
shown thalamus, caudate, and putamen atrophy in MS, particularly in the early stages.
6.7,32-34 Here, we are the first to show thalamic atrophy in EAE, suggesting that EAE may
be a useful model to further investigate deep GM vulnerability to degeneration early in MS.
Notably, although Tambalo et al. 3° detected atrophy in the caudoputamen in EAE in rats,
they did not observe atrophy in thalamus. This difference may be due to the fact that
Tambalo et al. used a relapsing-remitting EAE rat model, while we used a chronic EAE
mouse model, although we cannot rule out technical differences.

The sensitive analyses used in this study allow us to detect atrophy and pathology earlier
than has previously been observed, providing insight into the mechanisms responsible for
early GM loss. It is likely that the processes contributing to GM atrophy will worsen as
disease progresses and analyses at later timepoints would reveal greater atrophy in not only
the cortical and deep GM structure highlighted in this study, but also in additional structures.
For example, although we observed a 2.27% decrease in cerebellar volume, we anticipate
greater cerebellar atrophy later in disease, as we have previously shown. 29: 21 |ongitudinal
studies will be useful for investigating the rate of progression of GM atrophy.

While our results are intriguing, our study has some limitations. Our voxelwise regression
analyses are indicative of a strong relationship, but they are not necessarily causal. Future

investigations of treatments to reverse individual pathologies and then determine the effect
on their respective gray matter PSAs will reveal causality.

In summary, the combination of VBM with CLARITY has the potential to be an important
tool in illuminating the underlying pathogenesis of GM atrophy in EAE and other
neurodegenerative disease models. PSAs map the effects of specific pathologies on localized
GM atrophy, acting as /n vivo biomarkers for those pathologies by visualizing localized GM
changes associated with each pathology. This approach can also be used to investigate
neuroprotective treatments aimed at reducing axonal damage and neuronal loss early in
disease to prevent GM atrophy within neurological pathways.
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Figure 1.
EAE clinical scores. Mice with EAE (n = 17) demonstrated typical chronic disease using

standard EAE scoring while normal control mice (n = 18) displayed no signs of disease.
EAE scores for each individual animal are plotted from day 9-20.
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Figure2.
Axonal transection in the spinal cord correlates with GM atrophy in sensorimotor cortex. A)

Maximum intensity projections of GM atrophy in mice with EAE when compared to normal
controls (p < 0.05, FDR corrected) overlaid on the mean glass brain. The dotted line
represents bregma. B) The statistical parametric map indicating GM atrophy in mice with
EAE overlaid onto the mean template. The dashed lines represent the location of the
representative coronal sections shown from left to right respectively. (n = 18 EAE, 17
normal). C & D) Spinal cords were optically cleared using CLARITY and imaged at 10X
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magnification. Representative maximum intensity projection images are shown for normal
(C) and EAE (D) mice. Scale bar represents 250 um. E) EAE mice (n = 9) show a
significantly larger number of end bulb positive axons than normal mice (n =9) **(p =
0.0063). F) EAE mice (n = 9) show a significantly larger number of ovoid positive axons
than normal mice (n = 9) ***(p = 1.3 x 1079). G) Maximum intensity projections of the
axonal-transection PSA overlaid on the mean glass brain. The colormap indicates regions
where axonal transection (end bulbs) in the spinal cord correlated with GM atrophy in the
brain (p < 0.05, FDR corrected). H) The axonal-transection PSA overlaid on the mean
template. (n = 9 EAE, 9 normal). I) Maximum intensity projections of the axonal-injury PSA
overlaid on the mean glass brain. The colormap indicates regions where axonal injury
(ovoids) in the spinal cord correlated with GM atrophy in the brain (p < 0.05, FDR
corrected). J) The axonal-injury PSA overlaid on the mean template. (n = 9 EAE, 9 normal).
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Figure 3.
Reduced cortical layer V neuronal number in sensorimotor cortex during EAE. Brains were

optically cleared using CLARITY and imaged at 10X magnification. Representative
maximum intensity projection images are shown for normal (A) and EAE (B) mice. Scale
bar represents 250 um. C) Analysis of YFP CLARITY images demonstrated that normal
mice (n = 9) have significantly more cortical layer V pyramidal neurons than EAE mice (n =
9) ***(p = 0.00028). D) Normal mice (n = 5) also had significantly more NeuroTrace-
positive neurons in serial tissue sections than EAE mice (n = 5) **(p = 0.0063).
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Figure 4.
Demyelination in sensorimotor cortex during EAE. Cortical layer V pyramidal neurons and

myelin in the sensorimotor cortex were imaged at 10X in normal (A) and EAE (B) mice.
Scale bar represents 100 um. C) Normal mice (n = 5) demonstrate significantly greater mean
MBP staining intensity than mice with EAE (n = 5) (p = 0.00030).
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Figure5.
Activated microglia in sensorimotor cortex in EAE. Ibal (red), MHC-II (cyan), and cortical

layer V pyramidal neurons (yellow) in the sensorimotor cortex were imaged at 10X in
normal (A) and EAE (B) mice. Scale bar represents 200 um. C) 40X image of the area
outlined in the EAE images. Scale bar represents 50 um. D) Normal mice (n = 5)
demonstrate significantly less activated microglia than mice with EAE (n = 5) (p = 0.017).
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Volume comparisons for mice with EAE as compared to normal controls. All reported p-values are FDR-

corrected for multiple comparisons. (n = 18 normal, 17 EAE). n.s. indicates not significant.

Region Mean Volume (mm3) Effect Size(mm?3) | Pvalue
Normal EAE
Whole brain 435.05 [430.06, 439.89] | 425.79 [415.88,433.74] | ns. ns.
Gray matter 252.96 [248.73, 257.24] | 237.77 [231.64, 243.81] | 15.20 [7.63, 22.57] | 0.00205
White matter 139.87 [137.03, 142.81] | 142.67 [139.24,145.77] | ns. ns.
Cerebrospinal fluid | 42.22 [39.79, 44.66] 45.35[41.91, 48.98] n.s. ns.
Caudoputamen 15.85 [15.68, 16.03] 15.35 [15.14, 15.56] 0.50 [0.22, 0.78] 0.00523
Cerebellum 53.70 [52.99, 54.54] 52.49 [52.02, 52.95] 1.22[0.34, 2.15] 0.0284
Cerebral cortex 45.39 [44.19, 46.65] 42.01 [40.97, 43.00] 3.38[1.84,5.00] 0.00161
Corpus callosum 2.56 [2.47, 2.64] 2.52[2.48, 2.57] n.s. ns.
Thalamus 13.38 [13.24, 13.52] 13.08 [12.88, 13.26] 0.31[0.07, 0.55] 0.0342
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