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Although the prevalence of neurodegenerative diseases is
increasing as a consequence of the growing aging population,
the exact pathophysiological mechanisms leading to
these diseases remains obscure. Multiple sclerosis (MS), an
autoimmune disease of the central nervous system and the
most frequent cause of disability among young people after
traumatic brain injury, is characterized by inflammatory/
demyelinating and neurodegenerative processes that occurr
earlier in life. The ability to make an early diagnosis of MS with
the support of conventional MRI techniques, provides the
opportunity to study neurodegeneration and the underlying
pathophysiological processes in earlier stages than in
classical neurodegenerative diseases. This review summarizes
mechanisms of neurodegeneration common to MS and to
Alzheimer disease, Parkinson disease and amiotrophic lateral
sclerosis, and provides a brief overview of the neuroimaging
studies employing MRI and PET techniques to investigate
and monitor neurodegeneration in both MS and classical
neurodegenerative diseases.

Introduction

Primary neurodegenerative diseases such as Alzheimer disease
(AD), Parkinson disease (PD) and amiotrophic lateral sclero-
sis (ALS) are characterized by a progressive neuroaxonal injury
that becomes symptomatic in the late stages of the disease when
60-80% of neuron have already been lost.! This makes it dif-
ficult to study the pathological mechanisms underlying the onset
and progression of these conditions and limits the development
of effective neuroprotective treatments. AD is the most com-
mon cause of acquired deterioration of cognitive functioning and
emotional capacities leading to dementia. At histological exami-
nation, the disease is characterized by the presence of extracellu-
lar amyloid plaques and intracellular neurofibrillary tangles.? PD
is characterized by asymmetrical bradikinesia, muscular rigidity,
resting tremor and, in a later phase, by postural instability, bulbar
dysfunction and impaired autonomic reflexes. The neuropatho-
logical hallmarks of the disease are the loss of cells in the sub-
stantia nigra (SN) pars compacta and the presence of neuronal
Lewy inclusion bodies, resulting in a deficiency of dopamine in
the striatum.! ALS is a characterized by progressive degeneration

*Correspondence to: Matilde Inglese; Email: matilde.inglese@mssm.edu
Submitted: 08/31/12; Revised: 10/09/12; Accepted: 10/23/12
http://dx.doi.org/10.4161/pri.22650

www.landesbioscience.com

Prion

of upper and lower motoneuron in corticospinal tract (CST),
brain stem and spine.?

Multiple sclerosis (MS) is a chronic inflammatory disease of
the central nervous system (CNS) characterized, in the early
phase, by massive leukocyte infiltration involving helper CD4* T
cells and extensive microglial activation that lead to axon demy-
elination and to neuroaxonal degeneration and brain atrophy
that becomes more dominant as the disease progresses.” First
described by Charcot,” axonal damage is a key feature of MS
pathogenesis and correlates with permanent neurological deficits
in MS patients.® Since MS is most frequent between the second
and third decades of life and it is diagnosed earlier than classi-
cal neurodegenerative diseases, it can provide a model for study-
ing the pathogenesis of neurodegeneration. Magnetic resonance
imaging (MRI) not only provides an useful tool for supporting
clinical diagnosis, especially in MS, but provides advanced and
sophisticated techniques to investigate disease pathology in-vivo
and to monitor the pathological processes driving the progression
of neurodegenerative diseases.” In the present review, we will first
summarize some of the pathological processes common to MS
and classical neurodegenerative diseases such as iron accumula-
tion, mitochondrial dysfunction and microglia activation; then
we will discuss the main findings of imaging studies that have
employed quantitative MRI and PET techniques to detect and
monitor neurodegeneration in MS, AD, PD and ALS.

Iron Deposition

Iron is essential for neuronal metabolism, mitochondrial energy
production and myelination, but excessive levels of brain iron
may lead to oxidative stress and neurodegeneration.® Toxic iron
products arise from the Fenton reaction when hydrogen peroxide
reacts with free iron producing free radicals that lead to oxida-
tive stress-induced lipid peroxidation, mitochondrial dysfunction
and increase in intracellular free-calcium concentration, which in
turn causes cell death.’

MS. Iron deposition has been described in MS demyelinated
plaques, myelinated white matter (WM), gray matter (GM) blood
vessels as well as in the putamen and the thalamus and in macro-
phages and reactive microglia.'® Although brain iron deposition is
associated with the development of brain atrophy, the exact under-
lying mechanism by which brain iron accumulates in MS is not
fully understood and it is also not yet clear if iron deposition is a
mere epiphenomenon or if it implicated in MS pathology."
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AD. Iron loading, in vitro, can regulate amyloid precursor
protein (APP) expression, since mRNA shows the presence of
iron responsive elements (IRE)'? and APP cleavage® suggesting
that iron causes APP misregulation and accumulation, particu-
larly in cells that are associated with neuritic plaques in the cortex
and hippocampus.'?

PD. Iron accumulation in PD seems to be due to an overex-
pression of the divalent metal transporter 1 (DMT1) in the dopa-
minergic neurons within SN' where iron deposition can trigger
oxidative stress and alpha-synuclein deposition in Lewy bodies,
the neuropathological hallmark of PD."

ALS. Increased iron level has been detected in the ventral cer-
vical spinal cord of ALS patients'® and abnormal iron homeostasis
inducing excessive oxidative stress in the motor neurons has been
postulated to contribute to disease pathogenesis. Moreover, the
most frequently reported gene mutation in ALS, which accounts
for 20% of familial ALS cases and of 2% of overall ALS cases,
encodes the super oxide dismutase 1 (SODI) that is involved in
iron toxicity.”

Mitochondria Dysfunction

The major mithocondrial function is the production of adenos-
ine-5'-triphosphate (ATP), the main energy source of the cell,
through the oxidative phosphorylation process. Any defect of
oxidative phosphorylation complexes lead to a decreased ATP
production as well as to electron leakage, with increased produc-
tion of superoxide anion and other toxic reactive oxygen spe-
cies (ROS) which oxidize a number of cellular macromolecules
such as lipids, DNA and proteins. The resultant cellular damage
determines the release of apoptotic inducing factors that lead to
cell death. Alterations in mitochondria function and dynamics
(shape, size, fission-fusion processes, distribution and movement)
are supposed to be one of the causative factors of neurodegenera-
tive disease. Moreover, mitochondrial DNA is more vulnerable to
oxidative damage than nuclear DNA because of its close proxim-
ity to the site of ROS production and because of its limited repair
mechanisms.'®

MS. Neuroaxonal injury in MS can be caused by an imbalance
between energy production and demand. The reorganization
and upregulation of voltage-gated sodium channels on the axo-
nal membrane subsequent to demyelination determines a switch
from a saltatory to continuous nerve conduction with requires
an increased amount of energy. At the same time mitochondrial
energy production might be compromised by inherent defects in
the electron transport chain. In active MS lesions mitochondrial
density is increased in axons and astrocytes while complex IV
electron transport chains activity is decreased.” In MS chronic
lesions intra axonal mitochondrial density and complex IV activ-
ity are both increased to supply the major metabolic demand of
demyelinated axons. When the energy demand exceeds the ATP
producing capacity of mitochondria the Na/K ATPase activity
is impaired and that results in excessive sodium influx which
drives the reverse action of the sodium calcium exchanger, lead-
ing to calcium influx and intracellular proteases activation which
leads to axonal loss.?” In MS GM a decreased expression of genes
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involved in oxidative phosphorylation has been described with a
consequent reduced activity of NADH-coenzyme Q oxidoreduc-
tase complex I and complex IT1.%°

AD. A toxic effect on mitochondria can be exerted both by
amyloid B and hyperphosphorilated tau, the two pathological
hallmarks of AD. Amyloid B intracellular soluble aggregates
decrease complex IV mRNAs expression.? Furthermore, amy-
loid B peptides can alter mitochondrial dynamics inducing post
translational modifications in proteins involved in fusion and fis-
sion and disturbing the tracks along which mitochondria move,
resulting in impaired delivery of functional mitochondria to
axons and dendrites.?> Finally, intra-mitochondrial amyloid 8
alters calcium storage, increasing apoptotic pathways.”? Whether
mitochondrial dysfunction can precede amyloid B plaques for-
mation is still unclear but in transgenic APP mice, mitochondrial
amyloid B accumulation was found to be increased before the
formation of the plaques suggesting that mitochondrial dysfunc-
tion is an early event in AD.*

PD. The most common mitochondrial alteration associated
with PD is complex I inhibition, that can be caused by glutathi-
one depletion, one of the earliest oxidative signs detected in the
course of the disease.”” Inhibition of complex I induces nigrostri-
atal degeneration and alpha-synuclein aggregation;*® on the other
hand alpha-synuclein is able, when localized in mitochondria,
to inhibit complex L,¥ leading to a vicious cycle. Mutations in
genes encoding proteins related to mitochondrial function such
as PINK 1, PARKIN, DJ-1, LRRK2 and SNCA have been impli-
cated in the pathogenesis of PD, however, whether mitochondrial
dysfunction is the cause or the effect of protein aggregation in PD
is still controversial.?®

ALS. Mitochondrial damage and dysfunction have been
reported in human ALS and SODI1 mutant transgenic mice.”’
Mitochondrial abnormalities (swelling, deformed cristae, defects
in respiratory chain activity, decrease in mtDNA copy number)
are the earliest signs of disease developed by SOD1 mutant mice
and axonal transport is disrupted both in humans and SOD1
mutant mice.** Moreover, expressing mutant SOD1 confined to
mitochondria is sufficient to produce loss of motor neurons and
an ALS phenotype.*!

Microglia Activation

Microglia is a normally dormant population of brain tissue mac-
rophages and represents the main form of immune defense in the
CNS; while his acute activation conceives a beneficial inflamma-
tory response that minimizes injury and promotes tissue repair,
chronic neuroinflammation has been implicated as a causative
factor in many neurodegenerative diseases.

MS. Focal inflammatory lesions occurring in MS are thought
to be mediated by peripherally activated immune cells, but, in later
stages, inflammation seems to be compartmentalized within the
CNS, involving the resident macrophagic population and affect-
ing diffusely the normal appearing brain tissue (NABT).>* Thus,
neurological decline in the progressive stage of MS results from
axon loss that is dependent on this compartmentalized inflamma-
tion and chronic activation of the innate immune system.?
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AD. Amyloid B deposition in the brain is associated with a
local inflammatory response with reactive gliosis and consequent
activation and proliferation of astrocytes and microglial cells.
Although the release of inflammatory cytokines increases oxida-
tive stress leading to cellular damage, the inflammatory response
may also play a beneficial role in AD pathogenesis. In particular,
complement activation, operated by amyloid B fibrillar aggre-
gates through the classic and alternative pathway, may help clear-
ing amyloid B deposits switching microglial cells from a resting
state to the active, phagocytic state.*

PD. Activated microglia was first reported in SN of PD post
mortem specimens® and, more recently, it has been described also
in the putamen, hippocampus, cingulate and temporal cortex of
PD patients.*
ability to microglia-derived cytokines’” and alpha-synuclein itself

Dopaminergic neurons show a prominent vulner-

can induce microglial activation.’® Microglial transition from the
resting to the activated state takes place before other signs of cel-
lular or tissue injury can be seen; therefore, microglial activation
is an early, albeit nonspecific, indicator of neuronal damage.”
ALS. Several studies supported the idea that inflammatory
mechanisms are important mediators of cell death and survival in
ALS. Accumulation of large numbers of activated microglia and
astrocytes, as well as small numbers of T cells, mostly adhering
to postcapillary venules, has been detected in the brainstem and
spinal cord of ALS cases*
where microglial infiltration increases with disease progression.*?

and in mouse models*' of the disease

Activated microglia cells have been shown to secrete the ligand
for the apoptotic receptor Fas, triggering motor neuronal cell
death.”® According to other studies however, motoneural injury
preceded microglial activation suggesting that it was a secondary

response.*

Imaging Techniques to Detect
and Monitor Neurodegeneration

Conventional MRI (¢MRI) is currently regarded as the most
sensitive non-invasive tool for supporting MS diagnosis and
monitor treatment response in the contest of clinical trials of
antinflammatory agents. Despite these advantages, cMRI lacks
pathological specificity and sensitivity to the presence of gray
matter (GM) lesions and to the microscopic injury occurring in
normal-appearing WM and GM. In the last few years new MRI
techniques, that provide better correlation with pathological
features such as de- and re-myelination, neuroaxonal injury and
astrogliosis, have been developed.” We will briefly summarize
the principles of more advanced neuroimaging techniques such
as measures of brain atrophy; diffusion tensor imaging (DTT),
functional MRI (fMRI), and "C-PK11195 PET; then we will
briefly review the findings of the application of these techniques
to the study of MS and, finally, we will discuss the similarity of
findings of the application of the same techniques to the study of
classical neurodegenerative diseases.

Brain atrophy. Brain atrophy reflects loss of brain paren-
chyma, especially myelin, neurons and axons. Several algorithms
are available to perform its quantification and are classified
in segmentation-based and

registration-based  techniques.
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Segmentation-based techniques are based on tissue classification
[cerebrospinal fluid (CSF), GM, and WM] in a semiautomated
or automated way and provide brain volume measures at a given
time. They can be used for cross-sectional studies by includ-

ing normalization for head size.*

Registration-based methods
have been developed to improve longitudinal evaluations. They
include brain edge motion analysis for structural image evalu-
ation, using normalization, of atrophy (SIENA) (www.fmrib.
ox.ac.uk/fsl), voxel-based statistical analysis for voxel-based
morphometry (VBM), statistical parametric mapping, and local
Jacobian determinant analysis after nonlinear matching between
coregistered images.*°

Diffusion tensor imaging (DTI). Diffusion MRI allows
the assessment of brain tissue microscopic properties.”” Cellular
structures in the CNS restrict water random molecular motion
and, therefore, pathologic processes that modify tissue integ-
rity can result in an increased diffusion coefficient. Commonly
measured DTI-derived metrics are mean diffusivity (MD) that
reflects cellular integrity, fractional anisotropy (FA) that reflects
fibers integrity and directionality, radial diffusivity (RD) that
provides a specific measure of myelin integrity, and axial diffu-
sivity (AD) that correlates with axons injury. In addition, DTI
allows the segmentation and visualization of the major WM
tracts. Fiber tracking uses each voxel’s primary eigenvector of
the diffusion tensor, that express the direction in which water
diffusion is highest, which typically is parallel to white matter
fiber fascicles, to follow an axonal tract in 3D from voxel to
voxel through the brain, thus allowing the delineation of spe-
cific cerebral WM tracts*® (see example in Figure 1). A voxel
based analysis of diffusion tensor imaging (DTI) data called
tract based spatial statistic (TBSS) permits the assessment of
the whole brain, and, unlike the histogram approach, also yields
information about the location of damage® (see example in
Figure 2).

Functional MRI (fMRI). fMRI measures the level of blood
oxygenation, by detecting the signal generated by changes in the
local magnetic field secondary to the increased amount of oxy-
genated hemoglobin in the venous system. fMRI has been used
in research settings to examine the neural correlates of known
motor, visual, sensory and neuropsychological deficits.” Resting
state (rs) functional MRI measures low-frequency (< 0.1 Hz)
BOLD (blood oxygenation level-dependent) fluctuations caused
by spontaneous neuronal activity within and between different
regions throughout the entire human brain. At the neural level,
rs-fMRI is thought to be based on very infrequent bursts of spik-
ing cortical activity that slowly diffuse through several brain
networks.”®

"UC-PK11195 PET. Positron emission tomography (PET)
is a functional imaging technique that detects gamma rays
emitted by a positron-emitting radionuclide (tracer), which is
introduced into the body on a biologically active molecule. Three-
dimensional images of tracer concentration within the body are
then constructed by computer analysis. Many radiotracers are
used in PET to image the tissue concentration of many types
of molecules of interest. Among them, the selective radioligand
HC-PK11195 express the concentration of translocator protein
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of white matter fibers in the PD patient compared with the control.

Figure 1. Overall brain tractography from a 62-y-old male Parkinson patient (A) and a 61-y-old male healthy control (B). The color code represents
fiber direction: blue, inferior to superior; red, left to right; green, anterior to posterior. The 3D view from the superior plane shows a diffuse reduction

Figure 2. TBSS results and SPM-VBM analysis of cortical brain volume from 15 RR-MS patients and 15 healthy controls displayed on the Montreal
Neurological Institute template. Clusters of reduced FA in patients compared with healthy controls are indicated in red. Areas of significant reduction
of gray matter volume in patients compared with healthy controls are indicated in green.

(TSPO),”" a protein that is upregulated in activated microg-
lia.? In absence of invading peripheral blood cells, the increased
"C-PK11195 binding indicates the transition of microglia from
a resting to an activated state.”! Regional increased "C-PK11195
binding may also indicate active tissue response to disconnection
in retrograde, anterograde or trans-synaptic projection areas.”®
Such remote activation of microglia may potentially be respon-
sible for secondary progressive brain pathology extending beyond
the initially affected neural system.*
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Relationship between WM and GM degeneration. Although
MS has traditionally been considered a disease of the white mat-
ter, there is an increasing body of evidence that gray matter is
involved by the pathological process since the early stage of the
disease and has a significant impact on physical and cognitive
disability.” Conversely, although classic neurodegenerative dis-
eases are thought to be characterized by a selective and localized
damage of GM, advanced quantitative MRI techniques can dem-
onstrate a diffuse involvement of WM.
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Very little is known about the dynamics of GM and WM dam-
age in MS and in the classical neurodegenerative diseases. In MS,
it has been suggested that the retrograde degeneration of axons
transected in WM lesions leads to a secondary neuronal loss in the
cortex of MS patients. This is in part supported by MRI studies
showing a certain degree of correlation between WM injury and
cortical atrophy.”” However, a number of MRI studies® have
demonstrated that GM pathology (both cortical lesions and atro-
phy) is already evident at the earliest stages of the disease when the
 suggesting that GM could be
the primary target of the disease process, resulting in secondary

WM lesion load is quite modest
axonal degeneration and demyelination of WM.®!

MRI Studies Combining Measures
of Brain Atrophy and DTI

Abnormal brain DTT metrics have been reported in all the MS
clinical phenotypes, clinical isolated syndrome (CIS), relapsing-
remitting MS (RR-MS), primary-progressive MS (PP-MS),
secondary-progressive MS (SP-MS) demonstrating that demy-
elination and axonal loss occur in lesions and to less extent in
NAWM since the early stage of the disease®* and become more
prominent as the disease progresses.®®

MRI studies using DTT and measure of atrophy to investigate
the relationship between the damage occurring in the NAWM
and in the GM revealed that while NAWM decreased volume
and FA values, GM volume was relatively preserved in patients
with CIS.”” However, at 1 y follow-up the same patients reported
no significant changes in global and local WM FA, while longi-
tudinal volumetric analysis revealed a reduction in global GM
volume involving several cortical and subcortical regions, espe-
cially in patients that converted from CIS to clinically definite
MS .58 The absence of GM atrophy in the early phase of MS sug-
gests that GM pathology develops as a result of WM damage.””*®
Another study investigating the relationship between WM and
GM applying DTI and measures of brain volume in patients
with PP-MS showed a significant association between the right
sensory motor region with the adjacent CST, the left and right
thalamus with the corresponding thalamic radiations and the
left insula with the adjacent WM suggesting a link between the
pathological processes occurring in the NAWM and in the GM
in these patients. However, in the same study, there were other
WM tracts and areas of GM atrophy that did not correlate with
each other, suggesting that the pathological processes occurring
in the NAWM and in the GM could, to some extent, develop
independently from each other.

Similarly, MRI studies using DTI and measure of atrophy in
patients with AD and mild cognitive impairment (MCI) reported
an increase of MD in all major WM tracts and significant and
anatomically congruent correlations between WM changes and
regional GM atrophy suggesting that WM damage was second-
ary to Wallerian degeneration of axons whose cell bodies were
injured in the cortex.®* However, since no correlation was found
between most WM tracts and corresponding regional cortical
atrophy in patients with aMCI® it has been speculated that WM
damage is not the mere consequence of neuronal loss but might
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be affected by pathological mechanisms independent from those
affecting GM regions.

In patients with ALS, voxel-based analysis of DTT data showed
changes of diffusion parameters not only in the cortico-spinal
tracts but also in frontal, temporal and parietal lobes, supporting
the view that ALS is a multisystem degenerative disease where
abnormalities of extra-motor areas play an important role in the
disease physiopathology.”

Finally, in DTT studies of de novo patients with PD, FA was
found to be decreased in the SN, with greater reduction in the
caudal part, suggesting that DTT could be a noninvasive early
biomarker of neurodegeneration for PD. Moreover, voxel-based
analysis of brain volumetric data acquired in patients with PD
and depression showed tissue loss in several WM regions within
the cortical-limbic network suggesting an increased vulnerability
of this neural circuit in PD that could partially explain the high
prevalence of depression in PD.%

Functional MRI: fMRI

Brain plasticity might have a role in limiting the clinical con-
sequences of MS-related damage, especially at the beginning of
the disease and in clinically stable patients.®® Task-related fMRI
studies of MS patients have demonstrated differences of brain
activation between patients and healthy controls in terms of
extent of activations and number of regions recruited during the
performance of a given task. Resting state (rs) fMRI studies of
MS patients have showed alteration of the default mode network
(DMN) that is the most consistently and commonly reported
resting-state network highly relevant for human cognition.”

fMRI during the performance of simple motor task in MS
patients demonstrated a correlations between measures of func-
tional connectivity and structural damage to some of the major
WM bundles, suggesting an adaptive role of functional connec-
tivity changes in limiting the clinical consequences of structural
damage in patients with RR-MS.®

A similar study conducted in patients with ALS demonstrated
an higher connectivity in patients without structural damage of
CST assessed by DTT metrics, and a less widespread increase in
connectivity in ALS patients with CST damage, suggesting that
functional brain changes do occur in ALS with mild disability
and that these changes might have a role in compensating for
limited structural damage and might exhaust with increasing
burden of disease pathology.”

The better compensatory abilities found in MS patients can
depend not only on the different underlying pathogenetic mecha-
nism, but also on the age at disease onset that is significantly
lower in patients with MS than in patients with ALS.

"C-PK11195 PET

UC-PK11195 PET studies in EAE and in MS post mortem
brains demonstrated that ""C-PK11195 uptake overlapped with
the distribution pattern of activated microglia;* the binding was
increased not only in areas of focal pathology identified by T1-W
and T2-W sequences’ and in gadolinium-enhanced lesions’ but
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also in NAWM and NAGM™' suggesting a subtle inflammatory
process microglia mediated, that occur independently of relapses.

In AD patients, significant ''C-PK11195 binding was observed
in the temporal, parietal and occipital cortices;” it was inversely
correlated with the patient Mini-Mental State Examination
(MMSE) scores, which was compatible with a role of microglia
in neuronal damage. Elevated levels of activated microglia were
also described in patients with MCI™ suggesting that microglial
activation could be an early event in the AD pathogenesis that
begins at the MCI stage.

1C-PK11195 uptake was detected in the midbrain and puta-
men of PD patients where it correlated positively with the motor
severity of Parkinsonism” but also in the basal ganglia, pons,
frontal and temporal cortical regions.”” The increased microg-
lial activation remained unchanged over time, while the patients
deteriorated clinically, suggesting that microglia is activated early
in PD and remain activated for longer periods possibly driving
the progression of the disease.”®

In ALS patients significant increased binding of "C-PK11195
was measured in the motor cortex, with strong correlation with
clinical upper motor neuron (UMN) score and in the frontal
lobe, in agreement with the subtle cognitive deficits related to
executive function, identified in up to 50% of ALS patients sug-
gesting the clinical relevance of microglial activation.”*

Conclusion

Imaging techniques provide practical tools to detect and monitor
in vivo neurodegeneration in MS and classical neurodegenerative
diseases and more sophisticated tools to investigate the underly-
ing pathological mechanisms. The MRI and PET studies per-
formed to date support the concept that GM and WM damage
coexist in both MS and classic neurodegenerative diseases. While
in MS GM damage is in part secondary to neurodegeneration
of WM, in classical neurodegenerative diseases WM damage is
in part secondary to GM degeneration. However, an increasing
number of studies suggest that GM and WM might be indepen-
dent and concurrent targets of pathological mechanisms in both
MS and classical neurodegenerative diseases. Unlike AD, PD and
ALS, MS is diagnosed early in life when most of the neuroaxonal
is still preserved and, therefore, provides the unique opportunity
to study the dynamics of neurodegeneration and may serve as
a model for better understanding the pathogenetic mechanisms
leading neuroaxonal loss and, eventually, for developing neuro-
protective strategies in that might benefit classical neurodegen-
erative diseases.
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