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Biological outcome measurements for
behavioral interventions in multiple
sclerosis

Anja Fischer, Christoph Heesen and Stefan M. Gold

Abstract: Behaviorahterventions including exercise, stress management, patient
education, psychotherapy and multidisciplinary neurorehatidn in general are
receiving increasing recognition in multiple sclerosis (MS)icél practice and research.
Most scientific evaluations of these approaches have focusgslyohosocial outcome
measures such as quality of life, fatigue or depression. Howewehdtoming
increasingly clear that neuropsychiatric symptoms of MS aresit partially mediated
by biological processesuch as inflammation, neuroendocrine dysfunction or regional
brain damage. Thus, successful treatment of these symptomseWwathidral approaches
could potentially also affect the underlying biology. Rigidgsigned scientific studies
are needed to explore the potential of such interventions ta Effepathology and
biological pathways linked to psychological and neuyopgtric symptoms of MS. Such
studies need to carefully select outcome measures on the dahbexel that are likely

to be influenced by the specific intervention strategy and shiocllade biomarkers with
evidence for an association with the outcome parameter in@udstthis overview, we
illustrate how biological and psychological outcome parameatan be combined to
evaluaé behavioral interventions. We focus on two areas of interest@stipbtargets
for behavioral interventions: depression and fatigue.

Keywords: biomarkers, depression, fatigue, multiple sclerosiswvimal interventions,
cortisol, magnetic resonance imaging (MRI), cytokines, inflammation

Behavioral interventions in multiplesclerosis

Multiple sclerosis (MS) is a demyelinating, inflammatory diseaseeotémtral nervous
system (CNS) with a presumed autoimmune origin. Neuropsychiatnjgteyns

including anxiety, depression, fatigue, and cognitive disgtances are very common and
have a major impact on activity and participation in life. Fevgsitargeting
neuropsychiatric symptoms have been tested in MS and tlsecoiaducted have yielded
disapponting results for fatigue [Brown et al. 2010] or cognitive impairnjeavera et

al. 2010; Christodoulou et al. 2008]. Behavioral interventiook si8 psychotherapy
[Thomas et al. 2006], neurorehabilitation [Khan et al. 2007], aactise [Motl et al.
2010] have been shown to beneficially affect quality of life amdEpm domains
including depression, fatigue, and possibly cognitive functivaddition, emerging



evidence suggests that techniques such as

meditation may be effective in decreasing @spsion and fatigue [Grossman et al.
2010].

While an increasing body of evidence supports the efficacy of lmehhinterventions as
symptomatic treatments in MS, little is known about potentidedging mechanisms.

As we discuss in this review, syrmpts such as depression and fatigue have been shown
not simply to be a psychological reaction to the burden of gitdébg disease but may

be caused by certain biological aspects of MS itself. If this is && bahavioral
interventions may also have direct effects on the underlyingdyiol

To enhance our understanding of how behavioral interventionisiw MS, it is therefore
essential that clinical trials include biological measumdusion of biological outcome
parameters is most promising if there is already evidence thaghlawibral intervention
has an effect on the clinical outcome variable. When selectinteatm@l biomarker for
behavioral intervention trials in MS, it is important to choosarameter that meets
several criteria:

a.Thebiomarker has to be linked to the elinal outcome variable of interest, either
symptomrelated (e.g. depression, fatigue, cognitive impairment) or a meafsure

disease activity (MRI activity, relapse, or-dability progression).

b.The biological outome parameter has to be modifiable, and has to be modifiabie in t
desired direction. For example, genetic nkars might be useful as biomarkers of
neura psychiatric symptoms or as indicators of treatment response buitare

suitable as outcomes.

c.The biomarker has to be reliably and objieely measurable.

d.The duration of the study has to be sutfently long with an appropriate number of
assessments for the biological and clinical outcome parasetehange. For
exam ple, if the outcome parameters are highly dynamic, such as markers of
inflammation, shorter interventions with more frequent assessnmeayt be most
appropriate. For markers of degenerative processes (such as disaglityiye
function, and markers of brain damage such as atrophy), longer stimyspeill

be required.

In the current review, we propose biological-attme parameters for two highly
relevant symptom domains in MS: depression and fatigue.

Pathogenesis of M&lated depression



Patients with MS frequently suffer from depre®n. In this population, the point
prevalence for major depressive disorder (MDD) has beemestied as between 13%
and 30% with a lifetime risk of up to 50% [Siegert and Abernethy, 2@¥gression in
MS is associated with cognitive impairment [Heesen et al.;Z8difistein, 2006],
negatively affects work performance [Vickrey et al. 1995] and dezseqslity of life
[Jonsson et al. 1996]. Importantly, depression can decreasedneaiompliance [Mohr
et al. 1997] and is one of the strongest predictors of suicide [E@ins997]. Despite the
high clini- cal relevance, depression remains underdiaged and undertreated in MS
[Goldman, 2005].

Depression as a response to MS diagnosistherapy? One obvious possibility is that

the high rate of depression may simply reflect a psychological redcti& chronic
debilitating disease with

an unpredictable disease course. However, depression in MS&atetl to the severity
of neurological impairment [Moller et al. 1994], and cagur at any stage of the disease
[Sullivan et al. 1995]. Early studies had suggested that dempmassy be induced by
diseasanodifying drugs such as interferon beta (IFNb). The caeunce of depression
after IFNDb therapy was later found to be bettgslained by a previous history of
depression [Feinstein et al. 2002]. Therefore, biological aspéthe disease itself may
at least in part be responsible for the high prevalence of depréass.

Neurobiology of depression

Potential biological substrates of MS depression remain paodgrstood (see Pucak et
al. [2007] for a review). Lessons, however, may be learned from clinicgranbhical
studies of idiopathic depression in psychiatry. It has becoraettiat the @ssical
‘monoamine hypothesis’ of depression is too simplistic and dupeghogenetic concept
of depressive diseders include a range of neurobiological meghams (see Krishnan
and Nestler [2008] for a review). A large body of evidence has-icgéid hypothalamic
pituitary adrenal (HPA) axis hyperactivity in depression [ParianteLightman, 2008].
Preclinical models suggest that stress and excess glucombléicels may cause cellular
and molecular changes in the CNS, possibly mediated by redwdtbrain derived
neurotrophic factor (BDNF) [Duman and Monteggia, 2006]. These meshsa are
thought to contribute to damage in susdépe brain areas such as the hippocampus
[Macqueen and Frodl, 2011]. The hippocampus plays a crucialmleafning, mood
regulation and HPA axis control, and hippocampal atrophy isiémtty observed in
MDD [Koolschijn et al. 2009]. Additional biological substraief depression may
include inflammatory pathways [Dantzer et al. 2008] or disturbed ghemeo stasis
involving leptin and grehlin [Krishnan and Nestler, 2010].

Neuroanatomical substrates of MS depression



Owing to the widespread CNS involvement in MS, damage to braion®givolved in
mood regulation is a promising candidate for biological correlatdSassociated
depression. Some studies using magnetic resonance imaging (@ ljdported
associations of MS depression with lesion load in frontal, pgreeteemporal areas
[Feinstein et al. 2004; Zorzon et al., Bakshi et al. 2000a]. Howeveiestuave rarely
implicated the same region and others have failed to shovwsaciat$on altogether
[Zorzon et al. 2002]. More consistent corrdlans have been found with regional
atrophy, in particular in the temporal lobe [Feinstein et al. 2B0rzon et al. 2002,
2001]. Using advanced imaging techniques, Feinstein anttagues have found that
subtle white and gray matter abnormalities in frontal and tempegains are linked to
depression in MS [Feinstein et al. 2010]. Together, these studigest that brain areas,
particularly in the temporal lobe, may play an important role in M&8ated depression.

A neuroendocrine limbic pathology of M8lated depression?Hyperactivity of the

HPA axis [Pariante and Lightman, 2008] and hippocampal atropbgi$khijn et al.
2009] are among the most consistently reported biologicakaiatities in idiopathic
MDD. Interestingly, HPA axis hypeactivity is detectable in up to 50% of MS patients
[Heesen et al. 2007] and gene variants involvedRi ldxis regulation have recently
been assoeated with MS [Briggs et al. 2010]. HPA axis hyperactivity in MS is
associated with progressive disease and global neurodetimé@old et al. 2005;
Heesen et al. 2002; Schumann et al. 2002; Then Berghl®o8]. One study recently
demonstrated that subtle increases in HPA axis activity are pldedectable in early
disease stages [Ysrraelit et al. 2008].

Significant associations between HPA axis adtivand depressive symptoms have been
reported in relapsing remitting (RR) MS patients during relapselipeasler et al. 1998]
but not in mixed groups that included relapsing and progeegsitients [Then Bergh et
al. 1999]. In RRMS during remission, higher levels of depressiv@®ms (as defined
by a awt-off on the Beck Depression Inventory Il [BIl]) are associated with normal
morning cortisol but elevated evang cortisol compared with agand sexmatched
healthy controls, indicating insufficient negative feedbadainduthe circadian nadir
[Gold et al. 2010]. Recently, this has been-domed in a sample of RRMS patients
who met diagnostic criteria for current MDD: normal morning but éézl/avening
cortisol levels were found in MS patients with comorbid MDInpared to
nondepressed MS patisriGold et al. 2011].

Hippocampal damage and loss of volume is observable in M3 1safizutta et al. 2011;
Benedict et al. 2009; Papadopoulos et al. 2009; Sicotte et & Gedrts et al. 2007,
2006] as well as its animal model, experimental autommne encephalomyelitis (EAE)
[Ziehn et al. 2010; Sajad et al. 2009]. Supporting a neudmsrine limbic link of MS
associated depression, smaller hippocampal volumes, pariycnl the cornu ammonis
(CA) 2 3 and dentate gyrus (DG) subfields, are associated witiitedelevels of
depressive symptoms as well as increased evening cortisol ¢Gald2010]. This is of



par ticular interest because the CA2 3 fields are most suscefaideEmage by
prolonged cortisol treatment in primates [Sapolsky et990]. In rodents, high levels of
endogenous glucocorttoids have effects localized to the CA3 region of the
hippocampus [Conrad, 2008] and chronic stress has been shoauséoretraction of
den drites in the CA3 and decrease neurogenesis in theMe&wen, 1999]. These
observations are in line with reports from experimental models andatistudies of
idiopathic MDD. However, as will be discussed later, there aresals® intriguing
differences in neuroenedarine limbic correlates of idiopathMdDD and MS depression.

Are neurobiological substrates of MS depression modifiabldtere is ample evidence

from psychiatric studies that HPA axis abnormalities in M&D be modified by
antidepressive therapy [Mason and Pariante, 2006]. Similarlynaatipation of HPA
axis reactivity has been described in MS patients treatedhvatantidepressant moclebe
mide [Then Bergh et al. 2001]. Intriguingly, new evidence suggesttladdition to
normaliza tion of HPA axis responses, successful therapy of depression sodyeatible
to reverse volume loss in brain areas such as the hippocampus.dBaseerimental
data in rodents and pmates, smaller hippocampal volumes in MDD had long been
thought to be mediated by neural apoptosis [Sapolsky, 2008 by decreasing
neurogenesis [Henn and Vollmayr, 2004]. However, postmortenestialied to show
sig- nificant neuronal apoptosis in the hippocampus of patientsMIIB and the effect
on neure genesis is likely too small to account for the-ceideable decreases in
hippocampal volume [Czeh and Lucassen, 2007]. Thus, it haslyeloeah proposed that
hippocampal atrophy in depression is mediated by potentelrsible mechanisms
(e.g. reduced extracellular fluid caent, cellular shrinkage, armt®ndritic retraction)
rather than neuronal apoptosis [Czeh and Lucassen, 2007]stmeghg dendritic
remodeling is also likely to most strongly affect the CA3 anddidGe incoming fibers
from the entorhinal cortex to the dentate gyrus are-riiai several hundredfold
between the dentate gyrus and CA3 pyramidal neurons, maksrantirea of
particularly dense synaptic connections [McEwen, 2003].

In line with this hypothesis, crosectional evidence suggestive of normal volumes in
the CA23DGsubregions of the hippocampus and normal HPA axis functioning MS
patients successfully treated with selective serotonin reuptake inhibitors S 3Rs
been found [Gold et al. 2010].

Similar crosssectional observations have been reported for total hippotawipene in
psycht atric patients with MDD [Sheline et al. 2003]. Although this stidne interpreted
with caution, it is consistent with some longitudinal datashing that SSRI therapy
could potentially reverse hippocampal volume loss in postiaéia stress disorder
(PTSD) [Vermetten et al. 2003]. However, two small longitudinalietith MDD
showed inconsistent findings [Colla et al. 2007; Vythilingdrale2004]. In line with
reversibility of glucocorticoid (GGnduced hip pocampal damag@creases in
hippocampus volume have been observed in Cushing’s padigetsurgical



normalization of HPA axis activity [Starkman et al. 2003, 1999].

Alternatively, certain subtypes of depression that are notiassgavith hippocampal
volume loss mybe more responsive to pharmacologicalthey, as has been shown for
idiopathic MDD [Macqueen and Frodl, 2011]. The possibility teerse hippocampal
atrophy in depressed subjects, both with idiopathic MDD akasélSassociated
depression, shouldhtis be investigated in adequately powered longitudinal studies. In
this regard, behavioral as well as plraacological strategies should be evaluated.

Is MS-associated depression neurobiologically different from idilop&MIDD? There

Is some indirect evidence that, although HPA axis hyperactwitl hippocampal atrophy
have been reported in M8lated depression as well as idiopathic MDD, the
neurobiological correlates of depressive symptoms may noehé&ddl.

Cortisol profiles in idiopathic MDD have been demonstratdaeteharacterized by an
elevated morning, but normal evening cortisol concetiva [Hinkelmann et al. 2009].

A metaanalysis of 20 studies examining salivary cortisol in MDD laaalthy controls
showed larger group diffeences in the morning than in evening samples [Knorr et al.
2010]. In a detailed assessment of circadian cortisol oveihgo24iod in a small sample
of well-characterized depressed ingiants, the largest effect sizes with the highest spe
cificity and sensitrity for MDD were found in the morning between 10:00 and 12:00
[Paslakis et al. 2010]. Conversely, depression in MS patientkexllito elevated evening
concentrations, but normal morning cortisol secretion [Gold et al. 2011, 2010

The circadian pealevels of cortisol release are mostly dependent ordffiwity
glucocorticoid receptors (GRs), while higffinity mineralocor ticoid receptors (MRS)
are most important for the regulation of the circadian trough of cosgsoétion. The
differential dterations in cortisol profiles may thus suggest that depresgsidhs is
associated with relative MR dysfunction but normal GR functio

In contrast, we hypothesize that in psychiatric patients witibViBR signaling is
largely intact while GR signaling is disturbed. Decreased GR ssiprehas been shown
in postmortem tissue from MDD patients in frontal and temporah Ibegions, although
notably not in the hippocampus [Webster et al. 2002]. In addifimctional tests of the
HPA axis in vivo and immue cells in vitro have indicated GR dysfunction in MDD
[Marques et al. 2009]. Some studies suggest intact or even edhdiRtcexpression and
signaling in this population [Juruena et al. 2010, 2009, 2006g\v#aal. 2008; Young et
al. 2003], although severe deprs®n leading to suicide [Lopez et al. 1998] or
treatmentresistant depression [Juruena et al. 2009] may also be linked to MR
dysfunction.

In idiopathic MDD, studies using hippocampal surface maptgolniques have found
evidence for hippocampablume loss mostly clustered in the subiculum as well as the



CALl [Ballmaier et al. 2008; Posener et al. 2003]. In contrast, reciadeches in the

CA2 3 and DG subfields idepressed RRMS patients have been reported utilizing high
resolution manual tracgs of anatomically defined hippocampal subregions [Gold et al.
2010]. Intriguingly, within the human hipocampus, MR are highly expressed in the
den tate gyrus and CA3 but at significantly lower levels in CAl [Seckl et al. 1991].

While this suggests distinct subregional hippampal substrates and a selective
dysfunction of MR and GR in M&ssociated and idiopathic depression, this has not been
tested directly.

If indeed biological substrates of MS depression (see Box 1) diffier those of
idiopathic MDD, a different clinical phenotype of MS depression magxpected. This
has rarely been investjated. However, it has been hypothesized that MS depression
tends to be characterized by peasive mood changes, diurnal variation in mood, and
suiadal ideation among others [Rickards, 2005]. Depression is one sfritmgest pre
dictors of suicide in MS [Feinstein, 2002, 1997]. The suicide rate img{sbe as high
as 15% [Giannini et al. 2010], which appears to be higher tharopaitiic MDD
[Bostwick and Pankratz, 2000]. Pharmacotherapy is moderatelyiedfectMS
depression [Goldman, 2005] but there are no comparative stutheseatment response
in idiopathic MDD. In general, depresion in medical populations has lower treatment
resporse and remission rates compared with patients without conmyrfgidte, 2008].
Specific features of clinical phenotype in MSsociated depression compared with-idio
pathic MDD have not been well studied and it is unknown whellegrc¢orrelate with

the bio logical substrates.

Biology of MS-related fatigue

Both physical and mental fatigue are experienced by up tahivets tof MS patients and

are often perceived as the most debilitating symptoms [Stuke2®08; Fisk et al.

1994]. Fatigue is commonbeing described as an overwhelming feeling of exhaustion or
weakness during exercise and a complete lack of energy. Importamtlgutarepresents
the leading cause for absence from work [Smith and Arnett, 2005].t8ymapf fatigue
seem to be strongly linked to a reduction in the quality of fithase affected, indepen
dent of physical disability [Chaudhuri and Behan, 2004].

The pathological mechanisms responsible for the high frequerM$ are still
unknown. An early study found no evidencattbonduction block in the patients’ central
motor pathways was linked to complaints of fatigue in MS [Sheealn E897].

Sympathetic nervous system dysfunction

Autonomic dysfunction including cardiovascular abnormaligesfien seen in MS. It has
been hypothesized that dysregulation of the sytipetic nervous system (SNS) might
partially account for development of fatigue in the sense of animeat of sympathetic



vasomotor activity [Flachenecker et al. 2003]. In another studgnamic dysregaition
has been observed to be associated with symptoms-ajdatonly in a subgroup of MS
patients [Merkelbach et al. 2001]. The authors therefore cortthdéthe autonomic
cardiovascular system was of minor relevance to MS fatigue. Syovaal imkalance
has been suggested to play a role for the development of chroguefaindrome (CFS),
an ill-defined condition presumably linked to impaired bodily clearance of
inflammatory stimuli. In MS, Egg and colleagues were not ablentbdn associatio
between fatigue and pupillary unrest, which is tightly linked to wakefafhand the
ascending arousal system of the body [Egg et al. 2002]. Keselbreheoleeagues
found evidence for an impairment of the sympathovagal balancensespo standingni
patients with MS who experienced fatigue and suggested prematluction in vagal
activity in these patients [Keselbrener et al. 2000].

Structural brain damage or dysfunction

Early studies using MRI studies have failed to find any comdifitek between fatigue
and quantification of MS lesion load or localization [Bakstal. 1999; Mainero et al.
1999; van der Werf et al. 1998]. However, more recently, lesion lgaarietotemporal
and frontal regions was found to be correlated with fatigue [Sepetiele 2009]. A
number of studies support a role for structural damage of both grayhstedmatter
structures for fatigue [Pellicano et al. 2010; Penner and CalafERg Sepulcre et al.
2009; Tedeschi et al. 2007; Codella et al. 2002]. One lagial study could
demonstrate that fatigue may predict global atrophy pregi@s [Marrie et al. 2005].

Functional imaging studies in MS fatigue have supported tphethgsis of cortical
reorganization in MS fatigue, characterized by increased ipsilateral anadateral
activation [Filippi et al. 2002]. Studies using functional MRI BN and positron
emission tomography (PET) have shown associations of fatigheltered cerebral
activation patterns and glucose metabolism indicatingfuyyztionin frontos triatal,
motor areas, limbic structures, and the basal ganglia [Tellez &0&; Rlarrie et al.
2005; Filippi et al. 2002; Bakshi et al. 1999; Roelcke et al. 1997

Neuroendocrine abnormalities

Some studies in neNS patients with CFS [VaHoudenhove et al. 2009; Van Den Eede
et al. 2007] suspected abnormalities in neuroeadoe systems such as the HPA axis to
be linked to the development of fatigue. In addition, administraif pharmacological
doses of cortisol has been found to ameliorate symptoms semtly in CFS patients
[Cleare et al. 1999]. Still, there is no consistent evidence for aispilys- function of

the HPA axis [Cleare, 2003] in CFS. Consequently in the case atMted fatigue
involvement of the HPA axis hagén hypothesized and tested. Gottschalk and
colleagues reported MS patients with fatigue to exhibit enldaHE& axis activity,

shown by signifi cantly increased adrenocorticotropic hormone (ACTH) concentsatio
after administration of dexamethasone [Gottschalk et al. 2005.cbid however not



be confirmed in a later study using the combined dexametbd3BH suppression test
[Heesen et al. 2006]. Tellez and-delagues found no changes in circulating cortisol
levels comparing fatigued and nonfatigued MS patients [ eli@l. 2006]. This latter
study, however, revealed an interesting association betwegnef@nd low serum levels
of dehydre epiandrosterone (DHEA), a cortisol antagonist with-arflammatory
properties, and dehydrepiandrostrone sulfate (DHEAS). A small study has also
suggested a contribution of low levels of melatonin in MS fatigaed$k and
Awerbuch, 1994].

Cytokines

A large body of evidence from animal studies-ggegts that cytokines, both endogenous
and exogenous can induce fatigukke symptoms in animals [Miller et al. 2009]. Here,
cytokines including interleukin (IL) 1a, HLb, IL-6, tumor necrosis factor (TNF) a and
IFNg are involved in the induction of s@lled ‘sickness behavior'.

In line with this hypothesis, Flachenecker and colleaguesrav@ed evidence for a
link between increases in TNFa mRNA in immune cells and M§ua{Flachenecker et
al. 2004]. This association was later confirmed at thetpio level by Heesen and
colleagues who reportddgher TNFa and IFNg production in vitro by MS patients
suffering from fatigue [Heesen et al. 2006]. In this study, TNFa pramuatas
significantly correlated with daytime sleepiess. More recently, higher frequency of
IFNg and TNFa producing CD8 T telvas shown to correlate with measures of fatigue
[Gold et al. 2011].

It appears that these associations are specific to peripherahegoéther than linked to
inflam- matory markers in general. For example, no-asisdion was found between MS
fatigue and serum-@active protein (CRP), soluble intercellular adhesion moletule
(sICAM-1), and urinary neopterin excretion [Giovannoni et al. 2001]. Irtiaddihere
exists no evidence that CNS inflammation as measured byigjadokenhancing lesions
is linked to fatigue [Marrie et al. 2005].

The importance of dissecting fatigue from depressibatigue and depression often co

occur in MS and most studies report moderate correlations betivessnsymptoms [van
der Werf et al. 2003; Voss et al. 2002; Bakshi et al. 2000b; Ford &98; $chwartz et

al. 1996]. This suggests that while linked in MS, fatigue and depsésn may be
mediated by at least partially independent pathological mésaha. Of note, the
association seems to differ between ttitedi ent components of fatigue, with depression
being more closely related to mental fatigue than picgs fatigue [Ford et al. 1998].

Animal studies suggesting a role of cytokines for sickness @t&aison et al. 2006]
may have relevance for both depression and fatigue in MS afltieoqlain the partial
overlap. ‘Neuropsychiatric symptoms’ such as anorexia, loss ofweiit, reduced



social exploration, and decreased preference for sucrose solut®bden demonstrated
in the animal model of MS, EAE [Pollak et al. 2000], were associtidnflammatory
mediators including TNFa andd1b [Pollak et al. 2003a], and responded to-anti
inflammatory medication [Pollak et al. 2003b]. One recent stuggesis that in MS,

HPA abnormalities are correlated with affective symptoms of dejme while INFg and
TNFa are more closely associated with measures efjiadi than with depression [Gold
et al. 2011]. Low levels of melatonin have been reported to beeat@ biomarker for
MS depression [Akmpiar et al. 2008] as well as for MS fatigue [Sandyk and Awerbuch,
1994]. Unfortunately, neither of these studies explored differeagsdciation of fatigue
or depression with melatonin. Future studies should aim terlubtterentiate between
depressiorfsee Box 1) and fatigue (see Box 2), both biologically as well as
phenomenologically.

Behavioral interventions as putative diseasedifying therapies in MS As reviewed

above, there is an increasing body of evidence that depressifatignd are linkedo
biological substrates and that behavioral ientions can be effective in ameliorating

the ned ropsychiatric symptoms. Some of these substrates such asatdgmn atrophy

or mar kers of inflammation are also thought to be rebnt in MS patogenesis or
progression [Sospedra and Martin, 2005]. Thus, behavioral interventions might not only
be relevant as sympomatic treatments but could also represent-fiva disease

modifying therapies. However, to date, there is very little directese for this

possibility since behavioral intervention studies have ravetgined biological markers.
One small study showed that successful treatment of MS deprésiicer
pharmacologically or with psychotherapy) can reduce IFNg mtamuby OKT3 @
MBP-stimulated immune cells [Mohr et al. 2001]. Two small trials skebev beneficial
effect of antidepressive pharmacotherapy on enhancing lesimsgitet al. 2008] and
pos sibly gray and white matter integrity [Sijens et al. 2008]. Sireteabkioraland
pharmacological therapies are comparably effective in MS degjioes the effect of
psychotherapy on lesion load and atrophy should be explored in future studies. A
randomized controlled trial with 150 patients using patientation showed a decsl
relapse rate in the intervention group [Kopke et al. 2009]. Howewdatogical or
paraclint cal markers of disease activity were obtained, so this should beratezl with
caution.

A large body of evidence from preclinical and clinical studiegests that exercise may
have beneficial effects on cognition and possibly undgglyieuroanatomical substrates
[Hillman et al. 2008]. In line with this literature, one recent ciassional study
indicated that higher phystal fitness levels in MS are associated with gray matter
volume and white matter integrity in MS



Box 1. Biological substrates of depression suitable as outcome measures.

Markers of hypothalamic pituitary adrenal (HPA) axis activity, preferably deogalofiles over at least 2
days with at least three assessments: awakening, midday (11:00 15:00), and evening (20:09 122:00)
dose oral dexamethasone suppression tegipnuide a helpful functional estimate of HPA axis feedback
regulation. In vivo and in vitro tests using selective agonists and amtegs of glucocorticoid receptor (GF
and mineralocortcoid receptor (MR) may help to better understand the molaecenisms underlying HF
axis dysregulations in multiple sclerosis (MS) depression.

MRI markers of brain areas involved in mood regulation and neuroendocrine control, mosarithptre
hippocampus and frontal areas. It is advisable to use advancedgnbegfiniques such as diffusion tensor
imaging [Feinstein et al. 2010] or high-resolution volumetric analyses [Gold et al. ZiBb@e et al. 2008]
since the reported brain abnormalities in MS depression are subtle amkelgradi detectable with
conwentional MRI.

Box 2. Biological substrates of fatigue suitable as outcome measures.

Inflammatory markers, peripheral rather than central. Most promisingdedes are cytokines such as tum
necrosis factor (TNF) a and interferon (IFN) g, which have been linked to fatigereeirakchronic disorder:
including multiple sclerosis (MS), cancer, and hepatitis and might thus @epeesommon pathway for
fatigue symptomatology.

Markers of brain activation associated with MS fatigue using functional magguetance imaging (fMRI)
may be useful, particdarly in short term studies. However, the evidence of increased activatioorke@®s
correlate of fatigue is not conclusiwhile in early stages there might be efficient compensatory coactiv
(without fatigue), this may evolve into inefficient recruitment in later stages (atidue) and finally loss of
activation in advanced MS (with fatigue). Outcome measures ingudgional atrophy in gray matter
structures such as the basal ganglia [Pardini et al. 2010] may be promism@iketvention is long enough
(>1 year) to reasonably expect a change in these markers. More sensitive nonamsvdiiRldechniques
such agliffusion tensor imaging of white matter structures or spectroscopy mayeb® aletect changes in
shortterm trials.

Markers of sympathetic function such as blood pressure responses or serum catecholeisitoethey
isometric hanegrip (IHG) exercse [Khurana and Setty, 1996] or to active change of posture [Flachenet
al. 2001].

[Prakash et al. 2010]. Exercise has been shown to partially presernal damage in
EAE, the animal model of MS [Rossi et al. 2009].

There is also some cresectional [Luders et al. 2009] as well as preliminary longitidin
evi- dence [Holzel et al. 2008] that meditation may positively affgdcampal
volumes in healthy controls. Given the effect of meditationapression and fatigue in



MS [Grossman et al. 2010] and the involvement of subregionab-hgapnpal atrophy in
MS depression [Gold et al. 2010] these studies are in line witrogsedity that
meditation may affect regional atrophy in MS.

In summary, there are indications for the petei of behavioral interventions to affect
MS pathology, but the few available trials have been conduttesty small samples of
subjects and should be interpreted with caution. Adequatglgned longitudinal studies
with sensitive and pathologically relevanitcome measures are largely lacking.
However, we believe that there is now sufficient indirect evideastart testing the
effect of behavioral interveriions on diseaseelated endpoints such as those used in
drug trials. A number of prospetive studies have consistently indicated that psy
chological stress increases relapse risk in MS [Mohr et al. 2004}es@antions
targeted at reducing stress may have the potential to affeaséiaetivity in MS. A large
randomized controlled study by Mo&ind colleagues [ClinicalTrials.gov identifier:
NCT00147446] using a stress management intervention haglydoeen completed.
The primary endpoints in this study are enhancing lesionsRinaliid relapse rate and
results are expected shortly. Only rigidly designed triaésthks will ultimately tell if
behavioral interventions can affect MS pathology.

Conclusion

Despite the high clinical relevance of neuropdyiatric MS symptoms, their
pathogenetic sulstrates are still poorly understood. This nrapart explain the
disappointing results of clinical trials for novel symptomatiegdtherapies. Thus, it is
paramount to enhance our knowledge of the underlying neurobiology of these symp
toms. This is a prerequisite for designing new therapies, batimglcological as well as
behav ioral, and essential for better monitoring their effectiveness iicalitrials.

Some evidence suggests behavioral interventions to affecyizialpathways of
neuropsychiatric MS symptoms and possibly disease meamaaswell. These
interventions thus may have thapeutic potential, not only as a symptomatic treatment
but also as putative diseas®difying therapies. However, few adequately powered and
well-designed studies have tested behavioral ages in MS and even fewer have
included bie markers that could help to better understand the mechanismdyimgl the
therapeutic benefits.

More translational and interdisciplinary research in this areayently needed to expand
the treatment repertoire for patients, particularly those in the progrggsase of the
disease, who currently have few therapeutic options but mayitfem® behavioral
interventions.
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