
Review Article

Pathology of behavior in PD: What is known and what is not?
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Abnormal behavior in Parkinson's disease (PD) stems from a complex orchestration of impaired neural networks
that result from PD-related neurodegeneration across multiple levels. Typically, cellular and tissue abnormalities
generate neurochemical changes and disrupt specific regions of the brain, in turn creating impaired neural cir-
cuits and dysfunctional global networks. The objective of this chapter is to provide an overview of the array of
pathological changes that have been linked to different behavioral symptoms of PD such as depression, anxiety,
apathy, fatigue, impulse control disorders, psychosis, sleep disorders and dementia.
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1. Overview of pathology in PD

The pathology underlying Parkinson's disease is not fully under-
stood. Whilst the Braak staging model has attempted to describe the

progression of Lewy body pathology [1], the precise interplay between
structural and functional changes across multiple neurotransmitter
pathways and inter-related networks leads to a complex array of clinical
features. These dysfunctional global networks [2] manifest with a wide
range of abnormal behaviors in Parkinson's disease (PD) that often co-
exist and impact negatively on quality of life. The objective of this chap-
ter is to provide an overview of the current state of knowledge
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regarding the pathological changes that have been linked to behavioral
abnormalities in PD.

2. Pathological mechanisms underlying behaviors in PD

2.1. Neuropsychiatric symptoms

Certain neuropsychiatric symptoms can present at different stages of
the disease and thus may reflect distinct mechanisms manifesting with
the same clinical presentation. For example, a number of epidemiologi-
cal studies have highlighted the onset of late lifemood disorder, typical-
ly anxiety or depression as a prodromal ‘risk factor’ for the development
of PD [3–7]. By way of contrast, some patients can experience anxiety
and depression as part of a ‘wearing off’ phenomenon [8,9]. This implies
that disparate mechanisms such as the prodromal loss of serotonergic/
noradrenergic cells in the brainstem can cause similar clinical features
to those presumably arising from a relatively hypo-dopaminergic state
[10,11]. Furthermore, such neuropathological contributionsmay coexist
and PET studies in patients with established PD have demonstrated the
potential relationship between affective symptoms and brainstem sero-
tonergic levels [12,13]. Thus, behavioral symptoms are likely to repre-
sent a breadth of structural and functional neuropathology, which
may also be impacted by other factorswithin individuals such as genetic
influences and medications. Whilst trends have suggested that certain
genetic polymorphisms (e.g. LRRK2)might also be associatedwith neu-
ropsychiatric symptoms (i.e. anxiety and depression) [14–17], there has
been no conclusive genetic correlations with visual hallucinations in PD
[18]. Additionally, the development of cognitive decline and dementia
has been linked with the tau (MAPT) inversion polymorphism [19],
however associations between dementia and the APOE4 allele, and
LRRK2 gene remain controversial [14,20]. In the following sections, we
will provide a summary based on evidence from the current literature
and attempt to describe the hierarchicalmechanisms that underlie neu-
ropsychiatric behaviors.

2.1.1. Depression and anxiety
A seven-fold loss of nigral neurons has been found in post-mortem

brains from depressed PD patients compared to non-depressed PD pa-
tients [21]. In addition,many studies have found strong associations be-
tween depressive and anxiety symptoms and the decreased binding to
dopamine transporters in the striatum [22–27]. Thus, dysregulation of
frontostriatal and mesocorticolimbic dopaminergic circuits have been
suggested to play a key role in depression and anxiety in PD [22,28,
29]. However, in parallel greater pathology has also been suggested in
the serotonergic raphe nucleus [30,31], as well as the noradrenergic
locus coeruleus [1,21], which both heavily innervate corticolimbic re-
gions involved in integrating anxious responses and emotional states
[32]. Although limited research has examined this at the microscopic
level, studies have reported evidence for the increased binding of sero-
tonin transporters and reduced postsynaptic serotonin 1A receptor den-
sity within limbic regions in depressed PD patients [33–35].
Furthermore, PD patients who carried the short allele for the serotonin
transporter scored significantly higher on anxiety scales than non-car-
riers [36]. In addition, an increased incidence of anxiety and depression
has also been correlatedwith lower dopamine/noradrenaline transport-
er binding in the locus coeruleus in PD [24]. Interestingly, research
studying de novo PD patients (i.e. those who have not begun dopami-
nergic therapy) has highlighted that treatment and/or disease progres-
sionmay exacerbate the disruption of non-dopaminergic pathways [37,
38]. This work has suggested that serotonergic and noradrenergic neu-
rons might act as surrogates for the dopaminergic system, by taking up
exogenous levodopa and converting it to dopamine and then releasing
it, at the expense of its normal function [39–41]. This notion suggests
that chronic levodopa treatment may interact with non-dopaminergic
systems, creating a paucity of serotonin and noradrenaline which in
turn may contribute to depression and anxiety in PD.

Reflecting the disruption of dopaminergic, serotonergic and norad-
renergic circuits in PD patients with depression and/or anxiety, it is
not surprising that gray matter atrophy [28,42–45] as well as white
matter reductions [46–48] have also been found across limbic areas
(e.g. orbitofrontal cortex, prefrontal cortex, cingulate cortex, temporal
lobe, thalamus, hippocampus and amygdala). Furthermore, metabolic
changes, such as reductions in cerebral blood flow have been noted in
frontal and anterior cingulate regions [49] as well as increasedmetabo-
lism within the amygdala [50].

From a neural network perspective, reduced functional connectivity
has been reportedwithin the corticolimbic network in depressed PDpa-
tients, whereas increased functional connectivity has been notedwithin
their limbic system [29,51,52]. It has been proposed that such a pattern
of disturbancesmay reflect an abnormal top-down control of emotional
processing [53]. Unfortunately,muchof the research to date has primar-
ily investigated depression in PD with less work on anxiety. Future re-
search is therefore needed to fully understand the synergies and
differences in pathology that exist between anxiety and depression, as
well as trying to further understand whether their pathophysiological
mechanisms change in response to treatment or in relation to the pro-
gression of other symptoms such as dementia.

2.1.2. Apathy and fatigue
Whilst some researchers have argued that apathy can be explained

by diffuse cortical Lewy bodies as a result of the advanced stages in PD
[54], it ismorewidely accepted that apathy can early in disease progres-
sion. In this circumstance researchers have proposed that apathy might
be primarily associated with low dopaminergic tone in both the stria-
tum and prefrontal cortex [10,55]. In support of the latter, greater dopa-
minergic denervation has been shown in de novo PD patients with
apathy [56] and mesolimbic dopaminergic denervation has also been
linked with developing apathy in PD [55]. Additionally, gray matter at-
rophy in the prefrontal, parietal and cingulate cortices has been associ-
ated with higher levels of apathy [57] and the nucleus accumbens has
been shown to be atrophic in apathetic PD patients [58]. It should be
noted that these findings have not been identified consistently and
other studies comparing PD groups based on high and low apathy
scores have failed to find any gray matter density differences [59].
More research is needed in this area to fully understand the underlying
mechanisms of motivation and how PD pathology might disrupt these
networks in patients with apathy.

There is growing evidence that a strong relationship exists between
apathy and dementia in PD. Apathy is more common in PDD patients
[60] and represents an independent neuropsychiatric profile of PDD,
separate frommood, agitation and psychosis [61]. Even a caregivers' re-
port of patients' apathy has been suggested to determine those at risk
for subsequently developing dementia in PD [62]. Executive dysfunction
has also been found to be worse in PD patients with apathy [63,64]. No-
tably, a recent study also suggested that fatigue might be related to ex-
ecutive dysfunction, since motor performance worsened over time in
PD patients with fatigue during an attention-demanding externally
cued task, compared to PD without fatigue, whilst deterioration of per-
formance was not seen in either group in the un-cued motor task [65].

The neural underpinnings of fatigue are also unclear. A strong asso-
ciation has beenmade between apathy and fatigue [29], and both symp-
toms have been hypothesized to share a common pathology within the
basal ganglia-limbic dopaminergic system [54,66]. In support of this, fa-
tigue has been shown to significantly improve with dopaminergic re-
placement therapy (i.e. rosagiline or dopamine agonists), although
these improvements remains clinically [67]. Fatigue has also been asso-
ciated with abnormal blood flow in the putamen and supplementary
motor area, suggesting that abnormalities in the basal ganglia pathways
may cause fatigue [66]. There is also a small amount of evidence which
suggests that serotonergic lesions in the ventral striatum, cingulate cor-
tex and amygdala are correlated with fatigue [68]. However, to date fa-
tigue remains oneof themost understudied non-motor symptomsof PD
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