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Abstract

In this review, we focus on the relationship among Parkinson’s disease (PD), stress and
depression. Parkinson’s disease patients have a high risk of developing depression, and it is
possible that stress contributes to the development of both pathologies. Stress dysfunction may
have a role in the etiology of preclinical non-motor symptoms of PD (such as depression) and,
later in the course of the disease, may worsen motor symptoms. However, relatively few studies
have examined stress or depression and the injured nigrostriatal system. This review discusses the
effects of stress on neurodegeneration and depression, and their association with the symptoms
and progression of PD.
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Introduction

For many years, studies of neuropsychiatric disorders have indicated that stress
abnormalities are likely involved in the disease pathogenesis. More recently, it has also
become apparent that dysfunction of the stress response may have a role in
neurodegenerative disorders. Stress dysfunction is particularly intriguing when one
considers the very high rate of neuropsychiatric comorbidities in patients with
neurodegenerative diseases. For decades, studies have implicated the hypothalamic pituitary
adrenal (HPA) axis in a variety of progressive neurodegenerative diseases including
Alzheimer’s disease, Huntington’s disease, amyotrophic lateral sclerosis and Parkinson’s
disease (PD) (Snyder et al., 1985; Heuser et al., 1991; Patacchioli et al., 2003; Swaab et al.,
2005). However, the psychiatric aspect of the disease pathology and the role stress may play
in the disease process are relatively understudied. For the purpose of this review, we will
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focus on PD, the high occurrence of depression in the disease, and the function of the stress
response in the development of both PD and depression.

Neurobiological aspects of stress and depression

Appropriate responses to external or internal adversity (i.e., the *stress response’) are critical
for adaptation and survival. The stress response involves the activation of multiple bodily
systems, the most prominent of which are the HPA axis and autonomic nervous system.
Activation of the HPA axis creates a neuroendocrine cascade that results in the elevation of
glucocorticoid levels. Glucocorticoids (cortisol in humans and primarily corticosterone in
rats and mice) subserve important adaptive functions during stress exposure (e.g., glucose
mobilization), and also provide negative feedback regulation of HPA axis activation, thereby
limiting their own secretion. While initially adaptive, protracted activation of the stress
response contributes to physiological abnormalities and may be involved in the development
of disease states (Herman and Cullinan, 1997). Mood disorders are often preceded by
stressful life events, whether environmental or physiological (Kendler et al., 1999; Gold and
Chrousos, 2002), and chronic stress is considered an important risk factor for depression
(McGonagle and Kessler, 1990). Notably, glucocorticoid receptors (GR) are localized to
many regions involved in depressive and neurological pathologies, including the prefrontal
cortex (PFC), hippocampus, striatum, limbic system, nucleus accumbens, and ventral
midbrain (Herman, 1993; Van Craenebroeck et al., 2005), suggesting the potential for
glucocorticoids to play a role in disease processes.

Aberrant neuroplasticity in limbic brain regions involved in emotion and memory, such as
the hippocampus, PFC, and amygdala, appear to contribute to the pathophysiology of mood
disorders (e.g., Duman, 2002). Limbic-driven HPA axis hyperactivity is associated with
major depresssion (Gold et al., 1988), whereas HPA hypoactivation is often seen in PTSD
(Yehuda et al., 2006), suggesting that optimal regulation of glucocorticoid secretion is
required for appropriate adaptation to stress. Glucocorticoid hypersecretion can act to
disrupt normal hippocampal and cortical function. In vitro, hippocampal cells are more
susceptible to subsequent neurotoxin exposure when cells are first exposed to
glucocorticoids (Sapolsky et al., 1988). In vivo, exposure to stress results in dendritic
atrophy in key limbic regions associated with the pathology of depression, including the
PFC and hippocampus (Magarifios and McEwen, 1995a, b; Wellman et al., 2001; Duman,
2002). The hippocampus is implicated in mood disorders as well as learning and memory
and HPA axis regulation, both of which are impaired in depression (Duman and Monteggia,
2006). The hippocampus is interconnected with the PFC and amygdala, with the PFC
playing an inhibitory role on the HPA axis, and the amygdala having excitatory connections
(Ulrich-Lai and Herman, 2009). Therefore, effects on the hippocampus can have long-term
consequences on glucocorticoid homeostasis.

As noted above, stress can cause dendritic atrophy, particularly in GR-rich regions such as
the hippocampus (Magarifios and McEwen, 1995a,b). Mineralocorticoids, however, do not
produce cellular atrophy (Gould et al., 1991), suggesting the GR as the primary mediator of
pathology. Aged rats have reduced GR expression (Sapolsky et al., 1983; Landfield and
Eldridge, 1989) and signaling (Murphy et al, 2002) in the hippocampus. It is hypothesized
that the loss of GR signaling causes elevated corticosterone secretion via loss of negative
feedback (Sapolsky, 1994). Chronic corticosterone administration and chronic stress also
decrease hippocampal GR expression, suggesting a link between elevated steroid secretion,
stress and the aging process (Sapolsky et al., 1985). Notably, Meaney’s group demonstrated
a correlation between elevated corticosterone and memory deficits in aged rodents,
suggesting that elevated glucocorticoids are linked to hippocampal pathology (lIssa et al.,
1990).
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Chronic stress and corticosterone also cause changes in neuronal morphology in other GR-
rich limbic sites. Both treatments reduce dendritic complexity in the medial PFC (Wellman
et al., 2001; Radley et al., 2004; Cerqueira et al., 2005; Dias-Ferreira et al., 2009), which is
known to be involved in inhibition of stress responses and control of emotionality. Dendritic
atrophy is also observed within corticostriatal circuits in animals that experienced chronic
stress, including the dorsal medial striatuam, whereas dendritic hypertrophy is seen in the
dorsal lateral striatum (Dias-Ferreira et al., 2009). Glucocorticoids and chronic stress
increase dendritic complexity in the amygdala, a region positively linked to fear, anxiety and
depression (Vyas et al., 2002; Mitra and Sapolsky, 2008). To date, neuroplasticity studies
have focused on sites involved in emotion, memory and stress regulation. Due to the
widespread distribution of the GR, however, other regions of the brain may be susceptible to
deleterious or aberrant effects of glucocorticoids/stress on morphology and function. These
include the striatum and substantia nigra, regions central to PD pathology.

In humans, imaging studies indicate decreased hippocampal volume in depressed subjects,
consistent with neuronal atrophy (Sheline et al., 1996; Sheline, 2003; Duman 2004a,b).
Volumetric changes also occur in the amygdala and PFC of patients with depression
(Salvadore et al., 2001; Kanner et al., 2004; Tang et al., 2007). Subregions of the PFC (e.g.,
subgenual anterior cingulate cortex) are hyperactive in depression, and inactivation by deep
brain stimulation causes remission of depressive symptoms, linking this stress-targeted
region in the pathogenesis of the disease (Mayberg et al., 2005). Antidepressant treatment
may be effective by protecting against the loss of hippocampal (Sheline, 2003) and
importantly, frontal cortical volume (Lavretsky et al., 2005).

Exposure to acute and chronic stress decreases adult hippocampal neurogenesis (Duman,
20044a,b). As exposure to stress decreases new cell production in the hippocampus of
animals, this may explain the decrease in total cell volume observed in humans (Fuchs et al.,
1998). In contrast, both antidepressant treatment and environmental enrichment can increase
neurogenesis in the adult hippocampus and antidepressant treatment can block/reverse the
decrease of neurogenesis caused by stress (Malberg et al., 2000; Brown et al., 2003; Duman,
2004a).

Alterations in neurotrophic factor expression in limbic regions may also contribute to the
presentation of depressive symptoms (Nestler et al., 2002). After exposure to chronic stress,
brain-derived neurotrophic factor (BDNF) mRNA levels are decreased in the hippocampus
whereas neurotrophin-3 (NT-3) mRNA levels are increased (Smith et al., 1995; Song et al.,
2006). The systemic administration of corticosterone also decreases expression of BDNF
mRNA in the hippocampus, but does not affect NT-3 expression (Schaaf et al., 1997, 1998).
The observed decrease in BDNF mRNA levels in the hippocampus after both acute and
chronic stress can be reversed by chronic, but not acute treatment with antidepressants
(Nibuya et al., 1995). Unpredictable footshock, social isolation, swim stress and maternal
deprivation all reduce BDNF expression in the hippocampus, indicating that the decrease is
not a stressor-specific effect (Duman and Monteggia, 2006). Chronic mild stress also links
the alterations of BDNF levels together with a neuroinflammatory environment, as decreases
in BDNF expression and increases in inflammation are both present in animals after chronic
stress (Kubera et al., 2011). Neuroinflammation, itself, is thought to be involved in the
formation of depression (Maes et al., 2009).

Approximately 50% of depressed patients exhibit HPA axis dysfunction, characterized by
impaired feedback regulation of corticosteroid secretion (Kanner et al., 2004). The lack of
dexamethasone suppression indicates dysfunction of the HPA axis, which is likely caused by
increased stimulation of the pituitary gland by hypothalamic drive (Kathol et al., 1989).
Patients with major depression have elevated corticotropin-releasing hormone (CRH)
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MRNA expression and cell number in the hypothalamus as well as increased levels of CRH
in cerebrospinal fluid (Nemeroff et al., 1984; Swaab et al., 2005). The question arises
whether HPA axis dysregulation causes depression or whether the emotional disturbances
present in the disorder result in stress dysregulation (Van Craenenbroeck et al., 2005).

Animal models of depression have been employed to uncover the relationship between
stress and depression symptomatology. Our group employs a chronic variable stress (CVS)
model, which subjects rats (or mice) to various mild stressors in an unpredictable manner
over an extended period of time (Katz et al., 1981; Herman et al, 1995; Willner, 2005) and
affects many molecular and cellular pathways that can generate neuronal injury (see Fig. 1).
Chronic stress regimens result in hypersecretion of corticosterone and ACTH, as well as
adrenal hypertrophy (Herman et al., 1995). Similarly to what is observed in humans, CRH
levels are elevated in the hypothalamic paraventricular nucleus (PVN) of animals exposed to
chronic variable stress (Herman et al., 1995; Wang et al., 2010). The CVS paradigm also
causes increases of oxidative damage in several areas, including cortical regions,
hippocampus and striatum (Lucca et al., 2009a), paralleling observations seen in depressed
patients (Forlenza and Miller, 2006). Chronic restraint stress, CVS and chronic
administration of corticosterone all result in retraction of apical neuronal dendrites within
the hippocampus (Magarifios and McEwen, 1995a,b). However, unlike chronic restraint,
CVS prevents habituation of the stress response and results in adrenal hypertrophy and
thymus atrophy (Magarifios and McEwen, 1995a).

The use of the CVS model results in a decrease in sucrose intake and reduced conditioned
place preference (signs of anhedonia), decreases in sexual behavior and grooming, and sleep
dysfunction, all of which have correlates to depression in humans (Papp et al., 1993;
Willner, 2005). Importantly, chronic, but not acute, treatment with antidepressants results in
reversal of these behaviors (Willner, 2005), another feature that has parallels in human
depression symptomatology. The anhedonic behavior observed after chronic stress can also
be reversed by the administration of dopamine agonists (Papp et al., 1993). Dopamine
pathways are a part of the reward system, and the effects of stress on reward perception
possibly occurs because of the interaction between the HPA axis and dopaminergic systems
(Van Craenebroeck et al., 2005).

Stress and dopamine neurons

In some suicide victims, dopamine levels are elevated in the hypothalamus (Arranz et al.,
1997). After receiving the dopamine receptor agonist apomorphine, patients with both
depression and elevated cortisol levels exhibit a blunted cortisol response, suggesting
cortisol feedback deficits may be associated with dopamine receptor dysfunction in the
hypothalamus (Duval et al., 2006). The normal physiology of dopamine in the mesolimbic
and mesocortical systems is also disrupted by stress (Pani et al., 2000). In rats, acute
restraint stress increases dopamine release in the nucleus accumbens and PFC (Imperato et
al., 1990). Acute immobilization increases dopamine levels in the frontal cortex, whereas
levels decrease in the striatum and hippocampus (Rasheed et al., 2010). Tail-shock stress
increases dopamine efflux in the striatum, nucleus accumbens, and frontal cortex, though to
varying degrees (Abercrombie et al., 1989). However, chronic stress generally decreases
dopaminergic tone. Prefrontal cortex dopamine content is significantly reduced following
CVS (Ziegler et al, 1999). Moreover, chronic unpredictable stress decreases dopamine levels
in striatum, nucleus accumbens, and frontal cortex (Rasheed et al., 2010). Chronic cold
stress increases efflux of dopamine in the medial PFC, but not in the striatum and nucleus
accumbens (Gresch et al., 1994). Restraint stress elevates oxidative stress products in the
nigrostriatal system, potentially leading to an increased vulnerability of dopamine neurons
(Kim et al., 2005). Together, these studies suggest that interactions between dopamine and
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stress are dependent on intensity and/or duration of stress exposure, with acute stress
generally acting to increase dopamine release, whereas chronic stress decreases dopamine
content. Additionally, these studies indicate that although acute and chronic stress affect
dopamine largely in the rostral forebrain, there are some alterations of dopamine levels
found in the striatum and mesolimbic pathway as well (Finlay and Zigmond, 1997).
However, the effects of stress on the injured dopaminergic nigrostriatal system are relatively
unexplored. The dysfunction of mesotelencephalic dopaminergic pathways after exposure to
stress and/or depression has implications for the pathophysiology of PD; addressing this
issue is important, given the comorbidity of PD and depression.

Parkinson’s disease and depression

Parkinson’s disease is a progressive neurodegenerative disorder that affects about 1% of
individuals over the age of 65 and is characterized by severe loss of dopaminergic neurons
in the nigrostriatal pathway, resulting in motor dysfunction (Weintraub et al., 2008a). The
exact etiology of PD is currently unknown, but the greatest risk factor for the disease is
aging. While the cardinal motor symptoms of resting tremor, bradykinesia, postural
instability and rigidity are the most identifiable manifestations of the disease, a plethora of
non-motor symptoms (which can greatly affect the quality of life of patients) may be present
as well. One of the most common comorbidities is depression (Weintraub et al., 2008b). The
most commonly cited prevalence of depression in PD is between 40-50% of all PD cases
(Cummings, 1992; Lemke, 2008; Aarsland et al., 2009). While the elderly overall have an
elevated risk of depression (about 11%) (Steffens et al., 2009) compared to the general
population (about 7%) (Kessler et al., 2003), there is a considerably enhanced risk of
depression in PD. Depression in PD has adverse effects on the quality of life of Parkinson’s
patients and is one of the most disabling aspects of the disease (Kuopio et al., 2000).
Depression is also associated with worsened motor function and increased disease severity
that directly impacts daily living (Giladi et al., 2000; Papapetropoulos et al., 2006; Riedel et
al., 2010). However, though the rates of suicidal ideation are elevated in depressed PD
patients, actual suicide attempts are uncommon (Kummer et al., 2009).

Despite the fact that almost half of PD patients experience depression, only about 26%
receive medication to treat it (Richard and Kurlan, 1997; Yamamoto et al., 2001). This
mismatch of incidence versus diagnosis is likely caused by the overlap in symptoms
between the two disorders. Clinicians also often fail to recognize depression or dysthymic
disorder in PD (Yamamoto et al., 2001). Both depression and PD symptoms include motor
slowing, bradyphrenia (slowness of thought), sleep and appetite disturbances, weight loss,
loss of interest and concentration, reduced libido and lack of emotional response (Richard,
2007). The psychomotor retardation that commonly occurs can also mask the presence of
depression (Lieberman, 2006). On the other hand, depressive symptoms such as anergy,
apathy, insomnia, excessive sleep, and weight loss can also occur in PD patients who are not
considered depressed (Richard, 2007). All of the above makes diagnosis and therefore
subsequent treatment difficult, and should persuade clinicians to be particularly observant to
signs of depression in PD patients.

It is argued that depression in PD is not merely a psychological reaction to being diagnosed
with the disease itself, but rather a secondary symptom of the ongoing neurodegeneration
(McDonald et al., 2003). Depression in PD does not appear to parallel the progression of the
physical symptoms of the disease, suggesting independent processes at work (Brown and
Jahanshahi, 1995). Others have found the increased risk for most neuropsychiatric
symptoms occurs with increased PD severity, but does not correlate with age or age of onset
(e.g., Lieberman, 2006). However, depression occurred in higher rates in patients that
developed PD at an early age compared to those with later onset (Giladi et al., 2000; Schrag
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et al., 2003). Moreover, it has been put forth that the comorbidity of PD and depression may
be biphasic in nature with peaks early and late during the course of the disease (Richard et
al., 2007).

Overall, clinical studies indicate that depression is present in patients at all stages of PD.
Thus, it is not known whether depression is a preclinical manifestation of the ongoing
neurodegenerative process that occurs before compensatory mechanisms no longer prevent
the advent of motor symptoms, or an active component of the neurodegenerative process.
One opinion contends that depression precedes the onset of motor symptoms in PD. Indeed,
studies found a higher incidence of depression in patients who were later diagnosed with PD
than in a comparable control population (Leentjens et al., 2003a). People with depression
have a higher rate of being subsequently diagnosed with PD than those with diabetes, a
chronic condition, or osteoarthritis, another disease of aging (Nilsson, 2001). Emotional
vulnerability may also increase the chances of PD patients developing depression (Serra-
Mestres and Ring, 2002). Another outlook argues that the depression in PD develops after
disease diagnosis. More severe motor symptoms as well as longer disease duration are
present in PD patients diagnosed with depression compared with non-depressed PD patients
(Pélhagen et al., 2008). This could be an indication of a further advanced and widespread
disease state (Palhagen et al., 2008). There is also debate on whether depression appears in
PD as a natural part of the disease process or whether there is a convergence of two
independent pathological processes (Leentjens, 2004).

The primacy of the neurodegeneration of dopamine neurons in the nigrostriatal pathway in
PD cannot be ignored. However, it is likely that depression in PD is caused by a
combination of elements including pathology outside of the nigrostriatal pathway or
environmental factors interacting with the nigrostriatal pathology (Schrag, 2006). Other
dopaminergic pathways and other neurotransmitters are affected throughout the course of
PD and more than likely play a role in the development of non-motor symptoms.
Accordingly, the impaired function of noradrenergic and serotoninergic neurons may also
play a role in the development of depression in PD (Yamamoto et al., 2001). Norepinephrine
and serotonin are the two neurotransmitters most commonly associated with depression
pathogenesis. Certain personality traits present in PD patients with depression, such as harm
avoidance (anxious behavior), appear to be linked to serotoninergic function (Menza and
Mark., 1994). In depression, there is a loss of norepinephrine signal resulting from
degeneration of LC projections to the frontal cortex and limbic system (Chan-Palay and
Asan, 1989a). In PD, there is also a decrease in the activity and number of neurons of the
serotoninergic neurons in the dorsal raphe nucleus and of the noradrenergic neurons in the
LC (Lieberman, 2006). A reduction of serotoninergic metabolite levels in the cerebral spinal
fluid is found in depressed versus non-depressed PD patients (Mayeux et al., 1984) and there
is noradrenergic cell loss both rostrally and caudally (Chan-Palay and Asan, 1989b).
Elevated serotonin transporter levels in the striatum and dorsalateral and prefrontal cortices
were correlated with depressive symptoms in PD patients, but not with disease severity
(Boileau et al., 2008). This emphasizes the possibility of serotoninergic pathology in PD
with depression. However, this study did not compare the depressed PD patients to non-
depressed PD patients (Boileau et al., 2008). On the other hand, it is unlikely that the loss of
serotonin alone plays a role in depression etiology in PD, because SSRIs are not always
effective in treating the depression in PD patients, despite often being the first choice for
treatment (Yamamoto et al., 2001; Leentjens et al., 2003b).

Additional imaging studies have observed differences in other neurotransmitter systems
between PD patients with and without depression. For example, a decrease in cortical
acetylcholinesterase activity, a marker of cholinergic innervation, occurs in the cortex of PD
patients displaying depressive symptomatology, particularly those that also have dementia
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(Bohnen et al., 2007). A reduction of acetylcholine receptor binding in the cingulate cortex
and the frontoparieto-occipital lobe is also found in depressed PD patients (Meyer et al.,
2009). Recent imaging studies using specialized magnetic resonance imaging (MRI)
techniques also demonstrate differences between depressed and non-depressed PD patients
in several brain structures outside the nigrostriatal pathway. For example, reduction of gray
matter in PD patients with high apathy scores is seen in several regions including the
cingulate and frontal gyruses (Reijnders et al., 2010). White matter is decreased in depressed
PD patients in the anterior cingulate and orbitofrontal cortices (Kosti¢ et al., 2010). Using
functional MR, a reduction in the activity of the medial PFC and the left mediodorsal
thalamus, as well as an increase in the volume bilaterally of the mediodorsal thalamic nuclei,
occur in PD patients with comorbid depression (Cardoso et al., 2009). Similar differences in
the mediodorsal thalamus have been found using diffusion tension imaging (Li et al., 2010).
These areas are all thought to be involved in depression, though it is unknown if it is
specifically loss of dopaminergic innervation or more global neurodegeneration that
contributes to these regional alterations (Cardoso et al., 2009).

Non-motor symptoms in PD cannot be considered the same as symptoms caused by non-
dopaminergic pathways (Fox et al., 2009; Chaudhuri and Schapira, 2009). Depressive
symptomatology in PD may also be related to dopaminergic dysfunction as dopamine
agonists can improve depressive symptoms (Barone et al., 2007; but see Leentjens, 2011).
Decreases in dopaminergic transporter availability in the striatum are seen in PD patients
with depression (Weintraub et al., 2005; Hesse et al., 2009). This is likely secondary to the
dopamine loss in the region, indicating a more extensive cell loss in depressed PD patients
(Hesse et al., 2009) and increased basal ganglia impairment (Weintraub et al., 2005). In
post-mortem studies, a decrease in dopamine neurons in the ventral VTA was detected in
depressed PD patients (Brown and Gershon, 1993). Additionally, in a PET imaging study,
PD patients diagnosed with depression were observed to have decreased noradrenergic and
dopaminergic innervation in emotion-related circuitry including the LC, anterior cingulate
cortex, thalamus, amygdala and ventral striatum compared to both controls and PD patients
without depression (Remy et al., 2005). While dopamine loss is observed in non-
nigrostriatal pathways and can contribute to the formation of non-motor symptoms, the
nigrostriatal pathway also has dopamine connections to the ventral striatum, and that
pathway, along with the mesocortical and mesolimbic pathways, may play a role in reward
(Wise, 2009). This has implications for the presence of depressive symptoms in PD such as
anhedonia. If indeed the nigrostriatal pathway functions in the reward system, then the
severe loss of dopamine neurons would almost inevitably cause dysfunction in the reward
pathway as well.

Parkinson’s disease and stress

Stress may play a role in the development of PD. The principle risk factor for PD is aging,
which may also be associated with elevated levels of cortisol (Gould and Tanapat, 1999).
Cortisol is also elevated in PD patients compared to healthy age-matched controls (Charlett
et al., 1998). Acute treatment with levodopa can reduce plasma cortisol levels in PD patients
(Muller et al., 2007), suggesting a connection between dopamine hypofunction and HPA
axis hyperactivity. Stressful life events may also precipitate the development of PD. For
example, prisoners of war had a much higher incident rate of PD development thirty-five
years after release (Gibberd and Simmonds, 1980). Emotional stress can transiently increase
motor symptoms (Macht et al., 2007), consistent with acute effects on nigrostriatal function.
Appearance of the clinical PD symptoms during a stressful period may reflect damage to the
nigrostriatal system that had been masked during the preclinical stage (Snyder et al., 1985).
Loss of mesocortical dopamine neurons, which occurs in more advanced stages of PD, may
result in the system becoming more vulnerable to stress, as dopamine release in the cortex
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inhibits stress-activated neurons in the nucleus accumbens (Finlay and Zigmond, 1997).
Individuals with PD also have reduced hedonic responses after exposure to emotional stress,
but stress did not affect the selected motor symptoms studied (Macht et al., 2007).

Glucocorticoids may have detrimental effects on PD neurodegeneration by accelerating
disease progression (Kibel and Drenjancevi¢-Peri¢, 2008; but see Ros-Bernal et al., 2011).
Brain regions involved in motor control contain GRs in neurons and glia, with double-
labeling studies indicating co-localization with dopaminergic markers in the SNpc
(Harfstrand et al., 1986; Ahima and Harlan, 1990). Stress not only affects the dopaminergic
neurons in the mesocortical and mesolimbic pathways, but the nigrostriatal pathway as well
(Keefe et al., 1990). Animals subjected to stress have increases in motor impairments
resulting from dopamine loss (Snyder et al., 1985). Acute and chronic stress, as well as
chronic corticosterone administration, impaired movement during the reaching test in
animals and can be reversed by administration of anxiolytic compounds, suggesting both
glucocorticoids and stress-associated anxiety can influence motor function (Metz et al.,
2005). After lesioning, akinetic animals are still responsive to stress and can release a
relatively increased amount of extracellular dopamine, supporting the idea that stress can
modulate the injured nigrostriatal system (Keefe et al., 1990). Together, these studies
indicate that stress can impinge on dopaminergic control of motor movements, with
glucocorticoids possibly affecting the compensatory response to the damaged motor system
(Metz, 2007). Interestingly, a recent study provided evidence that glucocorticoids acting via
GRs are actually neuroprotective for injured nigrostriatal dopaminergic neurons (Ros-
Bernal et al., 2011). Thus, a complex picture is emerging regarding the precise role and
function of stress hormones in PD.

Other forms of stress may influence nigrostriatal structure and function in animal models.
Periodic maternal separation during early development increased motor behavior deficit and
tyrosine hydroxylase loss within the striatum in rats treated with 6-hydroxydopamine (6-
OHDA) as adults (Pienaar et al., 2008). Maternal care disruption can have other long-term
effects, such as the appearance of depressive symptoms in adult animals (Matthews and
Robbins, 2003). Conversely, exercise can be neuroprotective in PD in both basic and clinical
studies (Mabandla et al., 2010). Rats subjected to maternal separation during the neonatal
stress hyporesponsive period of development and later allowed to voluntarily exercise
showed reduced forelimb akinesia and forelimb-use asymmetry compared to non-exercised
rats (Mabandla et al., 2010). Voluntary exercise also attenuated the increased
neurodegeneration seen in lesioned animals exposed to mild prenatal stressors (Mabandla et
al., 2009). However, in another study voluntarily exercised animals subjected to mild
stressors as adults had a reduced protection against 6-OHDA lesions compared to non-
stressed exercised animals (Howells et al., 2005). Thus, the timing and intensity of the
stressors may affect the efficiency of exercise being neuroprotective.

In the striatum, stress increases the extracellular availability of glucocorticoids, glutamate,
and dopamine (Smith et al., 2002). These all have the capacity to harm neurons separately
and perhaps can even act in a synergistic manner to cause or exacerbate neuronal damage
(Smith et al., 2002). Acute restraint stress given prior to administration of 6-OHDA
increases behavioral and neurochemical deficits compared to animals that only received 6-
OHDA (Smith et al., 2002). Acute restraint stress also elevates nigrostriatal dopamine as
well as factors involved in dopamine synthesis, including tetrahydrobiopterin and tyrosine
hydroxylase (Kim et al., 2005). Excitatory amino acids such as glutamate can act on
receptors within the SNpc, increasing the striatal release of dopamine during stress exposure
(Castro and Zigmond, 2001). As noted earlier, excitatory amino acids play a role in the
neurodegeneration seen in the hippocampus after stress exposure (Magarifios and McEwen,
1995b). The increase in dopamine caused by excitatory amino acids may increase the
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vulnerability of the neurons within the nigrostriatal pathway and produce a neurotoxic effect
(Castro and Zigmond, 2001).

In addition to aberrant alterations in relevant neurotransmitters, inflammation is believed to
be a major factor in the etiology of PD (Frank-Cannon et al., 2009; Qian et al., 2010).
Inflammation results in lowered levels of BDNF within the SNpc of animals (Wu et al.,
2011), and elevated levels of cytokines occur along with BDNF decreases in post-mortem
PD brains (Nagatsu and Sawada, 2005). Loss of trophic signaling can increase neuronal loss
in the nigrostriatal pathway (Baydyuk et al., 2011) and, as mentioned earlier, alteration of
BDNF levels in key limbic regions may play a role in the development of depression
(Nestler, 2002). Notably, chronic stress increases the pro-inflammatory environment in
animal models of depression (You et al., 2011). Therefore, PD patients with depression and/
or chronic stress may experience a chronic neuroinflammatory environment perhaps linked
to exacerbated PD pathology.

Both chronic stress and corticosterone administration result in increased motor impairment
in lesioned animals (Smith et al., 2008). However, although this study noted an increase in
Fluro-Jade labeled cells (indicating neurodegeneration) in the SNpc, there was no reduction
in numbers of tyrosine hydroxylase-positive cells (Smith et al., 2008). Interestingly, a recent
report claims that lesions of the SNpc decrease cell proliferation within the subgranular layer
of the hippocampal dentate gyrus, which chronic antidepressant treatment can attenuate
(Suzuki et al., 2010). This suggests that not only can stress affect motor symptoms, but that
damage to the nigrostriatal motor system could affect the control of the stress response.

A combined depression/PD animal model

In our own studies, we have developed an animal paradigm that combines the striatal 6-
OHDA lesion model of PD with the CVS-induced model of depression. With this model we
are able to examine the combined effects that chronic stress and relatively progressive
dopaminergic neuron loss can have on motor symptoms and nigral cell degeneration. We
have observed that CVS worsens motor symptoms and increases neurodegeneration of
dopaminergic neurons in the SNpc (Hemmerle et al., 2008, 2011). However, it appears that
the stressors needs to be administered concomitant with the neurotoxin lesion (i.e. before
and after) in order to do so, as administering the stressors only prior to or only following the
lesion did not affect motor symptoms. The stress dysfunction occurring prior to the onset of
motor symptoms and continuing after neuronal loss ultimately causes a worsening of the PD
symptoms and accelerates nigral dopaminergic cell degeneration. Potential mechanisms
underlying this CVS-induced exacerbation of experimental parkinsonism are currently being
investigated.

Conclusion

Dysfunction of the HPA axis is well tied to depression symptomatology and plays a part in
neuropsychiatric disorder development. What is not known at this juncture is the exact role
stress and affective disorders may play in the development of neurodegenerative disorders
such as PD. In humans, motor symptoms appear only after 70-80% of striatal dopaminergic
content is lost, likely due to compensatory mechanisms in the remaining neurons. Pre-
clinically, there may be manifestations of non-motor symptoms resulting from stress
response dysfunction caused by the ongoing dopamine loss. The malfunction of the stress
system could lead to an accelerated neurodegeneration in a positive feedback-type scenario.
While acute and chronic stress do not appear to greatly affect the dopaminergic nigrostriatal
pathway in healthy animals, little research has been done to determine the effects of stress
on this system in the disease state of PD in both humans and animals models. Additionally,
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stress effects on the mesolimbic and mesocortical pathways may also have a part in the
development of depression in PD. The development of new animal models will help address
the relationship of stress-induced depression and PD dysfunction and hopefully generate
new therapies to treat both mood and motor aspects of the disorder.
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Figure 1. Molecular and cellular effects of chronic stress

Chronic stress may impair neurons via several mechanisms. Chronic activation of the HPA
axis results in hyperactive activation of the axis and increased levels of relevant hormones
including corticotrophin-releasing hormone (CRH), adrenocorticotropic hormone (ACTH),
circulating glucocorticoids and impairment of dexamethasone feedback (Herman et al.,
1995; Mizoguchi et al., 2008; Ulrich-Lai and Herman; 2009). Chronic stress results in an
increased neuroinflammatory environment via increases in pro-inflammatory molecules
such as interleukin-6 (IL-6), IL-1, tumor necrosis factor alpha (TNFa), and nuclear factor
kappa B (NF-kB) and decreases in anti-inflammatory molecules such as IL-10 and
transforming growth factor beta (TGFB) (Grippo et al., 2005; You et al, 2011; Sun et al.,
2011). Neurodegeneration increases in the hippocampus after chronic stress at least partly
due to increased caspase-3 levels and decreased anti-apoptotic B-cell lymphoma (Bcl-2)
levels (Bachis et al., 2008; Kosten et al., 2008; Yang et al., 2011). Dendritic atrophy occurs
in several regions including the hippocampus and prefrontal cortex (Magarifios and
McEwen, 19953, b; Wellman, 2001; Radley 2004; Cerqueira et al., 2005). Cellular oxidative
stress also changes after chronic stress including increases in the superoxide radical O,- and
protein and lipid peroxidation (Lucca et al., 2009a, b; Ahmad et al., 2010; Tagliari et al.,
2010). Loss of trophic support through decreases in brain-derived neurotrophic factor
(BDNF) occurs in the hippocampus and prefrontal cortex after chronic stress (Smith et al.,
1995; Song et al., 2006; Adzic et al., 2009). Lastly, chronic stress decreases neurogenesis in
the hippocampus as indicated by the loss of bromodeoxyuridine (BrdU) positive cells
(Gould and Tanapat, 1999; Pham et al., 2003). Together, these stress-induced cellular and
molecular alterations create a harmful neuronal environment that could result in the
presentation of depressive and other neuropsychiatric symptoms.
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