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Abstract

Major depressive disorder (MDD) affects more than cogni-
tion, having a temporal relationship with neuroinflamma-
tory pathways of Parkinson'’s disease (PD). Although this as-
sociation is supported by epidemiological and clinical stud-
ies, the underlying mechanisms are unclear. Microglia and
astrocytes play crucial roles in the pathophysiology of both
MDD and PD. In PD, these cells can be activated by misfolded
forms of the protein a-synuclein to release cytokines that
can interact with multiple different physiological processes
to produce depressive symptoms, including monoamine
transport and availability, the hypothalamus-pituitary axis,
and neurogenesis. In MDD, glial cell activation can be in-
duced by peripheral inflammatory agents that cross the
blood-brain barrier and/or c-Fos signalling from neurons.
The resulting neuroinflammation can cause neurodegenera-
tion due to oxidative stress and glutamate excitotoxicity,
contributing to PD pathology. Astrocytes are another major

link due to their recognized role in the glymphatic clearance
mechanism. Research suggesting that MDD causes astrocyt-
ic destruction or structural atrophy highlights the possibility
that accumulation of a-synuclein in the brain is facilitated as
the brain cannot adequately clear the protein aggregates.
This review examines research into the overlapping patho-
physiology of MDD and PD with particular focus on the roles
of glial cells and neuroinflammation. ©2020S. Karger AG, Basel

Introduction

Major depressive disorder (MDD), more commonly
known as depression, is an affective disorder character-
ized in the Diagnostic and Statistical Manual of Mental
Disorders by symptoms including constant depressed
moods, fatigue, reduced interest in daily activities, and/or
recurrent thoughts of death among others [1]. Although
it has long been viewed by society as a cognitive disorder,
emerging research has focussed on physiological signs of
the disorder including neuroinflammation [2]. Thus,
neuroinflammation has linked the pathophysiology of
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MDD to that of other diseases such as Parkinson’s disease
(PD) as possibly a symptom, risk factor, and/or pro-
drome.

Depression is well established often to result from and
coexist with PD as a common non-motor symptom [3].
Prevalence rates of some forms of depressive symptoms
in PD are variable but generally average at around 35%
even in newly diagnosed individuals [4]. However, the ac-
curacy of these figures is difficult to assess given that de-
pression is often missed in PD due to the high degree of
overlap in symptoms [3, 5]. Depression serves as one of
the largest contributors to poor quality of life in PD pa-
tients, equally as or even more important than high sever-
ity of motor impairment [5, 6]. Its effects on management
have been found to include stronger indications for treat-
ment initiation, higher treatment frequency, and in-
creased referrals. It has also been associated with exacer-
bated motor impairment and faster disease progression.
Although research regarding these last 2 factors has been
contentious, the major impact this comorbidity has on
patients cannot be denied [5].

Conversely, many epidemiological studies have sug-
gested that MDD can increase the likelihood of develop-
ing PD in later life [7, 8]. This highlights MDD as a men-
tal health concern that is not only debilitating through its
influence on mood but also in its potential to predispose
physical impairments in the form of parkinsonism. How-
ever, the mechanisms underlying the temporal relation-
ship between MDD and PD remain poorly explained by
the current literature. This review will examine recent re-
search which has suggested overlap between MDD and
PD in terms of activity-based and morphological changes
in glial cells, particularly associated with neuroinflamma-
tion. If a causal link exists, it would emphasize the impor-
tance of promoting positive mental health and antide-
pressant treatment as a preventative measure for decreas-
ing susceptibility to PD. Additionally, understanding the
link will facilitate the development of targeted early detec-
tion methods for MDD patients potentially at risk of de-
veloping parkinsonian syndromes and prophylactic mea-
sures that target neuroinflammation or glial cell changes.

Parkinsonism and a-Synucleinopathies

Parkinsonism refers to the motor features of parkinso-
nian conditions, including idiopathic PD, dementia with
Lewy bodies (DLB), multiple system atrophy (MSA), pro-
gressive supranuclear palsy, corticobasal degeneration,
and vascular parkinsonism among other rarer condi-
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tions. They are grouped based on their similar clinical
signs, such as bradykinesia, a tremor that is distinct at rest
or when performing certain tasks, muscle rigidity and
stiffness, an unstable gait, and other signs of motor dys-
function [9, 10]. a-Synucleinopathies refer to a group
within these, which includes PD, DLB, and MSA. They
are neurodegenerative diseases associated with the for-
mation of harmful a-synuclein (a-syn) aggregates
throughout the central nervous system. a-Syn is a small
presynaptic protein made up of 140 amino acid residues
folded to form 3 major domains: the N-terminal domain,
a highly hydrophobic central domain, and the C-terminal
domain [11]. In its normal state, the protein has been
found to play a role in lipid membrane remodelling, ves-
icle trafficking, membrane curvature sensing and induc-
tion, regulation of exocytotic fusion pore size [12], and
possibly neurotransmitter release and other neuronal
functions linked to high concentration in nerve terminals
[13]. However, the misfolded fibrillar form of a-syn rich
in -sheet has an increased tendency to spontaneously ag-
gregate and induce neurodegeneration [13]. Secreted ex-
tracellular aggregates of a-syn are able to be taken up by
cells and propagated to neighbouring cells in a prion-like
manner. How and why this misfolding occurs is unclear
but has been associated often with oxidative stress, metal
ion dyshomeostasis, and mutations of genes such as
SNCA[12, 14]. PD and DLB are associated with a-syn ag-
gregates in the form of Lewy bodies and Lewy neurites in
dopaminergic neurons in the substantia nigra pars com-
pacta [15] and the cortex, respectively [16]. MSA is asso-
ciated with glial cytoplasmic inclusions, primarily in oli-
godendrocytes [17].

Microglia

Microglia are myeloid cells that, under physiological
conditions, have homeostatic and immune roles in the
brain, but they are also central to disease processes. In re-
sponse to different exogenous stimuli, microglia can be
activated into either an M1 (pro-inflammatory) or M2
(anti-inflammatory) phenotype, the first being implicat-
ed in neuroinflammation [18]. Neuroinflammation is an
automatic protective mechanism that the brain under-
takes in response to microenvironmental disturbances
such as injury, invasion of pathogens, and irradiation. Ac-
tivated microglia play major roles in inducing and pro-
moting this self-propagating process by releasing various
pro-inflammatory factors [19]. Additionally, they can ex-
press antigens such as a-syn on major histocompatibility

Tran/De Smet/Grant/Khoo/Pountney



complex class II (MHCII) to stimulate an adaptive im-
mune response, and adopt a phagocytic phenotype to di-
rectly combat stressors [20]. These responses have been
exhibited in both PD models [19, 20] and in studies indi-
cating inflammatory markers in MDD [21]. Activated
microglia have also been shown to be potential mediators
of spread of pathological a-syn aggregates to adjacent
brain regions during disease progression [22].

Microglial Involvement in PD and the Link to

Depression as a Non-Motor Symptom

Neuroinflammation in PD

The presence of neuroinflammation in PD patients
has been strongly established through various methods.
These include post-mortem analyses of patients’ brains
and ante-mortem analyses of inflammatory markers in
serum and cerebrospinal fluid (CSF). Levels of these
markers, including enzymes and cytokines such as IFN-y,
IL-1pB, IL-6, and TNF-a, have also been found to deter-
mine the severity of non-motor disease symptoms in-
cluding mild cognitive impairment and depression, hence
prefacing an inflammatory link between PD and MDD
[23-25]. Moreover, Williams-Gray et al. [25] have indi-
cated pro-inflammatory markers were upregulated in
early-stage (newly diagnosed) PD when compared to
controls. Geriatric Depression Scale scores were also
higher in the PD group when compared to controls [25].
Further evidence to the importance of neuroinflamma-
tion in PD includes animal models of PD which have
demonstrated increased pro-inflammatory enzymes
COX2 and iNOS resulting from a-syn aggregation [19].
Positron emission tomography has also revealed microg-
lial activation as a significant contributor to PD progres-
sion [26, 27] and non-steroidal anti-inflammatory drugs
(NSAIDs) such as ibuprofen have been associated with
reduced risk of PD [27, 28]. In addition, both sporadic
and familial PD have been linked to neuroinflammation
via genome-wide association studies. Genes related to cy-
tokine expression and signalling pathways regulating in-
nate immune responses such as DJ-1, PINK-1, and Parkin
have been implicated [29] as well as genes in the HLA
region [30].

Microglial Activation in PD

Microglial activation has been observed as a physical
transition from a quiescent ramified form to an amoe-
boid-shaped form, which has been demonstrated to in-
crease in the substantia nigra and hippocampus of human
brains as a result of a-syn aggregation, as a component of
PD pathology [31]. This is thought to be due to excessive
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a-syn released from neurons [32]. Recent research has
suggested that a mechanism of activation of microglia in
response to pathogens, including aggregated proteins, is
via toll-like receptors (TLRs), particularly TLR2. TLR2
upregulation has been detected in animal models of PD
[33] as well as in the brain tissue of PD patients [31]. TLR2
deficiencies in mice have also led to elimination of a-syn-
induced microglial activation [34]. Other membrane
components in a-syn-induced microglial activation have
also been identified, including CD36 and MHCII among
others [19, 20].

Cytokine Release in PD and Depressive Behaviour

Activated microglia release many cytokines including
those often found elevated in patients experiencing de-
pressive symptoms such as TNF-a and IL-6 [21]. Cyto-
kines have been suggested to be key players in the mani-
festation of depressive behaviour as they interact with a
multitude of processes in the brain involved in MDD pa-
thology. Such processes include the reuptake and avail-
ability of monoamine neurotransmitters, including sero-
tonin, dopamine, and noradrenaline, that have been im-
plicated in depression when dysregulated. Reuptake is
increased and availability is decreased by IFN-y, IL-6, IL-
1, and TNF-a in a 2-hit effect on serotonin transporters
(SERT) and enzymes related to monoamine metabolism,
respectively. Both mechanisms reduce synaptic serotonin
levels, which is well established as a contributor to both
somatic and cognitive types of depressive behaviour [35,
36]. This explains why elevated levels of inflammatory
markers have been observed in patients resistant to anti-
depressant treatment as front-line antidepressants such
as SSRIs function mainly to increase synaptic mono-
amines, and this is disrupted in the presence of cytokines
that oppose this action [37].

Another process is the hypothalamic-pituitary-adre-
nal axis, the regulation of which can be impaired by
TNF-a, IL-1, and IFN-a via influence of the cytokine on
glucocorticoid (GC) receptor function and hence GC re-
sistance [38]. IL-1p, via NF-kf signalling activation, can
also reduce neural plasticity in brain regions to which
cognition is localized through glutamate excitotoxicity
and reduced levels of brain-derived neurotrophic factor
(BDNF) [39]. GCs also cause glutamate excitotoxicity
through modulation of astrocytic release and uptake [40].
This is supported by serum BDNF levels being lower in
PD patients compared to controls as well as in PD pa-
tients with depression compared to non-depressed PD
patients. This suggests that BDNF reduction occurs in PD
and may lead to depression [41]. The inhibition of neural
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plasticity is another speculated cause of depressive behav-
iour [42].

There are limitations in the current data as most of the
research has involved animal models. However, cases of
depressive behaviour induced in humans through cyto-
kine therapy have been reported [39]. Moreover, TNF-a
antagonism provides little benefit for generalized treat-
ment of depressed patients possibly due to the wide range
of cytokines active in neuroinflammatory depression
[37]. A recent meta-analysis investigating the relation-
ship between cytokines and GC resistance also indicated
aneed for more standardized and valid biochemical anal-
ysis to better enable researchers to address the gaps in
knowledge of the biochemical mechanisms that still exist
in the literature [43].

Catecholamine Dysfunction in PD and Depressive

Behaviour

In addition to the neuroinflammatory cause of depres-
sion, mid-stage a-synucleinopathies show correlation of
a-syn pathology with brainstem and limbic involvement,
brain regions rich in noradrenergic and cholinergic re-
ceptors [44]. The dysfunction of catecholamine circuits as
part of PD pathology may also contribute to the onset of
depressive symptoms independent of cytokines. This has
been demonstrated in a neural imaging study of cases
with PD and depression which, using ['!C]RTI-32 posi-
tron emission tomography, found decreased catechol-
aminergic innervation of multiple limbic regions in-
volved in emotional processing including the locus coe-
ruleus, amygdala, and thalamus [45]. This is further
supported by observations that pramipexole, a preferen-
tial agonist of dopamine Dj receptors, is effective in re-
ducing the severity of depression in PD patients [46]. Fur-
thermore, Lewy body deposition has been found in sero-
tonergic neurons during early stages of PD, resulting in
reduction in serotonergic activity. SERT expression has
also been suggested to increase in response to increased
dopamine stimulation as serotonin is usually responsible
for inhibiting dopamine release [47]. Therefore, depres-
sion may result from PD due to both the varied influenc-
es of cytokines as well as catecholamine dysregulation.

Microglial and Cytokine Involvement in MDD and the

Link to PD

Neuroinflammation in MDD

Neuroinflammation has been investigated as a part of
MDD pathology for many years with substantial support-
ing studies. MDD has been associated with significant in-
creases in pro-inflammatory cytokines including IL-1p,

50 Complex Psychiatry 2020;6:47-61
DOI: 10.1159/000512657

IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, TNF-a, and IFN-y [21,
48, 49]. The reports are variable, however, as a meta-anal-
ysis by Dowlati et al. [21, 49] found no changes in IL-1p
but increases in other cytokines and other research has
found decreases in IL-10 as an anti-inflammatory cyto-
kine. These differences may be attributable to individual
variability between MDD cases but reasons for this should
be further researched with larger sample sizes for reliabil-

ity.

Microglial Activation in MDD

Along with systemic inflammation, microglial activa-
tion has been empirically demonstrated in MDD, such as
in animal models of acute and chronic psychological
stress, where increases in microglial activation were mea-
sured in brain regions linked to fear and threat appraisal
including the prefrontal cortex, nucleus accumbens, bed
nucleus of the stria terminalis, amygdala, hippocampus,
and periaqueductal grey [50-52]. To better determine
whether the microgliosis was directly related to stress, the
inhibitor of microglial activation, minocycline, was ad-
ministered to rats to observe the impact on stress symp-
toms. As this resulted in an attenuation of neuronal
stress-induced activation and reversal of the animals’
working memory deficits, it was evident that microglia
may play an important role in the brain’s response to
chronic stress which can lead to mood disorders such as
MDD [50]. Similar findings have been found in humans
where depressed patients demonstrated significantly
higher microglial activation detected through QUIN ex-
pression compared to controls [53]. As there are increased
pro-inflammatory cytokines and microgliosis, and MDD
can be treated effectively by NSAIDs [54], it may be that
some MDD cases may be microglial disorders and may
overlap with pathological processes that can result in PD.
This indicates 2 possible scenarios, the first being that
MDD may be a prodrome in PD through a direct link be-
tween MDD pathology and PD progression [7]. The sec-
ond is that MDD may be a risk factor for PD by sensitizing
the body to produce more exaggerated responses to fu-
ture insults [55, 56].

Prodrome Hypothesis via Direct Link

Chronic neuroinflammation associated with severe
MDD could eventually lead to the damaging inflamma-
tion-induced effects seen in PD including neurodegen-
eration [57, 58]. This possibility is highlighted by the ex-
tensive research that has been done on stress being able
to induce degeneration of hippocampal neurons [59].
The role of neuroinflammation in neurodegeneration has

Tran/De Smet/Grant/Khoo/Pountney



also been supported by early findings that neurodegen-
eration can be limited by anti-inflammatory compounds.
In addition, studies involving the injection of lipopoly-
saccharide - an inflammagen that simulates natural pro-
inflammatory compounds - into rats have resulted in ob-
servable neurodegeneration, particularly in the dopami-
nergic neurons of the substantia nigra, likely due to high
microglial density in this region [58]. Similar results have
been obtained in studies of M1 activation [60]. According
to mouse model studies, this may be due to nitric oxide
and superoxide production, which both cause direct oxi-
dative and nitrosative damage to neurons. They also
cause glutamate excitotoxicity by triggering the release of
excess glutamate and causing overstimulation [57]. This
is supported by a recent meta-analysis that reported ele-
vated markers of oxidative stress in MDD patients [61],
which can lead to neurodegeneration [57]. However,
there is conflicting research regarding this point [62, 63].

In MDD, microglial activation mainly appears to be
dependent on c-Fos signalling as gliosis occurs primarily
around c-Fos-expressing neurons such as in the hypo-
thalamus, thalamus, and hippocampus [51]. This signal-
ling has been demonstrated to be activated in response to
peripheral inflammation, suggesting a mechanism for
how MDD related to peripheral inflammation can prog-
ress to and cause central nervous system neuroinflamma-
tion and contribute towards the aetiology of PD [57]. Al-
though these regions do not seem to overlap with those
typically affected by PD, the growing body of research
into microvesicles suggests that these extracellular vesi-
cles can store and release pro-inflammatory agents to po-
tentially propagate inflammation, and subsequently neu-
rodegeneration, through to other brain regions. This idea
is supported by animal studies as well as increased levels
of microvesicles positive for myeloid markers found in
the CSF of humans diagnosed with neuroinflammatory
conditions [64].

Risk Factor Hypothesis via Indirect Link

Alternatively, or additionally, it may not be the direct
stimulation of microglia that is the primary promoter of
neurodegeneration in MDD but the increased reactivity
of microglia in future inflammatory events. This is impli-
cated by the significantly elevated pro-inflammatory cy-
tokine levels produced from ex vivo stimulation by lipo-
polysaccharide in rats subject to stress compared to con-
trol rats. Thus, stress-related disorders such as MDD may
increase susceptibility to PD by enhancing the inflamma-
tory profile of microglia in response to a-syn aggregation.
This could be attributed to the stress-induced increase in
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numbers of microglial TLR4, as well as increased num-
bers of CD86, a co-stimulatory protein expressed on mi-
croglia that plays a role in the presentation of antigens by
MHCII. This was demonstrated by Wohleb et al. [56]
who found through staining of surface antigens of mi-
croglia in rats that rats exposed to social disruption stress
had a significantly higher mean percent of microglial
TLR4 and CD86 compared to control rats. These in-
creased numbers would essentially increase the sensitiv-
ity of microglia to neurological events, thereby increasing
the likelihood of inducing a potentially damaging neuro-
inflammatory response [56].

It has also been proposed that exaggerated neuroin-
flammation may result from the hypothalamic-pituitary-
adrenal axis hyperactivity and GC resistance characteris-
tic of MDD. Whilst GCs have been strongly recognized as
being anti-inflammatory, many studies have demonstrat-
ed that GC signalling changes in response to acute and
chronic stress. More specifically, immune cells including
microglia have reduced sensitivity to the anti-inflamma-
tory action of GCs despite the presence of high circulating
cortisol levels. This supports the notion that MDD primes
the body to induce more severe inflammation, and sub-
sequently PD pathology, as neuroinflammation would be
readily triggered and resistant to arrest [38, 55, 56]. Other
actions of chronic GCs on neurons include impairment
of energy metabolism, calcium regulation, and glutamate
excitotoxicity [59]. M1 microglial activation also report-
edly decreases the rate of degradation of internalized ex-
tracellular protein aggregates [60]. Therefore, this evi-
dence together emphasizes MDD as both an early risk
factor for PD as well as a comorbidity that can worsen the
severity of PD.

Astrocytes

Along with microglia, astrocytes, or astroglia, play a
major role as immune cells in the neuroinflammatory
process. Moreover, astrocytes can be activated by or cause
the activation of microglia through the release of pro-in-
flammatory cytokines [65]. Making up 20-50% of brain
volume, astrocytes possess numerous long processes,
known as endfeet, that mingle through other neural cells
and surround vascular walls as part of the blood-brain
barrier (BBB). With a large number of receptors and
transporters located on their membranes, they play key
roles in monitoring the local microenvironment and ex-
tracellular concentrations of substances such as ions and
glutamate [66]. Emerging research has suggested that
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Fig. 1. The glymphatic system and potential dysfunction in MDD
and PD. a Glymphatic system structure shows solute (green) with-
in the paravascular space [67] between the blood vessels (blue) and
the AQP4-positive astrocytic endfeet (red). In normal brain, the
glymphatic system likely clears solutes via the movement of CSF
through these paravascular pathways. b The coverage of blood ves-
sels by AQP4 associated with astrocytic endfeet in post-mortem

these endfeet also make up a newly described complex
cleaning system of the brain known as the glymphatic sys-
tem [67].

Astroglial Involvement in PD and the Link to

Depression as a Non-Motor Symptom

The link between PD and MDD as a non-motor symp-
tom may be linked to the neuroinflammatory role of as-
troglia. Astrogliosis has been empirically demonstrated
in PD and other a-syn pathologies including DLB and
MSA but has been largely inconsistent for PD where no,
mild, and marked astrogliosis has been reported. This has
been attributed to variability between individual PD pa-
tients due to the multitude of factors associated with as-
troglial activation. However, astroglia have an acknowl-
edged role in PD and DLB pathogenesis as pathological
a-syn forms inclusion bodies within them [65]. These are
thought to derive from misfolded a-syn ejected by neu-
rons that is then endocytosed by astroglia as part of the
glial cell’s role in maintaining the local microenviron-
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brain showed a significant 50% reduction in the MDD group com-
pared to the control group [69]. ¢ Reduced AQP4 density around
vimentin-positive blood vessels in the atypical PD, multiple system
atrophy, compared to normal visual cortex (de Smet and Pount-
ney, unpublished data). MDD, major depressive disorder; PD, Par-
kinson’s disease; AQP4, aquaporin-4; CSF, cerebrospinal fluid;
MSA, multiple system atrophy.

ment [65, 68]. Although astroglia normally express a-syn,
the expression is much lower when compared to neurons,
implicating neurons as the primary source of pathological
a-syn [11, 68]. Subsequently, a-syn interaction and up-
take stimulates a neuroinflammatory response in con-
junction with microglia that can induce MDD likely
through similar mechanisms to those of microglia includ-
ing cytokine release. In addition, astrocytes encode for
important protective proteins that can be downregulated
to allow sensitivity to PD pathophysiology. Some of these
have also been demonstrated as direct contributors to
Lewy body formation as they have been found within the
core of the inclusions [68].

What Is the Glymphatic System?

Iliff et al. [67] proposed the existence of the glymphat-
ic system — a paravascular pathway that removes intersti-
tial solutes from and circulates nutrients throughout the
brain parenchyma. This discovery was made through the
use of tracers that allowed observation of CSF flow in the
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Table 1. Limitations in knowledge related to glymphatic clearance and BBB clearance (adapted [73])

Limitations for glymphatic clearance

Limitations for BBB clearance

Fluorescent tracing has demonstrated size-dependent flow of tracers consistent
with diffusion coefficients, suggesting a diffusion model of transport instead of
the glymphatic model

Fluorescent tracing has demonstrated similar rate constants for the
transport of solutes with large size variations, suggesting a convective
model

AQP4 cannot transport macromolecules and AQP4-null mice have
demonstrated no qualitative or quantitative variation in solute clearance

AQP4-null mice have demonstrated impaired solute clearance

Bulk flow is unlikely with the high hydraulic resistance of such narrow
pathways, even with a major pressure difference

Diffusion transport is only short range and thus cannot explain how
solutes are cleared over the long distance between IF and the BBB

There may be insufficient coverage of cerebral blood vessels by astrocytic
endfeet to justify their role in “sieving” interstitial solutes

Diffusion of solutes into the CSF for clearance is exclusive to small and/
or lipophilic molecules, suggesting the sieving effect of astrocytic endfeet

BBB, blood-brain barrier; AQP4, aquaporin-4; IF, interstitial fluid; CSF, cerebrospinal fluid.

brain. It was found that the tracers moved rapidly through
pathways bounded by arteries/arterioles and astrocytic
endfeet, through paravascular sheaths (Fig. 1) [67].

Astrocytic endfeet act as molecular sieves as larger sol-
utes were observed to be excluded from the pathways.
Another apparent role of the endfeet is the expression of
aquaporin-4 (AQP4) water channels that are important
for facilitating fluid transport between the CSF and the
interstitial fluid. This means that solutes can be transport-
ed via the convective flow of fluid from the brain intersti-
tium to the CSF for bulk flow out of the brain via the ve-
nous system (the tracers were found alongside venules at
later time points after their injection). The importance of
AQP4 was supported by comparison of solute clearance,
namely radiolabelled [*H]mannitol and soluble amyloid
B, between AQP4-null mice and wild-type control mice.
As the AQP4-null mice demonstrated reduced clearance
of the solutes, it was concluded that AQP4, along with
arterial pulsation, drives the bulk flow of subarachnoid
CSF through the para-arterial spaces into the brain inter-
stitium and out via paravenous pathways, the blood-
stream or transport mechanisms of the BBB to the cervi-
cal lymphatics [67]. Since this study, numerous rodent
studies have supported the idea of an AQP4-dependent
clearance system in the brain [70,71] although human re-
search has been scarce but consistent. For example, AQP4
mis-localization has been associated with worsened Alz-
heimer’s disease severity and amyloid-f pathology, indi-
cating poor amyloid- clearance [72].

Clearance systems in the brain have been established
prior to this discovery, and controversial research regard-
ing whether it is the primary mechanism of clearance or
whether the glymphatic system even exists continues to
emerge. With evidence supporting and refuting both the
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glymphatic mechanism and BBB diffusion mechanisms,
these systems undoubtedly require further research, espe-
cially because similar experiments have reported both af-
firmative and non-affirmative findings [73]. Table 1 sum-
marizes the limitations in knowledge related to glym-
phatic clearance and BBB clearance.

Itis unclear what the balance is between the glymphat-
ic system and BBB in the removal of extracellular waste
products in the human brain, particularly in light of the
limited research conducted on human samples as op-
posed to animal brains. However, considering the sub-
stantial research supporting the existence and role of the
glymphatic system in protein aggregation-induced pa-
thologies, the glymphatic system may be key to explain-
ing a potential link between MDD and PD [74].

Astroglial Involvement in MDD and the Link to PD

Astroglial involvement has been implicated in MDD
as immunofluorescent staining followed by confocal im-
age analysis of post-mortem brain tissue has demonstrat-
ed that the coverage of blood vessels in the brain by astro-
cytic endfeet is significantly reduced in MDD patients
when compared to control participants [69] (Fig. 1b).

This potentially results in an impaired ability of the
glymphatic system to clear solutes like a-syn since its
main driver, AQP4, is scarce along with the astrocytic
endfeet on which it is located. This has been exhibited in
immunofluorescent staining in mice which displayed de-
creased penetration of tracers into the brain parenchyma
after being subject to chronic unpredictable mild stress,
indicating stress-induced poor glymphatic flow. This was
attributed to reduced AQP4 expression in astrocytic end-
feet [75], which is supported by human studies demon-
strating reduced AQP4 mRNA transcripts in the hippo-
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campal tissue of patients with MDD compared to con-
trols [76]. Another potential cause of compromised
glymphatic flow is reduced astrocyte counts in patients
with MDD [69]. Other studies have also suggested that
structural atrophy - reduced process length, branching,
and volume — occurs as opposed to cell reduction. The
exact cause of these phenomena in MDD is not estab-
lished but it may be that the GCs released during chronic
stress reduce the receptor expression in astrocytes, and
reduce astrocyte numbers [52]. Alternatively, it could re-
sult from the damaging neuroinflammatory response in
MDD as the anti-inflammatory antidepressant fluoxetine
has been demonstrated to limit stress-induced astrocyte
reduction [77, 78].

Thus, the current data suggest a dysfunctional glym-
phatic system may contribute to accumulation of a-syn
within the central nervous system, in particular the
brain. As solutes including proteins like a-syn are not
cleared properly, pathological forms of the protein are
more likely to accumulate and cause PD. This impaired
glymphatic clearance as an a-synucleinopathy-related
pathology is supported by measurements of low a-syn
levels in CSF, despite high levels in plasma and in the
brains of MSA and DLB patients [79-81]. As further
support, lower CSF a-syn levels have been correlated

Fig. 2. Summary of potential mechanisms linking PD and MDD.
a MDD as a non-motor symptom of PD: oligomeric misfolded
a-syn released by neurons is detected by microglia and astrocytes
mainly via TLRs. Activated microglia release various pro-inflam-
matory markers, propagating neuroinflammation to other mi-
croglia and astrocytes and interacting with different processes that
can contribute to the manifestation of depressive behaviours. IL-
1B acts via IL-1p receptors and the p38 MAPK inflammatory path-
way to increase serotonin reuptake from synapses through SERT,
reducing synaptic serotonin levels to produce depressive behav-
iour [57]. TNF-a, IL-1, and IFN-a disrupt HPA axis function and
cause GC resistance, which are hallmarks of depression. IFN-y,
IL-6, and TNF-a induce IDO, an enzyme that catabolizes the
monoamine precursor tryptophan into kynurenine, which reduces
capacity for monoamine synthesis by reducing concentrations of
their precursor [35]. The kynurenine can be converted to an
NMDA receptor agonist (QUIN) which stimulates increased glu-
tamate release and reduces its uptake by astrocytes (an effect also
observed due to increased circulating GCs), resulting in glutamate
excitotoxicity [39, 40]. This excess glutamate combined with neu-
roinflammation reduce BDNF, impairing neural plasticity and
subsequently contributing to depressive behaviour [39]. Inhibition
of neural plasticity may also be caused by IL-1P through NF-«f
signalling activation [42]. b MDD as a prodrome or risk factor of
PD: microglia and astrocytes respond to stress potentially via c-Fos
signalling from neurons [51] and/or peripheral cytokines that have
travelled past the BBB [57]. These activated glial cells propagate
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with increased severity of DLB [79], but PD studies re-
main inconsistent with reports of higher, lower, and no
differences in CSF a-syn levels compared to control
groups [82] although there was a correlation with age
in PD cases [83]. In atypical PD such as MSA, extracel-
lular a-syn aggregates induce astrocyte activation [84]
and this correlated with reduced AQP4 density associ-
ated with vimentin-positive blood vessels in close prox-
imity to a-syn aggregate pathology (De Smetand Pount-
ney, unpublished data; Fig. 1c). Another consideration
in light of this impaired glymphatic flow is the ability to
clear peripherally sourced a-syn, which has garnered
more attention with new research demonstrating that
a-syn from the gut may contribute to PD pathology
[85]. Recent research has demonstrated that depressed
patients have higher serum a-syn, suggesting a possible
peripheral effect of MDD pathology on a-syn metabo-
lism, such as high-circulating GCs [86]. Extracellular
fluid could then potentially serve as a peripheral source
of a-syn that can be taken up if inadequately cleared.
However, glymphatic flow was able to improve in mice
with the administration of the SSRI fluoxetine, suggest-
ing that this antidepressant may be an effective therapy
for both relieving MDD symptoms and preventing
pathological protein accumulation [75].

neuroinflammation to activate other glial cells, all of which may
produce ROS, RNS, cytokines, and glutamate, which can lead to
neurodegeneration through glutamate excitotoxicity and/or direct
oxidative and nitrative damage [57, 61]. Stress also increases neu-
roinflammatory signalling proteins, including TLR4 and CD86, on
microglial membranes, leading to the “priming” of microglia to
subsequent pathogens to produce more vigorous a-syn-induced
microglial activation in future [56]. Astrocyte activation results in
pro-inflammatory cytokine secretion and impairs glymphatic
clearance which further increases the risk of a-syn accumulation
and PD pathology, possibly through reduced AQP4 distribution,
structural atrophy of astrocytes, and/or physical reduction in as-
trocytes. The combination of these processes may increase the risk
of PD as glymphatic disruption means that any misfolded fibrillar
a-syn present is more likely to accumulate in the brain parenchy-
ma. Following this, neuroinflammatory responses are able to do
more significant damage as the microglia being activated have
been primed [52,69,75,76]. AQP, aquaporin; BDNF, brain-derived
neurotrophic factor; CD, cluster of differentiation; GC, glucocor-
ticoid; IDO, indoleamine 2,3-dioxygenase; IFN, interferon; IL, in-
terleukin; NMDA, N-methyl-D-aspartate; QUIN, quinolinic acid;
ROS, reactive oxygen species; RNS, reactive nitrogen species;
SERT, serotonin transporter; TLR, toll-like receptor; TNF, tumour
necrosis factor; a-syn, a-synuclein; MDD, major depressive disor-
der; PD, Parkinson’s disease; MAPK, mitogen-activated protein
kinase; HPA, hypothalamic-pituitary-adrenal; BBB, blood-brain
barrier.

(For figure see next page.)
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Besides impairing glymphatic clearance, AQP4 down-
regulation has further consequences as it has been dem-
onstrated to increase TNF-a and IL-1p production. This
suggests the potential to trigger and propagate a hyperac-
tive immune response that may exacerbate neurodegen-
eration in PD; however the research on this is limited and
thus requires further testing [87, 88]. From these deduc-

tions, it is evident that astrocytes and the neuroinflamma-
tory response they produce are key contributors to PD
pathophysiology by possibly allowing a-syn to accumu-
late and spread throughout the brain, as well as encourag-
ing neurodegeneration by releasing pro-inflammatory
cytokines similar to the case of microglia [88].
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Table 2. Potential anti-inflammatory agents for treating and/or preventing PD and/or MDD [78, §9-95]

Potential therapeutic agent  Study Empirically derived effect

Lenalidomide [78] Targets NOX2 activation to inhibit microglial activation and cytokine release, reducing dopaminergic
neurodegeneration in transgenic mice

Diphenyleneiodonium [91] Targets NOX2 activation to reduce microglial activation, reducing dopaminergic neurodegeneration and a-syn
aggregation in mice

Taurine [92] Targets NOX2 activation to reduce microglial activation, reducing dopaminergic neurodegeneration and a-syn
aggregation in mice

a-Mangostin [93] Reduces NOX2 signalling and release of pro-inflammatory agents, including iNOS and ROS, by microglia in
primary microglial cultures prepared from rats

Dimethyl fumarate [90] Reduces a-syn aggregation, reverses oxidative stress in neurons, reduces levels of COX2 and IL-1p, and induces
natural antioxidant response in mice

AZD480 [94] Inhibits JAK1/2 in the JAK/STAT pathway (a cytokine signalling pathway) that can activate in response to a-syn
overexpression to produce a neuroinflammatory response

Semapimod [89] Inhibits MAPK, attenuating microglial activation and dopaminergic neuron degeneration

Fluoxetine olanzapine [95] Antidepressants that attenuate astrocyte reduction and hence limit impairment in glymphatic clearance

amitriptyline

MDD, major depressive disorder; PD, Parkinson’s disease; ROS, reactive oxygen species; IL, interleukin; MAPK, mitogen-activated protein kinase.

Interestingly, existing research suggests that astrocyte
density is lower in younger MDD patients compared to
patients above 60 years of age with late-onset depression.
The higher astrocyte densities in older patients is believed
to be compensation for the neurodegeneration that oc-
curs in these older patients. Thus, this is an intriguing
explorable area to determine how the compensatory ef-
fect may influence the pathogenesis of PD in MDD pa-
tients [77]. For example, perhapsitis a determining factor
for why MDD patients do not all go on to develop PD in
later life, as genetic or environmental factors could facili-
tate increased astrocyte density as a compensatory effect
to allow for a reversal or improvement of the impairment
in glymphatic clearance.

Although it is clear that MDD and PD have overlap-
ping molecular pathways, it remains unclear whether
depression is a molecular consequence of PD, a molec-
ular trigger for PD, or a co-occurring phenomenon
with PD that together may constitute a separate syn-
drome or disease subtype. Figure 2 summarizes the in-
terplay between the molecular aetiology of MDD and
PD elaborating on the cytokine, GC, and glymphatic
hypotheses.
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Implications for Therapeutic Strategies

From this review, it is apparent that inflammation and
glial cells play important roles in the temporal relation-
ship between, and resulting coexistence of, MDD and PD.
As such, these factors are major potential targets for treat-
ment — and possibly prevention - of both disorders due
to their overlapping pathology in regard to neuroinflam-
matory pathways and gliosis. Some potential therapeutic
anti-inflammatory agents are depicted in Table 2.

Following further efficacy studies to establish higher re-
liability, it is particularly important for future human re-
search to be conducted to determine effectiveness and side
effects [89]. This is especially crucial because anti-inflam-
matory agents are naturally associated with more severe ad-
verse effects due to some degree of immune suppression.
Hence, further research to determine best practice and risk
benefit when prescribing such medications is necessary
[90]. For example, Di Benedetto et al. [96] reported that re-
sponse to fluoxetine treatment relies on the presence of
AQP4, indicating that best practice for fluoxetine adminis-
tration would be to increase AQP4 polarization to astro-
cytic endfeet beforehand. Another avenue for further treat-
ment development may also be blood glutamate scavenging
to oppose glutamate excitotoxicity, which has shown some
promise for other neurological diseases [39].
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Although there are Movement Disorder Society Task
Force recommendations for the treatment of depres-
sion in PD, clinical practice often sees the usual antide-
pressants being administered. These include SSRIs,
monoamine oxidase type B inhibitors, and tricyclic an-
tidepressants. However, their efficacy remains contro-
versial and SSRIs are often preferred simply for the re-
duced risk of adverse effects [97]. Besides regulating
catecholamines, it has been proposed that the effective-
ness of antidepressants may also rely on their antioxi-
dant activity as understandings of neuroinflammatory
processes in MDD have improved. This indicates the
likelihood that anti-inflammatory agents may have a
place in depressive treatment if administration techni-
calities (e.g., dosage) are devised and adverse effects are
sufficiently reduced through continued research. These
would then possibly have the added benefit, beyond
treating depression, of preventing and/or managing PD
as well as neuroinflammatory disorders [62]. However,
it is important to note that anti-inflammatory agents
such as NSAIDs that simply inhibit pro-inflammatory
processes may not be as effective as agents that promote
anti-inflammatory processes. This is because agents
like NSAIDs can uncontrollably suppress both M1- and
M2-activated microglia, whilst promoting M2 activa-
tion is itself favourable as it inhibits M1 activation in
more targeted ways, as observed in interferon treatment
for multiple sclerosis [18].

Glial cells may also provide an avenue for early detec-
tion and targeting of PD before onset in people diagnosed
with MDD. For example, Iliff et al. [98] found that con-
trast-enhanced MRI, an already common-place clinical
tool, was able to inform glymphatic flow and the rates of
CSF-ISF exchange in the paravascular pathways. Thus,
this could become an invaluable tool in detecting im-
paired glymphatic clearance in glial-related MDD, and
subsequently administering treatment. The pursuit of
improved understanding of AQP4 polarization to astro-
cytic endfeet would also pave the way to treatments tar-
geting impaired glymphatic flow [96].

Limitations in the Research

As clinical imaging does not provide sufficient detail
to inform physiological processes at cellular levels, and
post-mortem tissue is difficult to obtain, most studies on
neurological diseases like PD and MDD are conducted on
animals. This means that results derived from these mod-
els must be validated in human studies due to species-

Molecular Aspects of Depression and
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specific variation [50]. Some studies have also been con-
ducted in vitro and whilst these have provided insightful
findings, physiological environments are never perfectly
replicable, and the time frames used cannot demonstrate
the true extent of disease processes [64]. In addition, ex-
perimental conditions can produce misleading findings
such as in models of neuroinflammation using lipopoly-
saccharide whereby the glial activation measured follow-
ing administration may be a result of tissue damage
caused during administration rather than the pro-inflam-
matory chemical itself [50]. Furthermore, there has been
emphasis on the preparation of a-syn oligomers and fi-
brillar aggregates being an important source of variation
in observations of PD pathology, due to strain specificity
[99].

Issues have also been identified in the use of protein
expression to determine cell numbers as experimental
factors have been observed to cause selective reduction of
certain proteins such as glial fibrillary acidic protein but
not the density of the astrocytes on which they are located
[52]. In psychiatric disorders such as MDD, it is also chal-
lenging to determine the directionality of associations be-
tween pathological signs and the condition. For example,
it is unclear whether neuroinflammation causes or is a
result of MDD and thus whether treatments targeting
neuroinflammation would only relieve symptoms or
eliminate the cause. In addition, it should be recognized
that although this review focussed on the biochemical as-
pects of MDD, social and mental factors should not be
ignored and depression in patients should be managed
with both pharmacological and non-pharmacological
treatment such as psychotherapy [97]. This relates to an-
other limitation related to MDD research whereby stud-
ies that assess depression as a whole may miss symptom-
specific associations, particularly distinguishing between
somatic symptoms such as fatigue and cognitive-affective
symptoms such as poor mood. This may also serve as an
explanation for varying results and effect magnitudes
[100].

With the many errors that can arise in different studies
and the unpredictability of neurological disease process-
es, it is inevitable that conflicting research has arisen, as
has been mentioned multiple times throughout this re-
view. For example, astrogliosis in PD remains poorly
characterized with research suggesting varying levels of
activation to no activation. This could be due to issues
with internal validity or a result of variation between in-
dividual cases of disease, but this is difficult to determine
[65]. The glymphatic system is another topic of major
controversy requiring further investigation [73].
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Conclusion

While there have been multitudes of epidemiological
studies relating MDD to PD, the exact mechanisms un-
derlying their temporal relationship require further in-
vestigation. However, the overlaps uncovered between
neurodegenerative pathologies, particularly in terms of
glial cells and neuroinflammation, form the basis of the
links made in this review. Indeed, Khoo et al. [101] have
illustrated a higher degree of non-motor symptom bur-
den in the postural instability gait difficulty motor phe-
notype. The postural instability gait difficulty phenotype
is thought to have a higher degree of neurotransmitter
imbalances involving dopaminergic and non-dopami-
nergic systems, the latter includes cholinergic, serotonin-
ergic, and noradrenergic systems which have also been
implicated in limbic system and affective disorders. This
accentuates the necessity for mental health awareness and
allocation of health resources to this area to not only lim-
it depression but possibly also PD. Landau et al. [102]
suggested psychopathological phenotypes in PD which
pointed at a need for increased understanding of mecha-
nisms to improve management. Such approaches have
been mentioned in this review but there are still many is-
sues to consider as anti-inflammatory treatments can
have damaging adverse effects. Further avenues for ex-
ploration include how propagative mechanisms such as
microvesicles and microglia can spread pro-inflammato-
ry agents throughout the brain and whether they may
spread cytokines from MDD-affected brain regions to
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