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Anxiety in synucleinopathies: neuronal circuitry, underlying
pathomechanisms and current therapeutic strategies
Thuy Thi Lai 1,2, Birthe Gericke1,2, Malte Feja1,2, Michael Conoscenti3, Moriel Zelikowsky3 and Franziska Richter 1,2✉

Synucleinopathies are neurodegenerative disorders characterized by alpha-synuclein (αSyn) accumulation in neurons or glial cells,
including Parkinson’s disease (PD), dementia with Lewy bodies (DLB), and multiple system atrophy (MSA). αSyn-related pathology
plays a critical role in the pathogenesis of synucleinopathies leading to the progressive loss of neuronal populations in specific brain
regions and the development of motor and non-motor symptoms. Anxiety is among the most frequent non-motor symptoms in
patients with PD, but it remains underrecognized and undertreated, which significantly reduces the quality of life for patients.
Anxiety is defined as a neuropsychiatric complication with characteristics such as nervousness, loss of concentration, and sweating
due to the anticipation of impending danger. In patients with PD, neuropathology in the amygdala, a central region in the anxiety
and fear circuitry, may contribute to the high prevalence of anxiety. Studies in animal models reported αSyn pathology in the
amygdala together with alteration of anxiety or fear learning response. Therefore, understanding the progression, extent, and
specifics of pathology in the anxiety and fear circuitry in synucleinopathies will suggest novel approaches to the diagnosis and
treatment of neuropsychiatric symptoms. Here, we provide an overview of studies that address neuropsychiatric symptoms in
synucleinopathies. We offer insights into anxiety and fear circuitry in animal models and the current implications for therapeutic
intervention. In summary, it is apparent that anxiety is not a bystander symptom in these disorders but reflects early pathogenic
mechanisms in the cortico-limbic system which may even contribute as a driver to disease progression.
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PHYSIOLOGICAL AND ANATOMICAL BASIS OF ANXIETY AND
FEAR CIRCUITRY
Anxiety is a common human emotional experience with the
potential to negatively impact the quality of life. In patients with
synucleinopathies, the underlying pathophysiology of anxiety
disorders remains poorly understood. There is, however, significant
fundamental knowledge of brain physiology and anatomy respon-
sible for fear and anxiety formation. The following sections will give
an overview. For further details, the reader is being referred to the
numerous recent reviews on the topics such as refs. 1–4.

Concept of anxiety and fear
Anxiety is a generalized response to an unknown threat, while fear
is focused on known external danger5. In physiological conditions,
the main function of both fear and anxiety is to predict, react, and
adjust to the signal of danger and threat4. Both are characterized
by increased arousal, expectancy, autonomic and neuroendocrine
activation, and specific behavior patterns. While fear and anxiety
feel similar, they are distinguishable phenomena. From an
evolutionary viewpoint, the term fear is used to describe feelings
that occur when the source of the threat is either immediate or
imminent, whereas anxiety is used to describe a feeling that
occurs when the source of harm is uncertain or is distal in space or
time6. According to that, anxiety disorders are a group of
psychiatric disorders and a syndrome of ongoing anxiety7. Anxiety
disorders comprise separation anxiety, selective mutism, specific
phobia, social anxiety disorder, and generalized anxiety disorder7.
The global prevalence of anxiety disorder in the general
population is highly variable and ranged between 2.4% and
29.8% in the period 1980–20098. According to the World Health

Organization (WHO), in 2019, 301 million people were living with
an anxiety disorder including 58 million children and adolescents.
As with depression, anxiety disorders are more common among
females than males (4.6% compared to 2.6% at the global level in
2015 according to the WHO).
Fear is commonly considered the biological basis of the

emotion of all humans and many animals9. Pavlovian fear
conditioning is commonly used to learn about the behavioral
characteristics and neural mechanisms of fear acquisition10. This is
a form of associative memory formation where a conditioned
stimulus (CS) such as an auditory tone is paired with an aversive
unconditioned stimulus (US) such as a foot shock. As a result, a
memory is formed which allows the CS to elicit freezing, a
behavioral index of fear. Fear extinction is an adaptive process
whereby defensive responses are attenuated following the
repeated experience of prior fear-related stimuli without harm11.
Thus, interactions between fear conditioning and fear extinction
shape behavior especially early in life10. In anxiety disorders,
patients usually process fear-inducing information in excessive
detail12. For instance, generalized anxiety disorders are character-
ized by an emotional state of excess and unrealistic worry, while
panic attacks are characterized by repeated fear episodes.

Anatomical basis of anxiety and fear
Previous work has suggested that fear is mediated by a brain-wide
distributed network involving long-range projection pathways and
local connectivity13. Thereby, the limbic system, such as the
amygdala and the hippocampus, together with cortical regions
play a critical role in fear response and anxiety (Fig. 1).
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The amygdala is a central region responsible for fear and
anxiety14, as evident from studies of fear circuits in animals6,15,16.
Consistent with these findings, functional imaging studies in
humans have reported activation of the amygdala during
conditioned fear acquisition and extinction17,18. The amygdala
consists of multiple subdivisions such as the basolateral amygdala
(BLA), the basomedial amygdala (BMA), the central
amygdala (CeA), the medial amygdala (MeA), and the cortical
amygdala (CoA), of which the BLA and CeA are particularly
important in anxiety and fear processing19,20. It is accepted that an
imminent danger activates the BLA, which by way of connections
to the CeA initiates the expression of defensive behavioral
reactions such as freezing together with physiological reactions21

(Fig. 2a). Importantly, microcircuits within the CeA are also crucial
for fear extinction11. Furthermore, the hippocampal circuitry is
implicated in both fear and anxiety22–24. Reductions in hippo-
campal and amygdalar volume have generally been observed in
patients with anxiety25,26. Engin et al. recently demonstrated that
inhibition of the principal neurons of the dentate gyrus and Cornu
Ammonis 3 (CA3) region led to suppression of anxiety23. In
addition, the direct projection from the ventral hippocampus to
the medial prefrontal cortex is required for anxiety-related
behaviors27. Several cortical and subcortical brain areas were
shown to contribute28–33. Among those, the prefrontal cortex
(PFC) is important for regulating the behavioral expression of fear
and the extinction of previously acquired fear memories29. Also,
the PFC plays a role in the initial formation of emotional memories
involving sufficient temporal or contextual complexity29. The
insular cortex activation was reported in fear and anxiety
studies31–34. Recent findings indicate that the anterior agranular
insular cortex was involved in the consolidation of fear memory35.
Other brain regions such as the nucleus accumbens (NAc), the bed
nucleus of stria terminalis (BNST), the periaqueductal gray (PAG),

brain stem nuclei, thalamic nuclei, the superior colliculus, and the
pulvinar contribute to the fear and anxiety circuitry36–39.

EVIDENCE FOR DYSFUNCTIONS OF ANXIETY AND FEAR
CIRCUITS IN PARKINSON’S DISEASE AND OTHER
SYNUCLEINOPATHY DISORDERS
Parkinson’s disease (PD) is the second most common progressive
neurodegenerative disorder, which is characterized by both motor
and non-motor clinical features40. The presence of αSyn positive
neuronal inclusions called Lewy bodies has been suggested to
play a key role in the pathomechanisms of PD40–42. αSyn-
associated pathology is thought to be involved in the loss of
nigrostriatal dopaminergic neurons, which initiates the signature
motor symptoms. Nevertheless, αSyn pathology is not exclusive to
the dopaminergic neurons, and degeneration of other neuronal
populations can be observed in different brain structures as well,
leading to a plethora of non-motor symptoms43,44. The diagnosis
of PD relies on the prominent expression of motor symptoms;
however, by that time 50–70% of dopaminergic neurons are
already lost. Interestingly, non-motor symptoms such as hypos-
mia, rapid eye movement sleep behavior disorder, mood
disorders, and cognitive impairment can precede motor symp-
toms by several years45,46. Among the non-motor features, some
types of anxiety are described in PD patients, such as generalized
anxiety disorder (GAD), panic attacks, social phobia, phobic
disorder, agoraphobia, and obsessive-compulsive disorder47–49.
Based on current reports, anxiety has a prevalence ranging from
22.2% to 66.7% in synucleinopathy patients. Similar to the general
population, female PD patients seem to be at higher risk for
anxiety disorder compared to male patients50. However, there are
studies reporting no increased risk in female PD patients51.
Moreover, anxiety is present in both the on and off PD medication
states52–57. Prevalence is increasing further as psychiatric

Fig. 1 Overview of neuronal circuits involved in fear and anxiety in the rodent brain. The basolateral amygdala (BLA) is a central regulator
of fear circuitry and other brain regions are involved in these processes. Interconnection of various brain regions in fear by different
neurotransmitter pathways including serotonergic (red), glutamatergic (green), dopaminergic (black), norepinephrinergic (blue), and
GABAergic (purple). Efferent projection of serotonin from dorsal raphe nucleus (DRN) to various brain regions such as BLA, ventral tegmental
area (VTA), substantia nigra (SN), and prefrontal cortex (PFC). Glutamate projections interconnect different brain regions. Norepinephrine (NE)
is released from projections of locus coeruleus (LC) and nucleus tractus solitarius (NTS). The VTA and SN provide dopaminergic inputs to the
nucleus accumbens (NAc), bed nucleus of the stria terminalis (BNST), BLA, hippocampus (HPC), PFC, and insular cortex (IC). VTA and SN receive
GABAergic projections from NAc and the central amygdala (CeA) sends GABAergic projections to the hypothalamus (HY) and the
periaqueductal gray (PAG). BNST sends or receives GABAergic projection to/from HY and CeA; and GABAergic interneurons are present in NAc,
IC, and BLA. Reduced amygdala volume, neuronal cell loss, and neuronal activity are associated with anxiety disorders. Serotonin:
5-hydroxytryptamine (5-HT); gamma-aminobutyric acid (GABA); dopamine (DA); glutamate (Glu); lateral septum (LS); thalamus (TH).
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Fig. 2 Schematic diagram illustrating the physiology and proposed pathophysiology of the neuronal circuitry in Parkinson’s disease.
a Connectivity matrix among GABAergic neurons in the basolateral amygdala (BLA) and the major neural inputs/output to or from BLA.
β-adrenergic receptors (βARs), serotonin receptors (5-HT3, 5-HT2A), dopamine receptors (DRD1 or DRs), somatostatin receptors (SSTRs),
vasoactive intestinal polypeptide receptors (VPAC1/2) and metabotropic glutamate receptors (mGluRs) are expressed differently on
interneurons. Interaction of principal neurons (PNs) and five subtypes of interneurons expressing somatostatin (SOM), vasoactive intestinal
peptide (VIP), cholecystokinin (CCK), parvalbumin (PV), and neuropeptide Y (NPY) contributing to the regulation of anxiety. The excitatory
output of PNs determines the fear response and is mainly reduced by the local interneuron network. PNs and interneurons receive multiple
inputs: the serotonergic projection from DRN/PAG and glutamatergic projection from HPC, the NE projection from LC and NTS, and
the dopaminergic projection from VTA and SN, while PNsreleases glutamate to NAc, BNST, and CeA. Depending on how PNs and interneurons
are shifted in activity, these circuitries are involved in the regulation of fear response and memory. b Model for the pathophysiology of the
neuronal circuitry of increased fear in PD. When αSyn aggregates are present, distinct activation patterns emerge in the glutamatergic
(principal neurons) and GABAergic (5 types of interneurons) neurons in BLA. The inputs from VTA/SN, NTS, LC, DRN/PAG to BLA change. The
reduction of dopamine produced from the VTA/SN pathway results in a decrease in a long-term depression on PNs175 but also in altered
interconnections between interneurons expressing DRs. The decrease in norepinephrine and serotonin projection also contributes to changes
in neuronal activity in the BLA176. In addition, interneurons could be more prone to neurotoxicity of αSyn aggregates98 leading to
disinhibition of PNs. As a result, the output of glutamate increases (or increased glutamatergic activity and hyperexcitability) from BLA,
triggering increased fear behavior177,178. Serotonin: 5-HT 5-hydroxytryptamine, GABA gamma-aminobutyric acid, DA dopamine, Glu
glutamate, VTA ventral tegmental area, SN substantia nigra, LC locus coeruleus, PAG periaqueductal gray, DRN dorsal raphe nucleus, HPC
hippocampus, NAc nucleus accumbens, BNST bed nucleus of the stria terminalis, CeA central amygdala.
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symptoms are diagnosed more frequently as primary disease-
related and not merely secondary to the disease burden.

Prevalence of anxiety disorder in patients with Parkinson’s
disease and other synucleinopathies (clinical evaluation)
As mentioned above, there is a high prevalence of anxiety
disorder in PD patients58. In synucleinopathy patients, it appears
challenging to discriminate anxiety from other common psychia-
tric manifestations such as depression and hallucination (PD, DLB,
MSA). A thorough clinical assessment of anxiety-related symptoms
is crucial for effective treatment. To this purpose, a reliable and
validated clinical rating scale for assessing anxiety symptoms in
patients with PD or other synucleinopathies is required. In the
general population, anxiety disorders are typically classified
according to the Diagnostic and Statistical Manual of Mental

Disorders (DSM)59. The most common rating scale was DSM IV,
and 34% of PD patients met its criteria for mental disorder60.
Anxiety symptoms of PD patients are clinically evaluated by
validated rating scales such as the recent disease-specific
Parkinson’s anxiety scale (PAS)49,61–65. The PAS accesses
different characteristics of anxiety such as persisting anxiety,
episodic anxiety, or avoidance behavior63,66. These rating scales
are also suitable to assess anxiety in other synucleinopathies
disorders. Of note, neuroimaging has been recently employed to
explore psychiatric disorders in patients including positron
emission tomography (PET) and magnetic resonance imaging
(MRI). Table 1 provides a summary of studies on the prevalence of
anxiety in PD and other synucleinopathies. Interestingly, Upneja et
al. reported that episodic anxiety was the most common anxiety
subtype (50% of cases), while avoidance behavior and persistent

Table 1. Summary of anxiety findings in Parkinson’s disease and other synucleinopathy disorders.

Diagnosis Age (years) Average disease
duration (years)

Subject
number

Sex (males/
females)

Country Evaluation
method

Main findings

PD 61.2+ 10.4 3.8 ± 3.5 105 PD 79/26 India PAS 53.5% PD patients with anxiety63

67.2 ± 10.6 n.a. 100 PD 61/39 Italy PAS
DSM-IV-TR

41% PD patients with anxiety
26% PD patients with anxiety179

71.8 ± 10.7
69 ± 11.3

5.8 ± 3.2 64 PD
50 HC

33/31
26/24

Egypt DSM-IV-TR and
HAM-A

20% PD patients with anxiety51

63.7 ± 8.9 10.9 ± 2.1 108 PD 72/36 United States HAMA 66.7% PD patients with anxiety
55.5% PD patients with anxiety
preceding PD diagnosis76

No significant differences in ages of
onset regarding sex

69.22 ± 7.53
71.64 ± 7.13

5.29 ± 3.76 (men)
5.64 ± 3.13
(women)

48 PD 32/16 Turkey HAMA 62.8% of PD patients with anxiety180

65.32 ± 5.18 5.78 ± 1.04 90 PD 47/ 43 China HAMA 22.2% patients with possible anxiety
17.78% patients with definite
anxiety181

55 ± 13.5
63.8 ± 11.3

7.4 ± 3.9 (SAD)
7.8 ± 5.5 (without
SAD)

110 PD 52/58 Brazil DSM IV-TR 31% of patients with social anxiety
disorder67

66.1 ± 9.8 8.4 ± 6.9 123 PD 76/47 Netherlands BAI 52.8% of patients with anxiety182

64.5 ± 10.3 5.1 294 PD 178/116 Netherlands BAI 45% of patients with anxiety64

>51 n.a. 196 PD
196 HC

121/75
121/75

United States DSM-IV
Longitudinal
study

Anxiety presents 5 years or more
before the onset of motor
symptoms77

59.50 ± 9.4
60.68 ± 8.8

2.5 115 PD
78 HC

59/56
36/42

China STAI 28.7% of patients with anxiety183

61.7
60.8

6.65 423 PD
196 HC

277/146
126/70

International STAI-State score
STAI-Trait score

24.6% PD patients with anxiety vs.
7.7% anxiety in healthy controls184

20.1% PD patients with anxiety vs.
9.7% anxiety in healthy controls184

DLB 76.7 ± 6.9 n.a. 41 DLB 17/24 Belgium MMSE 63.4% of patients with anxiety68

76 ± 7.3 n.a. 72 DLB 40/32 Norway DSM-IV
Longitudinal
study

Anxiety declined over time69

73 ± 7.4 n.a. 92 DLB 44/48 Italy NPI 67.4% of patients with anxiety and
anxiety symptoms worsened over
the course of the disease70

MSA 59.63 ± 8.39 2.35 ± 1.21 237 MSA 111/126 China HAMA 46.8% patients with mild anxiety
25.9% patients with moderate to
severe anxiety71

68.8 ± 6.9 6.3 ± 3.9 286 MSA 166/120 United Kingdom HADS-A 54% of patients with anxiety72

57.7 ± 7.3 3.3 ± 1.7 47 MSA 18/29 Serbia HAMA 53% of patients with anxiety73

PAS Parkinson anxiety scale, HAMA Hamilton anxiety scale, BAI Beck anxiety inventory, DSM-IV diagnostic and statistical manual of mental disorders, fourth
edition, MMSE Mini-mental state examination, HADS-A self-completed scale with anxiety, STAI State-Trait Anxiety Inventory.
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anxiety were less common (35% and 15%, respectively)63. Of note,
Moriyama et al. reported that 31% of PD patients presented with a
social anxiety disorder (SAD), which is characterized by an
abnormal fear and avoidance of scrutiny by others67. Anxiety also
occurs frequently in patients with DLB or MSA (Table 1), but the
anxiety rates vary among synucleinopathies. In DLB, more than
60% of patients show anxiety68–70, and anxiety symptoms can
either decline69 or worsen over the course of the disease70. Of
patients with MSA, over 50% have been diagnosed with
anxiety71–73. This may relate to differences in underlying
neuropathology such as different seeding properties of respective
αSyn strains and affected cell types (oligodendrocytes accumulate
αSyn positive-inclusions in MSA) and underlines that anxiety is not
merely the result of the general disease burden74. In summary,
anxiety is frequent in patients with PD/synucleinopathies but
diagnosis varies with the applied anxiety rating scale, sex,
population, age at disease onset, duration of disease, and Hoehn
and Yahr (H&Y) stage. Moreover, some forms of anxiety in PD
could be underreported by the employed anxiety rating scales,
leading to underdiagnosed and undertreated symptoms75. A
combination of several scales and the application of newly
developed neuroimaging analyses described in the next chapter
may improve diagnosis.
Several studies suggest that anxiety is an early symptom of PD

which appears to increase in incidence and severity with disease
duration. In fact, anxiety may precede the cardinal PD motor
symptoms in a majority of patients and anxiety disorders were
described to manifest even decades prior to PD diagnosis51,76,77.
Importantly, age at the onset of PD was reported to be younger in
patients exhibiting anxiety51,78. Anxiety disorder patients were
associated with a 38% increased risk of PD compared to those
without anxiety during a 5.5-year follow-up period61. This and
other data support that patients with anxiety disorders have a
higher risk to develop PD79,80. A finding on a large and culturally
heterogeneous sample indicates that the progression of PD
patients with the H&Y stages 2–3 and 2–4 increased the
likelihood of prevalence of anxiety81. This is in line with the
previous study which found a positive correlation between
anxiety and the severity of motor symptoms of PD51,78. More
research is required to decipher whether this reflects the further
progression of symptoms displayed early in the disease, which
indicates ongoing underlying neuropathology (primary disease
impact), or whether the increased disease burden causes
additional anxiety symptoms (secondary disease impact). In fact,
cognitive decline or co-pathology of tau and amyloid beta
accumulation at advanced disease stages are likely to add
(primary or secondary) to the development of anxiety symptoms
or vice versa anxiety appears to predict the risk to develop mild
cognitive deficits82–84. Of note, several studies showed that
anxiety in PD is influenced by ON–OFF states of dopamine
medication, motor fluctuations, and dyskinesia52–57,75,78. Some
investigations reported increased anxiety symptoms in OFF-
dopaminergic medication when lacking the beneficial effects of
treatment on motor symptoms52,53,85. Pontone et al. recently
identified that 31% in a total of 200 PD patients showed worse
anxiety symptoms in the OFF-dopamine medication state
compared to the ON-dopamine medication state55. In fact, few
research groups also observed the improvement of anxiety under
dopaminergic therapy56,57. In summary, representing an early
symptom of disease, anxiety disorders may benefit from disease-
modifying treatment. However, to develop rationale therapeutic
strategies, it is important to understand the underlying patho-
physiology of anxiety in synucleinopathies which is summarized
in the next chapters.

Structural and functional brain changes associated with
anxiety in synucleinopathies
In recent years, neuroimaging analyses identified structural and
functional changes associated with PD-related anxiety86,87. Func-
tional MRI identified connectivity changes, such as increased
limbic-orbitofrontal cortex, decreased limbic-dorsolateral prefron-
tal cortex and orbitofrontal-dorsolateral prefrontal cortex, and
decreased sensorimotor-orbitofrontal cortex connectivity88.
Reduced functional connectivity in the limbic cortico-striatal
circuits and increased functional connectivity between the
cerebellum and occipito-temporal regions were associated with
a more impaired neuropsychiatric profile including anxiety in PD
patients89. MRI of PD patients at the early stage of the disease
showed that the severity of anxiety was associated with reduced
structural covariance of the left striatal seeds with the contralateral
caudate nucleus90. A recent study compared the proportion of
spontaneous low-frequency fluctuations to the whole brain signal
of resting-state functional MRI and found increased or decreased
neuronal activities across multiple brain regions in PD patients
with anxiety compared to PD patients without anxiety at early
disease stages91. In drug-naive PD patients, abnormal intrinsic
connectivity within and between large-scale networks may
represent a potential neural correlate of anxiety symptoms even
in the absence of clinically relevant cognitive impairment92.
Furthermore, alterations in the amygdala, hippocampus, caudate
nucleus, and anterior cingulate cortex are strongly suggested to
underlie the development of anxiety in PD26,93,94. In high-density
electroencephalography (hd-EEG) analysis, 31% of PD patients
were displaying anxiety symptoms related to the prefrontal
cortex95.
PD-associated anxiety is linked to structural changes in the

amygdala (Figs. 1 and 2b) with dysfunction of different neuronal
types which results in an excitation/inhibition shift96–98. Reduced
amygdala volume and neuronal cell loss in post-mortem PD brains
are associated with anxiety99. In line with this, a recent functional
imaging study in 110 early-stage PD patients found that a smaller
volume of the left amygdala is associated with anxiety symp-
toms26. These studies are consistent with previous findings in
anxiety patients without PD25,100–102. Interestingly, idiopathic
rapid eye movement sleep behavior disorder (iRBD) patients,
which frequently develop PD, showed reduced gray matter
volume in the left amygdala extending to the hippocampus.
Importantly, this was present only in iRBD patients with anxiety,
not in healthy controls or iRBD patients without anxiety103. This
demonstrated the occurrence of anxiety together with structural
alterations in limbic brain regions prior to cardinal motor
symptoms and PD diagnosis. Importantly, the appearance of αSyn
pathology in the amygdala, leading to a significant decrease of
somatostatin and parvalbumin-positive interneurons, has been
observed in PD patients96. These neuronal populations in the
amygdala may therefore represent structural correlates and
harbor pathophysiological mechanisms driving anxiety in PD.
Abnormal activity and connectivity of the amygdala can also be

related to neurochemical alterations in PD patients with anxiety94

(Fig. 2b). Reduction of dopamine in the caudate putamen is a
hallmark of PD accounting for the cardinal motor symptoms, but
the dysregulation of the dopaminergic system is also linked to
non-motor symptoms of PD. Whether dopamine plays a critical
role in originating anxiety in PD is poorly understood. Reduced
dopamine transporter (DAT) in the striatum of PD patients
correlates with anxiety104,105. In experimental models, dopaminer-
gic projections from the ventral tegmental area (VTA), which has
long been suggested to be involved in PD, to the basal amygdala
modulate fear and anxiety106–108.
Furthermore, disturbances of the serotonergic and cholinergic

systems were reported in PD patients, possibly involved in non-
motor symptoms109–111. Serotonin (5-HT) is prominently
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expressed in the amygdala112 and other limbic areas, and
alterations of the serotonergic system were observed in the early
stage of PD109. Both cholinergic and serotonin receptors were
significantly altered in the putamen post-mortem111. Identification
of genetic variants in the serotonin transporter (SERT) gene
promoter regions showed that PD patients with the short allele of
the serotonin transporter promoter scored significantly higher on
anxiety measures113. Higher levels of anxiety in PD patients are
associated with lower thalamic SER in PET studies, pointing
towards a contribution of serotonergic degeneration to anxiety
symptoms in PD114. In addition, serotonin levels appear reduced in
the brain of PD patients115. Lastly, alterations of gamma-
aminobutyric acid (GABA) and norepinephrine (NE) systems have
also been implied in the development of anxiety in PD48.

INSIGHTS FROM ANIMAL MODELS OF SYNUCLEINOPATHY
REGARDING FEAR AND ANXIETY
If PD-related neuropathology is underlying the development of
anxiety, effective symptomatic or ideally disease-modifying
treatment requires knowledge of the pathomechanisms and
cellular substrates driving these symptoms. Pavlovian fear
conditioning, elevated plus maze, open field test, and the burying
behavior test have been applied in models of anxiety disorder in
PD. Altogether, these studies confirmed the involvement of
catecholamine and GABAergic neuronal circuitry in this pheno-
type116–118. Notably, the contribution of αSyn-associated pathol-
ogy in limbic brain regions was also found to associate with
anxiety and fear symptoms in animal models of PD. Interestingly,
studies in anxiety models (unrelated to PD) proposed an increase
of hippocampal αSyn expression under high levels of innate
anxiety, possibly mediated via dopaminergic mechanisms119. This
may indicate that anxiety can drive αSyn accumulation leading to
a feed-forward loop. Thus, it remains to be clarified whether
anxiety is a bystander or a participant in synucleinopathy
progression. Such mechanisms require urgent attention, as this
would indicate that early therapeutic intervention to reduce fear
and anxiety in PD could be disease-modifying for other
progressive neuropathologies in PD. The following sections and
Table 2 summarize the anxiety and fear-related findings from
animal models of PD, with special emphasis on druggable
molecular mechanisms and the role of αSyn. For further details
and general remarks on animal models of PD, see reviews in
refs. 120–122.

Toxic-based animal models of PD
Neurotoxin 6-hydroxydopamine (6-OHDA) is a toxin widely used
to degenerate dopaminergic neurons in the substantia nigra and
thereby cause the loss of striatal dopamine leading to robust
motor symptoms. Initially, anxiety features were not detected in
the 6-OHDA animal models123. However, recent findings indicated
anxiety-like behavior using the elevated plus maze, the fear
conditioning test, or the open field test, among
others116,117,124,125. Dopaminergic innervation in the nigrostriatal
pathway or the globus pallidus led to anxiety-like behavior125,126.
Interestingly, a significant increase of serotonin was observed in
the amygdala of 6-OHDA lesioned rats, while dopamine and
norepinephrine (NE) were reduced. In contrast, NE and 5-HT
significantly decreased in the prefrontal cortex and striatum. The
data suggest that the alterations of these neurotransmitters in
either amygdala, prefrontal cortex, or striatum result in anxiety-like
behavior116. 5-HT7 receptors in the prelimbic cortex or 5-HT6
receptors in the dorsal hippocampus appear involved in the
regulation of anxiety-like behaviors in 6-OHDA lesioned rodents
related to changes in dopamine, serotonin, and NE levels117,118.
Interestingly, intra-amygdalar 6-OHDA injections to produce

targeted catecholaminergic denervation led to the loss of tyrosine

hydroxylase positive (TH+) fibers in the amygdaloid complex, in
the ventral part of amygdalo-striatal transition zone and reduced
number of TH+ neurons in the substantia nigra compacta (SNc)
and VTA. As a result, increased anxiety-like behavior was observed,
which suggests that loss of catecholaminergic neurotransmission
in the amygdala may contribute to anxiety symptoms in PD127.
Interestingly, a recent study proposes that the lateral habenula (a
crucial structure of the epithalamus and neuronal axons from the
lateral habenula project onto monoaminergic neurons in the
midbrain) is highly involved in the regulation of anxiety-like
behavior128. It should be kept in mind, however, 6-OHDA does not
cross the blood–brain–barrier and must be surgically microin-
jected in selected brain regions, to induce rapid toxicity with
immediate onset of impairment in the dopamine system that
affects anxiety detection and pathophysiology of anxiety129.
Despite the limitation, the 6-OHDA model was successful in
generating anxiety-like behavior and is useful to study how
targeted lesions of catecholaminergic neurons contribute to this
phenotype (face validity).
Other toxins well-established to produce dopamine neuron loss

in PD models include systemic application of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), rotenone, and paraquat130.
Mostly, studies adopting the use of those toxins have demon-
strated motor, cognitive, mitochondrial dysfunction, neurochem-
ical, and molecular changes. Recently, non-motor symptoms,
especially an anxiety-like phenotype were detected in a few
studies131–136. For instance, the increased anxiety level was found
in the elevated plus maze (EPM) test of MPTP-injected animals
compared to the control group131,132,137. In the rotenone model,
Tsarouchi et al. reported the correlation of altered 5-HT and
serotonin transporter (SERT) immunodensity levels in the cortico-
limbic system with increased anxiety-like phenotype in the open
field test (OFT) and EPM134. Increased anxiety-like behaviors were
also reported in paraquat-exposed rats136.
Overall, the neurotoxin models highlight that some aspects of

anxiety in PD could be associated with similar neurochemical
changes as motor symptoms in specific brain regions. However,
the connection to synucleinopathy is lacking since αSyn is not
directly involved in these models. Thus, these models are limited
with regard to reflecting disease pathogenesis and mechanisms,
which underlie neurodegeneration (construct validity) but may be
sufficient to develop symptomatic therapy, especially for symp-
toms related to late PD stages (predictive validity).

Genetic animal models of PD
αSyn accumulation in Lewy bodies represents a hallmark of PD
and αSyn-related pathology is the signature of synucleinopathies.
There is a lack of knowledge on the role of αSyn pathology in the
development of anxiety and fear in PD. Very few studies using
either adeno-associated virus-αSyn models or pre-formed-fibril
(PFF)-induced models have evaluated the association between
αSyn pathology and the development of non-motor symptoms of
PD, with rare attention to anxiety-related behaviors138–142.
Intracerebroventricular injection of αSyn oligomers induced
increased anxiety-like behavior compared to vehicle or αSyn
monomers-injected animals at 20 days post-injection (dpi) in the
elevated plus maze test139. Burtscher et al. observed anxiety-like
behaviors in the elevated plus maze of PFF-injected mice at 30 dpi,
but the fear conditioning test showed no difference compared to
vehicle-injected mice143. This study also indicated that the
amygdala is preferentially affected by αSyn accumulation, but
most behaviors associated with the amygdala such as fear were
unaffected143. Thus, αSyn accumulation in this model did not
immediately impair amygdala physiology. In another study, the
authors also did not detect any difference in the acquisition of
fear, or in contextual or cued recall of PFF-injected mice compared
to the control group receiving monomeric αSyn injection after
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Table 2. Summary of anxiety findings in synucleinopathy animal models.

Animal model Behavior test Time Non-motor feature
findings vs controls

Mechanism findings

6-OHDA OFT, EPM 3 weeks No effect n.a.123

OFT, EPM 36 days Anxiety n.a.124

EPM 3 weeks Anxiety n.a.117,126

EPM
Contextual fear
conditioning

21 days
24 days

Anxiety Amygdala: reduced dopamine, norepinephrine, increased
serotonin
Striatum: reduced dopamine, norepinephrine, serotonin
Prefrontal cortex: reduced dopamine, norepinephrine,
serotonin116

Marble burying
OFT, EPM

3 weeks Anxiety Catecholaminergic denervation127

OFT, EPM 3 weeks Anxiety Activation or suppression of AMPA receptor in the lateral
habenula led to increase or decrease anxiety, respectively128

MPTP EPM 26 days Anxiety Whole brain lysate: reduced serotonin, dopamine125

EPM 5 days Anxiety n.a.131

Rotenone EPM, OFT 28 days Anxiety Prefrontal cortex, hippocampus: reduced 5-HT+cell and SERT
+cell density
BLA: reduced 5-HT+cell density134

Paraquat EPM 1 month Anxiety n.a.136

PFF OFT 6 months No effect n.a.139

Fear conditioning 3, 6 months No effect n.a.144

OFT
EPM

30 days Anxiety Highest level of αSyn in the amygdala143

OFT
Elevated zero maze
Cued and contextual fear
conditioning

6 months Anxiety Amygdala: 18% neuronal loss, αSyn inclusion colocalized with
excitatory neurons
Prefrontal cortex: no neuronal loss142

Fear conditioning
Contextual fear retention

9 months Anxiety n.a.150

A53T EPM 12 months Reduced anxiety n.a.153

OFT
Stress-induced
hyperthermic

2, 6, 12 months Reduced anxiety n.a.185

Open field 12 months Increased anxiety n.a.161

EPM 2, 8, 12 months Reduced anxiety Striatum: no change in NE, serotonin, reduced DAT at 8 months145

OFT, EPM 12, 24 weeks Reduced anxiety Striatum: DAT levels significantly decreased and increased
dopamine level and its metabolites DOPA146

Hypothalamus: increased serotonin levels146

EPM 3, 5, 7 months Reduced anxiety Hypothalamus and hippocampus: αSyn inclusion colocalized with
orexin neurons158

Activation of orexin neurons restores anxiety158

A30P Fear conditioning 4, 12 months Reduced freezing n.a.147

BCA αSyn EPM 12, 24 months Reduced anxiety Striatum: Increased DAT and serotonin148

Exploratory and feeding
behavior

4 months Anxiety Hippocampus: reduced serotonin149

A53T αSyn/Tau
KO

OFT 2, 6, 12, 18
months

Anxiety SN: loss of parvalbumin neurons159

Thy1-αSyn Fear conditioning 3, 4 months Increased fear Amygdala: loss of parvalbumin neurons, microgliosis98

αSyn KO EPM 12 weeks,
12 months

No effect n.a.153,154

LRRK2 EPM 4, 20 months No effect n.a.166

Dj-1 KO EPM 8, 17 months No effect n.a.186

EPM 3, 5 months Anxiety Anxiety-like behaviours were substantially reversed by
modulating D2 receptor activity168

Park2 KO EPM n.a Anxiety n.a.169

Pink1 KO EPM 4, 8, 12 months Anxiety Locus coeruleus: reduced number of cell bodies immunoreactive
for TH, and increased expression of the alpha -1 adrenergic
receptor170,171

MFB medial forebrain bundle, n.a. not applicable, DAT dopamine transporter, EPM elevated plus maze, OPT open field test, SN substantia nigra, NE
norepinephrine, DOPA 3,4-dihydroxyphenylalanine, TH tyrosine hydroxylase, AMPA aminomethylphosphonic acid.
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3 months post motor cortex injection144. However, Stoyka et al.
recently showed a reduction in fear conditioning in intrastriatal
PFF-injected mice142 probably related to αSyn pathology-induced
loss of excitatory neurons in the amygdala.
Similarly, decreased anxiety-like behavior was reported in

transgenic mice overexpressing human αSyn with a PD-
associated mutation (A53T)145,146. Also, reduced freezing in
Pavlovian fear conditioning was shown in transgenic mice with
another PD-associated αSyn mutation (A30P)147. Similarly, αSyn
transgenic mice under the endogenous promotor showed a
decrease in anxiety-like behavior148,149. In contrast and more
relevant to increased anxiety in PD patients, only one study on
A53T transgenic mice showed higher anxiety-like behaviors in
open field tasks and the elevated plus maze107. A recent study
reported that αSyn pathology transmitted from the olfactory bulb
induced anxiety-like behavior in αSyn PFF injected αSyn
transgenic mice150. Recently, we demonstrated enhancement of
fear responses in the Pavlovian fear conditioning in mice
overexpressing human wild-type alpha-synuclein (Thy1-αSyn, line
61), an established and extensively characterized model of
PD98,151,152. This phenotype does not represent a loss of function
of αSyn, as αSyn KO mice do not show an anxiety phenotype in
the open field or elevated plus maze tests153,154.
Regarding mechanisms, numerous studies in the transgenic

αSyn models supported a contribution of dysregulated seroto-
nergic signaling in anxiety149,155,156. As mentioned above, PD
patients with anxiety show dysfunction in several neurotransmit-
ter systems. αSyn has been shown to accumulate in serotonergic
neurons155. Even though there was no loss of serotonergic
neurons in the dorsal and median raphe nuclei of 1-year-old αSyn
A53T transgenic mice, serotonin levels in the brain stem and
serotonergic fiber density in the dorsal dentate gyrus were
reduced155. In line with this, the accumulation of human αSyn
resulted in an early deficit of the serotonergic system which was
associated with an anxiety-like phenotype in the transgenic rat
model of PD107. These data suggest that toxicity of αSyn may lead
to dysfunction of serotonergic neurons, which is linked to anxiety
induction in PD animal models. Other monoaminergic neurons
may be involved as well: a recently developed transgenic mouse
model expressing human αSyn only in noradrenergic neurons
displayed anxiety-like behavior in the marble-burying test at 14
and 24 months of age157.
Interestingly, Stanojlovic et al. recently showed that chemoge-

netic activation of orexin neurons in A53T mice restores the
deficits in anxiety-like behavior158. Recent findings suggest that
tau knockout can exacerbate A53T αSyn-induced loss of
parvalbumin-positive neurons in substantia nigra pars reticulata
(SNR), which is accompanied by an exhibition of anxiety-like
behavior159. Also, reduced GABAergic parvalbumin-positive neu-
rons were observed in the amygdala of Thy1-αSyn mice with
increased fear phenotype98. In addition, changes in fear response
were accompanied by astrogliosis and microgliosis in the A53T
model and Thy1-αSyn mice98,158. This lends support to the role of
inflammation in anxiety-related disorders, which was discussed
recently160.
In summary, these models provide some evidence for a link

between αSyn-related pathology and deficits or enhancement of
anxiety-like behavior, but as with every model these models also
have limitations. While there are some studies that report
increased anxiety in A53T models161–163, the decreased anxiety
phenotype appears prominent in A53T transgenic mice yet
incongruous with typical clinical symptoms, while Thy1-αSyn mice
show a phenotype consistent with increased anxiety in PD. This
model could be useful to decipher the underlying pathophysio-
logical mechanisms thereby guiding improved and more rational
therapeutic intervention. These contradictory observations in
animal models may be due to differences between mutated
versus physiological αSyn overexpression, promotor selection, and

how the testing was performed, among others. Many αSyn-based
models do not develop progressive neurodegeneration of
dopaminergic neurons and some do not even display clear motor
symptoms120,164,165. Thus, these models are less useful to study
anxiety at advanced PD stages and the effects of dopamine
therapy. In Thy1-aSyn mice the anxiety phenotype is developed
prior to overt dopamine loss at 14 months of age and does
therefore not reflect anxiety under dopamine depletion. Interest-
ingly, mice display increased extracellular dopamine at an age
when anxiety symptoms occur, together with fine motor deficits,
cognitive dysfunction, hyperactivity, and αSyn pathology in the
limbic and nigrostriatal system152. In animal models with complex
behavioral phenotypes, anxiety may also develop as the response
of the animal to the impairments in other modalities. Thus anxiety
and fear phenotyping should cover a complex battery of tests,
including components that do not depend on motor function.
Hence, if used carefully, αSyn-related models can be useful to
understand how αSyn related pathology in specific brain regions
contributes to anxiety phenotypes and whether disease-modifying
therapeutic strategies may ameliorate these symptoms.
In addition to transgenic αSyn animal models, some studies also

explored the anxiety-like behavior in different transgenic models
of early-onset PD such as LRRK2, PINK1, and DJ-1. LRRK2
transgenic mice represent the most common genetic cause of
sporadic and familial PD but did not display anxiety-like behavior
with age166. In line with this, DJ-1 KO rats or parkin-deficient mice
do not develop anxiety-like behaviors167. In contrast, anxiety
phenotypes were exhibited by DJ-1 KO mice168 as well as by Pink1
KO and Park2 KO mice169 or Pink1 KO rats170,171.

THERAPEUTIC IMPLICATIONS
There is no treatment to stop or halt the development of anxiety
in PD patients, as there is no cure or intervention that interferes
with neuronal loss in synucleinopathies. Table 3 summarizes the
current therapeutic options. Given the negative impact on the
quality of life of patients, rational treatment of anxiety-related
symptoms should receive greater attention. Among the currently
used symptomatic interventions, antidepressant medications
consist of selective serotonin reuptake inhibitors (SSRIs),
serotonin-norepinephrine reuptake inhibitors (SNRIs), and tricyclic
antidepressants (TCAs), but their efficacy in PD is insufficient. Also,
benzodiazepines are frequently used to improve anxiety symp-
toms in PD patients, but they can trigger unfavorable side effects
for patients such as falls and cognitive slowing172. Given the
potential involvement of dopamine loss in the development of
anxiety in PD, dopamine agonists may represent an alternative.
Importantly, non-pharmacological interventions are frequently
recommended. For example, physical activities can reduce anxiety.
A recent study on Brazilian patients with PD showed a significant
reduction in anxiety levels after exercise173. Alternatively, mind-
fulness yoga was effective in reducing anxiety in PD patients174.
Preclinical and clinical trials which target the modulation of
different neurotransmitter systems to reduce anxiety in PD are
ongoing and may open up future directions.

CONCLUSION
While anxiety in PD patients has long been interpreted as resulting
from debilitating motor symptoms and the loss in quality of life
caused by the disease, it is now accepted as an early symptom,
which reflects pathology in cortico-limbic systems and the
corresponding neuro-circuitries and transmitter systems. In fact,
the progressive development of fear and anxiety early in disease
pathogenesis may represent a driver of pathology, for example by
corresponding upregulation of αSyn pathology in limbic brain
regions, or by over-excitation of affected neurons. In DLB early
pathology in the limbic system is established, and the recent
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evidence from imaging studies and re-evaluation of neuropathol-
ogy described in this review suggest early involvement of the BLA
pathology in PD. A better understanding of the involved brain
regions, neurons, and signaling pathways could provide novel
therapeutic avenues. If αSyn-related pathology is a central
mechanism to dysfunction in the cortico-limbic system, then
αSyn targeted therapeutics could prove disease-modifying for
these non-motor symptoms as well, which requires more
attention.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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