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Background: Many of the motor symptoms of Parkinson's disease (PD) impact quality of life and are not fully
ameliorated by current pharmacological and surgical treatments. A better understanding of the pathophysiology
underlying these symptoms is needed. Previous research has suggested that inflammation may play a significant
role in PD pathophysiology and progression, but there is limited research exploring how inflammation directly
relates to motor symptoms in PD. Thus, the purpose of this study was to evaluate associations between peripheral
immune inflammatory markers and motor symptoms of PD, specifically, tremor, bradykinesia, and postural and
gait instability. We hypothesized that peripheral inflammatory cytokines would predict the severity of motor
symptoms in persons with PD, and that there will be higher levels of peripheral inflammatory cytokine markers in
persons with PD when compared to age-matched healthy older adults.

Methods: Twenty-six participants with PD and fourteen healthy older adults completed the study. For participants
with PD, the motor section of the Unified Parkinson's Disease Rating Scale (UPDRS) was recorded and scored by
two Movement Disorders Neurologists masked to the study. A blood sample was collected from both participants
with PD and the healthy older adults. Through the MILLIPLEX® map High Sensitivity Human Cytokine Kit, key
inflammation-related markers were analyzed (TNF-a, IFN-y, IL-1p, IL-8, IL-2, IL-7, IL-5, IL-13, IL, 4, IL-10 IL-
12p70, GM-CSF, and IL-6).

Results: Results revealed significantly higher levels of IL-6 in persons with PD when compared to healthy older
adults (p = 0.005). Moreover, results revealed that higher levels of IL-4 (p = 0.011) and lower levels of IFNy (p =
0.003) significantly predicted more severe tremor in persons with PD. No other associations between the pe-
ripheral inflammation markers and other motor symptoms were observed.

Conclusions: Overall, these results are consistent with a growing body of literature that implicates inflammatory
cytokines in the PD, and further suggests that inflammatory cytokines, or lack thereof, may be associated with
tremor in persons with PD.

1. Introduction

Inflammation has been postulated to be one of the mechanisms un-
derlying the pathophysiology and progression of Parkinson's disease
(PD). Evidence for this mechanism includes activated microglia in the
substantia nigra (McGeer et al., 1988; Theodore et al., 2008), and al-
terations in inflammation-related cytokines in the brain and cerebrospi-
nal fluid (CSF) of patients with PD (Boka et al., 1994; Mogi et al., 1994,
1996). Inflammatory cytokines, such as tumor necrosis factor-alpha

(TNFa), interleukin-1p (IL-1p), and interleukin-6 (IL-6) amplify and
sustain inflammation and immune responses that can exert changes in
dopamine neural integrity (Nagatsu et al., 2000) and dopamine-mediated
behaviors. Interestingly, levels of TNF-a, IL-1f, and IL-6 are found to be
elevated in the postmortem brains of patients with PD (Boka et al., 1994;
Mogi et al., 1994). In vivo studies have also demonstrated that the CSF of
patients with PD has higher levels of IL-1f, IL-2, IL-4, and IL-6 (Blum--
Degen et al., 1995; Mogi et al., 1996). Moreover, there is evidence of
peripheral immune dysregulation in persons with PD (Marttila et al.,

Abbreviations: PD, Parkinson's disease; MDS-UPDRS, Movement Disorders Society Unified Parkinson's Disease Rating Scale; MMSE, Mini-Mental State Exam; BDI,
Beck Depression Inventory; Ty, cells, T helper cells; IL, interleukins; TNFa, Tumor necrosis factor-alpha; IFNy, Interferon gamma.
* Corresponding author. Iowa State University, 534 Wallace Road, Ames, IA, 50011, USA.

E-mail address: Kdiaz@iastate.edu (K. Diaz).

https://doi.org/10.1016/j.bbih.2022.100442

Received 23 August 2021; Received in revised form 28 February 2022; Accepted 3 March 2022

Available online 7 March 2022

2666-3546,/0 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:Kdiaz@iastate.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbih.2022.100442&domain=pdf
www.sciencedirect.com/science/journal/26663546
www.editorialmanager.com/bbih/default.aspx
https://doi.org/10.1016/j.bbih.2022.100442
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.bbih.2022.100442
https://doi.org/10.1016/j.bbih.2022.100442

K. Diaz et al.

1984; Tufekci et al., 2012). Particularly, there are alterations in periph-
eral monocytic and lymphocytic subsets (Grozdanov et al., 2014; Jiang
et al., 2017; Kustrimovic et al., 2018; Marttila et al., 1984), and when
compared to healthy controls, persons with PD show elevated levels of
peripheral cytokines IL-2, IL-4, IL-6, IL-10, and TNF-a (Chen et al., 2008;
Kwiatek-Majkusiak et al., 2020; Reale et al., 2009; Styputa et al., 1996).
These findings suggest that central and peripheral inflammation may
play a role in PD.

Inflammation has also been implicated in PD symptomatology (Bar-
num and Tansey, 2012; Lindqvist et al., 2012, 2013; Menza et al., 2010;
Rathnayake et al., 2019; Vesely et al., 2018). Specifically, TNF-a has been
found to correlate with symptoms of depression, fatigue, and cognitive
impairment in persons with PD (Lindqvist et al., 2013; Menza et al.,
20105 Scalzo et al., 2010; Vesely et al., 2018). Although some studies
have reported negative results (Dufek et al., 2009; Kim et al., 2018),
higher levels of peripheral cytokines may also be associated with the
motor symptoms of PD. Indeed, clinical studies have shown significant
associations between serum cytokines and cytokines/chemokines pro-
duced by peripheral blood mononuclear cells (PBMC); IL-1p, IFN-y,
TNF-a, IL-6, IL-13, IL-8, IL-17A, and RANTES and motor symptom pro-
gression (Green et al., 2019; Reale et al., 2009; Rentzos et al., 2007;
Williams-Gray et al., 2016). However, motor symptoms in PD are varied
and there is a lack of literature examining the relationship between pe-
ripheral inflammation and specific cardinal motor symptom domains,
such as bradykinesia, tremor, and gait instability.

Only one study has examined the relationship between peripheral
inflammation and mobility and gait in PD. Scalzo et al. (2010) showed
that persons with PD with higher serum levels of IL-6 have greater
impairment in functional mobility as measured through the Timed Up
and Go Test (TUG) and gait. Given that many of the motor symptoms
of PD are not fully ameliorated by the pharmacological treatments
available (Sethi, 2008), and have a significant negative impact on
quality of life (Jankovic, 2008), there remains a need for continued
research on other potential underlying mechanisms of PD symptom-
atology and pathophysiology, such as inflammation. Thus, in this
study, we evaluated associations between immune inflammatory
markers previously associated with PD and the motor symptoms, spe-
cifically, tremor, bradykinesia, and postural and gait instability. We
hypothesized that there will be higher levels of peripheral inflamma-
tory cytokine markers in persons with PD when compared to
age-matched healthy older adults and that peripheral inflammatory
cytokines will predict the severity of motor symptoms.

2. Materials and methods
2.1. Participants

Twenty-six (58% females) persons diagnosed with idiopathic PD
were included in the study. Their mean age was 72.76 + 7.14 years,
mean disease duration was 8.04 + 5.37 years, the mean Total Move-
ment Disorders Society Unified Parkinson's Disease Rating Scale (MDS-
UPDRS) was 68.15 + 17.05, and the mean Hoehn-Yahr rating was
2.19. £+ 0.49. Fourteen (57% females), age and gender-matched vol-
unteers, free of immune- or immune-related disorders, served as con-
trols. Their mean age was 69.21 + 5.43 years (Table 1.). An
independent t-test revealed no significant difference in age between
persons with PD and the control group (p = 0.113). The inclusion
criteria for all participants with PD included the clinical diagnosis of
PD and being on a stable regimen of antiparkinsonian and psychotropic
medication for 30 days prior to participation. All participants were
excluded from the study if they presented significant cognitive
impairment (Mini-Mental State Exam score <24), and major psychi-
atric disorder (Beck Depression Inventory score >18). Participants with
PD were tested on medication. All participants provided written
informed consent before admission to the study. The Research Ethics
Committee of Iowa State University approved this study.
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Table 1
Participant demographics.

Control (n = 14) Patients (n = 26)

Sex F =8(61.5%), M F =15 (57.6%), M =
=6 11
Age 69.21 + 5.43 72.76 £7.14
Disease duration (yrs., mean + SD) - 8.04 + 5.37
On Levodopa (%) - 88.40%
On specific anti-inflammatory drugs 28.5% 34.6%
(%)
MMSE (mean + SD) 29.42 + 0.85 28.84 +1.58
DBI (mean + SD) - 9.07 + 5.32
Hoehn and Yahr (mean + SD) - 2.19 £ 0.49
Total UPDRS (mean =+ SD) - 68.15 + 17.05
Total Motor UPDRS (mean + SD) - 38.34 4+ 10.12
Total Bradykinesia (mean + SD) - 24.48 + 6.37
Upper Extremity Bradykinesia (mean = — 12.94 £+ 4.01
+ SD)
Lower Extremity Bradykinesia (mean = — 9.46 + 2.60
+ SD)
Tremor (mean + SD) - 4.78 + 4.80
postural and gait instability (mean + - 5.53 + 2.97

SD)

All values are presented as mean =+ standard deviation. F = female; yrs. = years;
UPDRS=Unified Parkinson's. Disease Rating Scale; MMSE = Mini-Mental State
Exam; BDI=Beck Depression Inventory.

3. Data collection
3.1. Clinical assessment

For participants with PD, clinical symptoms were evaluated with the
MDS-UPDRS. The MDS-UPDRS scale we used consists of the following five
segments: Section I-mentation, behavior, and mood; Section II-activities of
daily living (scored for “on” and “off™); Section III-motor exam; and Section
IV-complications. Each subscale has a 0-4 rating, where 0 = normal, 1 =
slight, 2 = mild, 3 = moderate, and 4 = severe (Goetz et al., 2008). The total
score was obtained by summing the first four segments of the MDS-UPDRS.
Scores for motor symptoms were taken from Part III of the MDS-UPDRS.
Specifically, scores for Upper Extremity Bradykinesia were calculated by
summing items 3.4 (Finger Tapping), 3.5 (Hand Movements), and 3.6
(Pronation-Supination). Scores for Lower Extremity Bradykinesia were
calculated by summing items 3.7 (Toe Tapping), and 3.8 (Leg Agility).
Scores of Total Bradykinesia were calculated by summing the Upper Ex-
tremity Bradykinesia scores, the Lower Extremity Bradykinesia scores, and
item 3.14 (Global Spontaneity of Movement). Scores for Postural and Gait
Instability were calculated by summing items 3.9 (Arising from the Chair),
3.10 (Gait), 3.11(Freezing of Gait), 3.12 (Postural Stability), and 3.13
(Posture). Scores for tremor were calculated by summing items 3.15
(Postural Tremor), 3.16 (Kinetic Tremor), 3.17 (Rest Tremor), and 3.18
(Constancy of Rest). The MDS-UPDRS was scored by two Movement Dis-
orders Neurologists trained in scoring the MDS-UPDRS and were masked to
the study. The average MDS-UPDRS scores from both neurologists were
used for statistical analysis. The correlation coefficient between raters was
0.800 (p < 0.001), and an independent t-test revealed that the average
scores did not differ between the two raters’ scores (p = 0.58).

3.2. Blood sample collection

For all participants, a blood sample was collected using a 10 ml BD
Vacutainer serum tube within 5 min of the clinical assessments. Blood
was allowed to clot for at least 30 min before centrifugation for 10 min at
3,000 rpms. Serum was then removed, aliquot, and stored at —20 C°.
Through the MILLIPLEX® map Human Cytokine Kit, key inflammation-
related markers were analyzed (TNF-a, IFN-y, IL-16, IL-8, IL-2, IL-7, IL-5,
IL-13, 1L, 4, IL-10 IL-12p70, GM-CSF, and IL-6). The Assay was performed
according to the manufacturer's instructions. The multiplex immuno-
assay panel was analyzed on a Bio-Plex (BioRad) 200 System (Luminex®
200TM).
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3.3. Statistical analysis

Following the removal of outliers that were three standard deviations
above and below the mean (7 outliers in total out of 520 total data
points), the data was inspected for normality. Normality test revealed a
non-normal distribution. Therefore, mean peripheral immune marker
levels were compared between PD and control groups using the Mann-
Whitney U tests. Significance was set at p < 0.05. Effect sizes were
calculated by using Cohen's d. Stepwise regression linear regressions
were used to identify factors that predicted clinical motor scores in
persons with PD. In particular, the regression was used to examine the
contribution of each cytokine while controlling for confounding variables
of age, disease duration, and disease severity (Lindqvist et al., 2013;
Menza et al., 2010). Therefore, age, disease duration, and Hoehn and
Yahr scores were entered as control variables in step one. The Hoehn and
Yahr Scale is used to measure how Parkinson's symptoms progress and
the level of disability. The scale includes stages 0 (No signs of disease) to
5 (needing a wheelchair or bedridden unless assisted). In step two,
TNF-q, IFN-y, IL-1p, IL-8, IL-2, IL-7, IL-5, IL-13, IL, 4, IL-10 IL-12p70,
GM-CSF, and IL-6 were entered as predictors, with forward stepwise
entry. The Total MDS-UPDRS Scores, Total Motor MDS-UPDRS Score,
Total Bradykinesia Score, Upper-Bradykinesia Score,
Lower-Bradykinesia Score, Posture and Gait Score, and Tremor were
entered in the model as dependent variables, respectively, meaning
separate analyses were conducted for each independent variable. To
control for health status, additional exploratory analyses were
completed, which used medication categories to group health status. In
the first stepwise regression exploratory analysis, three individuals with
PD that were taking steroidal anti-inflammatory medication were
removed as these medications would be expected to significantly impact
cytokine levels. In the second stepwise regression exploratory analysis,
participants with PD taking steroidal anti-inflammatory medications or
treated with NSAIDs, including low doses of aspirin were removed. Sta-
tistical analysis was performed with IBM SPSS Statistics for Windows,
Version 25.0 (IBM Corp., Armonk, New York, USA).

4. Results
4.1. Comparison between PD and control groups

Fig. 1 shows the inflammatory marker concentrations in the PD and
control groups. When compared to healthy controls, levels of IL-6 were

found to be significantly higher in persons with PD (p = 0.005, d = 0.81).

20 4
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Fig. 2 shows the pattern for peripheral inflammatory cytokines in a radial
plot for persons with PD and healthy older adults. Specifically, Fig. 2a
and b represent inflammation-related cytokines, Fig. 2c are the mixed-
function cytokines, and Fig. 2d are T helper type 2 (Th2) related cyto-
kines. Levels of TNF-a, IFN-y, IL-1p, IL-8, IL-2, IL-7, IL-10, IL-12p70, and
GM-CSF (p > 0.05), albeit not significant, were higher in persons with PD
(Fig. 2a, b, and 2c¢). Finally, levels of IL-4 (p = 0.71, d = —0.024), IL-5 (p
=0.46,d = —0.36) and IL-13 (p = 0.44, d = 0.55), albeit not significant,
were higher in the healthy controls (Fig. 2d).

4.2. Regression analysis

4.2.1. Total MDS-UPDRS score

In the regression analysis for total MDS-UPDRS, multiple R?> was
0.457 (p = 0.014). Age, disease duration, and Hoehn and Yahr scores
explained all variation in the in total UPDRS scores. Upon further in-
spection, the p-value of the beta weight for disease duration (B = 0.394;
p < 0.05), but not age (B = 0.324; p > 0.05), and Hoehn and Yahr scores
(B = 0.325; p > 0.05) was statistically significant.

4.2.2. Total motor UPDRS

In the regression analysis for total Motor UPDRS, multiple R? was
0.523 (p = 0.005). Age, disease duration, and Hoehn and Yahr scores
explained all variations in total motor UPDRS scores. Upon further in-
spection, the p-value for beta weights of age (B = 0.518; p < 0.05) and
disease duration (B = 0.43; p < 0.05), but not Hoehn and Yahr scores (B
= 0.08; p > 0.05) were statistically significant.

4.2.3. Total Bradykinesia

In the regression analysis for total bradykinesia, multiple R? was
0.404 (p = 0.029). Similarly, to the total MDS-UPDRS scores, age, disease
duration, and Hoehn and Yahr score explained all variations in total
bradykinesia scores. Upon further inspection, the p level for the beta
weight of age (B = 0.553; p < 0.05), but not disease duration (B = 0.177;
p > 0.05), and Hoehn and Yahr scores (B = 0.096; p > 0.05) was sta-
tistically significant.

4.2.4. Upper Extremity Bradykinesia

In the regression analysis for Upper Extremity Bradykinesia, multiple
R? was 0.39(p = 0.035). Similarly, to the total MDS-UPDRS scores, age
and disease duration explained all variations in upper bradykinesia
scores. However, upon further inspection, the p level for beta weight of
age (B = 0.596; p < 0.05), but not disease duration (B = 0.08; p > 0.05),

IL-7 IL-2 IL-12p70  GM-CSF IL-13 IL-5 IL-4

mPD ®HOA

Fig. 1. Levels inflammatory markers in patients with Parkinson's disease (black bars) and controls (gray bars). Bars represent mean values, and T-bars indicate

standard errors; *P < 0.05.
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Fig. 2. Peripheral inflammatory cytokines in persons with PD and healthy older adults. a) and b) inflammation-related cytokines, c¢) mixed-function cytokines, and d)
T helper type 2 (Th2) related cytokines. Data were obtained from the blood of persons with PD and healthy older adults.

and Hoehn and Yahr scores (B = 0.038; p > 0.05) was statistically
significant.

4.2.5. Lower Extremity Bradykinesia

In the regression analysis for Lower Extremity Bradykinesia, multiple
R? was 0.239 (p = 0.189). Given this result, regression weights were not
examined further.

4.2.6. Postural and gait instability

In the regression analysis for posture, multiple R? was 0.434(p =
0.019). Similarly, to the total MDS-UPDRS scores, Age, disease duration,
and Hoehn and Yahr score explained all variations in Postural and gait
instability scores. However, upon further inspection, the p level for beta
weight of the Hoehn and Yahr score (B = 0.559; p < 0.05), but not age (B
= 0.162; p > 0.05), and disease duration (B = 158; p > 0.05) was sta-
tistically significant.

4.2.7. Tremor

In the stepwise regression analysis for tremor, multiple R? was 0.734(p
= 0.011). Here, age, disease duration, and Hoehn and Yahr score
accounted for 26% (p = 0.153) of the variance in tremor scores. However,
upon further inspection, the p level for beta weight of disease duration (B
= 0.45; p = 0.05), but not age (B = 0.06; p > 0.05), and Hoehn and Yahr

scores (B = —0.22; p > 0.05) was statistically significant. After controlling
for age and disease duration, and Hoehn and Yahr score in the stepwise
regression model, cytokines IFN-y and IL-4 further contributed to the
changes in tremor score. When IFN-y was entered into the model, IFN-y
accounted for 32.5% of the variance in tremor scores, and the standardized
regression weight associated with IFN-y was —0.67 (p = 0.003). Moreover,
when IL-4 was entered into the regression model, IL-4 accounted for an
additional 14.9% of the variance in tremor scores, and the standardized
regression weight associated with IL-4 was 0.52 (p = 0.011) (Table 2.)

In the exploratory analysis 1, which only included PD participants not
taking steroidal anti-inflammatory medication, associations between
tremor scores, IFNy and IL-4 were observed. The R? for the regression
model was 0.794 (p = 0.006). Here, age, disease duration, and Hoehn
and Yahr score accounted for 17.7% (p = 0.42) of the variance in tremor
scores. After controlling for age and disease duration, and Hoehn and
Yahr score in the stepwise regression model, IFN-y accounted for 42.7%
of the variance in tremor scores, and the standardized regression weight
associated with IFN-y was —0.762 (p = 0.002). Moreover, when IL-4 was
entered into the regression model, IL-4 accounted for an additional 19%
of the variance in tremor scores, and the standardized regression weight
associated with IL-4 was 0.53 (p = 0.006) (Table 2.)

In the exploratory analysis 2, which only included PD participants not
taking steroidal anti-inflammatory medications or treated with NSAIDs,
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Table 2
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Results from stepwise regression examining peripheral serum cytokines that predicted clinical motor scores (i.e., tremor scores) in persons with PD, while controlling for

age, disease duration, disease duration.

Variables entered Full Data Set (N = 26)

Exploratory Analysis 1 (N = 23)

Exploratory Analysis 2 (N = 16)

p t p s t p B t p
Step one
Age .06 .25 .80 —.09 -.31 .75 .077 22 .83
Disease duration .45 2.12 .05 .36 1.48 .16 .33 1.08 .31
Hoehn and Yahr —-.22 —.96 .35 —.12 —.45 .65 —-.11 —-.34 74
Step two
Age -.27 -1.36 .19 —.473 —2.07 .05 —.36 —1.43 .19
Disease duration .46 2.80 .013 41 2.38 .03 .38 1.86 .10
Hoehn and Yahr —.26 —1.47 .16 -.13 —.66 .52 -.19 —.86 42
IFN-y —.67 —3.54 .003 —.76 —3.74 .002 —.86 —3.66 .006
Step three
Age —0.34 -1.99 0.065 —0.51 -2.97 .01 —.45 -2.36 .05
Disease duration 0.49 3.63 0.002 0.39 3.00 .01 .39 2.58 .04
Hoehn and Yahr —0.30 —1.98 0.07 —0.22 -1.43 17 —.16 —-.99 .35
IFN-y —1.05 -5.14 0 —-1.09 -5.99 0 —1.24 -5.62 0.001
IL-4 0.52 2.89 .011 0.53 3.33 .006 0.52 2.76 0.02

including low doses of aspirin, associations between tremor scores, IFNy
and IL-4 were still observed. The R? for the regression model was 0.845
(p = 0.028). Here, age, disease duration, and Hoehn and Yahr score
accounted for 17.7% (p = 0.42) of the variance in tremor scores. After
controlling for age and disease duration, and Hoehn and Yahr score in the
stepwise regression model, IFN-y accounted for 54.3% of the variance in
tremor scores, and the standardized regression weight associated with
IFN-y was —0.86 (p = 0.006). Moreover, when IL-4 was entered into the
regression model, IL-4 accounted for an additional 16.9% of the variance
in tremor scores, and the standardized regression weight associated with
IL-4 was 0.52 (p = 0.02) (Table 2.)

Exploratory Analysis 1 included participants with PD not taking ste-
roidal anti-inflammatory medication. Exploratory Analysis 2 included
participants with PD not taking steroidal anti-inflammatory medication
or treated with NSAIDs, including low doses of aspirin.

5. Discussion

The present study assessed associations between peripheral inflam-
mation and PD symptomatology. Inflammatory markers, specifically
TNF-a, IFN-y, IL-1p, IL-8, IL-2, IL-7, IL-5, IL-13, IL, 4, IL-10 IL-12p70, GM-
CSF, and IL-6 and cardinal motor symptoms of PD, specifically, tremor,
bradykinesia, and postural and gait instability, were assessed. Our results
are in keeping with our hypothesis that when compared to healthy older
adults, peripheral inflammatory cytokines were higher in persons with
PD. Additionally, regression analyses showed that peripheral inflamma-
tion markers predict the severity of tremor, but not bradykinesia,
posture, and gait instability in persons with PD. Moreover, even when
controlling for medications that impact immune response, the same
serum cytokines predict the severity of tremor.

The finding that participants with PD have significantly higher levels
of IL-6 than healthy older adults substantiate earlier observations of IL-6
alterations in the peripheral nervous system (Chen et al., 2008; Dobbs
et al., 1999; Kwiatek-Majkusiak et al., 2020; Lindqvist et al., 2012; Reale
et al., 2009; Scalzo et al., 2010), and CSF (Blum-Degen et al., 1995; Mogi
et al., 1994; Miiller et al., 1998) of persons with PD. The role of
inflammation in PD has led researchers to examine the effects that pe-
ripheral inflammation has on the central nervous system (CNS) of per-
sons with PD. Specifically, the effects that leukocytes have on the CNS
inflammatory response, as T-lymphocytes and monocytes have been re-
ported to cross from the periphery to initiate or participate in the CNS
immune response (Brochard et al., 2009; Garré and Yang, 2018; Hemmer
et al., 2004; Wijeyekoon et al., 2018). In animal models, both protective
and detrimental effects of IL-6 have been reported. Conroy et al. (2004)
showed that chronic exposure to IL-6 during neuronal development can
lead to cell damage and death in a subpopulation of developing granule

neurons (Conroy et al., 2004). On the other hand, a neuroprotective ef-
fect of IL-6 was observed in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP)-induced parkinsonian mice. According to Bolin et al.
(2002), in the absence of IL-6 (IL-6 (—/—) mice), a single injection of
MPTP resulted in striatal dopamine depletion. Per the authors, this result
suggests that IL-6 may be involved in neuroprotective mechanisms in the
MPTP-lesioned nigrostriatal system (Bolin et al., 2002). Thus, enhanced
circulating levels of IL-6 may be pro-inflammatory, leading to the pro-
gression of PD pathophysiology, or anti-inflammatory providing protec-
tion against other pro-inflammatory mechanisms.

Likewise, cytokines IL-4 and IFNy which in our study predicted a
substantial part of the variance in tremor scores may have dual functions in
the CNS, even when controlling for medications that impact immune
response. For example, IL-4 has been linked to the death of activated
microglia and neuronal survival (Park et al., 2005). On the other hand, IL-4
was also shown to promote neurodegeneration in LPS treated rats
(pro-inflammatory) by contributing to microglial activation, production of
IL-18, and disruption of the blood-brain barrier (Bok et al., 2018).
Although IFN-y has been associated with the death of dopaminergic neu-
rons in models of PD (Barcia et al., 2011; Chakrabarty et al., 2011; Wang
et al., 2015), in other neurodegenerative disease models, such as AD, IFNy
can increase the proliferation of neural precursor cells or enhance neuro-
genesis (Baron et al., 2008; Kulkarni et al., 2016; Mastrangelo et al., 2009).
Thus, in order to establish a specific mechanism, additional experiments
need to be conducted. Nonetheless, our findings support the view that
there is an abnormal peripheral inflammatory immune response in persons
with PD that predict specific motor symptoms.

Levels of IL-4, IL-5, and IL-13, albeit not significant, were higher in
healthy older adults than in persons with PD (Fig. 2C). However, effect
sizes for IL-5 and IL-13 were moderate (small effect size = 0.10, medium
effect size = 0.30, and large effect size = 0.50). In the peripheral blood of
persons with PD, irregularities in T-cell subsets are abundant. In partic-
ular, numbers of CD4" T-cells have been shown to be reduced (Jiang
et al., 2017), whereas numbers of CD8" T-cells are unchanged. CD4"
T-cells differentiate into effector subtypes corresponding to different
inflammatory states. Generally, CD4" T-cells are divided into
pro-inflammatory (Thl and Th17) and anti-inflammatory (Th2 and
Tregs), each producing a unique set of pro-and anti-inflammatory cyto-
kines (Supplemental Table 1.). Kustrimovic and collaborators have
recently indicated that there is a Thl bias in the blood of patients with
PD, with a reduction in the number of Th17, Th2, and Tregs (Kustrimovic
et al., 2018). This Th1-bias combined with lower levels of IL-4, IL-5, and
IL-13 reported in our study may contribute to the pro-inflammatory
environment seen in persons with PD.

In this study, higher levels of IL-4 and lower levels of IFNy predicted
more severe tremors scores. This finding is further supported by the work
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conducted by Lian et al. (2019). In their study, Lian and colleagues reveal
that inflammation, especially IL-6-induced, in both the peripheral and
central nervous system may play a critical role on tremor-dominant
persons with PD (Lian et al., 2019). However, there were no predictors
of other motor symptoms. According to the literature, tremor does not
progress at the same rate (Louis et al., 1999) or correlate with other PD
motor symptoms (Louis et al., 2001). Moreover, tremor does not respond
well to dopaminergic treatment (Fishman, 2008; Koller et al., 1994).
Thus, tremor may be considered an independent symptom (Helmich
et al., 2012), and inflammatory cytokines, or lack thereof, may be
involved in the production and/or progression of select motor symptoms
of PD (i.e., tremor). Nonetheless, our data suggest that peripheral in-
flammatory cytokines are associated with clinical motor symptoms in PD,
thus corroborating a growing body of literature that implicates inflam-
matory cytokines in the progression of PD and symptomatology (Barcia
et al., 2011; Reale et al., 2009; Scalzo et al., 2010; Williams-Gray et al.,
2016).

In summary, peripheral immune cytokines have been implicated in PD
pathophysiology and symptomology. In this study, we found that partici-
pants with PD have significantly higher levels of IL-6 than healthy older
adults. We also found significant associations between IL-4, IFNy, and
tremor in persons with PD, even when controlling for health status by
removing persons that were on medications that impact immune response
from our exploratory regression analysis. The relationship between those
cytokines and tremor scores was particularly strong. These data, therefore,
suggest that peripheral inflammatory cytokines, or lack thereof, may be
involved in the neurobiology behind the initiation and/or maintenance of
tremor, an important motor symptom in PD. Further study of these re-
lationships could yield important clues to the pathophysiology, course, and
treatment of motor symptoms in persons with PD.

5.1. Limitations

Despite some limitations, such as being subjective, the MDS-UPDRS
scale has several strengths and is considered the reference standard for
disability and impairment measures amongst persons with PD. Several of
the individuals comprising the control group were spouses of the par-
ticipants with PD. One may speculate that some of the individuals in the
control group may have been subjected to caregiver stress that could
potentially have influenced their cytokine levels. In our study, 64.40% of
healthy older adults, and 73.07% of persons with PD were on anti-
inflammatory medications, potentially influencing cytokines levels.
Nevertheless, differences were found between the two groups. Addi-
tionally, by using a stepwise regression procedure to identify factors that
predicted clinical motor scores in persons with PD, there is the possibility
of capitalizing on the chance characteristics of this sample. Nonetheless,
given the evidence implicating inflammatory cytokines in PD sympto-
mology, the results are intriguing and clearly warrant replication as they
could point to pathophysiologic processes that are involved in the pro-
duction of these symptoms. All participants were tested on anti-
parkinsonian medication. The effect of dopaminergic medication on
inflammatory cytokines in persons with PD remains unknown. Thus,
studies should examine the possible mechanism of L- DOPA involving
cytokines in persons with PD. Future studies are needed to identify the
cell source of the significant cytokines revealed in this study and to verify
serum cytokine concentration with multiple approaches such as RT-PCR
or flow cytometry to determine the contribution of specific immune cell
populations. Nonetheless, these preliminary results provide additional
information regarding the association between peripheral inflammatory
cytokines and clinical motor symptoms in persons with PD.

6. Conclusion
Delineating the relationship between inflammation and clinical

motor symptoms of PD will increase our understanding of the mecha-
nisms underlying PD pathophysiology and symptomatology and may
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provide a stepping-stone to allow for the use of anti-inflammatory
medications currently available to aid in the alleviation of PD specific
motor symptoms.
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