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1 | INTRODUCTION

Progressive degeneration of dopaminergic neurons projecting from the

substantia nigra (SN) is a pathological hallmark of Parkinson's disease

| Justin D. Yssel | Caoimhe McNamara | Andrew Harkin

Background and Purpose: Chronic inflammation may play a role in the pathogene-
sis of Parkinson's disease (PD). Noradrenaline is an endogenous neurotransmitter
with anti-inflammatory properties. In the present investigation, we assessed the
immunomodulatory and neuroprotective efficacy of pharmacologically targeting the
CNS noradrenergic system in a rat model of PD.

Experimental Approach: The impact of treatment with the B,-adrenoceptor ago-
nists clenbuterol and formoterol was assessed in the intranigral LPS rat model of
PD. The immunomodulatory potential of formoterol to influence the CNS response
to systemic inflammation was also assessed.

Key Results: LPS-induced deficits in motor function (akinesia and forelimb-use
asymmetry) and nigrostriatal dopamine loss were rescued by both agents. Treatment
with the noradrenaline reuptake inhibitor atomoxetine reduced striatal dopamine loss
and motor deficits following intranigral LPS injection. Co-treatment with the f,-
adrenoceptor antagonist ICI 118,551 attenuated the protective effects of
atomoxetine. Systemic LPS challenge exacerbated reactive microgliosis, IL-1p produc-
tion, dopamine cell loss in the substantia nigra, nerve terminal degeneration in the
striatum, and associated motor impairments in animals that previously received
intranigral LPS. This exacerbation was attenuated by formoterol treatment.

Conclusion and Implications: The results indicate that pharmacologically targeting
B>-adrenoceptors has the propensity to regulate the neuroinflammatory phenotype
in vivo and may be a potential neuroprotective strategy where inflammation contrib-
utes to the progression of dopaminergic neurodegeneration. In accordance with this,
clinical agents such as B>-adrenoceptor agonists may prove useful as immunomodula-
tory agents in the treatment of neurodegenerative conditions associated with brain

inflammation.

(PD) associated with motor impairment (Dickson, 2012). Microglial
activation and release of pro-inflammatory cytokines promote oxida-
tive stress and toxicity are widely considered to contribute to the

degeneration of the nigrostriatal tract (McGeer & McGeer, 2004,

Abbreviations: CDé68, cluster of differentiation 68; DSP4, N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine; Ibal, ionised calcium binding adaptor molecule 1; IL-1RA, IL-1 receptor antagonist; LC,
locus coeruleus; PD, Parkinson's disease; SN, substantia nigra; 6-OHDA, 6-hydroxydopamine
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Tansey & Goldberg, 2010). Inflammatory-based models of PD such as
intranigral administration of the bacterial endotoxin and immune stim-
ulus LPS simulate this process and provoke degeneration of dopamine
neurons in the SN (Hoban et al., 2013; Yssel, O'Neill, Nolan, Connor, &
Harkin, 2018).

Previous reports have indicated that the endogenous catechol-
aminergic transmitter noradrenaline suppresses the inflammatory
response and production of neurotoxic substances including TNF-a,
IL-1B, and NO in the brain (Feinstein et al., 2002; McNamee, Ryan,
Kilroy, & Connor, 2010; Ryan et al., 2013). Moreover, noradrenaline
negatively regulates the IL-1 system in glial cells via up-regulation of
IL-1 receptor antagonist (IL-1RA) and the IL-1 receptor, Type Il decoy
receptor in vitro (McNamee, Ryan, Kilroy, & Connor, 2010) and in vivo
(McNamee, Griffin, Ryan, et al., 2010) and raises CNS expression of
the broad-spectrum anti-inflammatory cytokine IL-10 and its down-
stream signalling molecule suppressor of cytokine signalling 3
(McNamee, Ryan, Griffin, et al., 2010). Noradrenaline reuptake inhibi-
tors inhibit microglial activation and production of inflammatory medi-
ators TNF-a and NO and inhibit activation of the inflammatory
transcription factor NF-kB in rat brain (O'Sullivan, Ryan, Curtin, Harkin,
& Connor, 2009). More recently, we have determined that treatment
of rats with the noradrenaline reuptake inhibitor atomoxetine yields
a robust anti-inflammatory effect, suppressing microglial activation
and TNF-a expression, whilst preventing loss in TH positive (TH")
dopamine neurons and resulting in functional improvement in motor
deficits in the LPS inflammatory model of PD in rats (Yssel et al,
2018). These results have confirmed that pharmacological enhance-
ment of noradrenergic tone has the propensity to regulate the
neuroinflammatory phenotype in vivo and act as an endogenous neu-
roprotective mechanism where inflammation contributes to the pro-
gression of dopamine loss.

The B,-adrenoceptor is a G protein-coupled noradrenaline recep-
tor subtype expressed post-synaptically on neurons and also on
microglial and astrocytic cells (Tanaka, Kashima, Suzuki, Ono, &
Sawada, 2002). In the periphery, activation of B,-adrenoceptors leads
to relaxation of smooth muscles in the lungs, bronchodilation and
vasodilation of blood vessels (Barisione, Baroffio, Crimi & Brusasco,
2010; Guimaraes and Moura, 2001). Stimulation of B,-adrencptors
(a) activates adenylyl cyclase which raises intracellular cAMP leading
to (b) activation of PKA which in turn phosphorylates cAMP-
response element binding protein and (c) induces de novo synthesis
of the NF-kB inhibitory protein IkBa (and possibly preventing its
phosphorylation), thus stabilising cytosolic levels of IkBa which (d)
inhibits transcriptional activity of NF-kB by preventing its transloca-
tion into the nucleus, ultimately (e) decreasing pro-inflammatory gene
expression. Downstream signalling through ,-adrenoceptors inhibits
microglial activation and reduces pro-inflammatory cytokine produc-
tion (Farmer & Pugin, 2000; Kin & Sanders, 2006; van der Poll, Jan-
1994). The Bo-
adrenoceptor agonist salmeterol elicits anti-inflammatory and neuro-

sen, Endert, Sauerwein, & van Deventer,
protective effects in the CNS and inhibits dopamine neuron loss
induced by LPS in vitro and in vivo (Qian et al., 2011). Clenbuterol

is a brain penetrant B,-adrenoceptor agonist used in the treatment
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What is already known
e Noradrenaline exerts putative anti-inflammatory effects

in the CNS via activating $,-adrenoceptors.

e The selective Bs-adrenoceptor agonist formoterol is
currently prescribed for the treatment of asthma in
humans.

What this study adds
e Treatment with formoterol inhibits microglial activation
and attenuates the loss of nigrostriatal dopamine

neurons.

e Formoterol prevents the progression of dopamine loss
and motor dysfunction in response to systemic

inflammation.

What is the clinical significance

e Pharmacologically targeting [,-adrenoceptors  for

immunomodulation may confer disease-modifying

effects in the treatment of Parkinson's disease.

of respiratory disorders including asthma and chronic obstructive pul-
monary disease (Baronti, Grieco, & Vibelli, 1980; Boner et al., 1988)
and has been shown to have neuroprotective properties both
in vitro and in vivo by reducing apoptosis induced by the excitotoxin,
kainic acid (Gleeson, Ryan, Griffin, Connor, & Harkin, 2010; Semkova,
Schilling, Henrich-Noack, Rami, & Krieglstein, 1996), in rodent models
of cerebral ischaemia (Culmsee et al., 2004; Culmsee, Stumm,
Schéfer, Weihe, & Krieglstein, 1999; Junker et al., 2002; Semkova
et al., 1996; Zhu, Culmsee, Semkova, & Krieglstein, 1998) and in a
murine model of motor neurone disease (Teng et al., 2006). Pretreat-
ment with clenbuterol attenuates expression of the pro-inflammatory
molecules IL-16, IFN-y, and inducible NOS in the kainic acid model of
excitotoxicity (Gleeson et al., 2010) and suppresses NF-kB activity
and expression of the NF-kB-inducible genes TNF-a and ICAM-1 in
response to bacterial LPS (i.c.v.) in rats, whilst concurrently elevating
expression of the NF-kB-inhibitory protein IkBa (Ryan et al., 2013).
Formoterol is a long-acting, highly selective B,-adrenoceptor agonist
which, in conjunction with the anti-inflammatory corticosteroid
budesonide, is in clinical use as an FDA-approved metred dose
inhaler for the treatment of asthma and airflow obstruction in
patients with chronic obstructive pulmonary disease (Rosenhall
et al., 2002). Formoterol has a rapid onset of action and acts locally
as a long-acting bronchodilator with anti-inflammatory effects on
mast cells in the lungs. It has a minimal adverse effects profile and
is safe to use for prolonged periods of time in humans (Rosenhall
et al., 2003). Due to its lipophilicity and high selectivity as a Bo-
adrenoceptor agonist, formoterol is blood-brain barrier permeant
and can enter the CNS parenchyma to exert potent immunomodula-
tory effects on glial cells with potential for disease modifying out-
comes where inflammation is implicated.
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In the present investigation, the immunomodulatory and neuropro-
tective efficacy of pharmacologically targeting B,-adrenoceptors
directly with both clenbuterol and formoterol, to inhibit microglial acti-
vation and protect against the onset and development of dopamine
loss and motor deficits in response to intranigral LPS, was investi-
gated. Microglia are susceptible to react more vigorously to a subse-
quent immune stimulus of systemic origin with indelible neurotoxic
consequences (Perry & Holmes, 2014), and as such, the ability of
formoterol to influence the CNS response to a subsequent systemic

LPS stimulus was also investigated.

2 | METHODS

2.1 | Animals

All animal experiments were conducted in compliance with the Euro-
pean directive 2010/63/EU on the protection of animals used for sci-
entific purposes, approved by the Animal Research Ethics Committee
in Trinity College Dublin and performed under licence granted by the
Health Products Regulatory Authority. Animal studies are reported in
compliance with the ARRIVE guidelines (Kilkenny, Browne, Cuthill,
Emerson, & Altman, 2010) and with the recommendations made by
the British Journal of Pharmacology. Male Wistar rats aged 6-8 weeks
(220-250 g) were obtained from the Comparative Medicine Unit
(TCD) and housed two per cage in hard-bottomed polypropylene
cages with stainless steel wire tops and wood shaving used as bed-
ding. Animals were kept in climate-controlled rooms set to 21°C (+2°
C) with relative humidity levels of 50%, on a 12:12-hr light-dark cycle
and were allowed food and water ad libitum.

2.2 | Experimental design

2.2.1 | Experiment 1: Anti-inflammatory and neuro-
protective effects of clenbuterol or formoterol follow-
ing intranigral LPS administration in rats

Adult male Wistar rats (n = 60) were allocated randomly into the fol-
lowing six treatment groups: (a) vehicle + vehicle, (b) vehicle + clenbu-
terol, (c) vehicle + formoterol, (d) LPS + vehicle, (e) LPS + clenbuterol,
and (f) LPS + formoterol n = 10 per group. All experiments were
designed to generate treatment groups of equal size using
randomisation and blinded analysis. Sample size estimation was con-
ducted via power analysis (GPower 3.1) from previous data sets. Rats
received a unilateral stereotaxic injection of LPS (10 ug/2 pl) or vehicle
(sterile PBS) into the SN. Four hours following surgery, rats received an
i.p. injection of the B,-adrenoceptor agonist clenbuterol (100 ug-kg™1),
formoterol (100 pg-kg™2), or saline vehicle (0.89% [w/v] NaCl) and then
once daily (g.d.) thereafter for 7 days. Behavioural testing in the stair-
case, stepping, and cylinder tests were conducted at 7 and 13 days
post-LPS. On the following day, rats were killed either by transcardial
perfusion fixation for post mortem immunohistochemical analysis of

the brain or decapitated followed by brain retrieval, dissection, and

subsequent analysis of midbrain and striatal tissue dopamine
concentrations.

Drugs are administered for 7 days after intranigral LPS administra-
tion to test their effect on microglial activation, the onset of dopami-
nergic neuropathology, and the development of motor deficits in the
model. This is consistent with the treatment regimen described in pre-
vious published work from the group to date in respect of targeting
the noradrenergic system in the LPS rat model of PD (Yssel et al.,
2018). Furthermore, cessation of formoterol treatment after 7 days
allows for the assessment of long-withstanding anti-inflammatory
and neuroprotective action in the absence of acutely administered
drug. This, in turn, further confirms the anti-inflammatory and neuro-
protective potential of treatment in rats exhibiting PD-related neuro-
pathology and motor deficits.

2.2.2 | Experiment 2: Neuroprotective effects of
atomoxetine following intranigral LPS administration in
rats; impact of pretreatment with the B,-AR antagonist
ICI 118,551

Previously, we reported anti-inflammatory and neuroprotective
properties of atomoxetine in the LPS rat model of PD (Yssel et al.,
2018). A role for the B,-adrenoceptor in mediating these effects is
assessed in support of specifically targeting this receptor in the
model. Adult male Wistar rats (n = 50) were allocated randomly into
the following five treatment groups: (a) vehicle + vehicle, (b)
LPS + vehicle, (c) LPS + atomoxetine, (d) LPS + ICI 118,551, and (e)
LPS + atomoxetine/ICl 118,551 n = 10 per group. Sample size estima-
tion was conducted via power analysis (GPower 3.1) from previous
data sets. Rats received a unilateral stereotaxic injection of LPS
(10 pg/2 wl) or vehicle (sterile PBS) into the SN. Four hours following
surgery, rats received an i.p. injection of atomoxetine (3 mg-kg™?), the
B,-AR antagonist ICI 118,551 (5 mgkg™), a combination of
atomoxetine + ICl 118,551, or saline vehicle (0.89% [w/v] NaCl) and
then twice a day (b.i.d.) thereafter for 7 days. ICI 118,551/vehicle
was administered 30 min before atomoxetine. Two weeks following
LPS administration, animals were killed by decapitation and brain
retrieved and dissected for subsequent analysis of tissue dopamine
concentrations.

2.2.3 | Experiment 3: Effect of formoterol on
intranigral LPS-induced neuropathology and motor
dysfunction following subsequent systemic LPS
administration

Adult male Wistar rats (n = 48) were randomly assorted into eight
treatment groups via block randomisation to prevent bias and achieve
balance in the allocation of rats to their respective treatment groups:
(a) Sham + vehicle + saline, (b) Sham + LPS + saline, (c) LPS + vehi-
cle + saline, (d) LPS + LPS + saline, () Sham + vehicle + formoterol,
(f) Sham + LPS + formoterol, (g) LPS + vehicle + formoterol, and (h)
LPS + LPS + formoterol n = 8 per group. Sample size estimation

was conducted via power analysis (GPower 3.1) from previous data
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sets. Rats received a unilateral intranigral injection of LPS (10 ug/2 pl)
or vehicle (2-ul 0.89% sterile saline). Rats were subsequently chal-
lenged with bacterial LPS (250 pg-kg™? i.p.) or vehicle control (sterile
saline) 4 weeks post-intranigral LPS administration (Day 28). Treat-
ment with formoterol (100 pg-kg™! i.p.) or saline commenced 4 hr fol-
lowing systemic LPS challenge and continued once daily (i.p.) for
7 days. Behavioural testing in the staircase, stepping, and cylinder
tests were conducted 6 weeks post-intranigral LPS administration
(Day 42). Rats were killed by transcardial perfusion fixation in prepa-
ration for immunohistochemical analysis or decapitated followed by
brain retrieval and dissection for analysis of tissue dopamine

concentrations.

2.3 | Stereotaxic surgery

Rats were anaesthetised with the gaseous anaesthetic isoflurane
(induction at 5% and maintenance at 2% in 1.5 L-min~* O,) and posi-
tioned in a stereotaxic apparatus (David Kopf Instruments, Tujunga,
CA). LPS (10 pg in 2 ul of 0.89% sterile NaCl solution [saline];
Escherichia coli: serotype 0111:B4; Sigma-Aldrich, Ireland) or vehicle
(2-l sterile saline) was injected unilaterally into the SN at coordinates
AP 5.3 mm, ML £ 2.0 mm, and DV 8.5 mm from bregma according to
The Rat Brain in Stereotaxic Coordinates (Paxinos & Watson, 1986).
For all injections, a Hamilton® Neuros syringe (7002 KH SYR;
Hamilton, Switzerland) was used. Following surgery, the incision was
closed using surgical adhesive, and rats were individually housed for
a few hours to aid recovery.

2.4 | Staircase test of skilled motor function

The staircase test was conducted to assess skilled motor function as
previously described (Montoya, Campbell-Hope, Pemberton, &
Dunnett, 1991; Yssel et al., 2018). Briefly, rats were placed inside
the staircase apparatus containing food pellets on an ascending stair-
well, and the number of ipsilateral and contralateral forelimb retrievals
of food pellets were recorded on video over a 10 min period for anal-
ysis of skilled motor function. These recordings were analysed to
determine three parameters: (a) the number of successful reaching
attempts made, (b) the number of unsuccessful attempts made, and
(c) the number of pellets eaten using the tongue. Following this data
collection, the success rate was calculated for each limb by experi-
menters blinded to the experimental treatment groups, as the number
of successful reaching attempts expressed as a percentage of total
attempts made.

2.5 | Stepping test of forelimb akinesia

The stepping test was conducted as a measurement of forelimb
akinesia and was performed as previously described (Olsson, Nikkhah,
Bentlage, & Bjorklund, 1995; Yssel et al., 2018). Rats were held by
the experimenter, blinded to the experimental treatment groups, with
both hands so that three limbs (two hind limbs and one forelimb)

were immobilised leaving the remaining forelimb unrestrained.
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Holding the rat perpendicular to a table's edge, with the free paw
touching the table, the rat was directed lengthways (90 cm in 5 s)
forward and backward, and the number of adjusting steps that
contacted the table top was recorded in the forehand and backhand
direction for each limb. The number of steps made by the contralat-
eral limb in both the forehand and backhand direction was expressed
as a percentage of the total number of steps made by both limbs in

each direction.

2.6 | Cylinder test of asymmetric limb use

The cylinder test was conducted as a measurement of forelimb-use
asymmetry as previously described (Schallert, Fleming, Leasure,
Tillerson, & Bland, 2000). Briefly, rats were placed in an empty,
transparent plexiglass cylinder and allowed to freely explore for
5 min. The number of forelimb wall placements made upon rearing
was recorded by two independent observers blinded to the experi-
mental treatment groups. Wall placements were recorded as “left
limb,” “right limb,” or “simultaneous” (if the rat placed both paws
against the wall of the cylinder at the same time) upon rearing. The
number of wall placements made with the contralateral forelimb
was expressed as a percentage of the total number of wall place-
ments made.

27

HPLC coupled to electrochemical detection

Following decapitation, brains were quickly removed and the striatum
and midbrain (containing the SN) were hand-dissected on wet ice
using Palkovits and Brownstein brain atlas (1988) for reference. Dopa-
mine concentrations in the midbrain and striatum were measured as
previously described (Yssel et al., 2018). In brief, peak heights were
identified by retention times set to known biogenic amine standards,
and data were normalised for total wet weight of tissue sample.
Dopamine concentrations were quantified by electrochemical detec-
tion and analysis of the resulting chromatograms generated using a
Merck Hitachi D-2000 integrator. Inclusion of the internal standard
(N-methyl serotonin) in each sample allowed for correction of pro-
cessing losses. These data, together with the brain tissue weights,
were used to calculate the concentration of neurotransmitter in each
sample. Results are expressed in terms of neurotransmitter (ng) per

wet weight of tissue (g).

2.8 | Brain tissue processing and
immunohistochemistry

Rats were anaesthetised with urethane and transcardially perfused
with ice-cold PBS followed by 4% paraformaldehyde. Brains were
then removed and stored in 4% paraformaldehyde at 4°C for 2 days
followed by 30% sucrose solution until they sank; 30-um coronal
sections through the SN and striatum were sliced using a cryostat
(Leica, Germany) and stored in an anti-freeze solution. For analysis
of TH* neurons and activated microglia, sections were incubated in

1% hydrogen peroxide solution in 20% methanol for 20 min to block
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endogenous peroxide activity, washed (3x PBS rinses), and incubated
with blocking buffer (10% normal horse serum, 0.05% Triton X-100;
PBS for TH-immunolabelling or 10% normal rabbit serum, 0.05% Tri-
ton X-100; PBS for ionised calcium binding adaptor molecule 1
[Iba1]-immunolabelling) for 45 min. Slices were incubated overnight
with primary anti-TH antibody (mouse monoclonal from Millipore,
UK; MAB318, RRID:AB_2201528 used at 1:2,000) to label dopami-
nergic neurons in the SN and dopaminergic nerve fibres in the stria-
tum, or anti-lbal (polyclonal goat from Abcam, UK; ab5076, RRID:
AB_2224402 used at 1:2,000) to label nigral microglia or anti-cluster
of differentiation 68 (CDé68; monoclonal mouse from Santa Cruz
Biotechnology [KP1]: sc-20060, RRID:AB_627158 used at 1:500) to
label microglia/invading macrophage activation. The following day,
sections were washed (3x PBS rinses) and incubated with a biotinyl-
ated horse anti-mouse secondary antibody (1:200 in 3% normal
horse serum; PBS) for TH-labelling or CD68 immunostaining, or a
rabbit anti-goat secondary antibody (1:200 in 3% normal rabbit
serum; PBS) for lbal-immunolabelling for 90 min, followed by
another 3 x 5 min PBS rinses and then incubated with an avidin-
biotinylated peroxidase complex formulated in PBS for 90 min, as
described by the manufacturer (Vector Laboratories, UK). Following
this, brain sections were washed again (3 x 5 min in PBS) and incu-
bated with a 10% 3,3'-diaminobenzidine solution (in 0.4% hydrogen
peroxide; PBS). The sections were rinsed in PBS and mounted onto
gelatin-coated slides. The immuno-related procedures used comply
with the recommendations made by the British Journal of Pharmacol-
ogy (Alexander et al., 2018).

2.9 | Confocal immunofluorescence microscopy

For immunofluorescence staining of IL-1B, 30-um sections of the SN
were permeabilised in Triton-X 100 (0.1%) for 20 min, rinsed in PBS
(3 x 5 min), and incubated with blocking buffer (20% NGS, 0.05%
Triton-X 100; PBS) for 45 min. Sections were then incubated over-
night with primary anti-IL-1B (polyclonal rabbit, ab9722 Abcam, UK,
RRID:AB_308765 diluted 1:200 in 1% BSA; PBS). Sections were
rinsed in PBS (3 x 5 min) and incubated with the secondary antibody
(Alexa Fluor™ 488 goat anti-rabbit from Invitrogen, A11008 RRID:
AB_143165 diluted 1:1,000 in 1% BSA; PBS) for 2 hr in the dark. Sec-
tions were subsequently rinsed in PBS (3 x 5 min) and mounted onto
gelatin-coated slides with Vectashield mounting medium. Coverslips
were applied and sealed with nail varnish. Nigral sections were
visualised by fluorescent confocal microscopy (Zeiss LSM 510-META).
The primary antibody was omitted as a control for nonspecific binding
of the secondary antibody. No immunoreactivity was detected under
these conditions.

2.10 | Histological quantification

For analysis of nigral TH* cells and nerve fibres, Ibal* cells, and
CD68 immunoreactivity, images were taken using an Olympus
DRP72 camera mounted on an Olympus BX51 normal light micro-

scope and analysed using Image J software (Image J v1.38x; NIH,

USA, RRID:SCR_003070). TH* and Ibal* dopamine and microglial
cells respectively along with nigral CD68 immunoreactivity were
assessed in 10 30-um-thick serial sections of the SN per animal
(AP -4.80 to -6.04 mm from bregma) before the injection site, at
the injection site, and after the injection site to best represent extent
of the lesion. The area of TH immunoreactivity in the striatum was
evaluated in 20 30-um-thick serial sections of the SN per animal
(AP 1.60 to -0.92 mm from bregma) to assess dopaminergic nerve
fibre integrity. Images were converted to 8-bit, thresholded, and
the area of the striatum was delineated. Data were expressed as a
percentage of the intact side (contralateral hemisphere). The same
images used to assess nigral lbal immunoreactivity were also used
for the quantification of Ibal* amoeboid cells in the SN. Amoeboid
microglia were verified via perimeter analysis on Image J. In brief,
images were converted to 8-bit, a threshold was set, and the average
Ibal* cell perimeter length (um) of each cell per image was calcu-
lated. Images containing amoeboid cells with an enlarged cell soma
and lacking branching (unramified cells) were used for our analysis;
Ibal* cells that met these criteria were counted for each nigral image
per treatment group by an unbiased experimenter blind to the exper-
imental objectives. For analysis of nigral IL-1B expression, images
were taken using a fluorescent confocal microscope (Zeiss LSM
510-META) and analysed as before using Image J software. All
immunohistochemical data were expressed as a percentage of the
intact (un-lesioned) hemisphere. Tissue sections needed to be struc-
turally intact and sliced evenly so both hemispheres are at the same
AP position. Post-immunohistochemical staining, any tissue sections
that did not meet these requirements were excluded from the analy-
sis. Immunohistochemical analysis was performed by two experi-
menters blinded to the experimental treatment groups to reduce
any perceived bias.

2.11 | Data and statistical analysis

The optimum sample sizes and animal numbers were determined by
power analysis of pre-existing data. All data were analysed using
GraphPad Prism 8 (GraphPad Prism, San Diego, CA, RRID:
SCR_002798). Data distributions were tested for normality using a
Schapiro-Wilk test, and outliers were assessed using z-scores (any
z-score greater than 3 or less than -3 SDs from the mean were con-
sidered an outlier). All data were normally distributed. Immunohisto-
chemical data was expressed as a percentage of the intact side to
normalise the data and minimise unwanted sources of variation that
may arise with hemispheric staining procedures/intensity between
subjects. Statistical analysis was undertaken only for studies where
each group size was at least n = 5. The declared group size is the
number of independent values, and statistical comparisons were per-
formed using these independent values via ANOVA. The data were
analysed either by one-way ANOVA, two-way ANOVA, or three-
way ANOVA depending on the experiment. If significant changes
were observed following ANOVA (e.g., P < .05), the data were fur-
ther analysed using a Newman-Keuls post hoc test. For determining

whether groups differ, the level of probability (P) was set at P < .05
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for constituting the threshold for statistical significance. Results are
expressed as mean + SEM. The data and statistical analysis comply
with the recommendations of the British Journal of Pharmacology on
experimental design and analysis in pharmacology (Curtis et al,

2018).

2.12 | Materials

All drugs were injected via the i.p. route in an injection volume of
1 ml-kg™* apart from clenbuterol which was pre-dissolved at a concen-
tration of 30 pg-ml™1. Doses were as follows: Atomoxetine (3 mg-kg™*;
Eli Lilly and Co.), clenbuterol hydrochloride (100 pgkg™), and
ICl 118,551 (5 mgkg™
sterile saline. Formoterol hemifumarate (100 pg-kg™*; Tocris Biosci-
ence, UK) was prepared in 1% DMSO. Saline or 1% DMSO were used
as vehicle control where appropriate.

; MedchemExpress) were dissolved in 0.89%

2.13 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in http://www.guidetopharmacology.org, the com-
portal data the IUPHAR/BPS Guide
PHARMACOLOGY (Harding et al., 2018), and are permanently
archived in the Concise Guide to PHARMACOLOGY 2017/18
(Alexander et al., 2017).
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3 | RESULTS

3.1 | Clenbuterol and formoterol protect against

intranigral LPS-induced motor impairments

In the stepping test of forelimb akinesia, intranigral LPS injection
decreased the number of contralateral adjusting steps made in the
backhand and forehand direction at both 7 and 13 days post-
lesioning relative to vehicle-injected controls. Treatment with clenbu-
terol or formoterol attenuated the LPS-induced deficits in forelimb
kinesis at 13 days post-lesioning (Figure 1a+ b). In the cylinder test
of forelimb-use asymmetry, intranigral LPS decreased contralateral
wall placements made at 7 and 14 days post-lesioning relative to
vehicle-injected controls. Treatment with clenbuterol or formoterol
attenuated LPS-induced forelimb-use asymmetry at 13 days post-
lesioning (Figure 1c). In the staircase test of skilled motor function,
intranigral LPS decreased the contralateral success rate at 13 days
post-lesioning relative to vehicle-injected controls. Treatment with
formoterol attenuated LPS-induced skilled motor deficits at 13 days
post-lesioning (Figure 1d).

3.2 | Clenbuterol and formoterol protect against
nigrostriatal dopaminergic neurodegeneration

Exploratory analyses of anti-TH immunohistochemistry in the post
mortem SN and striatum revealed that intranigral LPS injection

decreased the number of TH" cells and the area of TH

Baseline 7 days 2 weeks
® Vehicle + saline
- LPS + Saline
-1° 4 “ ' A A 4 Vehicle + Clenbuterol
. . A L A
La.a Vehicle + Formoterol
< 1 ’
18 T“ & LPS + Clenbuterol
A ’ ’ ‘ ‘ LPS + Formoterol
T
Baseline 7 days weaks

FIGURE 1 B,-adrenoceptor activation attenuates LPS-induced motor dysfunction. (a) Stepping test of forelimb akinesia (forehand direction). (b)
Stepping test of forelimb akinesia (backhand direction). (c) Cylinder test of asymmetric limb use. (d) Staircase test of skilled motor function. The
effect of clenbuterol and formoterol treatment on motor function was assessed at baseline (pre-lesion), 7 days, and 2 weeks following intranigral

LPS administration. Treatment with clenbuterol (100 pg-kg™

Li.p.) or formoterol (100 pg-kg™*

i.p.) began 4 hr following LPS and continued for

7 days (g.d.). Intranigral LPS induced bidirectional forelimb akinesia in the stepping test, forelimb-use asymmetry in the cylinder test, and skilled
motor deficits in the staircase test. Treatment with clenbuterol and formoterol attenuated motor deficits in response to intranigral lesioning with
LPS. Data expressed as mean + SEM (n = 10), 'P < .05 compared to control via two-way repeated measures ANOVA with post hoc Newman-Keuls
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FIGURE 2 Clenbuterol and formoterol attenuate intranigral LPS-induced loss of nigrostriatal dopamine neurons. (a) TH* cell counts in the
substantia nigra. (b) Representative images of anti-TH immunostaining in the substantia nigra and ipsilateral striatum. (c) Area of TH
immunoreactivity in the striatum. (d) Midbrain dopamine concentrations measured via HPLC. (e) Striatal dopamine concentrations measured via
HPLC. The effect of clenbuterol and formoterol treatment was assessed on nigrostriatal dopamine neurons and midbrain and striatal dopamine
concentrations 2 weeks 14 days following intranigral LPS administration. Treatment with clenbuterol (100 pg-kg ™t i.p.) or formoterol (100 pg-kg ™t
i.p.) began 4 hr following LPS and continued for 7 days (g.d.). Intranigral LPS induced dopaminergic neurodegeneration along the nigrostriatal tract.
Treatment with clenbuterol and formoterol attenuated the loss of dopamine neurons and suppressed reductions in nigrostriatal dopamine content.
Data expressed as mean + SEM (n = 4 for immunoreactivity; n = 6 for dopamine concentrations), P < .05 via one-way ANOVA with post 14 days
following intranigral LPS administration. hoc Newman-Keuls

immunoreactivity in the SN and striatum respectively relative to (Figure 2a+ c). Treatment with formoterol, but not clenbuterol, atten-
sham-lesioned controls. Treatment with clenbuterol or formoterol uated the LPS-induced loss of TH* dopaminergic nerve fibres in the
attenuated the LPS-induced loss of TH* dopamine cells in the SN striatum (Figure 2b+ c).
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HPLC analysis of midbrain and striatal dopamine concentrations
revealed that intranigral LPS injection reduced nigrostriatal dopamine
concentrations relative to sham-lesioned controls. Treatment with
clenbuterol and formoterol attenuated the LPS-induced loss of mid-
(Figure 2d).
formoterol, but not clenbuterol, attenuated LPS-induced striatal dopa-

brain dopamine concentrations Treatment with
mine depletion (Figure 2e).

Preliminary analyses showed that intranigral LPS induced microglial
activation relative to vehicle controls as indicated by increased Ibal
immunoreactivity ipsilateral to the injection site. Treatment with
formoterol, but not clenbuterol, ameliorated LPS-induced microglial
activation (Figure 2f+ g) LPS

14 days following intranigral

administration.

3.3 | Atomoxetine protects against intranigral
LPS-induced dopamine loss and motor dysfunction in a
B>-adrenoceptor dependent manner

In the stepping test of forelimb akinesia, intranigral LPS injection
decreased the number of contralateral adjusting steps made in both
the forehand and backhand direction at 7 and 13 days post-lesioning
relative to vehicle-injected controls. Treatment with atomoxetine
attenuated LPS-induced bidirectional deficits in forelimb kinesis at
both 7 and 13 days post-lesioning. Co-treatment with the B,-
adrenoceptor antagonist ICl 118,551 abrogated the protective effects
of atomoxetine against LPS-induced forelimb akinesia in both the
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forehand and backhand direction at 7 and 13 days post-lesioning
(Figure 3a+ b). In the cylinder test of asymmetric limb use, intranigral
LPS decreased the number of contralateral wall placements made at
both 7 and 13 days post-lesioning relative to vehicle-injected con-
trols. Treatment with atomoxetine attenuated LPS-induced forelimb-
use asymmetry at 7 and 13 days post-lesioning. Co-treatment with
the B,-adrenoceptor antagonist ICl 118,551 abrogated the protective
effects of atomoxetine against LPS-induced forelimb-use asymmetry
at 7 days post-lesioning (Figure 3c). HPLC analysis of midbrain dopa-
mine concentrations revealed that intranigral LPS decreased dopa-
mine levels when assessed 13 days post-lesioning relative to
vehicle-injected controls. Treatment with atomoxetine attenuated
the loss of midbrain dopamine content. Co-treatment with the (-
adrenoceptor antagonist ICl 118,551 abrogated the protective effects
of atomoxetine against LPS-induced midbrain dopamine depletion
(Figure 3d).

3.4 | Formoterol protects against the progression of
motor impairments in response to systemic LPS
challenge

In the staircase test of skilled motor function, intranigral LPS injection
decreased the contralateral success rate relative to sham-lesioned
controls. Systemic LPS challenge exacerbated skilled motor deficits
in animals previously lesioned with intranigral LPS. Treatment with

*

alill

Baseline 7 days 13 days
* * ® Vehicle + saline
o LPS +saline
7 A LPS + Atomoxetine
£ LPS +1Cl 118,551

LPS + Atomoxetine + ICI 118,551

" )

FIGURE 3 Co-treatment with ICl 118,551 attenuates atomoxetine-mediated protection against LPS-induced motor deficits and reductions in
midbrain dopamine concentration. (a) Stepping test of forelimb akinesia (forehand direction). (b) Stepping test of forelimb akinesia (backhand
direction). (c) Cylinder test of asymmetric limb use. (d) Midbrain dopamine concentrations measured via HPLC. Treatment with atomoxetine

(3 mg-kg™L; i.p.) following intranigral LPS (10 pg) began 4 hr following surgery and continued for 7 days. ICI 118,551 (5 mg-kg™%; i.p.) was
administered 30 min prior to atomoxetine. Pharmacological antagonism of the B,-adrenoceptor with ICI1118,551 abrogated the protection against
intranigral LPS-induced dopamine loss and motor impairments afforded by treatment with atomoxetine. Data expressed as mean + SEM (n = 10 in
behaviour; n = 6 dopamine concentrations), P < .05 versus control via one-way (d) and two-way repeated measures ANOVA (a-c) with post hoc

Newman-Keuls
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FIGURE 4 Formoterol protects against progressive motor impairment in response to systemic LPS challenge. (a) Staircase test of skilled motor
function. (b) Cylinder test of forelimb-use asymmetry. (c) Stepping test of forelimb akinesia (forehand direction). (d) Stepping test of forelimb
akinesia (backhand direction). Intranigral LPS induced skilled motor deficits in the staircase test, forelimb-use asymmetry in the cylinder test, and
bidirectional forelimb akinesia in the stepping test at 6 weeks post-lesioning. Systemic LPS challenge exacerbated motor deficits in the staircase
test, cylinder test, and stepping test. Treatment with formoterol protected against the exacerbated decline in forelimb-use asymmetry and
forelimb akinesia. Data expressed as mean + SEM (n = 8) 'P < .05 compared to control via three-way ANOVA with post hoc Newman-Keuls

formoterol did not prevent exacerbations in skilled motor dysfunction
in response to systemic LPS challenge (Figure 4a).

In the cylinder test of asymmetric limb use, intranigral LPS injec-
tion reduced the number of contralateral wall placements made
relative to sham-lesioned controls. Systemic LPS challenge exacer-
bated forelimb-use asymmetry in animals previously lesioned with
intranigral LPS. Treatment with formoterol prevented advancements
in forelimb-use asymmetry in response to systemic LPS challenge
(Figure 4b).

In the stepping test of forelimb akinesia, intranigral LPS injection
reduced the number of contralateral adjusting steps made in both
the forehand and backhand direction relative to sham-lesioned con-
trols. Systemic LPS challenge exacerbated bidirectional forelimb
akinesia in animals previously lesioned with intranigral LPS. Treatment
with formoterol prevented exacerbations in forelimb akinesia in both
the forehand and backhand direction in response to systemic LPS
challenge (Figure 4c + d).

3.5 | Formoterol protects against exacerbations in
dopamine cell loss and nigrostriatal dopamine
depletion in response to systemic LPS challenge

Intranigral LPS alone and in combination with systemic LPS challenge
reduced the number of TH* dopamine cells in the SN by 61% and

83% respectively relative to vehicle-treated controls. Systemic admin-
istration of LPS alone had no effect on nigral TH* cell counts. Systemic
administration of LPS exacerbated the TH* dopamine cell loss within
the SN by 22% in animals previously treated with LPS centrally. Treat-
ment with formoterol did not restore the loss of TH* dopamine neu-
rons within the SN in response to intranigral LPS. Treatment with
formoterol prevented exacerbations in TH* cell loss within the SN in
intranigral LPS-lesioned rats subsequently exposed to systemic LPS
challenge relative to intranigral LPS + systemic LPS rats treated with
saline control (Figure 5a + e).

Intranigral LPS alone or in combination with a subsequent systemic
LPS challenge reduced TH* immunoreactivity in the striatum by 58%
and 88% respectively compared to sham-lesioned controls challenged
with saline. Systemic LPS alone had no effect on striatal TH" immuno-
reactivity but exacerbated the loss of TH* immunoreactivity observed
in the striatum by approximately 30% following intranigral LPS. Treat-
ment with formoterol did not restore intranigral LPS-induced loss of
striatal TH

intranigral LPS-induced TH* striatal denervation in response to subse-

immunoreactivity but prevented exacerbations of

guent systemic LPS challenge (Figure 5b + f).

Further exploratory analyses showed a reduction in midbrain dopa-
mine concentration in response to intranigral LPS injection. Systemic
LPS administration exacerbated midbrain dopamine depletion in

intranigral LPS-lesioned rats. Treatment with formoterol prevented
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FIGURE 5 Formoterol protects against exacerbations in nigrostriatal dopaminergic neurodegeneration and dopamine depletion in response to
systemic LPS challenge. (a) TH" cell counts in the substantia nigra. (b) TH immunoreactivity in the striatum. (c) Midbrain dopamine
concentrations measured via HPLC. (d) Striatal dopamine concentrations measured via HPLC. (e) Representative images for anti-TH
immunostaining in the substantia nigra. (f) Representative images of anti-TH immunostaining in the striatum intranigral administration of LPS
induced marked reductions in TH* dopaminergic cells in the SN, TH* dopaminergic neuronal fibre loss in the striatum, and depleted nigrostriatal
dopamine concentrations. Systemic LPS exacerbated dopamine neuronal loss in the SN, nerve terminal degeneration in the striatum, and
reductions in nigrostriatal dopamine concentrations in animals previously lesioned with intranigral LPS. Treatment with formoterol attenuated
systemic LPS-induced exacerbations in nigrostriatal dopaminergic neuronal loss and dopamine depletion observed in intranigral LPS-lesioned
animals. Scale bar = 200 um (s.nigra) and 800 um (striatum). Data expressed as mean + SEM (n = 5 immunoreactivity; n = 3 dopamine
concentrations), P < .05 versus control via three-way ANOVA with post hoc Newman-Keuls
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exacerbations in midbrain dopamine loss (Figure 5c). Similarly, there
was a reduction in striatal dopamine concentration in the intranigral
LPS group relative to sham-controls. Systemic LPS administration
exacerbated dopamine depletion in intranigral LPS-lesioned rats.
Treatment with formoterol prevented exacerbations in striatal dopa-
mine loss in intranigral LPS-lesioned rats subsequently challenged with
systemic LPS (Figure 5d).

3.6 | Formoterol inhibits microglial activation and
prevents enhanced microgliosis in response to
systemic LPS challenge

Intranigral LPS injection induced robust microglial activation as indi-
cated by increases in the area of Ibal immunoreactivity and
increased Ibal* amoeboid cell numbers relative to sham-lesioned

animals previously lesioned with intranigral LPS, as indicated by
expansion in the area of Ibal immunoreactivity and exacerbations
in the number of lbal* amoeboid cells. Treatment with formoterol
inhibited intranigral LPS-induced microglial activation and prevented
exacerbations in the area of Ibal immunoreactivity and the number
of Ibal™ amoeboid cells in response to a subsequent systemic LPS

challenge (Figure 6a-c).

3.7 | Formoterol ameliorates intranigral LPS-induced
increases in CD68 expression and attenuates the IL-1f
response to systemic LPS

Intranigral LPS injection increased the area of CD68 expression rela-
tive to sham-lesioned controls. Systemic LPS challenge exacerbated

CDé68 expression in animals previously lesioned with intranigral LPS.

controls. Systemic LPS challenge aggravated microglial activation in Treatment with formoterol attenuated intranigral LPS-induced
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FIGURE 6 Formoterol inhibits intranigral LPS-induced microglial activation and restrains aggravated microglial activation in response to systemic
LPS challenge. (a) Area of Ibal immunoreactivity in the substantia nigra. (b) Number of Ibal* amoeboid cells in the substantia nigra. (c)
Representative images of anti-lbal immunostaining in the substantia nigra. Intranigral LPS induced robust increases in Ibal* immunoreactivity and
clear morphological alterations in Iba1™ cells indicative of microgliosis 6 weeks following intranigral LPS administration. Subsequent systemic LPS
administration exacerbated nigral microgliosis and increased the number of Ibal®™ amoeboid cells in intranigral LPS-lesioned rats. Formoterol
reduced Ibal immunoreactivity in intranigral LPS-lesioned rats and suppressed the exacerbation of nigral microgliosis and increased number of
Ibal* amoeboid cells following subsequent systemic LPS challenge. Scale bar = 200 um (10x) and 50 um (20x). Data expressed as mean + SEM

’

(n =5), (P < .05) compared to control via three-way ANOVA with post hoc Newman-Keul



O'NEILL ET AL

BRITISH 293
PHARMACOLOGICAL
SOCIETY

® SN-Sham; SYS-VEH
. SN-Sham; SYS-LPS
- A SN-LPS; SYS-VEH
A A B
SN-LPS; SYS-LPS

(b)

—_
Q
~
.
*

1500 400 .

w

=

=
1

1000
200+

500 Al

CD68 immunoreactivity
(% of intact side)

IL-13 immunoreactivity
(% of intact side)

g

1
[ ¥
[
¥
L

>

%

SN- YS\PS;Saline
- - <
£ % N

—
SN-LPS; SYS'LPS; -

SN-SHam; SYS-Vehicle; SN-Sth??(S:LPSk
oterol e F/on:moterol Formoterol (

.. ,
X j/ X : K

(d)

SN-Sham; SYS-Vehicle;
Saline )

SN-Sham; SYS-Vehicle;
Formoterol A5

saline

SN-Sham; SYS-LPS;

SN-Sham; SYS-LPS;
Formoterol

SN-LPS; SYS-Vehicle; i

SN-LPS; SYS-LPS;
Formoterol

Formoterol

FIGURE 7 Formoterol attenuates exacerbations in intranigral LPS-induced CDé68 and IL-1 expression in response to subsequent systemic LPS
challenge. (a) Area of CD68 immunoreactivity in the substantia nigra. (b) IL-1B protein expression in the SN. (c) Representative images of anti-
CD68 immunostaining in the substantia nigra. (d) Representative images of IL-1B immunofluorescence in the substantia nigra. Intranigral LPS
increases CD68 and IL-13 immunoreactivity in the SN. Subsequent systemic LPS challenge exacerbates CD68 and IL-1p immunoreactivity in
intranigral LPS-lesioned animals. Formoterol attenuates nigral CD68 expression and mitigates the enhanced IL-1f3 response to systemic LPS
challenge in animals previously lesioned with intranigral LPS. Scale bar = 800 um (CDé68) and 200 um (IL-1B). Data expressed as mean + SEM
(n = 5), (P < .05) compared to control via three-way ANOVA with post hoc Newman-Keuls

immunoreactivity relative to sham-lesioned controls. Systemic LPS
challenge exacerbated IL-1f expression in animals previously lesioned
with intranigral LPS. Treatment with formoterol attenuated the

increases in CD68 expression and prevented exacerbations in CD68
expression levels in response to systemic immune challenge with LPS

(Figure 7a + c). Intranigral LPS injection increased the area of IL-1B



O'NEILL ET AL

294 BRITISH
PHARMACOLOGICAL
SOCIETY

exacerbated IL-1p response to systemic LPS challenge in animals pre-

viously lesioned with intranigral LPS (Figure 7b + d).

4 | DISCUSSION

The results of this investigation provide evidence in support of the use
of Bo-adrenoceptor agonists to restrict microglial activation and protect
against the onset and progression of dopamine neuronal cell loss and
related motor deficits provoked by central or systemic inflammation.
Treatment with formoterol attenuates the loss of TH* dopamine neu-
rons in the substantia nigra (SN) and striatal denervation, the concor-
dant depletion in midbrain and striatal dopamine concentrations, and
associated motor deficits in response to intranigral LPS in rats.
Formoterol also reduced LPS-induced microgliosis within the SN. Clen-
buterol produced similar albeit less robust effects and failed to signifi-
cantly attenuate TH" striatal denervation, dopamine depletion, deficits
in skilled motor function in the staircase test, and increased microgliosis
in response to intranigral LPS. Thus, formoterol conferred a more con-
summate level of protection against LPS-induced degeneration of the
nigrostriatal dopaminergic system and ensuing motor impairments,
which in turn was likely to be incumbent on significantly ameliorating
nigral microgliosis. Formoterol reportedly has a much greater affinity
for the B,—versus the Bi-adrenoceptor (Anderson, 1993), and as B,-
adrenoceptors are highly expressed on microglia (Tanaka et al., 2002),
this may explain the superior neuroprotective efficacy of formoterol
relative to that observed with clenbuterol. Formoterol was therefore
employed in subsequent experiments to assess its effects on the pro-
gression of dopamine loss and motor impairments induced by
intranigral LPS and a subsequent systemic LPS challenge.

Previously, treatment with the noradrenaline reuptake inhibitor
atomoxetine inhibits intranigral LPS-induced microglial activation and
ameliorates the loss of dopamine neurons in the SN, restricts dopami-
nergic nerve fibre degeneration in the striatum, and suppresses
nigrostriatal dopamine depletion, thus providing partial protection
against motor impairments (Yssel et al., 2018). In the current investiga-
tion, co-treatment of atomoxetine with the B,-adrenoceptor antago-
nist ICl 118,551 blocks the protective effects of atomoxetine, which
is consistent with the aforementioned protective effects of formoterol
and demonstrates a proposed B,-adrenoceptor dependent mechanism
underlying the neuroprotection observed.

Furthermore, prior intranigral LPS-induced degeneration of the
nigrostriatal tract predisposed to a heightened degree of reactive
microgliosis and IL-1f production in response to subsequent immune
challenge with systemic LPS. These findings are accompanied by an
exacerbated loss of TH™ nigrostriatal dopamine neurons and deficits
in motor function. Systemic LPS alone however did not induce dopa-
mine neuronal loss, nigrostriatal dopamine depletion, or motor dysfunc-
tion, as previously reported in mice (Byler et al., 2009). Other groups
have demonstrated that inflammatory priming of the SN with the viral
mimetic and toll-like receptor 3 agonist polyinosinic-polycytidylic acid
sensitises midbrain dopamine neurons and striatal nerve fibres to oxi-

dative stress-induced degeneration in response to subsequent intra-

striatal delivery of a low dose of 6-hydroxydopamine (6-OHDA) 12 days
later, findings which were ameliorated by systemic administration of
IL1-RA (Deleidi, Hallett, Koprich, Chung, & Isacson, 2010), highlighting
arole for IL-1 in exacerbating neuronal loss in response to a subsequent
neurotoxic insult. Indeed, a subtoxic, intranigral LPS injection shifts
primed microglia to a pro-inflammatory state, elevates nigral IL-1 pro-
duction and exacerbates prior intra-striatal 6-OHDA-induced degener-
ation of dopamine neurons, and increases the severity of motor deficits
in the stepping test of forelimb akinesia (Pott Godoy, Tarelli, Ferrari,
Sarchi, & Pitossi, 2008). Moreover, chronic systemic (i.v.) adenoviral-
mediated IL-1f expression commencing 7 days following intra-striatal
6-OHDA delivery promotes end-stage major histocompatibility com-
plex class II* microglial activation and exacerbates dopaminergic neuro-
nal loss in the SN, findings which were reversed upon administration of
IL-1RA. Thus, midbrain microglia are likely to be a major cellular source
of IL-1B production in the inflammatory-primed midbrain in response to
a subsequent systemic LPS challenge, which contributes to the exacer-
bated degeneration of proximal dopaminergic neurons and associated
motor impairments.

Treatment with formoterol restricted microgliosis in the SN, atten-
uated intranigral LPS-induced increases in IL-1B expression, and,
moreover, reduced the subsequent IL-1B response to systemic LPS
in intranigral LPS-lesioned rats. Furthermore, formoterol attenuated
the progression of TH* dopamine cell loss in the SN, striatal denerva-
tion, and the further deterioration of motor function associated with
systemic LPS challenge. Intranigral LPS-induced microglial activation,
IL-1B production, and dopaminergic neurodegeneration more exten-
sively pervade throughout the SN in response to systemic LPS chal-
lenge. Targeting B,-adrenoceptors with formoterol imbues an
intervening prophylactic mechanism to protect against the progression
of neurodegeneration and exacerbated decline in motor function asso-
ciated with systemic and central inflammation. Thus, it appears that
treatment with formoterol could be prophylactic against the progres-
sion of PD-related neuropathology and motor impairments induced
by inflammation, provided that it is administered in a timely fashion
relative to presentation of the inflammatory stimulus.

Degeneration of locus coeruleus (LC) noradrenergic neurons (up to
80%) and proceeding CNS noradrenaline depletion, as occurs in PD even
before the onset of dopaminergic neuronal loss and motor abnormalities
(Baloyannis, Costa, & Baloyannis, 2006; Zarow, Lyness, Mortimer, &
Chui, 2003), is a salient yet overlooked pathological feature of this
disease pathogenesis. Selective lesions of the LC-noradrenergic sys-
(DSP4)
exacerbate the loss of TH* dopaminergic neurons in the rodent SN

tem with N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine

in response to systemic LPS (5 mg-kg™! i.p.) administration (Jiang et al.,
2015). Reports (Li et al., 2018) have shown that administration of
DSP4 (50 mg-kg™! i.p.) induced a 34% loss of dopamine B-hydroxy-
lase-positive noradrenergic cells in the LC, leading to spatial learning
and memory deficits, aggravates striatal dopamine depletion, and
potentiates hypokinesia in response to a subsequent 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine regimen. Interestingly, DSP4-mediated
degeneration of LC-noradrenergic neurons and ensuing brain

noradrealine depletion is sufficient to initiate robust microglial
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activation and oxidative stress in vulnerable LC-innervated brain
regions, driving the sequential, progressive loss of TH* dopamine cells
in the SN followed by neuronal loss in the primary motor cortex and
hippocampus, akin to the discrete pattern of caudo-rostral neurode-
generation observed in PD patients (Song et al., 2019). Thus, the early
loss of LC-noradrenergic cell bodies and ensuing noradrenergic loss
may be a crucial process initiating chronic neuroinflammation and
the ascending pattern of neurodegeneration underlying PD progres-
sion. Noradrenaline, and indeed B,-adrenoceptor stimulation, may
exert crucial immunomodulatory and neuroprotective effects in PD
by restraining microglial activation and ameliorating neuroinflamma-
tion (O'Neill & Harkin, 2018). Indeed, a 7-day treatment regimen with
atomoxetine inhibits intranigral LPS-induced microglial activation and
midbrain TNF-a, IL-6, and IL-18 mRNA expression whilst up-
regulating brain-derived neurotrophic factor, cerebral dopamine neu-
rotrophic factor, and glial-derived neurotrophic factor gene transcripts
and attenuates the loss of TH* dopamine neurons in the SN, preserv-
ing nerve terminal degeneration in the striatum and abrogating
nigrostriatal dopamine depletion, leading to partial improvements in
motor function (Yssel et al., 2018).

More recently, the B,-adrenoceptor has been reported to regulate
the a-synuclein gene and relative a-synuclein protein abundance, a
major protein constituent of Lewy Body pathology in PD brains.
Salbutamol (also a brain-penetrant asthma medication) is associated
with a decreased risk of developing PD, and, conversely, blockade of
the B,-AR with the antagonist propranolol is associated with an
increased risk of developing PD (Mittal et al., 2017). Data from the same
study revealed that the B,-AR regulates the transcription of the human
a-synuclein gene SNCA through H3K27 acetylation (H3K27ac) of pro-
moters and enhancers in the human SNCA locus and that treatment with
selective B,-adrenoceptor agonist clenbuterol is correlated with a
decrease in H3K27ac levels and relative expression of SNCA mRNA
levels. Thus, B;-adrenoceptor agonists may also be particularly useful
pharmacological agents for alleviating the burdening manifestation of
aberrant a-synuclein-enriched Lewy Body pathology in PD patients.

Accumulation of a-syn in the brain is a pathological feature of PD
and leads to microglial activation, inflammatory cytokine production,
and neurodegeneration (Kirik et al., 2002; Theodore, Cao, McLean, &
Standaert, 2008; Xu et al., 2002). Given the importance of the B,-
adrenoceptor in regulating microglia and the a-SYN gene in driving
risk of PD, pharmacotherapies aimed at increasing noradrenergic tone
to ameliorate inflammation are likely to have therapeutic potential.
Long-term treatment with noradrenaline reuptake inhibitors repre-
sents a clinically feasible neuroprotective strategy in PD, as these
agents are currently used in the treatment of depression and attention
deficit hyperactivity disorder and are safe when taken for prolonged
periods (Michelson et al., 2003; Nelson, Mazure, Jatlow, Bowers, &
Price, 2004). Similarly, our current findings support the use of a B,-
adrenoceptor agonist (particularly formoterol) to slow/halt PD pro-
gression in instances where an inflammatory component is driving dis-
ease progression. What makes this potentially prospective PD
therapeutic even more promising is that formoterol is a widely used

FDA-approved treatment (marketed under brand name: Symbicort®
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as a metered dose inhaler) for asthmatics and chronic obstructive air-
way disease patients, and thus, it is also safe to use for prolonged
periods of time in humans. In clinical practice, such agents may pro-
duce shakiness (tremor) in humans but this is considered unrelated
to “Parkinsonian tremor” due to degeneration of the nigrostriatal
dopaminergic system. Indeed, formoterol could be a viable prophylac-
tic medication to slow disease onset and/or progression. In support of
this, it has recently been reported that individuals who take long-
acting B2-adrenoceptor agonists for asthma or chronic obstructive air-
way disease have a decreased risk of developing PD later in life,
whereas people who take a (,-adrenoceptor antagonist have an

increased risk of developing PD later in life (Mittal et al., 2017).
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