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Abstract

Exposure to the pesticide paraquat (PQ) increases the risk of Parkinson’s disease (PD), and its
effect may be modulated by genetic or other environmental factors. The neuropeptide PACAP
(pituitary adenylyl cyclase activating polypeptide, Adcyapl) has been shown to enhance tyrosine
hydroxylase (TH) and VMAT2 expression, protect dopaminergic (DA) neurons against the
neurotoxin 6-hydroxydopamine, regulate neuronal mitochondria, and inhibit inflammation.
Decreased expression of PACAP may thus interact with environmental factors such as PQ to
increase the risk of PD. To mimic a low level environmental exposure to PQ, wild type (WT) and
PACAP knockout (KO) mice were given a single [10 mg/kg] dose of PQ, a regimen that did not
induce loss of TH expression or DA neurons in WT mice. This treatment reduced the number of
TH-positive cell bodies in the substantia nigra pars compacta (SNpc) of PACAP KO. Because
inflammation is also a risk factor for PD, we performed a quantitative analysis of SNpc Iba*
microglia. As expected, PQ increased the number of larger microglial profiles, indicative of
activation, in WT mice. Strikingly, microglial activation was already evident in PACAP KO mice
in the basal state. PQ caused no further activation in these mice, although TNF-a gene expression
was enhanced. In the periphery, PQ had no effects on the abundance of proinflammatory Th1 or
Th17 cells in WT mice, but increased the numbers of anti-inflammatory regulator T cells (Tregs).
PACAP KO mice, in contrast, had elevated numbers of Th17 cells after PQ, and the induction of
Tregs was impaired. The results indicate that endogenous PACAP acts to maintain the integrity of
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dopaminergic neurons during exposure to PQ, an action that may be linked to its ability to regulate
microglia and/or other immune cells.
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Introduction

Parkinson’s disease (PD) is thought to develop as a result of an interplay between genetic
and environmental factors, and the identification of genetic factors that modulate an
individual’s sensitivity to environmental factors may lead to both a better risk assessment
and a better understanding of disease mechanisms (Hamza et al., 2012; Fitzmaurice et al.
2012; Ritz et al., 2012; Ritz et al., 2009) Epidemiological studies have shown that long-term
exposure to pesticides is associated with an increased risk of developing PD (Baldi et al.,
2003; Costello et al., 2009; Engel et al., 2001; Gorell et al., 2004; Tanner et al., 2011; Wang
et al., 2011). For example, exposure to paraquat, (PQ) a widely used pesticide, results in up
to 2.5 times the risk of developing PD in humans (Costello et al., 2009; Tanner et al., 2011)
and has been shown at some doses to induce selective dopaminergic (DA)
neurodegeneration in mice (Brooks et al., 1999; Fernagut et al., 2007; Peng et al., 2004).
Recently, inflammatory changes in the brain have also emerged as a possible risk factor in
sporadic PD. Activated microglia and/or proinflammatory cytokines interleukin (IL)-1, IL-6,
IL-8 and tumor necrosis factor (TNF)- have been identified in post-mortem PD brains
(McGeer et al., 1988; Mogi et al., 1994; Mogi and Nagatsu, 1999; Nagatsu et al., 20003, b)
and in living PD patients (Gerhard et al., 2006; Ouchi et al., 2009), although consequences
(harmful or protective) of such inflammatory events on dopaminergic neurons remain
controversial. Moreover, the use of non-steroidal anti-inflammatory drugs (NSAIDs) such as
ibuprofen is negatively correlated with disease risk in some studies suggesting that
suppression of the inflammatory response may be beneficial in preventing PD (Bower et al.,
2006; Chen et al., 2005; Ton et al., 2006), but only if started at least 5 years before the
clinical onset of manifest PD (Manthripragada et al., 2011). While not directly proven,
inflammation caused during pesticide exposure may be a contributing factor in the
development of PD later in life. In mice, it has been reported that a single exposure to PQ
induces activation of microglia even in the absence of observable DA neuron damage
(Purisai et al., 2007). Therefore, these studies suggest that a combination of exposure to
pesticides such as PQ and ensuing inflammation may be involved in the development and
pathogenesis of PD.

Pituitary adenylyl cyclase activating polypeptide (PACAP) is a neuropeptide expressed in
the rat brain at particularly high concentrations in the substantia nigra and nucleus
accumbens (Ghatel et al, 1993), and has been shown in numerous investigations to protect
dopaminergic and other neurons and non-neuronal cell types /n vitroand in vivo (reviewed
in (Reglodi et al., 2011) and (Reglodi et. al., 2012)). For example, PACAP reversed DA
neurodegeneration caused by 6-hydroxydopamine (6-OHDA\) in vitro and protected PC12
cell lines against 1-methyl-4-phenylpyridinium (MPP+) toxicity (Chung et al., 2005; Takei
et al., 1998). Furthermore, local pretreatment with PACAP in a unilateral 6-OHDA-induced
nigral degeneration model significantly improved behavioral alterations and rescued DA
neurons (Reglodi et al., 2004a; Reglodi et al., 2004b). Similarly, PACAP has been shown to
provide neuroprotection against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
induced toxicity in mice (Wang et al., 2008). PACAP was injected intravenously for 7 days
following 5 days MPTP treatment and ameliorated the effect of MPTP on tyrosine
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hydroxylase (TH) positive neurons and TH protein expression in the substantia nigra (Wang
et al., 2008). In addition to effects of PACAP on neuron survival, PACAP treatment of
cultured cells has been shown to promote several aspects of dopamine metabolism,
stimulating TH mRNA and protein expression in rat PC12 pheochromocytoma cells (Corbitt
et al., 1998), enhancing TH activity and dopamine synthesis (Houchi et al., 1995; Moser et
al., 1999), in part by increasing TH serine 40 phosphorylation (Bobrovskaya et al., 2007),
and by increasing dopamine uptake (Takei et al., 1998) and the expression of the vesicular
monoamine transporter (VMAT2) (Guillot et al., 2008;). Moreover, it was recently reported
that PACAP inhibited oxidative DNA stress /n vivo after transient global ischemia (Stetler et
al., 2010), and enhanced mitochondrial membrane potential in neuronal cultures along with
the expression of the master transcriptional co-regulator peroxisome proliferator-activated
receptor y co-activator la (PGCla) (Kambe and Miyata, 2012). Finally, an additional set of
studies has suggested that PACAP exerts some of its neuroprotective effects indirectly by
regulating inflammatory responses (Armstrong et al., 2008; Ohtaki et al., 2006; Tan et al.,
2009). In this regard, in addition to its aforementioned expression in the SN and striatum
which could regulate local inflammation, PACAP is also present in autonomic circuits
presumed to regulate inflammatory cells in lymph nodes and other peripheral immune sites
(Beaudet et al., 1993). Taken together, these properties of PACAP suggest that it may
modulate the effects of PQ on DA neurons. The demonstration of important modulatory
effects of PACAP would encourage assessing a role for PACAP and PACAP receptor
polymorphisms in modulating PD risk, especially in patients exposed to pesticides. In this
study we exposed PACAP knockout (KO) mice to a single dose of PQ to determine potential
protective actions of endogenous PACAP after exposure to this pesticide.

Materials and Methods

Animals

Male 2-3 month old PACAP KO (null at both alleles) and WT mice from the same colony,
both on a C57BL/6 background (Colwell et al., 2004) (backcrossed for at least 12
generations) were used in our experiments. The genotypes of all mice were determined by
polymerase chain reaction (PCR) amplification analysis of tail DNA at one month of age
and verified at the end of the experiment. Animals were housed and fed ad /ibitum at the
University of California at Los Angeles (UCLA) vivarium. All procedures were approved by
UCLA Animal Care and Use Committee (protocol 93-302) and conducted in accordance
with the guidelines in National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Treatment and tissue preparation

Two cohorts of mice received a single intraperitoneal injection of either saline or PQ
dichloride hydrate (10 mg/kg; Sigma-Aldrich, St. Louis, MO) and were sacrificed 7 days
later. The first cohort (n=6/group) were deeply anesthetized with sodium pentobarbital [100
mg/kg, intraperitoneal (ip)] and transcardially perfused with 0.1 M phosphate buffered saline
(PBS; 137 mM NacCl, 2.7 mM KClI, 4.3 mM NayHPOy, 1.47 mM KH,P0y4, pH 7.4),
followed by 4% paraformaldehyde (PFA). Brains were quickly removed, post-fixed with
PFA for 2 hours, cryoprotected in 30% sucrose in 0.1 M PBS, frozen on powdered dry ice
and stored at —80 C. Free-floating coronal sections (40 m) were cut on a cryostat and
collected for immunohistochemical analysis. The second cohort (n=6-9/group), used for
real-time RT-PCR assay, were deeply anesthetized and transcardially perfused with 0.1 M
PBS. Brains were quickly removed and placed on an ice-cold plate. Coronal blocks of the
substantia nigra (SN) were micro-dissected using an acrylic mouse brain slicer matrix with
1.0 mm coronal intervals (Mouse Brain Matrix, AL-1175; Roboz Surgical Instrument Co.,
USA). Tissue was frozen on powdered dry ice and stored at —80 C for mRNA analysis.
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Immunohistochemistry and stereological analysis of dopaminergic neurons in substantia

nigra

Every fourth section of the SN was processed for TH-immunoreactivity (TH-IR) as
described previously (Fernagut et al., 2007). Sections were washed with 0.1 M PBS,
incubated in 0.5% H»0, in methanol for 30 min (to inhibit endogenous peroxidase activity),
washed in PBS and blocked for 1 hour with 10% normal goat serum (NGS) and 0.5%
Triton-X in PBS. Sections were incubated with a polyclonal anti-TH (1:600; Pel Freez
Biologicals, Rogers, AR) diluted in 5% NGS and 0.5% Triton-X in PBS overnight at 4°C.
Sections were washed with PBS and incubated in biotinylated secondary goat anti-rabbit
1gG (1:1000 dilution; Vector Laboratories, Inc., Burlingame, CA) in 5% NGS in PBS.
Sections were washed in 0.1 M PBS and subsequently incubated in avidin-biotin complex
(ABC; Vector Laboratories, Burlingame, CA) for 45 minutes and washed again in 0.1 M
PBS followed by an incubation in 0.05 M Tris buffered saline (TBS) containing 3-3'diamino
benzidine (DAB; Sigma-Aldrich, St. Louis, MO) and 0.3% H,05, (Sigma-Aldrich, St. Louis,
MO) to reveal staining. Following the DAB reaction, all sections were mounted on charged
glass slides, counterstained in 0.5% Cresyl violet, dehydrated, cleared with xylene and
coverslipped with Eukit mounting medium (Calibrated Instruments, Hawthorne, NY).

TH positive neurons and Nissl stained neurons were counted as follows in the SN pars
compacta (SNc) using the optical fractionator method, an unbiased quantitative technique
independent of neuronal size and shape or any conformational changes in the tissue, by an
investigator blind to genotype and treatment. Sampling was performed using the Stereo
Investigator software (MicroBrightField, Colchester, VT) coupled to a Leica DM-LB
microscope with a Ludl XYZ motorized stage and z-axis microcator (MT12, Heidenheim,
Traunreut, Germany). The SNc was delineated under a 63x objective by outlining the region
of dense cellularity as illustrated in (McCormack et al., 2002) while counting was performed
using a 100x objective. To ensure the exclusion of lost profiles, guard zones of 1.5 um were
used on the top and bottom of the section. The estimated total number of TH-IR neurons in
the SNc was calculated based on the formula: N = Q™1 x 1/ssf x 1/asf x t/h (West et al.,
1991), where N is the estimate of the total number of cells, Q™1 is the number of objects
counted, ssf is the section sampling fraction, asf is the area sampling fraction, and t/h is the
section thickness divided by the height of the dissector. Subregions of the substantia nigra
were delineated as previously described (Fernagut et al. 2007). Briefly, after delineating the
SNc, three regions corresponding to one third of the substantia nigra each were outlined; the
medial part abutted the ventral tegmental area and the lateral part abutted the external tip of
the cerebral peduncle. The central portion was then further divided by outlining a ventral
region corresponding to one-third of the size of this central part Approximately 300 objects
were counted per animal to generate the stereological estimates. Gundersen coefficients of
error were less than 0.1.

Quantification of TH immunoreactivity in striatum

Rostral, medial, and caudal striatal sections were stained with primary antibody anti-TH,
followed by secondary antibody anti-rabbit Cy3. Sections were scanned using a microarray
scanner and scanned images were converted to grey scale and mean pixel intensity was
measured using ImageJ (Meurers et al., 2009). Analysis was performed by an investigator
blind to genotype and treatment condition. Images of TH immunofluorescence-labeled
sections from striatum were taken using an Agilent microarray scanner equipped with a
krypton/argon laser at 10 um resolution with the photomultiplier tube set at 5%.
Immunofluorescence intensity of TH staining was quantified by an investigator blind to
genotype using Imaged (NIH). Values are expressed as the mean pixel intensity for each
region.
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Immunohistochemistry of IBA-1

Sections of substantia nigra were washed in 0.1 M PBS, incubated in 0.5% H,05 in
methanol for 30 min, washed in PBS and incubated in 10% NGS and 0.5% Triton-X in PBS.
Sections were then incubated overnight with a primary antibody against ionized calcium
binding adapter molecule-1 (IBA-1) (polyclonal rabbit anti-IBA-1; 1:500 dilution; Wako
Pure Chemical Industries Ltd., Japan) at 4° C in 5% NGS and 0.5% Triton-X in PBS.
Sections were washed in PBS followed by a 2-hour incubation at room temperature with a
biotinylated secondary antibody (goat anti-rabbit; 1:200 dilution; Vector Laboratories, Inc.,
Burlingame, CA) in 5% NGS in PBS. Sections were washed in PBS, incubated in avidin-
biotin complex (ABC; Vector Laboratories, Burlingame, CA) for 45 minutes and washed
again in PBS followed by an incubation in 0.05 M Tris buffered saline (TBS) containing
3-3'diamino benzidine (DAB; Sigma-Aldrich, St. Louis, MO) and 0.3% H,0, (Sigma-
Aldrich, St. Louis, MO) to reveal staining. Sections were washed with PBS, mounted on
charged glass slides, dehydrated in ethanol, cleared with xylene and mounted with Eukit
mounting medium (Calibrated Instruments, Hawthorne, NY).

Quantification of microglial activation

Microglial size was measured by an investigator blind to genotype in sections of SN from all
groups. IBA-1 is expressed in microglia in both resting and activated state (Rappold et al.,
2006) and different classes of IBA-1-positive cells can be distinguished based on cell body
diameter (Streit et al., 1999). Microglia with 1-4 um cell body are characterized by multiple
ramified processes (resting microglia). Microglia with diameters of 5-6 um exhibit hyper-
ramification, whereas microglia with diameters of 7-14 um are characterized by an
amoeboid morphology with few, short processes (activated microglia). Accordingly,
microglial activation was quantified by measuring diameters of IBA-1-positive cells.
Measurements was made on a Leica DM-LB microscope with a Ludl XYZ motorized stage
and z-axis microcator (MT12, Heidenheim, Traunreut, Germany) and Stereolnvestigator
software (MicroBrightField, Colchester, VT). Under the 5x objective lens, a contour was
drawn to delineate the SN boundary, then diameters of microglial cell bodies were measured
at 40x magnification in the first counting frame (100um) and then in every fifth counting
frame. This sampling frequency was selected in order to count approximately 30-50 IBA-1+
cells in each side of the SN. The first frame was positioned in the upper left corner of the
contour and moved systematically from left to right and from top to bottom until the entire
delineated contour region was sampled. The abundance of IBA-1+ microglia cells with cell
diameters ranging from 1um to 14um was determined and then expressed as a percentage of
total microglial cells counted in each section (Watson et al., 2012).

Assessment of TNF- by quantitative real-time PCR

RNA was isolated from microdissected fresh frozen SN using Nucleospin RNAII isolation
kit (Machery-Nagel, Inc., Germany) according to the manufacturer’s instructions. RNA
concentration was equalized across genotypes before cDNA synthesis using a High Capacity
cDNA RT Kit (Applied Biosystems, USA). Real-time PCR primers were obtained as
“Tagman® Gene Expression Assays” containing forward and reverse primers, and a FAM-
labeled MGB Tagman probe for each gene (Applied Biosystems, US). Primers were
purchased from Applied Biosystems and were the following accession numbers: TNF-a
(MmO0043258_m1) and p-actin (Mm00607939_s1). A 1:4 dilution of cDNA was prepared
and real-time PCR performed using Applied Biosystems 7900 Real-time PCR System.
cDNA was mixed with gPCR™ Mastermix Plus (Applied Biosystems, US) and the
respective gene assay. Mouse p-actin, was used as an endogenous controls and expression
was measured using a gene expression assay containing forward and reverse primers. For
quantification, real-time quantitative PCR was performed using the Applied Biosystems
7900 real-time PCR system. Forty to sixty cycles were run as follows: 10 min at 95 °C and
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for each cycle, 15 s at 95 °C and 1 min at 60 °C. Expression of TNF-a was calculated using
the 2-AACT method and normalized to the housekeeping gene -actin.

Quantification of Thl, Th17, and regulatory T (Treg) cells

Statistics

Immune cells were isolated from cervical lymph nodes and spleen of WT and PACAP KO
mice 7 days following treatment with PQ [10 mg/kg] by tapping the organs through a 40um
nylon mesh. Whole blood was collected at this time point via retro-orbital bleeding and
cardiac puncture into tubes containing heparin from mice deeply anesthetized with sodium
pentobarbital (100 mg/kg, ip) just before perfusion. Erythrocyte lysis was performed by
incubating blood and spleen cell suspensions for 10 minutes at 4 C with red blood cell lysis
buffer (Sigma Aldrich, USA). Single cell suspensions from blood, spleens and lymph nodes
were prepared equalized to 1 x 108 cells/ml. Cells (1 x 10° cells/sample) were washed and
resuspended in 1% BSA/PBS. For quantification of Thl and Th17 cells, cytokine
intracellular staining of IFN-y, and IL-17 were performed, respectively. Cells were
incubated in RPMI with 2% fetal bovine serum (FBS) and 1% penicillin/streptomycin and
with 50ng/ml PMA (Sigma-Aldrich), 1 mg/ml of ionomycin (Sigma-Aldrich) and 1X
brefeldin and 1X monensin (eBioscience, San Diego, CA) for 4 hours at 37°C. After surface
staining with FITC-anti-CD4 antibody (0.5 g/ I; eBioscience), cells were fixed for 15 min
with 2% PFA and then permeabilized with PBS/0.2% Tween 20. Then, cells were incubated
with PE-anti-IFNy (500ug/ml; BD Bioscience) and Pe-anti-1L-17 (200ug/ml BD
Bioscience) antibodies in PBS/0.2% Tween 20/5% FBS/2% BSA for 1h at 4°C at the
dilutions recommended by the manufacturer (eBioscience). For Treg quantification, cells
were stained with FITC-anti-CD4 (0.5 g/ I; eBioscience) and PE-anti-CD25 (0.2 ¢/ |;
eBioscience). These cells were then fixed and permeabilized with fix/perm solution. Cells
were washed in 1% BSA/PBS and stained intracellularly with APC-anti-FOXP3 (0.2 g/ I;
eBioscience). Cells were centrifuged at 1800rpm for 10 min and the pellets were re-
suspended in 300 pl of 1% BSA/PBS. Flow cytometric analysis was performed using a BD
FACS Calibur with FloJo software. Weasel program was used for flow cytometric analysis.
For Th1/Th17 profile, the T lymphocyte population was gated on the unstained sample in
the FS and SS dotplot identified as it is low in this dotplot. In the case of Thl and Th17
cells, the quadrants were set up using the single positive stains for CD4, IFN and IL-17. The
quadrants were fixed and samples were run. For T reg cells, the T lymphocyte population
was gated on the unstained sample in the FS and SS dotplot. The quadrants were set up
using the single positive stains for CD4, CD25 and Foxp3. The quadrants were fixed and
samples were run.

Two-way repeated measures (RM) ANOVAs were performed on all data. Post hoc tests
performed were Fisher’s least significant difference or planned comparison Student’s t test.
To determine the degree of microglial activation in PACAP KO and WT mice treated with
saline and PQ, we used the bootstrapping method (Efron and Tibshirani, 1991) using the
MATLAB program, which requires no special probability assumptions regarding the shape
of the populations being sampled from, and thus is fitting to use for populations that are not
normally distributed, as described in (Watson et al., 2012). The frequency of distribution of
the WT means was our test statistic, M. We re-sampled this test statistic by using a box
model for simulation, and generated psuedo M values. This resampling process was repeated
1000 times, and the pseudo M values of the WT microglial diameters were plotted onto a
histogram. The 2.5% and 97.5% cut-off values of the pseudo M values were calculated to
find the 95% confidence interval (CI). These 95% CI bands were utilized to assess whether
the actual mean microglial diameters of the PACAP KO mice were statistically significant at
the p<0.05 level, independent of assumptions about probability distributions. Statistical
analyses were conducted using MATLAB (MathWorks, Natick, MA, USA) and GB-STAT
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software (Dynamic Microsystems, Inc. Silver Spring, MD). The level of significance was set
at p<0.05.

PQ treatment did not cause mortality in either WT or PACAP KO mice. Consistent with
previous data (McCormack et al., 2002), a single dose of PQ [10 mg/kg] in WT mice did not
affect the number of THpositive cells in the SNc (Fig. 1B). In contrast, in PACAP KO mice,
this subthreshold dose of PQ was sufficient to cause a conspicuous loss of TH
immunoreactivity in the SNc in several animals (Fig. 1A), with a 30% reduction in the
number of TH-positive neurons in PACAP KO mice compared with salinetreated PACAP
KO mice (p<0.05; Fisher’s LSD) (Fig. 1 B). Subregion analysis indicated a trend for a
reduction in all SNc subdivisions, with a statistically-significant decrease in the medial and
lateral subdivisions (Table 1). To determine if treatment with PQ also resulted in an overall
loss of neurons, we counted cresyl violet counterstained cells that exhibited a neuronal
morphology. We found that there was no significant differences between any of the groups
in the numbers of cresyl violet stained neurons in the SNc (Fig. 1C), or in SNc subdivisions
as delineated at each level as illustrated in McCormack et al., 2002 (data not shown),
suggesting that the loss of TH in PQ-treated PACAP KO mice might be due to a failure to
maintain expression of the TH protein rather than overall loss of DA neurons.

In addition to the changes in the SN, we also sought to determine whether treatment with PQ
imparted an effect on the terminals of the DA system in PACAP KO mice. Similar to the
effect in the SNc, we found no effect of PQ on TH immunoreactivity in the striatum in WT
mice. In contrast, PQ induced significantly higher levels of TH immunoreactivity in the
striatum of PACAP KO mice compared to either saline-treated PACAP KO mice or saline-
or PQ-treated WT mice. (p<0.05; Fisher’s LSD; Fig. 2).

Recent studies have suggested that the effects of PQ on the DA system are mediated through
microglial activation (Purisai et al., 2007). Therefore, we assessed the morphology of
microglial in the substantia nigra in WT and PACAP KO mice after saline or PQ
administration. We identified microglia by immunostaining with an antibody against IBA-1,
an antigen that is expressed by both resting and activated microglia (Rappold et al., 2006).
Microglial activation was assessed based upon cell morphology with resting microglia
exhibiting small cell bodies (mean diameters of 1-4 um) and activated microglia exhibiting
mean large cell bodies (mean diameters of 7-14 um) (Kreutzberg, 1996). We thus measured
the diameters of microglial cell bodies to determine microglial activation in substantia nigra
of WT and PACAP KO mice in response to PQ, quantified the cell numbers for each size,
and expressed the numbers as a percentage of the total microglia counted in each section.
Quantitative analysis revealed a marked difference in microglia morphology in the
substantia nigra of saline-treated PACAP KO mice compared with that observed in saline-
treated WT mice, exemplified by an increase in large diameter microglia (activated) with a
parallel decrease in the number of microglia with smaller diameters (resting) (p<0.05;
Bootstrapping; Fig. 3A). PQ-treated WT mice exhibited a microglial phenotype that was
qualitatively similar to, but less pronounced than that observed in salinetreated PACAP KO
mice (Fig. 3B), but had no effect on the microglia activation in PACAP KO animals beyond
the observed elevated basal activity (Fig. 3C). As a result of the latter, the genotype
difference seen in vehicle-treated WT and PACAP KO was no longer apparent in mice
treated with PQ (Fig. 3D).

Pro-inflammatory cytokines may contribute to the neurodegenerative response induced by
PQ by inducing the release of oxidative species or other mechanisms. In the present
investigation, PQ induced a significant increase in TNF-a mRNA expression in the SN of
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PACAP KO mice compared with salinetreated PACAP KO mice, and no such induction was
observed in WT mice (p<0.01; Fisher’s LSD; Fig. 4).

Recent studies have shown that T lymphocytes may also be involved in PD pathogenesis.
For example, the presence of CD8" and CD4™ T cells has been demonstrated in post mortem
PD brain samples specifically in the SNc (Brochard et al., 2009). Moreover, PD patients
were found to exhibit and higher ratios of Th1 to Th2 cells in the blood, as well as reduced
numbers and percentages of Tregs (Baba et al., 2005). We thus determined the abundances
of the proinflammatory subsets (Th1 and Th17 cells) and Tregs at peripheral sites of saline-
and PQ-treated WT and PACAP KO mice. PQ was found to have no effect on the
abundances of Th1 and Th17 cells in the spleen, blood, and lymph nodes of WT mice (Fig.
5A-F). In contrast, PQ selectively increased the numbers of Th17 lymphocytes in both the
spleen and blood of PACAP KO mice, but not significantly in their lymph nodes (Fig 5B
and C). Finally, Tregs were found to be induced in WT mice by PQ specifically in the lymph
nodes, an effect which was abolished in PACAP KO mice (Fig. 6A, B; p<0.05; Fisher’s
LSD). Thus, the peripheral inflammatory response to PQ was shifted towards a more pro-
inflammatory phenotype in PACAP-deficient mice, with increased Th17 and reduced Treg
abundances, in line with that observed with these mice in the experimental autoimmune
encephalomyelitis model (Tan et al., 2009).

Discussion

In the present study we showed that dopaminergic neurons of the substantia nigra are more
susceptible to a subthreshold dose of PQ in PACAP KO mice compared to their WT
littermates. Indeed, a single dose of PQ that did not affect TH expression in nigrostriatal DA
neurons in WT mice resulted in a 30% decrease in the number of TH-positive neurons in
PACAP KO mice. We detected only a trend for a reduction in the number of neurons in the
SNc, implying that the decreased TH immunoreactivity observed in PQ-treated PACAP KO
mice is due to a loss of TH expression rather than actual neuronal loss. One interpretation of
this is that PACAP normally functions to protect the phenotypic integrity of DA neurons
after exposure to subtoxic doses of PQ. The maintenance of normal TH immunoreactivity
after single dose PQ in WT but not PACAP KO mice is compatible with previous
observations that exogenous PACAP promotes TH expression in PC12 pheochromocytoma
cells at the level of both mRNA and protein (Corbitt et al., 1998). Whether endogenous
PACAP can significantly protect against the loss of DA neurons induced by more aggressive
PQ administration protocols or by other neurotoxins, as suggested by studies in which
exogenous PACAP was administered (Reglodi et al., 2011), remains uncertain. However,
our model of subtoxic PQ administration is more likely to reflect environmental exposure in
agricultural or residential settings that have been shown to increase PD risk (Costello et al.,
2009; Tanner et al., 2011) compared to the acute toxicity of higher doses of neurotoxic
agents.

PQ also induced selectively in PACAP KO mice a change in TH expression in the striatum.
However, in contrast to the observed reduction of TH* cells in the SN in these mice, TH
immunoreactivity in the striatum was slightly, but significantly enhanced. An increase in TH
immunoreactivity at the level of terminals has been suggested to correspond to a
compensatory mechanism occurring in early injured or degenerating DA neuron, and might
function to maintain adequate dopamine levels in the target sites (Ossowska et al., 2005).
For example it was reported that three doses of PQ 10 mg/kg to mice separated by one week
resulted in a significant reduction of THpositive neurons in the SNpc, but a significant
increase in TH activity in the striatum (McCormack et al., 2002). Potential mechanisms for
such a compensatory increase would be decreased TH degradation in axon terminals and/or
sprouting of remaining dopaminergic terminals.
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The mechanism by which PQ induces selective DA cell damage in rodents is not fully
known, however, microglial activation is suggested to play a role (Purisai et al., 2007).
Microglial activation is a pathological feature associated with neurodegeneration in the PD
brain (Forno et al., 1992; Hirsch, 2000). Interestingly, PACAP appeared to protect DA
neurons from endotoxin exposure in rat mesencephalic neuron-glia cultures via inhibition of
microglial activity (Yang et al., 2006), and PACAP has been shown to inhibit the endotoxin-
induced release of proinflammatory mediators from microglia (Delgado et al., 2003). Here,
using rigorous quantitative assessment of microglial diameters (Watson et al., 2012), we
observed a higher mean number of activated microglia in WT mice treated with low dose
PQ. PACAP KO mice, however, already exhibit signs of increased microglial activation in
the basal (untreated) state. The altered morphology of microglia in untreated PACAP KO
mice suggests these cells may exist in a ‘primed’ state in these mice. Consistent with this
possibility, an increase in gene expression of the pro-inflammatory cytokine TNF-a was
induced by PQ in the SN of PACAP KO mice, whereas, no induction was observed in WT
animals. Polymorphisms in inflammatory genes, including TNF-a, are reported to be risk
factors for PD (Wahner et al., 2007).

Patients with PD are reported to have alterations in immune cells in the periphery (Baba et
al., 2005). Thus, in addition to the observed inflammatory changes in the brain, we measured
the effects of single dose PQ on immune cells in the periphery. We focused on
proinflammatory Th subsets and on Tregs because 1) numbers of these cells are reported to
be altered in PD patients (Baba et al., 2005), 2) adoptive transfer of Tregs was reported to
protect mice from MPTP-induced DA neuron loss in the SN, an effect potentiated by
pretreatment of donor mice with the closely-related peptide VIP (Reynolds et al., 2007), and
3) PACAP loss has been shown to effect Th responses and Treg abundance in at least one
other inflammatory setting (Tan et al., 2009). We found that PQ treatment induced a
significant increase in the percentages of Tregs in the lymph nodes of WT mice, an effect
that was abolished in PACAP KO mice. This suggests that WT mice respond to pesticide
exposure with a PACAP-dependent upregulation of Tregs. In parallel, the abundance of
Th17 cells, a highly inflammatory Th subset, was elevated specifically in PACAP KO mice.
Although the link between these peripheral changes in lymphocytes and the observed loss of
TH expressing neurons in PQ-treated PACAP KO mice remains to be determined, taken
with the observation of enhanced microglia activation, the results suggest that heightened
inflammatory responses may underlie the toxic effect of PQ in these mice and that the anti-
inflammatory effects of PACAP may counteract this mechanism.

The present results clearly demonstrate an interaction between a gene (encoding PACAP),
and an environmental exposure (PQ) implicated in PD. The interplay between
environmental and genetic factors is emerging as a major modulator of PD risk (Hamza et
al., 2012; Fitzmaurice et al. 2012; Ritz et al., 2012; Ritz et al., 2009), and our results extend
the range of potential genes that may interact with environmental exposures to modulate the
risk of PD in exposed individuals. In addition, the present data further support a role for
modulators of inflammation in PD risk, and suggest that genetic factors leading to
differences in PACAP levels or function may contribute to the inflammatory burden,
pointing to the importance of examining such factors in epidemiological and genetic studies
of PD.
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Figurel. Lossof TH in SNpc of paraquat-treated PACAP KO mice

Stereological counting of THpositive (TH*) and Total neurons (TH*NissI*) in the substantia
nigra pars compacta (SNpc) after administration of saline (white bars) or paraquat [10 mg/
kg] (black bars) in WT and PACAP KO mice. (A) Representative images of SNpc in saline
and paraquat treated WT and PACAP KO mice (blue:Nissl, brown:TH). Stereological
estimates of TH* (B) and Nissl* (C) in the whole SNpc. *p<0.05 compared with
corresponding saline group; using two-way ANOVA followed by Fisher’s LSD test, n=5-6
mice per group. Scale bar 250 pm.
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Figure 2. Increased TH immunor eactivity in striatum of paraquat-treated PACAP KO mice
TH Immunoreactivity (TH-IR) in the striatum after administration of saline (white bars) or
paraquat [10 mg/kg] (black bars) in WT and PACAP KO mice. *p<0.05 compared with
corresponding saline group; +p<0.05 compared with WT mice; using two-way ANOVA
followed by Fisher’s LSD test, n=6 mice per group.
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Figure 3. Microglial activation in saline-treated PACAP KO mice

Morphological analysis of microglial activation in substantia nigra in saline-treated and
paraquat-treated WT and PACAP KO mice. Diameter of IBA-1* microglial cells measured
in SN of 2-3 month old WT and PACAP KO mice treated with saline or paraquat [10 mg/
kg]. Significance is represented if black confidence intervals fall outside of 95% confidence
interval (grey segment of bar means), calculated by bootstrapping (*p<0.05). (A) Saline-
treated PACAP KO mice exhibited increased numbers of activated IBA-1* microglial cells
in substantia nigra compared with saline-treated WT mice. (B) PQ increased the numbers of
activated microglia in WT mice, but (C) produced no significant alterations in PACAP KO
animals. (D) No difference between genotypes in microglial profiles were observed after PQ
treatment (Values are mean £ 95% ClI, n=6).
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Figure4. Increased TNF-a mRNA expression in SN of paraquat-treated PACAP KO mice
TNF-a mRNA expression as measured by QPCR was significantly increased in SN of 2-3
month old paraquattreated PACAP KO mice compared with saline-treated PACAP KO mice
(**p<0.01, ANOVA followed by Fisher’s LSD). This effect was also significantly different
than paraquat-treated WT mice (+p<0.05, ANOVA followed by Fisher’s LSD). Values are
mean £ SEM, n= 6-9).
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Figure5. FACS analysis of peripheral Thl and Th17 lymphocytesin WT and PACAP KO mice
7 days after a single dose of paraquat
Lymphocytes were isolated from spleen (A, D), blood (B, E), and lymph nodes (C, F) of
WT and PACAP KO mice 7 days following treatment with PQ [10 mg/kg] and stained with
antibodies to CD4, IFN-vy, and IL-17 as described in the methods. Flow cytometric analysis
was performed using a BD FACS Calibur with Weasel software. % Th1 and % Th17
represent the % of the CD4™ population that are IFN-y* and IL-177, respectively. Panels A—
C: Th17 cells; Panels D—F: Th1 cells. * p<0.05 compared with saline-treated;+ p<0.05
compared with WT PQ treated, planned comparison Student’s t test, n=5-6 mice per group.

Neuroscience. Author manuscript; available in PMC 2014 June 14.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Watson et al.

A

Foxp3

Page 20
WTV+VS'aIine _ WT .2 PQ PACAP K‘O + Saline PACAP”KO +PQ
8% 11% 8% 8%
W @
AR T ﬁf - “1 Ll f2 e “ FATETIRY:S): Y -
» saly 6nal Y A.-&l-."“.- h e8| ¥ mel.’f‘_,.} % ‘
) ‘A’M 10 .'@’
Tt vy v [V 2 ESE——— e [ 2 —— L R
1 _4 W 10 M}J 1 )' W 1d 1 W"J‘ W “.f‘
Co2 CD25 B
CD25
o Il Saline
=2 167 mmPQ [10mg/kg]
Q
(&)
+
™
-
> 8
LL
+
Te)
N
(]
O O0-
2
= WT PACAP KO

Figure 6. Paraquat increases T regulatory cellsin the lymph nodes of WT mice

Measurement of T regulatory cells (Tregs) in the lymph nodes after administration of saline

(black bars) or paraquat [10 mg/kg] (red bars) in WT and PACAP KO mice. (A)

Representative dot plots of CD4*CD25*Foxp3™ (Tregs). (B) Mean percentages of Tregs
(represented as the % of the CD4* cell population that are CD25*Foxp3™) in the lymph
nodes of saline and paraquat treated WT and PACAP KO mice. +p<0.05 compared with
saline-treated WT mice, planned comparison Student’s t test, n=5-6 mice per group.
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Regional analysis of TH-IR neurons in SNc

Mean SEM

WT + Saline 1048.56 | 156.53
WT +PQ 1139.31 | 152.26

Lateral SNc -
PACAP + Saline | 1222.71 | 259.20
PACAP + PQ 798.98 * | 162.98
WT + Saline 2434.88 | 251.30
WT + PQ 2286.63 | 326.04

Ventral SNc
PACAP + Saline | 2582.70 | 633.32
PACAP + PQ 1672.41 | 276.66
WT + Saline 5988.51 | 557.73
WT + PQ 4793.12 | 809.65
Dorsal SNc

PACAP + Saline | 5021.06 | 395.34
PACAP + PQ 4059.72 | 492.42
WT + Saline 4201.96 | 308.30
WT + PQ 3886.81 | 488.20

Medial SNc -
PACAP + Saline | 4909.54 | 753.48
PACAP + PQ 2948217 | 378.54

*
p < 0.05 compared with PQ + Saline. Two way ANOVA followed by Fisher‘s LSD
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