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Abstract

Although often overshadowed by the motor dysfunction associated with Parkinson’s disease (PD),

autonomic dysfunction including urinary bladder and bowel dysfunctions are often associated with

PD and may precede motoric changes; such autonomic dysfunction may permit early detection

and intervention. Lower urinary tract symptoms are common in PD patients and result in

significant morbidity. The current studies focus on non-motor symptoms in PD using a transgenic

mouse model with overexpression of human α-synuclein, the peptide found in high concentrations

in Lewy body neuronal inclusions, the histopathologic hallmark of PD. We examined changes in

the physiological, molecular, chemical, and electrical properties of neuronal pathways controlling

urinary bladder function in transgenic mice. The results of these studies reveal that autonomic

dysfunction (i.e., urinary bladder) can precede motor dysfunction. In addition, mice with human

α-synuclein overexpression in relevant neuronal populations is associated with alterations in

expression of neurotransmitter/ neuromodulatory molecules (PACAP, VIP, substance P, neuronal

NOS) within neuronal pathways regulating bladder function as well as with increased NGF

expression in the urinary bladder. Changes in the electrical and synaptic properties of neurons in

the major pelvic ganglia that provide postganglionic innervation to urogenital tissues were not

changed as determined with intracellular recording. The urinary bladder dysfunction observed in

transgenic mice likely reflects changes in peripheral (i.e., afferent) and/or central micturition

pathways or changes in the urinary bladder. SYN-OE mice provide an opportunity to examine

early events underlying the molecular and cellular plasticity of autonomic nervous system

pathways underlying synucleinopathies.
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INTRODUCTION

~We are pleased to contribute an article as part of this volume honoring Dr. Ira Black. Dr.

Black was an inspiration to many young investigators as well as established neuroscientists

with common interests in autonomic neurobiology, neural injury and plasticity. Of particular

importance, Dr. Black was a mentor and longstanding colleague and friend of Dr. Robert

Hamill. As mentor, Dr. Black was instrumental in guiding Bob during his development as a

neuroscientist.~

“Synucleinopathies” are neurodegenerative disorders characterized by changes in α-

synuclein expression that are correlated with clinical dysfunction. For example, studies of

dominantly inherited Parkinson disease (PD) led to the discovery that missense (A53T,

A30P, E46k) mutations in the synuclein gene caused the disorder (Polymeropoulos et al.,

1997; Kruger et al., 1998; Zarranz et al., 2004). Subsequent neuropathological studies

confirmed that α-synuclein is the major constituent of the ‘Lewy body’ (LB) aggregates that

characterize the neuropathology of sporadic PD, the second most common

neurodegenerative disease in humans (Spillantini et al., 1997). Further investigations

revealed that cytoplasmic and nuclear accumulations of α-synuclein occurred in neurons and

glia in a range of disorders: dementia with Lewy bodies, diffuse Lewy body disease,

multiple system atrophy, neurodegeneration with brain iron accumulation type 1 (NBIA 1)

[formally known as Hallevorden Spatz Disease] and amyotrophic lateral sclerosis (Kruger et

al., 2000). Thus, evolving data suggest that abnormalities in α-synuclein may play a broad

pathogenic role in a number of neurodegenerative disorders and the term

‘Synucleinopathies’ was coined (Spillantini and Goedert, 2000; Galvin et al., 2001).

More recent studies of the clinical and neuropathological features of PD suggest that LB

pathology including Lewy neurites (LN), appear in the peripheral autonomic nervous system

(ANS) and may occur early in the disease process (Braak et al., 2003; Braak et al., 2004;

Braak and Del Tredici, 2008). Importantly, Lewy himself observed LB pathology in the

sympathetic nervous system in his original studies of PD (Lewy, 1913) and the more recent

extensive studies by Braak and colleagues have revealed involvement of brainstem, spinal,

and peripheral autonomic neuronal populations (Braak et al., 2003; Braak et al., 2004; Braak

and Del Tredici, 2008). Furthermore, in many patients the ANS may be involved quite early

in the disease process. A proposed staging system indicated that olfactory and autonomic

neuronal populations are involved at the earliest stage (Stage I) whereas substantia nigra

involvement emerges along with motor signs and symptoms at Stage III. These carefully

performed human studies suggest that trans-synaptic mechanisms may underlie the systemic

degenerations that occur in these disorders (i.e., the disease may start in ‘peripheral’

neuronal systems and progress centripetally and then caudal to rostral within the central

nervous system (Braak et al., 2003; Braak et al., 2004; Braak and Del Tredici, 2008).

Complementing these pathological studies are clinical observations indicating that

symptoms related to disordered ANS function may precede the appearance of motor

symptoms by many years (Simuni and Sethi, 2008; Tolosa and Poewe, 2009).

The development of synuclein transgenic (Tg) mice has permitted major advances in

understanding the molecular genetics and pathology of the synucleinopathies (Masliah et al.,
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2000; Giasson et al., 2002; Richfield et al., 2002). Although the neuropathology of these

animal models does not fully mimic the human condition, Tg mice have been instrumental

in revealing potential mechanisms of disease pathogenesis (Moore and Dawson, 2008). Tg

animals also offer the opportunity to examine the emergence of clinical dysfunction in a

longitudinal fashion. Previous studies have focused on the motor system (Masliah et al.,

2000; Giasson et al., 2002; Richfield et al., 2002) but as noted above, non-motor symptoms

in human synucleinopathies may precede the evolution of motor dysfunction.

The A53T human α-synuclein mouse was chosen for the present study because it is a well-

characterized, murine synucleinopathy model that exhibits major motor dysfunctions

(Giasson et al., 2002). With this model, we investigated whether dysfunction within the

peripheral ANS occurred before the onset of central motor abnormalities. The current

multidisciplinary study examined the changes in the physiological, molecular, chemical, and

electrical properties of neuronal pathways controlling urinary bladder function in the A53T

mouse. The results of these studies reveal that autonomic dysfunction can precede motor

dysfunction. In addition, mice with human α-synuclein overexpression (SYN-OE) in

relevant neuronal populations is associated with alterations in expression of

neurotransmitter/neuromodulatory molecules within neuronal pathways regulating bladder

function as well as with increased neurotrophic factor (e.g., nerve growth factor, NGF)

expression in the urinary bladder. Thus, SYN-OE mice provide an opportunity to examine

the response of autonomic neurons as they change from functional to dysfunctional and

provide new insights into the earliest events underlying the molecular and cellular plasticity

underlying synucleinopathies.

METHODS

Animals

Mice hemizygous for human α-synuclein (α-SYN) were obtained from The Jackson

Laboratory (Bar Harbor, ME). The Tg mice were generated on a C57BL/C3H background

and expressed endogenous α-SYN and human A53T mutant α-SYN driven by a mouse

prion protein promoter (Giasson et al., 2002). According to the manufacturer, a human α–

synuclein cDNA sequence encoding a mutated protein with an Ala53Thr mutation and the

mouse prion protein gene promoter, together with its 5′ and 3′ untranslated regions were

used as the transgene to create α-SYN Tg mice on a C57BL/C3H background. The

influence of different promoters on the expression pattern of mutated human α–synuclein in

transgenic mice has been evaluated for Tg mice under the control of three different

promoters: the chicken β-actin, the mouse tyrosine hydroxylase 9.6 kb and the mouse prion

protein (Maskri et al., 2004). Although, all three promoters were found to successfully drive

the expression of the transgene, the mouse prion protein promoter resulted in the highest

level of transgene expression in the brain and specific neuron types (Maskri et al., 2004).

Differences were noted in the transgene expression pattern in peripheral organs as well as

the number and distribution of expressing cells in the brain (Maskri et al., 2004). Mice used

in this study were bred locally at The University of Vermont College of Medicine using a

hemizygous backcross breeding scheme. PCR genotyping of tail snips identified human α-

SYN overexpressing (SYN-OE) and littermate wildtype (WT) mice. Mice were housed (12-
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hr light/dark cycle) in groups (5) in the UVM animal vivarium with water and food provided

ad libitum. The litters were of normal size and weight and feeding and drinking behaviors

appeared normal. All experimental protocols involving animal use were approved by the

UVM Institutional Animal Care and Use Committee (IACUC #08-085). Animal care was

under the supervision of the University of Vermont’s Office of Animal Care Management in

accordance with the Association for Assessment and Accreditation of Laboratory Animal

Care (AAALAC) and National Institutes of Health guidelines. All efforts were made to

minimize the potential for animal pain, stress or distress.

Open Voiding Cystometry in Conscious, Unrestrained Mice

Open voiding cystometry in conscious, unrestrained mice was conducted as previously

described (Studeny et al., 2008; Schnegelsberg et al., 2009; May and Vizzard, 2010).

Bladder function was characterized monthly in littermate WT and SYN-OE Tg mice of both

genders beginning at 1 month of age through 16 months of age (n = 5-8 at each age for both

WT and SYN-OE mice) using conscious cystometry with open outlet, continuous

intravesical instillation of saline. The bladder was exposed though a lower midline

abdominal incision under general anesthesia (isoflurane 2.5-3.5%). A saline filled PE-10

cannula with the end flared by heat was inserted into the dome of the bladder and secured

with a 6-0 nylon purse string suture. The distal end of the cannula was sealed, tunneled

subcutaneously to the back and exteriorized. Muscle and skin layers were closed separately

using absorbable and nonabsorbable sutures, respectively. The exteriorized part of the

cannula was placed in the subcutaneous space and the mice were returned to normal caging

for 72 hr to ensure complete recovery. Postoperative analgesics were given for a period of

48 hr. Mice were placed conscious and unrestrained in recording cages with a balance and

pan for urine collection and measurement placed below. Intravesical pressure changes were

recorded using a Small Animal Cystometry System (Med Associates, Inc., St Albans, VT).

Room temperature saline was infused at a rate of 25 μl/min to elicit repetitive bladder

contractions. At least four reproducible micturition cycles were recorded after an initial

stabilization period of 25 to 30 min. Voided saline was collected to determine void volume.

After each void volume was collected the infusion was stopped and residual volume was

determined by withdrawing the residual saline through the intravesical catheter. Inter-

contraction interval, maximal voiding pressure, pressure threshold for voiding and baseline

resting pressure were measured (Maggi et al., 1986). The number of non-voiding bladder

contractions (NVC) per voiding cycle, maximal NVC pressure and frequency of NVC were

assessed. For these studies, NVC were defined as rhythmic intravesical pressure rises

(greater than 5 cm H2O from baseline pressure) without a release of fluid from the urethra.

Mice were excluded from the study when adverse events occurred such as ≥ 20% reduction

in body weight post-surgery, a significant post-operative event, lethargy, pain or distress not

relieved by our IACUC-approved regimen of postoperative analgesics. In the present study,

no mice were excluded from the study or from analysis due to post-surgical complications.

In addition, behavioral movements such as grooming, standing, walking and defecation

rendered bladder pressure recordings during these events unusable (Streng et al., 2006).

Experiments were conducted at similar times of the day to avoid the possibility that

circadian variations were responsible for changes in bladder capacity measurements (Dorr,

1992). Mice were euthanized at the conclusion of study by isoflurane (4%) and thoracotomy.
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Urination Patterns

In addition to characterizing voiding function in SYN-OE mice using open voiding

cystometry in conscious, unrestrained mice (Schnegelsberg et al., 2009), we have also

determined urination patterns on filter paper in SYN-OE mice, which does not necessitate

the need for an intravesical catheter (May and Vizzard, 2010). Male and female WT and

SYNOE littermate (n = 10 for each; 5-6 months of age) mice were placed individually in

standard cages for 1 hour (h) (6, 56) in the morning (9-11 am) with the bedding replaced

with Whatman Grade 3 filter paper. Food and water were provided ad libitum. Mice were

habituated to cages for 1 h in the morning (9-11 am) on each of two consecutive days prior

to data accumulation. Urine spots were photographed under UV light (Studeny et al., 2008),

area (cm2) of spots determined and large (0.2 – 10 cm2) (Birder et al., 2002) and small (<

0.2 cm2) (Birder et al., 2002) spots counted. A standard curve of urine volume versus urine

spot area was created to estimate void volumes (20 points, r2= 0.997). Mice were placed into

cages and data analyzed by an individual blinded to mouse strain; groups were decoded after

data analysis.

Motor Behavioral Tests

RotaRod—The effect of SYN overexpression on motor function was tested with a

RotaRod (Dunham and Miya, 1957) using two fixed speed rotations (16, 32 rotations per

minute (rpm). WT or SYN-OE mice of both genders (n = 12-15; evaluated monthly from 1

month of age through 17 months of age) were placed on the RotaRod rotating at 16 rpm for

a maximum of 200 sec or until they fell off (latency to fall). Regardless of completion or

fall, each animal was allowed to rest for 2 min between each trial. Each testing session

consisted of 10 trials. Animals were tested at 16 rpm and 32 rpm on consecutive days.

Hindlimb extension—WT or SYN-OE mice of both genders (n = 8-10; evaluated every

two months from 2 months of age through 12 months of age) were suspended by the tail and

the extent of hindlimb extension was observed and scored as previously described (Jaworski

et al., 2006). A score of 0 corresponds to the absence of hindlimb extension. A score of 1

corresponds to an extension reflex of only one hindlimb or extension of both hindlimbs

without splayed toes. A score of 2 corresponds to a normal extension reflex in both

hindlimbs, including splaying of toes. Only hindlimbs extended > 90 ° were scored.

Gait analysis—An analysis of gait was assessed based on measurements made from

walking tracks (de Medinaceli et al., 1982; Jaworski et al., 2006). WT or SYN-OE mice of

both genders (n = 10-12; evaluated at 4, 6 and 12 months of age) were manually restrained

and their hindpaws dipped in non-toxic ink. Animals were then allowed to walk on white

paper within a restricted area (70 × 400 mm). Stride length (mean distance between

consecutive left or right paw prints), gait base of support (mean distance perpendicular to

parallel left and right paw prints), and intrastep distance (mean distance between alternate

left and right paw prints) were measured.

Measurement of Urinary Bladder NGF Content by ELISAs

Elevated levels of neurotrophins (i.e., nerve growth factor, NGF) have been detected in the

urine of women with interstitial cystitis (IC)/bladder pain syndrome (BPS) (Okragly et al.,
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1999) and in the urothelium of individuals with IC/BPS or other painful bladder conditions

(Lowe et al., 1997). It has also been recently demonstrated that urinary NGF levels are

increased in patients with overactive bladder symptoms associated with detrusor

overactivity, stress urinary incontinence, or bladder outlet obstruction (Okragly et al., 1999;

Liu and Kuo, 2007; Liu et al., 2008a; Liu et al., 2008b; Liu and Kuo, 2008a; Liu and Kuo,

2008b; Yokoyama et al., 2008). Bladder function in patients with synucleinopathies exhibit

hyperactive bladder function with detrusor-sphincter-dyssnergia and urgency and frequent

urination, including increasing nocturia, and urinary retention; however, patients also

experience urinary incontinence from failed internal urethral sphincter control (Fowler et al.,

2010; Ragab and Mohammed, 2011).

We aimed to determine if NGF bladder content was altered in littermate WT or SYN-OE

mice using enzyme-linked immunoassays (ELISAs) as previously described (Vizzard,

2000b; Cheppudira et al., 2008; Schnegelsberg et al., 2009). Whole urinary bladders (n = 5-7

each for WT and SYN-OE mice; 5-7 months of age) were homogenized separately in tissue

protein extraction agent (T-PER; Roche, Indianapolis, IN), a commercially available, mild

zwitterionic dialyzable detergent in 25 mM bicine, 150 mM sodium chloride (pH 7.6)

containing a protease inhibitor mix (Sigma-Aldrich, St. Louis, MO; 16 μg/ml benzamidine,

2 μg/ml leupeptin, 50 μg/ml lima bean trypsin inhibitor and 2 μg/ml pepstatin A) and

aliquots were removed for protein assay as previously described (Klinger and Vizzard,

2008). The supernatants were used for quantification as previously described (Vizzard,

2000b). Total protein was determined by the Coomassie Plus (Bradford) Protein Assay Kit

(Fisher Scientific, Pittsburgh, PA). According to the manufacturer, the NGF E-max

immunoassay system (Promega Corporation, Madison, WI) demonstrates very low cross-

reactivity with structurally related growth factors at concentrations up to 10 - 100 ng/ml. The

standards provided with these systems generated linear standard curves (r2 = 0.996 – 0.998,

P ≤ 0.001). Absorbance values of standards and samples were corrected by subtraction of

the background value (absorbance due to nonspecific binding). No samples fell below the

detection limits of the assays and samples were not diluted prior to assay. Curve fitting of

standards and evaluation of NGF content of samples was performed using a least squares fit

(Vizzard, 2000b; Schnegelsberg et al., 2009).

Euthanasia and Tissue Harvest

Wildtype (WT) and SYN-OE littermate (n = 3 - 7 for each; 4-6 months of age) mice were

deeply anesthetized with isoflurane (3–4%) and then euthanized via thoracotomy. The

urinary bladder and lumbosacral DRG were quickly dissected under RNase-free conditions.

The bladder was cut open along the midline and pinned to a sylgard-coated dish and the

urothelium was removed with the aid of fine forceps and a dissecting microscope and all

tissues were snap-frozen on dry ice prior to processing as previously described (Arms et al.,

2010). The urothelium has suburothelial structures associated with it; the term urothelium in

this paper refers to both urothelial and suburothelial structures. DRG were identified and

isolated as previously described (Vizzard, 1997; Vizzard, 2000a; Vizzard, 2000c).

Lumbosacral DRG (L6, S1) and spinal cord were specifically chosen for real-time

quantitative reverse transcription-polymerase chain reaction (Q-PCR) analysis based upon

the previously determined segmental representation of urinary bladder circuitry (Donovan et
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al., 1983; Keast and de Groat, 1992; Nadelhaft and Vera, 1995). Bladder afferents are not

distributed within the L4–L5 DRG (Donovan et al., 1983; Keast and de Groat, 1992) that

contain only somatic afferents nor are neurons that are involved in urinary bladder function

observed in the L4–L5 spinal segments (Nadelhaft and Vera, 1995). The urinary bladder and

reproductive organs receive direct innervation from neurons that reside within the pelvis. In

rodents, these neurons are clustered into major pelvic ganglia (MPG) that are located on the

pelvic floor, near the base of the bladder. The MPG and superior cervical ganglia (SCG)

were identified and isolated. In order to determine whether changes in expression of the

neuropeptide and nNOS transcripts were restricted to pelvic ganglia, we also chose to also

examine the SCG. Additionally, cardiac noradrenergic and pupillary deafferentation in PD

suggests involvement of SCG and stellate ganglion (Tipre and Goldstein, 2005; Goldstein et

al., 2011). We chose to examine the SCG as part of these initial studies.

Real-Time Quantitative Reverse Transcription-Polymerase Chain Reaction (Q-PCR)

We sought to determine if components of the micturition reflex pathways in SYNOE mice

exhibited changes in transcript expression of neuroactive compounds including

neuropeptides (e.g., pituitary adenylate cyclase activating polypeptide (PACAP), vasoactive

intestinal polypeptide (VIP), substance P (sub P) and neuronal nitric oxide synthase (nNOS))

previously shown to be altered with urinary bladder dysfunction (Lecci et al., 1994; Zvara et

al., 2004; Braas et al., 2006; Girard et al., 2008; Studeny et al., 2008; May and Vizzard,

2010; Tompkins et al., 2010). In addition, we determined expression of human α-SYN and

endogenous mouse α-SYN in tissues from micturition pathways, superior cervical ganglia

(SCG) and brain from WT and SYN-OE mice. Total RNA was extracted using the STAT-60

total RNA/mRNA isolation reagent (Tel-Test‘B’, Friendswood, TX, USA) as previously

described (Girard et al., 2002; Klinger et al., 2008). One microgram (1 μg) of RNA per

sample was used to synthesize complementary DNA using SuperScript II reverse

transcriptase and a mix of random hexamer and oligo dT primers with the SuperScript II

Preamplification System (Invitrogen, Carlsbad, CA, USA) in a 25-μl final reaction volume.

The quantitative PCR standards for all transcripts were prepared with the amplified human

α-SYN, mouse α-SYN, PACAP, VIP, Sub P, nNOS, L32 and 18S cDNA products ligated

directly into pCR2.1 TOPO vector using the TOPO TA cloning kit (Invitrogen). The

nucleotide sequences of the inserts were verified by automated fluorescent dideoxy dye

terminator sequencing (Vermont Cancer Center DNA Analysis Facility). To estimate the

relative expression of the receptor transcripts, 10-fold serial dilutions of stock plasmids were

prepared as quantitative standards. The range of standard concentrations was determined

empirically.

Real-time quantitative PCR was performed using SYBR Green I detection (Girard et al.,

2002; Klinger et al., 2008; Arms et al., 2010). Complementary DNA templates, diluted 5-

fold to minimize the inhibitory effects of the reverse transcription reaction components,

were assayed using SYBR Green I JumpStartTM. Taq ReadyMixTM (Sigma, St. Louis, MO,

USA) containing 5 mM MgCl2, 200 mM dATP, dGTP, dCTP and dTTP, 0.64 U Taq DNA

polymerase and 300 nM of each primer in a final 25-μl reaction volume. The real-time

quantitative PCR was performed on an Applied Biosystems 7500 Fast real-time PCR system
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(Applied Biosystems, Foster City, CA, USA) (Girard et al., 2002; Klinger et al., 2008; Arms

et al., 2010) using the following standard conditions: (i) 94 °C for 2 min followed by serial

heating at 94 °C for 15 s and 60 to 64 °C depending on the primer sets for 40 s; (ii)

amplification over 40 cycles.

The amplified product from these amplification parameters was subjected to SYBR Green I

melting analysis by ramping the temperature of the reaction samples from 60°C to 95°C. A

single DNA melting profile was observed under these dissociation assay conditions

demonstrating amplification of a single unique product free of primer dimers or other

anomalous products. Oligonucleotide primer sequences for PACAP, VIP, sub P (Girard et

al., 2002), L32 and 18S (Girard et al., 2002; Klinger et al., 2008) used in these studies have

been previously described. We also used the following primer sequences: Human α-SYN

(hSNCA) upper 5′ TGTGGCTGCTGCTGAGAAAA3′; hSNCA lower 5′
TCCTTCTTCATTCTTGCCCAACT 3′; nNOS upper 5′TACCACGAGGACATCTTTG

3′; nNOS lower 5′ CTGAAAACCTCATCTGTGTCT 3′. To identify mouse α-SYN

(mSNCA) mRNA we used the hSNCA upper primer in combination with mSNCA lower

5′CCCCTCCTCACCCTTGCCCCACT 3′. For data analyses, a standard curve was

constructed by amplification of serially diluted plasmids containing the target sequence.

Data were analyzed at the termination of each assay using the Sequence Detection Software

version 1.3.1 (Applied Biosystems, Norwalk, CT). In standard assays, default baseline

settings were selected. The increase in SYBR Green I fluorescence intensity (ΔRn) was

plotted as a function of cycle number and the threshold cycle was determined by the

software as the amplification cycle at which the ΔRn first intersects the established baseline.

All data are expressed as the relative quantity of the gene of interest normalized to the

relative quantity of the reference gene. WT samples were set equal to 100%; SYN-OE

samples were expressed relative to WT samples.

Electrophysiological recording

The urinary bladder receives direct innervation from neurons that reside within the pelvis

(Keast et al., 1989). The MPG are comprised of heterogeneous populations of neurons, not

only with regard to their target tissues, but also because MPG contain both parasympathetic

and sympathetic postganglionic neurons (Keast et al., 1989). As action potentials originating

in the cell body and traveling down the axon are the principal activators of neurotransmitter

release from nerve terminals in the target tissue, the electrical properties of MPG neurons

have a critical influence on the function of these reflex pathways. The purpose of this

investigation was to undertake an initial examination of the active and passive electrical

properties of MPG neurons to establish if differences exist between littermate WT and SYN-

OE mice in light of urinary bladder dysfunction. Current research indicates that α-synuclein

expression affects neurotransmitter release, synaptic function and membrane conductance in

various cell lines and tissues (Feng et al., 2010; Nemani et al., 2010; Lim et al., 2011).

MPG, isolated from male littermate (WT) and SYN-OE mice (n = 6-7 for both WT and

SYN-OE mice; 5-7 months of age), were pinned out on Sylgard coated (Dow Corning,

Midland MI) petri dishes and superfused (2-3 ml/min) with a HEPES-buffered solution
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containing in mM: 121 NaCl, 5.9 KCl, 2.5 CaCl2, 1.2 MgCl2, 25 HNaHCO3, 1.2 NaH2PO4,

8 glucose and 10 HEPES, pH = 7.4 and temperature 30-32 °C.

Neurons were visualized with an inverted microscope equipped with Hoffman optics and

impaled using high impedance borosilicate microelectrodes (2 M KCl-filled; 80-120 MΩ).

Membrane potential, input resistance and action potentials were recorded from the impaled

neurons using an Axoclamp-2A amplifier coupled with a Digidata 1322A data acquisition

system and pCLAMP 8 (Molecular Devises; Sunnyvale, CA). Input resistance was

determined from the change in membrane potential produced by long hyperpolarizing

current pulses. The amplitude and duration of the afterhyperpolarization (AHP) following an

action potential was determined by eliciting single action potentials with 5 msec

suprathreshold depolarizing current pulses. AHP duration was measured at 2/3rds the peak

AHP amplitude.

Neuronal excitability was determined as the number of action potentials generated during 1

second depolarizing current steps of increasing magnitude (0.1-0.4 nA). If the number of

action potentials generated during all depolarizing steps was 4 or less, then the cell was

classified as “phasic”. However, if the number of action potentials elicited during a step was

5 or greater, then the action potential firing pattern was considered “multiple firing”.

Multiple firing neurons included those exhibiting a burst of action potentials at the

beginning of the depolarization or those exhibiting tonic firing throughout the

depolarization. If required, hyperpolarizing current was injected through the recording

electrode to electrotonically maintain the resting membrane potential between −55 and −65

mV. This ensured that action potential generation was tested at the same potential in all

cells.

Nerve evoked potentials were elicited by brief (2 ms) focal stimulation of a pelvic nerve

branch using concentric bipolar electrodes (FHC, Inc., Bowdoin, ME). Constant current

stimuli (10-300 μA) were generated with a Grass S88X (Grass Technologies of Astro-Med,

Inc., West Warwick, RI) stimulator coupled with a PSIU6X photoelectric stimulus isolation

unit (Grass Technologies of Astro-Med, Inc.).

Statistical Analyses

Data are presented as mean ± S.E.M. Variance between subjects within a litter was

determined prior to pooling data from multiple litters. One-way analysis of variance was

used to evaluate differences among groups for Q-PCR, motor tests, ELISAs and bladder

function parameters. Gender and age were tested as blocks in the ANOVA. When F ratios

exceeded the critical value (p ≤ 0.05), the Newman-Keul’s post-hoc test was used to

compare the experimental means. Membrane properties were compared within strains

(phasic vs. tonic) and between strains (phasic vs. phasic, tonic vs. tonic) using an unpaired t-

test. Differences were considered statistically significant if p ≤ 0.05.
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RESULTS

General Properties of WT and SYN-OE Mice and Urination Patterns

In experimental approaches where mice of both genders were evaluated, statistical analyses

showed no gender by genotype difference. Thus data from male and female mice were

analyzed together and presented as pooled data for all results described except for

electrophysiological studies where only male WT and male SNY-OE mice were evaluated.

Male WT and SYN-OE mice and female WT and SYN-OE mice were of similar body mass;

however, the urinary bladder of SYN-OE mice (71.3 ± 4.9 mg) exhibited significantly (p ≤

0.001) increased mass compared to littermate WT mice (54.6 ± 3.7 mg). Urine spots from

SYN-OE mice, as quantified on filter paper over a 1 h period, were significantly (p ≤ 0.01)

greater in number (38.2 ± 3.5 voids/h vs. 12.8 ± 2.5 voids/h) but smaller in area compared to

those made by littermate WT mice (3.1 ± 1.4 cm2 vs. 7.4 ± 1.2 cm2, respectively). A

significant (p ≤ 0.01) increase in the number of both large (0.2 -10 cm2) and small (< 0.2

cm2) diameter urine spots was observed for SYN-OE mice. Using a standard curve to

estimate urine volumes from urine spot diameter, no difference in total void volume/h was

observed between WT (59.7 ± 4.5 μl) and SYN-OE (61.3 μl ± 4.5 μl) mice. Fluid intake

measured over a 24 h period was similar among littermates (7.5 ± 1.0 ml/24 h vs. 7.8 ± 0.8

ml/24 h).

Human α-SYN Transcript Expression in Micturition Reflex Pathways, Superior Cervical
Ganglia (SCG) and Brain of SYN-OE mice

Human α-SYN transcript was expressed in all tissues examined (urothelium, detrusor

smooth muscle, L6-S1 dorsal root ganglia (DRG) and spinal cord segments, major pelvic

ganglia (MPG) and brain) from SYN-OE mice (Fig. 1). No human α-SYN transcript was

detected in the same tissues from littermate WT mice (data not shown). Both WT and SYN-

OE mice had similar expression of endogenous mouse α-SYN transcript in tissues examined

(data not shown).

Motor Behavior is Altered in SYN-OE Mice with Advancing Age

Motor function was assessed on a RotaRod (Dunham and Miya, 1957) using a fixed speed

testing strategy. Both male and female animals were tested. Thirty-seven mice began the

assessments of motor function but 24.3% of this group (n = 9) exhibited hemiparesis, partial

limb paralysis, trembling or inability to stand beginning at 11 months of age through the

endpoint of testing (17 months of age). These signs and symptoms required euthanasia of

affected mice; therefore, these animals did not complete the entire temporal sequence of

motor function testing. Since ANOVA showed no gender by genotype difference, data from

male and female animals were analyzed together. SYN-OE are able to maintain motor

activity on the rod comparable to littermate WT mice when the rod rotated at 16 or 32 rpm

from 1 month of age through 10 months of age. Beginning at 11 months of age, SYN-OE

mice fall significantly (p ≤ 0.01) faster (decreased latency to fall) at 16 and 32 rpm

compared to littermate WT mice (Fig. 2). This decreased latency to fall exhibited by SYN-

OE mice persisted through the end of the testing period (17 months of age) (Fig. 2). The
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RotaRod is a complex motor task that involves coordination, balance and motor learning;

therefore, additional tests were performed to assess individual aspects of motor function.

Motor neuron disease was assessed by testing hindlimb extension. Normally, an extension

reflex of the hindlimb is observed when a mouse is suspended in the air by its tail (Jaworski

et al., 2006). However, in mice with motor neuron disease, hindlimb retraction is more

commonly observed (Jaworski et al., 2006). Both WT (1.8 ± 0.1) and SYN-OE mice (1.7 ±

0.2) exhibited similar hindlimb extension from the earliest age evaluated (2 months of age)

through 10 months of age. At the 12 month testing point, SYN-OE mice (0.8 ± 0.4)

exhibited significantly (p ≤ 0.01) reduced hindlimb extension compared to WT mice (1.8 ±

0.2).

To quantify potential differences in walking patterns of littermate SYN-OE and WT mice,

the stride length, gait width, and intrastep distance between right and left paw prints were

measured (Fig. 3). Stride length, gait and intrastep distance are similar in WT and SYN-OE

mice evaluated at 4 and 6 months of age (Fig. 3A-C). At 12 months of age, SYNOE mice

display a significant (p ≤0.01) increase in gait width (Fig. 3B) with a significant decrease in

stride length and intrastep distance compared to littermate WT mice (Fig. 3A, C).

Urinary Bladder NGF Content is Increased in SYN-OE Mice

NGF bladder content is significantly (p ≤ 0.01) increased (2.8-fold) in SYN-OE mice (Fig.

4).

Early Onset of Altered Urinary Bladder Function in SYN-OE Mice

Bladder function was characterized in littermate WT and SYN-OE mice beginning at one

month of age and continuing through sixteen months of age (n = 4-5 at each age for WT and

SYN-OE). A variety of cystometric observations suggestive of lower urinary tract

dysfunction were revealed with conscious cystometry and included: urinary bladder

hyperreflexia with increased voiding frequency and non-voiding bladder contractions (72%

of SYN-OE mice examined), urinary incontinence suggestive of an incompetent urethral

closure mechanism (evidence of leakage of saline from the urethra without evidence of

increases in bladder pressure; 10% of SYN-OE mice examined) and urinary bladder

hyporeflexia associated with decreased voiding frequency and increased bladder capacity

(18% of SYN-OE mice examined). There was no correlation of any particular type of

bladder dysfunction with SYN-OE mouse age and each described lower urinary tract

dysfunction was observed at each age examined in SYN-OE mice. Urinary bladder

dysfunction was observed in SYN-OE mice at 4 months of age and persisted to the last age

studied (16 months of age). The presence of urinary bladder dysfunction preceded motor

dysfunction by 7 months in SYN-OE mice (Fig. 5). Urinary bladder hyperreflexia was the

most commonly observed (72% of SYN-OE mice examined) cystometric finding in SYN-

OE mice; therefore, this dysfunction is the main focus of this report.

To determine whether increased NGF bladder content resulted in changes in urinary bladder

function, we carried out a series of cystometry studies on littermate WT and SYNOE mice.

Figure 6 shows representative open voiding cystometrograms in conscious, unrestrained

mice in which voiding reflexes were measured in response to a continuous infusion of
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saline. In contrast to WT littermate controls where normal micturition contractions were

observed (Fig. 6A-C), 72% of SYN-OE mice examined (n = 35) exhibited urinary bladder

hyperreflexia (Fig. 6D-F) with significantly reduced (p ≤ 0.01) void volumes and

intercontraction intervals compared to WT mice (Fig. 7A,B). The reductions in void volume

and intercontraction interval were observed in both male and female transgenic mice with a

similar magnitude of change; thus, data from both genders were analyzed together. No

changes in baseline resting pressure, micturition threshold pressure or maximum voiding

pressure were observed between WT and SYN-OE mice (Fig. 7C). Non-voiding bladder

contractions (NVC) were observed in both WT and SYN-OE mice under conscious

cystometry conditions but NVCs were not observed with each voiding cycle for either group

(Fig. 8 and data not shown). However, the number of NVCs/voiding cycle, the amplitude of

NVCs and the frequency of occurrence of NVCs/voiding cycle were significantly (p ≤ 0.01)

increased in SYN-OE mice (Fig. 9A-C) compared to WT littermate controls. Of the SYNOE

mice with urinary bladder hyperreflexia, the majority (78%) exhibited significantly (p ≤

0.01) increased residual volume compared to littermate WT mice (47 ± 12 μl vs. 10 ± 8 μl).

Neuropeptide and nNOS Transcript Expression in Micturition Reflex Pathways, Superior
Cervical Ganglia (SCG) and Brain of WT and SYN-OE mice

PACAP transcript expression significantly (p ≤ 0.01) increased all tissues examined in SYN-

OE mice that demonstrated amplification of PACAP transcript except SCG (Fig. 10A). The

most robust increases in PACAP transcript expression were observed in L6 DRG (4.9-fold

increase) and MPG (3.9-fold increase)(Fig. 10A) in SYN-OE mice. No amplification of

PACAP transcript was observed in the urothelium or detrusor smooth muscle of the urinary

bladder. VIP transcript expression significantly (p ≤ 0.01) increased in all tissues examined

in SYN-OE mice except S1 DRG (Fig. 10B). The most robust changes in VIP transcript

expression were observed in the urothelium (4.1-fold increase) and detrusor smooth muscle

(4-fold increase), L6 DRG (8.5-fold increase), SCG (4.9-fold increase) and MPG (3.9-fold

increase) in SYN-OE mice (Fig. 10B). Sub P transcript expression significantly (p ≤ 0.01)

increased in L6-S1 DRG and spinal cord in SYN-OE mice (Fig. 11A). In contrast, Sub P

transcript expression significantly (p ≤ 0.01) decreased in the urothelium of the urinary

bladder in SYN-OE mice (Fig. 11A). No changes were observed in detrusor smooth muscle,

SCG or MPG. The most robust increase (4.8-fold) in Sub P transcript expression was

observed in the L6 DRG of SYN-OE mice whereas the urothelium exhibited the most robust

decrease (62.5-fold) in Sub P transcript expression in SYN-OE mice (Fig. 11A). nNOS

transcript expression significantly (p ≤ 0.01) increased in detrusor smooth muscle and L6-S1

DRG in SYN-OE mice (Fig. 11B). No changes in nNOS transcript expression were

observed in the urothelium, L6-S1 spinal cord, SCG or MPG in SYN-OE mice (Fig. 11B).

Detrusor smooth muscle, L6 and S1 DRG exhibited similar increases (2.3-3-fold) in nNOS

transcript expression in SYN-OE mice (Fig. 11B).

Basic Electrical Properties of Pelvic Ganglia Neurons are not Altered in SYN-OE mice

To test whether the observed alteration in bladder function might be due in part to an

alteration in ganglionic transmission or change in the basic electrical properties of MPG

neurons, intracellular recordings were obtained from neurons in pelvic ganglia whole mount

preparations taken from male WT and SYN-OE mice. The input resistance was determined
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from the amplitude of the voltage change evoked by injection of long hyperpolarizing

current steps and properties of the afterhyperpolarization (AHP) were determined by

eliciting action potentials with brief depolarizing current steps applied to the cell. The results

of recordings from 21 cells in 6 SYN-OE ganglia and 22 cells in 7 WT ganglia, which are

summarized in Figure 12A-D, indicate that averaged values of the resting membrane

potential, input resistance, and amplitude and duration of the AHP were not different in cells

from the two genotypes.

Subsequent experiments tested whether there was a change in the excitability pattern of the

MPG neurons from SYN-OE mice. Excitability was characterized from the response to 1

second depolarizing current pulses of increasing magnitude. The proportion of neurons

exhibiting a phasic firing pattern (4 or less APs) or multiple firing (>4 APs) was not

different in the MPG from WT or SYN-OE mice (Fig. 12E).

Additional experiments tested whether ganglionic transmission was altered in the MPG from

the SYN-OE mice. Pelvic nerve stimulation was used to evoke responses in MPG neurons

from WT and SYN-OE mice. The EPSPs elicited with low frequency, suprathreshold

stimulation (0.2 Hz) of the pelvic nerve were sufficient to evoke an action potential in all

MPG neurons tested from both strains (Fig. 12F). Also, the amplitude and duration of MPG

neuron action potentials evoked by nerve stimulation were comparable in both strains (6

cells from WT MPG and 5 cells from SYN-OE MPG). The response to repetitive

stimulation (10 Hz) of the pelvic nerve was determined in 6 cells in MPG from WT mice

and in 2 cells in MPG from the SYN-OE mice. In all cases, the EPSP remained

suprathreshold so that action potentials were evoked during a 5 sec period of 10Hz pelvic

nerve stimulation (data not shown). Although limited in scope, these experiments suggest

ganglionic transmission remains intact in the MPG from SYN-OE mice.

DISCUSSION

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, after

Alzheimer’s disease, and affects 1% of the population at 65 years of age (Venda et al.,

2010). The prevalence increases with age: currently approximately 1.0 - 1.5 million

Americans are living with PD. The scope of PD is broadening: classic motor features may

be preceded by mood or sleep disorders, olfactory, cardiovascular, gastrointestinal or lower

urinary tract dysfunction (i.e., ‘nonmotor/premotor’ manifestations of PD (Fowler et al.;

Simuni and Sethi, 2008; Tolosa and Poewe, 2009). The disease has also evolved from being

considered a sporadic disease to a complex genetic disorder requiring mutational analyses to

characterize familial forms of PD (Moore and Dawson, 2008). The recognition of specific

monogenic forms has provided opportunities to develop transgenic mouse models of PD and

further explore mechanisms of neurodegeneration, and sites of potential intervention with

therapeutic agents (Moore and Dawson, 2008). Using a human α-synuclein overexpressing

(SYN-OE) transgenic mouse model we have identified changes in peripheral autonomic

nervous system control of the lower urinary tract (i.e., bladder) months prior to the onset of

motor dysfunction. Transgenic mice also exhibited increased nerve growth factor (NGF)

content in the urinary bladder and increased neuropeptide/neuromodulator (PACAP, VIP,

Sub P and nNOS) (Arms and Vizzard, 2011) transcript expression in lower urinary tract
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tissues. In contrast, when transgenic mice were evaluated at ages that demonstrated bladder

dysfunction, no changes in ganglionic transmission or neuronal electrophysiology were

demonstrated in the major pelvic ganglion (MPG) that provides postganglionic innervation

to urogenital tissues including the urinary bladder. Thus, these transgenic mice offer good

construct (genetic etiology) and face (symptoms and pathology) validity for evaluating α-

synuclein’s role in the cascade of clinical events that might begin in the peripheral control of

ANS function and progress centripetally (from disordered autonomic function to altered

central systems controlling motor function). The current study demonstrates human α-

synuclein (hSNCA) mRNA overexpression in micturition reflex pathways and SCG and

brain from SYN-OE mice. In all tissues examined (urothelium, detrusor smooth muscle, L6-

S1 DRG, L6-S1 spinal cord, SCG, MPG and brain), hSNCA mRNA is overexpressed. The

same tissues from littermate wildtype mice only expressed endogenous mouse α-synuclein

mRNA similar to that demonstrated in SYN-OE mice. Future studies are necessary to

demonstrate synuclein protein expression in the relevant tissues and cell types (e.g.,

urothelium, detrusor smooth muscle, sensory neurons) in target tissues (i.e., urinary bladder)

and to determine correlation between hSNCA mRNA and synuclein protein expression in

SYN-OE mice.

The bladder dysfunction in the transgenic model parallels the altered bladder function in

patients with synucleinopathies (i.e., hyperactive bladder dysfunction predominates with

detrusor-sphincter-dyssnergia and urgency and frequent urination, including increasing

nocturia, and urinary retention) (Fowler et al., 2010; Ragab and Mohammed, 2011). In

addition, PD patients also will experience urinary incontinence from failed sphincter control

primarily reflecting an internal sphincter malfunction (Fowler et al., 2010). In the SYN-OE

mouse, urinary bladder hyperreflexia with increased voiding frequency, decreased voided

volumes and the presence of non-voiding contractions was the predominant bladder

dysfunction observed in the present study. However, urinary bladder hyporeflexia as well as

incontinence were also observed, although less frequently, in the transgenic mouse model.

Human studies demonstrate a higher presence of LB pathology in vesicoprostate plexi

compared to other autonomic ganglia suggesting that this transgenic model system may

provide insights into neuronal vulnerability to the pathogenic process of alterations in the

processing of the synuclein protein (Minguez-Castellanos et al., 2007). Consistent with this

is the demonstration in the present study that changes in transcript expression of neuroactive

compounds in the SCG were only demonstrated in 1 of 4 neurochemicals (i.e., VIP)

examined in contrast to robust changes in each neuroactive compound examined in

micturition reflex components. Further, in the autonomic nervous system, the involvement

of the genitourinary system is higher than the enteric nervous system occurring in a fairly

high percentage of ‘healthy appearing elderly’ (26% vs. 4%)(Minguez-Castellanos et al.,

2007). In addition to LB pathology in peripheral ganglia, studies demonstrate LB pathology

in autonomic nuclei in lumbar and sacral spinal cord in human PD (Wakabayashi et al.,

1990). Thus, human studies support the unique vulnerability of peripheral autonomic neural

structures in PD.

Increased NGF bladder content was demonstrated in SYN-OE mice with urinary bladder

dysfunction. The urinary bladder hyperreflexia observed was similar to that recently

described in a transgenic mouse with chronic overexpression of NGF (NGF-OE) in the
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urothelium of the urinary bladder (Schnegelsberg et al., 2009). Altered NGF content is

associated with stretch of the urinary bladder (Clemow et al., 2000) as well as urinary

bladder inflammation and dysfunction in both rodents and humans where it may underlie

neurochemical (Vizzard, 2001; Braas et al., 2006; Zvarova and Vizzard, 2006; Klinger et al.,

2008), organizational (Vizzard and Boyle, 1999; Vizzard, 2000a) and electrophysiological

(Yoshimura and de Groat, 1999) changes of micturition reflex pathways. In rodents, urinary

bladder inflammation induced by noxious chemical or mechanical stimuli increased NGF

mRNA and/or protein within the urothelium or detrusor smooth muscle (Vizzard, 2000b;

Bjorling et al., 2001; Dupont et al., 2001) and caused morphological changes in bladder

sensory and motor neurons (Dupont et al., 2001). Urinary bladder inflammation (Vizzard,

2000a; Murray et al., 2004; Guerios et al., 2008; Klinger and Vizzard, 2008) also produced

changes in NGF or NGF receptor (TrkA and p75NTR) expression in micturition reflex

pathways. NGF also increased in hypertrophied bladders following spinal cord injury or

bladder outlet obstruction (BOO) (Kim et al., 2005; Kim et al., 2006; Liu and Kuo, 2007;

Liu et al., 2008a; Liu et al., 2008b; Liu and Kuo, 2008a; Liu and Kuo, 2008b) and in

bladders of spontaneously hypertensive rats (Clemow et al., 1998) where it appears to

correlate with neuronal hypertrophy (Steers et al., 1991) and persistent detrusor overactivity

(DO) (Clemow et al., 1998; Kim et al., 2004). Future studies involving the SYN-OE mice

will address morphological changes in bladder sensory and motor neurons, expression of

NGF receptor (TrkA and p75NTR) expression in micturition reflex pathways and cellular/

tissue (e.g., urothelium, detrusor smooth muscle, suburothelial nerve plexus) sources of

increased NGF expression in the urinary bladder of SYN-OE mice.

A number of addition or subtraction studies have demonstrated role(s) for NGF in urinary

bladder hyperreflexia. Intrathecal NGF administration increased NGF expression in bladder

afferents, increased bladder afferent hyperexcitability and caused urinary bladder

hyperreflexia, indicating that increased NGF levels in the afferent limb of the micturition

reflex contributes to changes in bladder sensory function (Yoshimura et al., 2006). Increased

bladder NGF expression via adenoviral delivery (Lamb et al., 2004) also increased voiding

frequency, while chronic administration of NGF into the bladder wall (Zvara and Vizzard,

2007) increased voiding frequency, augmented central responses to bladder distension

(increased Fos protein) and increased neuropeptide (substance P, calcitonin gene-related

peptide) expression in the bladder and lumbosacral spinal cord, suggesting an NGF-

mediated re-organization of micturition reflex pathways. In contrast, sequestration of NGF

using a TrkA-IgG fusion protein (Dmitrieva et al., 1997) or the NGF scavenging agent

REN1820 (Hu et al., 2005) reduced urinary bladder hyperreflexia (Dmitrieva et al., 1997;

Hu et al., 2005). Future studies involving NGF sequestration approaches in the SNY-OE

transgenic mouse will be pursued to reduced urinary bladder hyperreflexia.

Numerous neuropeptide and neuromodulatory systems including vasoactive intestinal

polypeptide (VIP), pituitary adenylate cyclase-activating polypeptide (PACAP), substance P

(sub P) and neuronal nitric oxide synthase (nNOS) are expressed in the lower urinary tract

(LUT) in both neural and non-neural (e.g., urothelium) components (Vizzard, 2001; Arms

and Vizzard, 2011). LUT neuropeptide and nNOS immunoreactivity is present in afferent

and autonomic efferent neurons innervating the bladder and urethra and in the urothelium of

the urinary bladder. Neuropeptides and nNOS have tissue-specific distributions and
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functions in the LUT and exhibit neuroplastic changes in expression and function with LUT

dysfunction following neural injury, inflammation and disease (Arms and Vizzard, 2011).

Neuropeptides in the afferent pathways to the LUT exhibit either excitatory or inhibitory

actions. Non-neural sources of peptides in the LUT include plasma, sites of tissue

inflammation or injury, detrusor smooth muscle cells, bladder fibroblasts and the urothelium

(Arms and Vizzard, 2011). Pathology, neural injury and target organ pathology (e.g.,

bladder inflammation) can alter the known balance of neuropeptides either in the periphery

and/or central pathways conceivably shifting the balance to a hyper- or hypo-active reflex

state (Arms and Vizzard, 2011).

The demonstration of increased expression of neuropeptides and nNOS transcripts in

micturition reflex pathways in SYN-OE mice is consistent with demonstrated facilitatory

effects of these neuroactive compounds in micturition reflex pathways and this

neurochemical plasticity may contribute to urinary bladder dysfunction (Arms and Vizzard,

2011). Additional studies are needed to determine if protein expression of the examined

neuroactive compounds correlates with demonstrated increased transcript expression in

micturition reflex pathways. We have previously demonstrated direct facilitatory effects of

PACAP on bladder smooth muscle contractility (Braas et al., 2006). In a urinary bladder

inflammation model, intrathecal or intravesical administration of a PAC1 receptor

antagonist, PACAP6-38, reduced cystitis-induced bladder hyperreflexia (Braas et al., 2006).

In the MPG, local application of PACAP or maxadilan, a PAC1-selective agonist or VIP,

decreased the afterhyperpolarization and increased neuronal excitability in a subpopulation

of neurons (Tompkins et al., 2010). Consistent with facilitatory effects of PACAP and VIP

in micturition reflexes, PACAP null mice (May and Vizzard, 2010) and VIP null mice

(Studeny et al., 2008) exhibit hyporeflexia (i.e., increased bladder capacity, voided volumes

and longer intercontraction intervals). Current research also supports the suggestion that

PACAP and VIP are regulators of bladder physiology at the level of the urothelium through

ATP release (Girard et al., 2008). Furthermore, it has been demonstrated (Lecci et al., 1994)

that intrathecal injection of sub P antagonists reduced bladder inflammation-induced bladder

hyperreflexia. Much less is known regarding the contribution of nNOS to urinary bladder

dysfunction; however, BOO is associated with increased nNOS expression in bladder

afferent neurons in DRG (Zvara et al., 2004). Therefore, PACAP, VIP, sub P and nNOS

signaling in the urinary bladder, sensory neurons and/or MPG may represent diverse sites

for neuromodulation of bladder function in SYN-OE mice.

There is growing evidence that expression of α-synuclein is associated with decreased

release of neurotransmitter and synaptic dysfunction in neuronal populations (Larsen et al.,

2006; Garcia-Reitbock et al., 2010; Nemani et al., 2010; Scott et al., 2010). Specifically,

SYN-OE mice demonstrate impaired synaptic vesicle exocytosis in hippocampal neurons

(Yavich et al., 2004) and ventral midbrain dopaminergic neurons transfected with α-

synuclein similarly demonstrate impaired synaptic vesicle exocytosis as well as reductions

in the readily releasable and recycling synaptic vesicle pools (Nemani et al., 2010). In the

current studies, intracellular recording and nerve stimulation did not reveal changes in the

electrical or synaptic properties of postganglionic neurons in the MPG of SYN-OE mice at

postnatal ages with demonstrated urinary bladder dysfunction. The absence of changes in

electrical and synaptic properties in MPG neurons suggests that urinary bladder dysfunction
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in SYN-OE mice does not reflect a change in efferent limb of the micturition reflex despite

some changes in the neurochemistry in the MPG of SYN-OE mice. Rather, urinary bladder

dysfunction in SYN-OE mice may reflect changes in the properties of the afferent limb of

the micturition reflex, target organ (i.e., urinary bladder) and/or changes in central

micturition reflex circuitry. This suggestion is consistent with the likely substrates

underlying urinary bladder hyperreflexia in NGF-OE mice (Schnegelsberg et al., 2009)

(Tompkins et al., unpublished observations). Similar to SYN-OE mice, postganglionic

neurons in the MPG do not exhibit changes in electrical or synaptic properties but do

demonstrate robust changes in neurochemistry in bladder afferent and central micturition

circuitry (Schnegelsberg et al., 2009). Future studies evaluating the electrical and synaptic

properties of bladder afferent neurons as well as recording afferent nerve activity in response

to urinary bladder distention may provide additional insight into changes in the afferent limb

of the micturition reflex in SYN-OE mice that may underlie urinary bladder dysfunction.
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Perspectives and Significance

The human α-synuclein overexpressing mouse model permits longitudinal examination

of autonomic function and motoric function/dysfunction and provides an opportunity to

test interventions in autonomic function long before motor dysfunction appears. Also,

pharmacological management of bladder dysfunction may be examined. The transgenic

mouse model permits the opportunity for early intervention in pre-clinical phase of ANS

dysfunction and examine whether onset of genitourinary dysfunction might be altered by

disease modifying interventions. Future studies are necessary to determine the presence

of additional autonomic dysfunction (e.g., gastrointestinal, cardiac) in SYN-OE mice as

well as to confirm early onset of urinary bladder dysfunction in other pre-clinical animal

models of PD.
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Fig. 1.
Human α-synuclein (hSNCA) mRNA overexpression in micturition reflex pathways and

superior cervical ganglia (SCG) and brain from human α-synuclein overexpressing

(SYNOE) mice. In all tissues examined (urothelium, detrusor smooth muscle, L6-S1 dorsal

root ganglia (DRG), L6-S1 spinal cord, SCG, major pelvic ganglia (MPG) and brain),

hSNCA mRNA is overexpressed. The same tissues harvested from littermate wildtype mice

only expressed endogenous mouse α-synuclein mRNA similar to that demonstrated in SYN-

OE mice (data not shown). SYN-OE mice samples were normalized to the relative

expression of the reference gene, 18S.
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Fig. 2.
SYN-OE mice exhibit altered locomotor function with advancing age. Wildtype (WT) and

synuclein overexpressing (SYN-OE) mice littermates were tested at 16 and 32 rpm on

consecutive days on a motorized rotating rod. SYN-OE maintain motor activity on the rod

comparable to littermate WT mice when the rod rotated at 16 or 32 rpm from 1 month of age

through 10 months of age. Beginning at 11 months of age, SYN-OE mice fall significantly

(p ≤ 0.01) faster (decreased latency to fall) at 16 and 32 rpm compared to littermate WT

mice. This decreased latency to fall exhibited by SYN-OE mice persisted through the end of

the testing period (17 months of age). *, p ≤ 0.01 relative to WT at 16 rpm; #, p ≤ 0.01

relative to WT at 32 rpm.
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Fig. 3.
Stride length, gait width and intrastep distance is altered in SYN-OE mice with advancing

age. A) Stride length is decreased in SYN-OE mice evaluated at 12 months of age, but is

unaltered in wildtype (WT) mice. No difference in stride length in SYN-OE mice is

observed at 4 or 6 months of age compared to WT. B) Gait width is increased in SYN-OE

mice at 12 months of age. No difference in gait in SYN-OE mice is observed at 4 or 6

months of age compared to WT. C) Intrastep distance is decreased in SYN-OE mice

evaluated at 12 months of age, but is unaltered in WT mice. No difference in gait width in

SYN-OE mice is observed at 4 or 6 months of age compared to WT. *, p ≤ 0.01 relative to

WT at 12 months.
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Fig. 4.
Nerve growth factor (NGF) content in the urinary bladders of WT and SYN-OE transgenic

(Tg) mice. NGF content in whole urinary bladder was determined in littermate WT and Tg

mice. Urinary bladder NGF was significantly (p ≤ 0.01) greater in Tg mouse bladders

compared to WT.
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Fig. 5.
Urinary bladder dysfunction onset precedes motor dysfunction in SYN-OE mice. Urinary

bladder dysfunction was observed in SYN-OE mice at 4 months of age and persisted to the

last age studied (16 months of age). The presence (score of 1) of urinary bladder dysfunction

preceded motor dysfunction by 7 months in SYN-OE mice. Motor dysfunction was not

observed (absence; score of 0) in SYN-OE evaluated using rotarod testing (Fig. 2) and gait

analyses (Fig. 3) from 1-10 months of age. Urinary bladder dysfunction was not observed

(absence; score of 0) using conscious cystometry in SYN-OE mice evaluated from 1-3

months of age.
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Fig. 6.
Open cystometry in 4 month old, conscious WT and SYN-OE transgenic mice.

Representative cystometrogram trace from a conscious, unrestrained WT (A-C) and SYN-

OE (D-F) mouse with continuous intravesical infusion (25 μl/min) of room temperature

saline. Bladder pressure (BP, cm H20), volume infused (VI, μl) and voided volume (VV, ml)

are shown. Arrows in E indicate examples of non-voiding contractions. Seconds, sec.
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Fig. 7.
Summary bar graphs from open cystometry. Bar graphs of VV (ml, A), ICI (seconds, s; B)

and BP (cm H20, C) from conscious cystometry in unrestrained WT and SYN-OE transgenic

mice with continuous infusion of saline. A) Voided volume (VV) in transgenic mice were

significantly (p ≤ 0.01) smaller compared to WT VV. B) Intercontraction intervals (ICI)

were significantly (p ≤ 0.01) reduced in transgenic mice compared to WT mice. C) No

changes in baseline, threshold or maximum micturition pressure were observed between WT

and transgenic mice using conscious cystometry. Data represent the mean ± S.E.M.
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Fig. 8.
Non-voiding contractions (NVCs) in SYN-OE transgenic mice from open cystometry.

Representative cystometrogram trace from a conscious, unrestrained transgenic mouse with

continuous intravesical infusion (25 μl/min) of room temperature saline. VI (μl, A) and BP

(cm H20, B) are shown. Dashed box in B is focusing on micturition events associated with

the occurrence of NVCs. C) The dashed box in B is expanded with arrows indicating NVCs

and asterisks indicating void events.
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Fig. 9.
Summary bar graphs of non-voiding contractions (NVCs) properties in WT and SYNOE

transgenic mice. Evidence of NVCs was observed in both WT and transgenic mice under

conscious cystometry conditions but NVCs were not observed with each voiding cycle in

either WT or transgenic mice. The number of NVCs/voiding cycle (A), amplitude of NVCs

(cm H20, B) and frequency of occurrence (%, C) of NVCs/voiding cycle were significantly

(p ≤ 0.01) increased in transgenic mice. Data represent the mean ± S.E.M.
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Fig. 10.
Modulation of pituitary adenylate cyclase activating polypeptide (PACAP; A) and

vasoactive intestinal polypeptide (VIP; B) transcript expression in littermate wildtype (WT)

and synuclein overexpressing (SYN-OE) mice in micturition reflex pathways, superior

cervical ganglia (SCG) and brain. WT samples were set equal to 100% and normalized to

the relative expression of the reference gene, L32. SYN-OE samples were expressed relative

to WT samples and normalized to the relative expression of the reference gene, L32. A)

PACAP mRNA expression in tissues sampled (L6-S1 dorsal root ganglia (DRG), L6-S1

spinal cord, SCG, major pelvic ganglia (MPG) and brain). PACAP transcript expression

significantly (p ≤ 0.01) increased all tissues examined in SYN-OE mice that demonstrated

amplification of PACAP transcript except SCG. No amplification of PACAP transcript was

observed in the urothelium or detrusor smooth muscle of the urinary bladder. B) VIP mRNA

expression in tissues sampled (urothelium, detrusor smooth muscle, L6-S1 DRG, L6-S1

spinal cord, SCG, MPG and brain). VIP transcript expression significantly (p ≤ 0.01)

increased in all tissues examined in SYN-OE mice except S1 DRG. Values are mean ±

SEM. *, p ≤ 0.01 versus WT.
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Fig. 11.
Modulation of substance P (Sub P; A) and neuronal nitric oxide synthase (nNOS; B)

transcript expression in littermate wildtype (WT) and synuclein overexpressing (SYN-OE)

mice in micturition reflex pathways, superior cervical ganglia (SCG) and brain. WT samples

were set equal to 100% and normalized to the relative expression of the housekeeping gene,

L32. SYN-OE samples were expressed relative to WT samples and normalized to the

relative expression of the reference gene, L32. A) Sub P mRNA expression in tissues

sampled (urothelium, detrusor smooth muscle, L6-S1 dorsal root ganglia (DRG), L6-S1

spinal cord, SCG, major pelvic ganglia (MPG) and brain). Sub P transcript expression

significantly (p ≤ 0.01) increased in L6-S1 DRG and spinal cord in SYN-OE mice. Sub P

transcript expression significantly (p ≤ 0.01) decreased in the urothelium of the urinary

bladder in SYN-OE mice. B) nNOS transcript expression significantly (p ≤ 0.01) increased

in detrusor smooth muscle and L6-S1 DRG in SYN-OE mice. Values are mean ± SEM. *, p

≤ 0.01 versus WT.
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Fig. 12.
Membrane properties of major pelvic ganglia (MPG) neurons from synuclein

overexpressing (SYN-OE) and wildtype (WT) mice. Resting membrane potential (A), input

resistance (B), and afterhyperpolarization amplitude (C) and duration (D) were not different

between strains (21 cells from 6 SYN-OE MPG; 22 cells from 7 WT MPG). E) the

proportion of phasic neurons (cells firing fewer than 4 action potentials in response to long-

duration depolarization) also was not different between the two genotypes (16/20 WT vs.

13/21 SYNOE, p = 0.6). F) Ganglionic transmission elicited by pelvic nerve stimulation was

comparable in the MPG from WT and SYN-OE mice. Responses recorded from cells in the

MPG from a WT and an SYN-OE mouse evoked by suprathreshold stimulation of the pelvic

nerve.
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