
Progression of Intestinal Permeability Changes and Alpha-

Synuclein Expression in a Mouse Model of Parkinson’s Disease

Leo P. Kelly, PhD1,2, Paul M. Carvey, PhD2, Ali Keshavarzian, MD2,3,4, Kathleen M.

Shannon, MD5, Maliha Shaikh3, Roy A. E. Bakay, MD1,2, and Jeffrey H. Kordower, PhD5,*

1Department of Neurosurgery, Rush University, Chicago, Illinois, USA 2Department of
Pharmacology, The Graduate College, Rush University, Chicago, Illinois, USA 3Department of
Internal Medicine, Division of Digestive Diseases and Nutrition, Rush University, Chicago, Illinois,
USA 4Division of Pharmacology, Utrecht Institute for Pharmaceutical Sciences, Faculty of
Science, Utrecht University, Utrecht, the Netherlands 5Department of Neurological Sciences, The
Graduate College, Rush University, Chicago, Illinois, USA

Abstract

Parkinson’s disease (PD) is a multifocal degenerative disorder for which there is no cure. The

majority of cases are sporadic with unknown etiology. Recent data indicate that untreated patients

with de novo PD have increased colonic permeability and that both de novo and premotor patients

have pathological expression of α-synuclein (α-syn) in their colon. Both endpoints potentially can

serve as disease biomarkers and even may initiate PD events through gut-derived,

lipopolysaccharide (LPS)-induced neuronal injury. Animal models could be ideal for interrogating

the potential role of the intestines in the pathogenesis of PD; however, few current animal models

of PD encompass these nonmotor features. We sought to establish a progressive model of PD that

includes the gastrointestinal (GI) dysfunction present in human patients. C57/BL6 mice were

systemically administered one dose of either LPS (2.5 mg/kg) or saline and were sacrificed in

monthly intervals (n=5 mice for 5 months) to create a time-course. Small and large intestinal

permeability was assessed by analyzing the urinary output of orally ingested sugar probes through

capillary column gas chromatography. α-Syn expression was assessed by counting the number of

mildly, moderately, and severely affected myenteric ganglia neurons throughout the GI tract, and

the counts were validated by quantitative optical density measurements. Nigrostriatal integrity was

assessed by tyrosine hydroxylase immunohistochemistry stereology and densitometry. LPS caused

an immediate and progressive increase in α-syn expression in the large intestine but not in the

small intestine. Intestinal permeability of the whole gut (large and small intestines) progressively

increased between months 2 and 4 after LPS administration but returned to baseline levels at

month 5. Selective measurements demonstrated that intestinal permeability in the small intestine

remained largely intact, suggesting that gut leakiness was predominately in the large intestine.
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Phosphorylated serine 129-α-syn was identified in a subset of colonic myenteric neurons at

months 4 and 5. Although these changes were observed in the absence of nigrostriatal

degeneration, an abrupt but insignificant increase in brainstem α-syn was observed that paralleled

the restoration of permeability. No changes were observed over time in controls. LPS, an

endotoxin used to model PD, causes sequential increases in α-syn immunoreactivity, intestinal

permeability, and pathological α-syn accumulation in the colon in a manner similar to that

observed in patients with PD. These features are observed without nigrostriatal degeneration and

incorporate PD features before the motor syndrome. This allows for the potential use of this model

in testing neuroprotective and disease-modifying therapies, including intestinal-directed therapies

to fortify intestinal barrier integrity.
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Parkinson’s disease (PD) is synucleinopathy that classically has been defined as a movement

disorder characterized by tremor, rigidity, akinesia, and postural instability due to

degeneration of the nigrostriatal pathway. 1 The presence of Lewy bodies, the pathological

hallmark of the disease, which are proteinaceous cytoplasmic aggregates comprised largely

of the presynaptic terminal protein α-synuclein (α-syn), is required for a pathological

diagnosis of the disease.2 Whereas the end-stage and postmortem parkinsonian profiles of

PD are well characterized, much less is known about how the disease begins and progresses.

Although this is due in part to the stage at which PD patients typically present motor

symptoms, it is also due in part to our toxin animal models, which historically have

consisted of rodents and nonhuman primates that are given acute and massive dopaminergic

lesions.3 These models do not fully recapitulate the full spectrum of motor and nonmotor

disease symptoms, especially those nonmotor symptoms that present in the extensive

premotor phase.

Premotor symptoms such as constipation are present in the majority of PD patients and can

occur years to decades before the onset of motor impairment.4–6 Several recent and

converging lines of evidence indicate that α-syn is pathologically expressed in the intestines

of patients with PD.7–14 This expression supports the Braak hypothesis,15 which postulates

that PD pathogenesis spreads from the enteric nervous system to the brain via susceptible

long, thin, unmyelinated axons before advancing rostrally through the central nervous

system (CNS). Additional animal studies have begun to explore this provocative concept

utilizing both toxin and genetic models of PD.16–25 Transgenic α-syn overexpression and

missense mutations have produced slowed gastrointestinal (GI) motility,20 defecatory

dysfunction and increased enteric α-syn expression,19 and enteric α-syn aggregates.24 Toxin

models, especially rotenone, have displayed promising results, including delayed α-syn

aggregate pathology and slightly decreased GI motility.16 A series of reports by Pan-

Montojo and colleagues18,23 demonstrated that intragastrically administered rote-none

induced Braak’s staging in mice23 and that this progressive pathology could be arrested by

sympathetic and parasympathetic nerve resection.18 However, a recent report by Tasselli

and colleagues17 showed that orally administered rotenone failed to reproduce enteric
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alterations while still inducing nigral degeneration. While animal models continue to be

refined, we and our collaborators have demonstrated two critical pathological events in the

early PD syndrome. First, we observed the pathological expression of colonic α-syn both in

newly diagnosed de novo patients and in premotor patients years before their PD

diagnosis.8,9,26 Second, the same cohort of newly diagnosed PD patients displayed abnormal

intestinal permeability, which presumably was localized to the large intestine.26 Although

both α-syn and increased intestinal permeability are well known events associated with

inflammation,27–30 no animal models of PD have explored both of these early facets of

disease pathogenesis over time.

Lipopolysaccharide (LPS) is a gut-derived, pro-inflammatory bacterial endotoxin that has

demonstrated delayed and progressive nigral pathology when administered systemically and

serves as a progressive model of PD.31,32 However, its use as model for premotor PD has

not been explored. Therefore, in the present study, we hypothesized that systemically

administered LPS would compromise GI permeability that, in turn, results in further leaks of

LPS from the intestinal lumen into the intestinal submucosa and enteric neuronal tissues,

promoting α-syn overexpression in neurons of the myenteric plexus of the GI tract over

time.

Materials and Methods

Animals

Forty C57BL/6J male mice were used in the study and were housed five per cage under a

12-hour light/ dark cycle with food and water available ad libidum. The Rush University

Institutional Animal Care and Use Committee approved all experiments.

Experimental Design

After a 1-week acclimation period, 7-week to 8-weekold C57/BL6 mice were systemically

administered one intraperitoneal dose of either LPS (2.5 mg/kg; n=25) or saline (n=5). This

dose was chosen because it is not sufficient to induce nigrostriatal degeneration.31 Baseline

controls were sacrificed initially (n=5) at age 2 months, and LPS animals were sacrificed in

monthly intervals for 5 months to create a time course (n=5 per month). An additional 10

control C57BL/6J male mice ages 2 months (n=5) and 7 months (n=5) were sacrificed at the

end of the study to control for the effects of time. One week before each sacrifice, intestinal

permeability was assessed in the small and large intestines using poorly absorbed sugar

markers (lactulose, mannitol, and sucralose), as described below. The expression of α-syn

was assessed post-mortem by counting the number of mildly, moderately, and severely

affected myenteric ganglia neurons and was validated by measuring optical density.

Stereological assessments of tyrosine hydroxylase (TH)-positive nigral neurons in the

substantia nigra and of α-syn–positive neurons in the dorsal motor nucleus of the vagus

nerve (DMNX) also were performed, as we have previously described.33

Intestinal Permeability Analyses

A stock solution of lactulose (1.605 g), sucrose (0.225 g), sucralose (0.225 g), and mannitol

(0.450 g) in 100 mL distilled H2O was created and aliquoted for use throughout the study.
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Mice were deprived of food for 12 hours before the experiment. Each mouse received a 0.2-

mL sugar bolus by oral gavage followed by 2 mL of lactated Ringer’s solution

subcutaneously immediately after sugar gavage to facilitate urine output. Mice were then

individually placed in metabolic chambers for 5 hours to collect urine before being returned

to cages. Urinary volume was measured and stored at −80°C. Urinary sugars were measured

using capillary column gas chromatography.26 Lactulose and mannitol are reported as a ratio

(the L/M ratio), and sucralose is reported as the percentage excretion of oral dose (Fig. 1), as

we have previously described.26,34–37

Tissue Processing

At each sacrifice time point, mice were deeply anesthetized with sodium pentobarbital and

transcardially perfused with saline followed by 4% paraformaldehyde. Brains were removed

and transferred to 30% sucrose, in which they remained for 72 hours until equilibrium;

coronally sliced at 40 microns on a freezing microtome; and stored in an ethylene glycol-

based cryoprotectant before immunohistochemistry. The intestines were removed,

extensively flushed with phosphate-buffered saline, and stored in 4% paraformaldehyde for

24 hours at 4°C. One-centimeter coronal samples from the duodenum, jejunum, ascending

colon, transverse colon, and descending colon were systematically retrieved and vertically

embedded in Tissue-Tek, snap-frozen, and sliced at 20 microns in a cryostat.

Immunohistochemistry

Brains were stained as free-floating sections, whereas intestinal sections were stained on the

slide. Initially, the brains were rinsed of cryoprotectant, and the slides were rinsed of Tissue-

Tek before they were quenched with endogenous peroxidases using a 20-minute incubation

in a 0.1 M sodium periodate solution. Non-specific background staining was blocked for 1

hour in 3% goat serum and 2% bovine serum albumin. Sections were incubated with

primary antibody (rabbit anti-TH, 1:1,000 dilution [AB152; Millipore Corporation, Billerica,

MA]; rabbit anti-α-syn, 1:1,000 dilution [2642; Cell Signaling Technology, Beverly, MA];

or rabbit anti-α-syn/phosphorylated serine 129 [ab59264; Abcam, Cambridge, UK]), 1%

bovine serum albumin, 1% serum, and 0.4% Triton-X at 4°C for 18 hours. The sections were

then washed, incubated with appropriate secondary antibodies (biotinylated goat anti-rabbit,

1:200 dilution; BA-1000; Vector Laboratories, Burlingame, CA) for 1 hour, washed again,

and incubated with avidin-biotin complex (Vector Laboratories) for 2 hours. Tissues were

then incubated in imidazole-acetate buffer, pH 7.3, for 30 minutes before they were

visualized with 3-3′-diaminobenzidine tetrahydrochloride in 0.01% hydrogen peroxide with

(α-syn) or without (TH and phosphorylated serine 129-α-syn) nickel enhancement. The

sections were allowed to dry overnight, dehydrated through increasing alcohol

concentrations and xylenes, and coverslipped with cytoseal (23244257; Fisher Scientific

International, Hampton, NH).

Quantification and Assessment of TH and α-Syn Immunoreactivity

Stereological assessments of TH-positive neurons in the substantia nigra pars compacta

(SNpc) and α-syn–positive neurons in the DMNX were performed using an optical

fractionator unbiased sampling protocol. Counting of α-syn and visualization of

phosphorylated serine 129-α-syn–immunoreactive myenteric neurons was performed by an
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investigator who was blinded to GI region and time point. Two sections were analyzed per

GI region (duodenum, jejunum, ascending colon, transverse colon, and descending colon)

for each animal at every time point. Under ×20 magnification, myenteric plexus ganglia

were identified between the outer longitudinal and inner circular muscle layers. At least 20

ganglia were identified per section. Coronal sectioning allowed for the evaluation of all

myenteric ganglia neurons around the entire GI section perimeter. Neurons were labeled as

mild, moderate, or severe according to their α-syn–immunoreactive intensity. Mild neurons

contained faint α-syn staining largely localized to the cell periphery, moderate neurons

displayed more intense α-syn immunoreactivity in the periphery and cell body, and severe

neurons exhibited profound α-syn immunoreactivity throughout the entire cell body (Fig. 2).

The optical density of individual neurons was used to establish quantitative differences

between these categorizations (mild, 26.08±9.3; moderate, 94.24±12.4; severe, 136.3±3.3)

to validate this rating scheme and was assessed using Kruskal-Wallis and Dunn’s multiple

comparison tests. Densitometric measurements, expressed as gray levels, were performed

using an Olympus microscope (Olympus, Tokyo, Japan) equipped with a × 20 objective

connected to a Scion image analysis system (Scion Corporation, Frederick, MD), as

previously described.38 Because the total number of neurons in a coronal section will vary

depending on the number of ganglia observed, data are expressed as the average number of

mild, moderate, and severe neurons per ganglia±standard error of the mean (Fig. 3).

Statistical Analyses

Statistical comparisons were made using GraphPad Prism 5 software (GraphPad Software,

Inc., La Jolla, CA). For intestinal permeability, stereological assessments of the DMNX and

SNpc, and striatal densitometry, we used a general linear model with Dunnett’s contrasts to

compare individual LPS time points versus saline baseline. For immunohistochemistry

assessments, myenteric neurons were classified as mild, moderate, or severe based on α-syn

staining intensity. Quantitative differences between these categorizations were assessed

using Kruskal-Wallis and Dunn’s multiple comparison tests. Linear regression analyses

were used to detect changes in neuronal categorizations in LPS-treated animals over time.

Mann-Whitney tests were used to compare control animals at 2 months and 7 months. In all

tests, we adopted a 5% significance level.

Results

Intestinal permeability tests were performed 1 week before sacrifice (Fig. 1A–D). One

animal was not included in the intestinal permeability assessments because partial

regurgitation of gavaged sugar probes was noted during testing. The widely used 5-hour

urinary L/M ratio26,27 represents small bowel permeability, whereas sucralose represents

whole gut permeability. Taken together, L/M ratio and sucralose measurements are used to

assess large intestine (colon) permeability.26 Mannitol is absorbed passively via paracellular

and transcellular transport, whereas lactulose is absorbed via a paracellular route throughout

the small intestine. Therefore, an increased L/M ratio represents increased small intestinal

permeability. Lactulose and mannitol can also be absorbed passively in the colon; however,

because colonic bacteria rapidly metabolize these sugars, the changes in urinary lactulose

and mannitol are not reliable indices of colonic permeability.
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In contrast, sucralose is absorbed passively via a paracellular route throughout the small and

large intestines and is not fermented by bacteria; thus, its urinary levels represent total gut

(small and large bowel) permeability. Whereas the overall general linear model (GLM) was

significant for the L/M ratio (F[5,23]=6.88; P=0.001), no effect was observed for LPS

treatment (P=0.533) (Fig. 1A). For sucralose assessments, the overall GLM was significant

(F[5,23]=3.95; P<0.01), and we observed an effect for LPS treatment (P=0.004) (Fig. 1B).

Pairwise comparisons demonstrated significant increases in sucralose permeability at 2

months, 3 months, and 4 months post-LPS compared with saline controls before returning to

baseline levels at 5 months post-LPS. An additional group of controls at the initial (n=5) and

final (5 months later; n=5) time points demonstrated no differences in the L/M ratio (Fig.

1C) or in sucralose (Fig. 1D) permeability.

CNS assessments included α-syn stereology in the DMNX, TH stereology in the SNpc, and

TH striatal densitometry (Fig. 4A–F). The overall GLM was not significant for α-syn in the

DMNX (F[5,21]=1.81; P=0.155) (Fig. 4A). Surprisingly, the increase in brainstem α-syn at 5

months post-LPS paralleled the abrupt restoration of intestinal permeability (Fig. 1B).

Although no changes were observed in the SNpc (F[5,24]=2.46; P=0.062) (Fig. 4B), the

overall GLM was significant for striatal densitometric assessments (F[5,20]=2.85; P=.042)

(Fig. 4C). However, no effect for striatal LPS treatment was observed (P=0.233) (Fig. 4C).

The additional group of controls at the initial (n=5) and final (5 months later; n=5) time

points indicated no differences in DMNX α-syn stereology (Fig. 4D), SNpc TH stereology

(Fig. 4E), or striatal TH densitometry (Fig. 4F).

One week after intestinal permeability tests were performed, animals were sacrificed, and

coronal GI samples were processed as described above (see Materials and Methods).

Myenteric neurons were visualized (Fig. 2) and classified as mild, moderate, or severe based

on α-syn staining intensity. This categorization scheme was validated by the significant

intensification of differences in optical density (Fig. 3) assessed by the Kruskal-Wallis test

(data not shown; P<0.001) and subsequent Dunn’s multiple comparisons tests (data not

shown; all P<0.05). Neurons that expressed α-syn-immunoreactivity were detected in the

myenteric ganglia of control and LPS-treated animals in all GI regions across all time points.

In saline baseline controls, the observed α-syn immunoreactivity was predominately mild in

both the small and large intestines. After LPS treatment, the distribution of mild, moderate,

and severe neurons changed considerably in the large intestine (Fig. 3B), but not in the small

intestine (Fig. 3A). The additional group of vehicle-injected controls at the initial (n=5) and

final (5 months later; n=5) time points demonstrated no differences in the average numbers

of mild, moderate, or severe myenteric neurons in the small (Fig. 3C) or large (Fig. 3D)

intestines. Phosphorylated serine 129-α-syn staining in the gut demonstrated selective

staining in the large intestine beginning at 4 months and continuing into 5 months post-LPS

in a subset of myenteric neurons. No phosphorylated serine 129-α-syn was detected in the

CNS.

When explored over time, linear regression indicated that LPS did not affect the average

number of neurons per ganglia in the small intestine in any category (R2<0.226; P>0.419)

(Table 1, Fig. 5). However, in the large intestine, the average number of severe neurons per

ganglia increased (R2=0.840; P=0.029), whereas the number of mild neurons decreased
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(R2=0.869; P=0.021) in LPS-treated animals over time. The average number of moderate

neurons per ganglia remained consistent in the large intestine (R2=0.292; P=0.347).

Discussion

LPS is an endogenous, pro-inflammatory endotoxin that has been used to model

characteristics of PD, including extensive microglial activation, increased αsyn

accumulation, and selective degeneration of the nigrostriatal pathway.31,32,39–43 To date, no

studies have reported on GI involvement in LPS models of PD. In this study, we

demonstrated that systemic exposure to low-dose LPS causes progressive increases in α-syn

expression, followed by gut leakiness, and these increases are preferentially localized to the

large intestine in mice. Both of these events preceded phosphorylated serine 129-α-syn

expression in a subset of colonic myenteric neurons at 4 and 5 months post-LPS. Whereas

previous reports demonstrated that higher doses of systemic LPS produced progressive

lesions of the nigrostriatal pathway,31,32 the current dosing paradigm was intended to fall

below the lesion threshold, leaving nigrostriatal dopamine neurons structurally intact.

Although similar findings were observed by Drolet and colleagues in 2009.16 using a low-

dose rotenone model of PD, including delayed myenteric plexus α-syn accumulation in the

absence of nigrostriatal damage, both studies require replication.

Enteric nervous system susceptibility to inflammation is intuitive given its contact with

luminal GI contents; indeed, the magnitude and diversity of the intestinal microbiota are

capable of inducing inflammatory and oxidative pathways.26,44 Under physiological

conditions, the intestinal barrier is semipermeable and allows low levels of antigens to pass

the mucosa to facilitate interactions with the immune system.27 Although transient

compromises in barrier integrity may result in mucosal damage, under normal physiological

conditions, damage is minimized once the initiating insult is resolved. However, under

pathological conditions, such as patients with inflammatory bowel disease or PD, prolonged

permeability dysfunction may lead to chronic inflammation and neuronal damage. 28,30 It is

important to note that the intestinal permeability data observed in this study support what

was observed in the human PD condition: namely, increased sucralose permeability and a

normal L/M ratio.26 Collectively, these data strongly implicate the large intestine as the site

of intestinal hyperpermeability. Whereas sucralose permeability increased over time, a

surprising finding in the current data set was that, at the final sucralose time point, it

abruptly returned to baseline levels. Although the overall GLM examining the expression of

α-syn within the DMNX by LPS across all time points was not significant and prevented a

statistical probing of individual data points, an obvious increase in α-syn expression was

seen within this structure at the 5-month time point. Whether the return to baseline for

intestinal permeability at 5 months is associated in any way with the increased α-syn

expression in the DMNX at 5 months remains to be determined. It is intriguing to speculate

that further refinements to this model, such as increased dosing regimens and extended time

points, could offer insights into the temporal and regional specificities of α-syn and the role

of the enteric nervous system in the development and spreading of PD. Although the delayed

observations of (1) apparent spontaneous recovery of intestinal permeability and (2) up-

regulated brainstem α-syn point to delayed GI coping mechanism(s) and potential CNS
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vulnerability in the DMNX, respectively, additional studies are necessary to validate and

understand the underlying mechanism(s) responsible for these observations.

Whereas previous laboratories have utilized qualitative and semi-quantitative rating scales to

assess enteric α-syn pathology,16,45–47 this is the first report to quantify subdivisions of α-

syn–immunoreactive myenteric neurons differentiated by densitometry at multiple sites in

the small and large intestines. These data sets were expressed as the number of neurons per

ganglia, because the total neuronal number will vary in coronal sections, depending on the

number of ganglia observed. Whereas our data demonstrated a robust, inverse correlation

between mild and severe neurons/ganglia in the large intestine over time, no changes were

observed in the small intestine over time in LPS-treated mice. Additional controls that were

examined in parallel at the initial and final time points indicated no differences in any

dependent variable, suggesting that changes in LPS groups were due to treatment rather than

time. These data suggest that the large intestine is preferentially susceptible to systemic

endotoxin exposure and support the observed localized functional changes in permeability.

In addition, the gradual increase in large intestine permeability observed in the current study

appeared secondary to the abrupt increases in myenteric α-syn expression, suggesting that

increased cellular α-syn expression precedes functional hyperpermeability dysfunction.

Conversely, phosphorylated serine 129-α-syn was not observed until the 4-month and 5-

month time points. This finding suggests that, although up-regulated α-syn may precede

hyperpermeability, both phenomena precede pathological α-syn accumulation in the colon.

Collectively, these data suggest that, whereas functional damage to the GI tract may be

restored with time, cellular α-syn pathology persists. Additional studies will be necessary to

test whether reductions in chronic hyperpermeability can similarly reduce cellular α-syn

burden.

Although the initial reports on enteric Lewy pathology 48,49 were published nearly 30 years

ago, several reports have recently emerged evaluating GI α-syn pathology in human PD

samples7–9,14,50–55 and animal models.16–25 Whereas attempts have been made to determine

whether frank myenteric neuronal degeneration occurs or whether specific neurochemical

phenotypes are preferentially susceptible, these issues require further clarification. Moving

forward, the establishment of universal methods will be helpful, because incongruent

protocols surrounding sample retrieval and processing may easily provide conflicting data

sets. Nonetheless, one common observation surrounds observed α-syn pathology and the

decreasing rostrocaudal gradient of vagal innervation throughout the GI tract. While α-syn

pathology has been identified throughout the GI tract in PD, many reports claim that α-syn

burden follows a decreasing rostro-caudal gradient.10,14,51 In a recent critical quantitative

analysis of myenteric plexus in PD, the authors demonstrate no loss of myenteric neurons

and a decrease in the percentage of Lewy body-positive ganglia between the stomach and

the duodenum.52 It is noteworthy that this percentage of Lewy body-positive ganglia

remained consistent throughout all intestinal regions examined (duodenum, ileum, colon,

and rectum) and, thus, deviated from the predictable decreasing intestinal vagal innervation

pattern. In rodent studies, Noorian et al.20 recently demonstrated in transgenic A53T mice

that the percentage of α-syn–labeled myenteric ganglia followed decreasing vagal

innervation patterns nearly identical to those in early innervation reports.56 Although it is

becoming clear that virtually all vagal efferent terminals in the GI tract are immunopositive
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for α-syn, it will be important to distinguish between α-syn–positive terminals and

myenteric neurons in future analyses. Indeed, a rodent study by Phillips et al.25 illustrated

this point: those authors observed very low densities (≈3%) of myenteric α-syn neurons in

the stomach. It is noteworthy that the proportion of α-syn–immunopositive neurons in their

report actually followed an increasing rostro-caudal gradient in the proximal GI tract. These

findings suggest that, if the Braak15 hypothesis of an unbroken chain of α-syn neurons

transferring a pathogen via transynaptic retrograde transport is correct, then the number of

susceptible neurons follows an increasing rostrocaudal gradient in the proximal GI tract.25

In the current data sets, the distal GI tract, which possesses the least amount of vagal

innervation, was most susceptible to inflammation-induced PD pathology. Future studies

might employ strategic enteric lesions to further elucidate regional GI vulnerabilities.

Given the proportionally high density of α-syn–immunoreactive vagal efferent terminals in

the stomach and duodenum, as well as the presence of α-synimmunoreactive neurons, it

stands to reason that the proximal GI tract is the most susceptible site for PD initiation.

However, if pathology is initiated by compromised GI barrier integrity, leading to chronic

inflammation, then the site with the most luminal bacteria (the distal GI tract) presumably

would be more susceptible. Although these hypotheses are not necessarily mutually

exclusive, available human and animal data suggest that, functionally, the large intestine is

preferentially affected in PD.57–61 Symptomatically, constipation and defecatory

dysfunction are the most prevalent premotor GI complaints among patients with PD,51

supporting the notion that the large intestine is the dominant segment of the GI tract

implicated in the disease. However, less frequent and often late appearing symptoms,

including dysphagia, sialorrhea, postprandial fullness, and early satiety, suggest the

involvement of proximal GI segments, such as the esophagus, stomach, and small bowel,

leading to the gastroparesis and intestinal dysmotility responsible for these symptoms during

the course of PD. Increased permeability and α-syn pathology selectively in the large

intestine, as demonstrated in the current animal data set, also are features of patients with

newly diagnosed, pharmacologically untreated PD.26 Our recent human data and current

animal data strongly suggest that the large intestine is the initial site of GI injury in α-syn

neurodegenerative disorders like PD. Therefore, if α-syn pathological burden truly follows a

decreasing rostrocaudal gradient throughout the GI tract in PD, then there is an apparent

disconnect between α-syn pathology and functional impairment of the affected region.

It is becoming increasingly evident that non-motor symptoms like GI dysfunction play a

critical role in parkinsonian etiology, because they can manifest years to decades before the

emergence of cardinal motor symptoms. As premotor biomarkers, such as colonic

submucosal biopsies, are validated, developing animal models that encompass premotor

phenomena, including GI pathology, will be critical to ultimately test disease-modifying

strategies. Whereas the mechanisms surrounding disease initiation and propagation are

incompletely understood, we now report on a robust animal model to potentially interrogate

the role of the intestines and the enteric nervous system in PD-like pathogenesis. Fully

elucidating and modeling the early parkinsonian spectrum will allow the testing of gut-

directed interventions in the disease course. Examples of these potential interventions to

prevent and/or treat PD are prebiotics, probiotics, and dietary modification, which could

impact intestinal barrier integrity and colonic milieu.
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FIG. 1.

(A, B) Intestinal permeability was assessed in untreated mice at baseline (white bars) and in

lipopolysaccharide (LPS)-treated mice (black bars) over time. (C, D) Additional control

C57BL/6J male mice ages 2 months (n=5) and 7 months (n=5) were sacrificed at the end of

the study to control for the effects of time. NS indicates nonsignificant. Gas chromatography

was used to measure the urinary output of orally ingested sugar probes (lactulose, mannitol,

and sucralose) as described in the text (see Materials and Methods). The ratio of mannitol to

lactulose (L/M ratio) reflects small intestine permeability, whereas sucralose reflects small

and large intestinal permeability. General linear model main effects were observed for the

L/M ratio and sucralose; however, (B) the effect of LPS treatment was observed only for

sucralose permeability with subsequent significant Dunnett’s pairwise comparisons at 2

months, 3 months, and 4 months post-LPS. (C, D) No differences were observed in control

animals between the initial and final time points. In A through D, each bar represents n=5

mice, and data are presented as the mean percentage of oral dose±standard error of the

mean.
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FIG. 2.

These microphotographs show (A–H) α-synuclein (α-syn) staining and (I–P)

phosphorylated serine 129-α-syn staining in the myenteric plexus of (A–D, I–L) the small

intestines and (E–H, M–P) the large intestines of saline-treated control mice (A, E, I, M) at

baseline and at (B, F, J, N) 1 month, (C, G) 3 months, (K, O) 4 months, and (D, H, L, P) 5

months after lipopolysaccharide (LPS) treatment in LPS-treated mice. Note that in, neurons

with mild α-syn staining (black arrows), α-syn immunoreactivity is light and is restricted to

the cell periphery. Neurons with moderate α-syn staining (white arrows) display more

intense α-syn immunoreactivity in the periphery and soma, whereas severely stained

neurons (black arrowheads) exhibit pro-found immunoreactivity throughout the cell body.

Over time, the number of severe neurons per ganglia increased in LPS-treated mice, whereas

the number of mild neurons per ganglia decreased in the large intestine. No significant

changes were detected in the small intestine over time in LPS-treated mice. (O)

Phosphorylated serine 129-α-syn was observed in a subset of myenteric neurons beginning

at 4 months post-LPS that persisted (P) through 5 months post-LPS in the large intestine.

Black arrows indicate neurons that were devoid of staining, and black arrowheads indicate

neurons that were positive for phosphorylated serine 129-α-syn. Scale bars=40 μm in H

(also applies to A–G) and P (also applies to I–O).
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FIG. 3.

The average numbers of mild (light gray), moderate (dark gray), and severe (black) α-

synuclein–immunoreactive myenteric neurons per ganglia were assessed in (A) the small

intestine and (B) the large intestine. This classification scheme was validated through optical

density measurements, as described in the text (see Materials and Methods), which are

presented above each neuronal category data set. No differences were observed in control

animals between the initial and final time points in any neuronal category in (C) the small

intestine or (D) the large intestine. Bars represent n=5 mice, and data are presented as the

average number of neurons per ganglia±standard error of the mean.
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FIG. 4.

Central nervous system assessments included α-synuclein (α-syn) stereology in (A) the

dorsal motor nucleus of the vagus nerve (DMNX), (B) tyrosine hydroxylase (TH) stereology

in the substantia nigra pars compacta (SNpc), and (C) TH striatal densitometry. Each bar

represents n=5 mice. Although the overall general linear model was not significant (NS) for

α-syn in the DMNX, an abrupt but insignificant increase in α-syn–positive neurons was

observed 5 months after lipopolysaccharide (LPS) treatment. (D) This increase occurred in

the absence of stereological differences between control (CTRL) groups at the initial and

final time points. Although no changes were observed (B) in the SNpc, (C) the overall

general linear model was significant for striatal densitometric assessments; however, no

effect of striatal LPS treatment was observed. The additional group of controls at the initial

time point (n=5 mice) and at the final time point (5 months later; n=5 mice) indicated no

differences in (E) SNpc TH stereology or (F) or striatal TH densitometry.
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FIG. 5.

Charts illustrate linear regression analyses of mild (light gray), moderate (dark gray), and

severe (black) α-synuclein-immunoreactive myenteric neurons per ganglia in

lipopolysaccharide (LPS)-treated mice over time. Although LPS did not affect the average

number of mild, moderate, or severe neurons in the small intestine, over time, the average

number of severe neurons increased whereas the number of mild neurons decreased in the

large intestine (numerical data are presented in Table 1).
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TABLE 1

Tabular results of linear regression analysesa

α-Synuclein staining intensityb

Location Mild Moderate Severe

Small intestine

 R2 0.226 0.007 0.127

 P 0.419 0.894 0.556

Large intestine

 R2 0.869 0.292 0.840

 P 0.021 0.347 0.029

a
Although lipopolysaccharide did not affect the average number of neurons with mild, moderate, or severe α-synuclein immunoreactivity in the

small intestine, in the large intestine, the average number of severely immunoreactive neurons per ganglia increased over time, whereas the number

of mildly reactive neurons per ganglia decreased over time (graphical data are presented in Fig. 3).

b
Large R2 values with significantly non-zero slopes are depicted in bold.

Mov Disord. Author manuscript; available in PMC 2015 July 01.


