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SNAP-25 is abundantly expressed in enteric neuronal networks
and upregulated by the neurotrophic factor GDNF
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Abstract Control of intestinal motility requires an intact
enteric neurotransmission. Synaptosomal-associated pro-
tein 25 (SNAP-25) is an essential component of the syn-
aptic vesicle fusion machinery. The aim of the study was
to investigate the localization and expression of SNAP-25
in the human intestine and cultured enteric neurons and
to assess its regulation by the neurotrophic factor glial
cell line-derived neurotrophic factor (GDNF). SNAP-25
expression and distribution were analyzed in GDNF-stim-
ulated enteric nerve cell cultures, and synaptic vesicles
were evaluated by scanning and transmission electron
microscopy. Human colonic specimens were processed
for site-specific SNAP-25 gene expression analysis and
SNAP-25 immunohistochemistry including dual-labeling
with the pan-neuronal marker PGP 9.5. Additionally, gene
expression levels and distributional patterns of SNAP-25
were analyzed in colonic specimens of patients with diver-
ticular disease (DD). GDNF-treated enteric nerve cell cul-
tures showed abundant expression of SNAP-25 and exhib-
ited granular staining corresponding to synaptic vesicles.
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SNAP-25 gene expression was detected in all colonic
layers and isolated myenteric ganglia. SNAP-25 co-local-
ized with PGP 9.5 in submucosal and myenteric ganglia
and intramuscular nerve fibers. In patients with DD, both
SNAP-25 mRNA expression and immunoreactive profiles
were decreased compared to controls. GDNF-induced
growth and differentiation of cultured enteric neurons is
paralleled by increased expression of SNAP-25 and for-
mation of synaptic vesicles reflecting enhanced synap-
togenesis. The expression of SNAP-25 within the human
enteric nervous system and its downregulation in DD sug-
gest an essential role in enteric neurotransmission and
render SNAP-25 as a marker for impaired synaptic plas-
ticity in enteric neuropathies underlying intestinal motility
disorders.
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Abbreviations
CNS Central nervous system
DD Diverticular disease

ENS Enteric nervous system

GABA y-Aminobutyric acid

GDNF Glial cell line-derived neurotropic factor
GFRal GDNF family receptor alpha 1

GI Gastrointestinal

HSCR Hirschsprung’s disease

IBS Irritable bowel syndrome

LMD Laser capture microdissection

qgPCR Quantitative PCR

RET Rearranged during transfection
SNAP-25 Synaptosome-associated protein 25 kDa
SNARE  Soluble N-ethylmaleimide-sensitive factor

attachment receptor
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Introduction

The human enteric nervous system (ENS) represents the
largest neuronal network outside the central nervous sys-
tem (CNS) with more than 150 million neurons extending
throughout the entire gastrointestinal (GI) tract (Costa and
Brookes 1994). The ENS regulates intestinal motility and
various other functions in the GI tract, such as blood flow,
mucosal transport, secretion, immunological and endocrine
functions as well as water and ion transport (Costa et al.
2000; Snoek et al. 2010). Components mediating GI motil-
ity include the ENS as initiator that transmits the signals
to the effector organ, the enteric smooth musculature, via
neurotransmitters and their receptors (Furness 2006, 2012).

In neurons, these neurotransmitters are stored in synap-
tic vesicles that are released upon excitation by exocyto-
sis. The neurotransmitter release machinery in eukaryotes
requires soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor (SNARE) proteins for synaptic vesi-
cle fusion. SNARE proteins can be divided into vesicle or
v-SNAREs (e.g., synaptobrevin), which are incorporated
into the membranes of transport vesicles during budding,
and target or +-SNAREs, which are located in the mem-
branes of target compartments. t-SNAREs include the
membrane-associated proteins syntaxin and 25 kDa syn-
aptosomal-associated protein (SNAP-25) that form com-
plexes between the synaptic vesicle and cell membranes
(Jahn and Scheller 2006; Rizo and Siidhof 2002). Moreo-
ver, SNAP-25 also modulates different voltage-gated cal-
cium channels (Catterall 1999; Zamponi 2003). While the
role of SNAP-25 in the CNS has been extensively studied,
little data are available concerning SNAP-25 expression
and localization in the human and rat ENS. Previous stud-
ies have used SNAP-25 as pan-axonal marker of the ENS in
murine cecum and colon (Lourenssen et al. 2010; Poli et al.
2001) or to characterize membrane specialization between
nerve terminals and intestinal cells of Cajal in the murine
stomach (Beckett et al. 2005). However, a systematic inves-
tigation of SNAP-25 in the adult ENS is still missing.

The physiological importance of the synaptic vesicle
apparatus and its delicate interplay with the presynaptic
membrane becomes evident under pathophysiological con-
ditions as described for the central nervous system (CNS)
(Benarroch 2013; Siidhof and Rizo 2011). Recent research
on neurodegenerative diseases of the CNS could demonstrate
the impact of synaptic dysfunction as an initial event of sub-
sequent neurodegeneration (Burgoyne and Morgan 2011). Of
note, the reduction of SNAP-25 levels was observed before
the onset of neurodegeneration (Sharma et al. 2012), making
SNAP-25 a putative candidate to be used for early diagnosis
and prevention of neurodegenerative diseases.

Neurotrophic factors play a critical role in maturation,
maintenance and survival of the ENS not only during
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development but also for the postnatal period (Schéifer
and Mestres 1999; von Boyen et al. 2002). Glial cell line-
derived neurotropic factor (GDNF), originally isolated
from cell culture supernatants of a glioblastoma cell line
(Lin et al. 1993), acts as a potent neurotrophic factor for
the ENS. Its signal transduction is mediated by the tyros-
ine kinase receptor “rearranged during transfection” (RET)
and the GDNF family receptor alpha 1 (GFRal), a glyco-
syl-phosphatidylinositol-anchored protein (Airaksinen and
Saarma 2002). Studies on cultures of postnatal myenteric
neurons revealed significant effects of the GDNF system on
neuronal survival and neurite outgrowth at later stages of
ENS development (Rodrigues et al. 2011; Schifer and Mes-
tres 1999). Moreover, a study found evidences for GDNF to
promote rodent hippocampal synaptogenesis (Ledda et al.
2007). Recently, a deficiency of the enteric GDNF sys-
tem could be shown in diverticular disease (Bottner et al.
2013a)—a condition which is associated with intestinal
motility disturbances and a decline of enteric nerve cells as
well as alterations of several enteric neurotransmitter sys-
tems (Wedel and Bottner 2014).

Both neuronal survival/maintenance and synaptic plas-
ticity/neurotransmission can be impaired in enteric neu-
ropathies underlying intestinal motility disorders (Knowles
et al. 2010). Although diagnostic criteria for histopatho-
logical diagnosis of gastrointestinal neuromuscular pathol-
ogy have been released only recently (Knowles et al. 2009),
the characterization of essential components of the synaptic
vesicle apparatus may give further insights into the patho-
physiological mechanisms of disturbed intestinal motor
functions and provide novel diagnostic tools. Thus, the aim
of the study was to investigate the localization and expres-
sion of SNAP-25 in cultured enteric neurons, to assess its
regulation by the neurotrophic factor GDNF and to moni-
tor the formation of synaptic vesicles. Moreover, site-spe-
cific gene expression levels and distributional pattern of
SNAP-25 were studied in the human GI tract. Finally, since
diverticular disease (DD) is associated with a gastrointesti-
nal neuromuscular pathology including a deficiency of the
GDNF system, SNAP-25 mRNA expression and immu-
noreactive signals were analyzed in patients with DD and
compared to controls.

Materials and methods

Enteric nerve cell cultures

Generation of enteric nerve cell cultures

Preparation of myenteric nerve cells was performed accord-

ing to a method described previously (Schifer et al. 1997).
Briefly, after removing the small intestine from newborn
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Wistar rats (postnatal day 2-3), the tunica muscularis was
stripped from the mucosa, followed by the incubation for
2 h at 37 °C in Ca**- and Mg?*-free Hanks’ balanced salt
solution (HBSS, Gibco Life Technologies/Invitrogen,
Karlsruhe, Germany) with antibiotics containing 1 mg/
ml collagenase (SIGMA, Munich, Germany). Afterward,
fragments of myenteric plexus were collected under ster-
eomicroscopic control and incubated for 15 min at 37 °C
in trypsin/EDTA (0.125 mg/ml Gibco, Life Technologies,
Germany) to dissociate the plexus. The procedure was
stopped by replacing trypsin/EDTA with fetal calf serum
(FCS, Gibco, Life Technologies/Invitrogen, Karlsruhe,
Germany). The cells were triturated, counted and seeded in
a density of 100,000 cells/ml on poly-D-Lysin-(SIGMA)-/
Laminin (SIGMA, Munich, Germany)-coated coverslips
for immunocytochemistry studies or 12-well plates for
gene expression studies. Cells were incubated in defined
medium consisting of Neurobasal A (Gibco, Life Tech-
nologies/Invitrogen, Karlsruhe, Germany) and B27 sup-
plement (Gibco, Life Technologies/Invitrogen, Karlsruhe,
Germany). Additionally, GDNF (Peprotech, Hamburg,
Germany) was added to a final concentration of 2, 10 or
50 ng/ml. For gene expression analysis, cells were cultured
for 1 week; for immunocytochemical and electronmicro-
scopical analysis, culture time was 3 weeks. Medium was
changed twice a week.

Immunocytochemistry in enteric nerve cell cultures

Cells were fixed for 30 min with 4 % paraformaldehyde,
permeabilized for 10 min with methanol and treated for
10 min with 3 % H,0,. After blocking of unspecific back-
ground with normal goat serum (1:10, DakoCytomation,
Glostrup, Denmark) for 30 min, incubation with a mouse
anti-PGP 9.5 antibody (1:1,000, Acris, Herford, Germany)
for 1 h was performed, followed by incubation with a bioti-
nylated secondary antibody (goat anti-mouse IgG, 1:400)
for 45 min and treatment with an avidin-biotin-complex
(Vectastain ABC Standard, Vector Laboratories, Burl-
ingame, CA) conjugated with horseradish peroxidase for
45 min. Antibody binding was visualized with 3,3’-diamin-
obenzidine (DAB, DakoCytomation, Glostrup, Denmark).
Analysis was carried out with a light optical microscope
(Nikon 6000, Nikon, Tokyo) coupled to a digital cam-
era (Digital Sight, Nikon, Tokyo). Data acquisition was
performed with NIS-Elements BR 3.2 software (Nikon,
Tokyo).

For dual-label immunocytochemistry for SNAP-25
and PGP 9.5, cells were fixed for 30 min with 4 % para-
formaldehyde, permeabilized for 10 min with methanol
and treated for 10 min with 3 % H,0,. Afterward, incuba-
tion with a rabbit anti-SNAP-25 antibody (1:100, Acris,

Herford, Germany) and a mouse anti-PGP 9.5 antibody
(1:1,000, Acris, Herford, Germany) for 1 h was performed,
followed by incubation with the secondary antibodies, goat
anti-rabbit-AlexaFluor488 (1:250, Invitrogen, Life tech-
nologies, Carlsbad, CA, USA) and goat anti-mouse-Alex-
aFluor546 (1:250, Invitrogen, Life technologies, Carlsbad,
CA, USA). Finally, cells were counterstained with DAPI
(Roche, Mannheim, Germany) to visualize cell nuclei.
Analysis was carried out with a fluorescent microscope
(Axiovert 200 M, Zeiss, Gottingen, Germany) coupled to
a digital camera (Axiocam, Zeiss, Gottingen, Germany).
Data acquisition was performed with Axiovision software
(Zeiss, Gottingen, Germany).

Gene expression studies in enteric nerve cell cultures

Extraction of RNA from enteric nerve cell cultures was
performed using the Nucleospin XS kit (Macherey and
Nagel, Diiren, Germany) according to the manufacturer’s
guidelines. RNA was eluted in a volume of 15 pl H,O.
Genomic DNA was digested for 15 min at room tempera-
ture using 1.5 U of DNase I (Sigma-Aldrich, Munich,
Germany). Reverse transcription was carried out in a
total volume of 30 pl containing 375 ng random hexamer
primer (GE Healthcare, Freiburg, Germany), 0.5 mM
dNTPs (Promega, Mannheim, Germany), 0.01 M DTT,
Ix reaction buffer and 150 U Superscript II Reverse
Transcriptase (Invitrogen, Karlsruhe, Germany). The
annealing, elongation and denaturation steps were carried
out at 25 °C for 10 min, at 42 °C for 50 min and at 70 °C
for 15 min, respectively. Reverse transcription and gPCR
were performed as described before (Bottner et al. 2010).
Forward and reverse primers as well as probes are listed
below.

Rat snap25: forward primer: 5-ggcttcatccgcaggg
taac-3’, reverse primer: 5’-agggccatatgacggaggtt-3’, probe:
5-acgatgcccgggaaaatgaaatgga-3’.

Rat HPRT (housekeeping gene): forward primer: 5'-cgc
cagcttcetectcaga-3/, reverse primer: 5’-ggtcataacctggttcat
cact-3’, probe: 5'-ttttcccgegagecgaccgg-3’.

Scanning electron microscopy of enteric nerve cells
cultures

After 3 weeks, cultured enteric neurons treated with GDNF
(50 ng/ml) were fixed by 3 % glutaraldehyde in PBS for
30 min, followed by postfixation for 20 min in 2 % osmiu-
moxide and dehydration in increasing series of ethanol.
After that, probes were critical-point dried (CPD 030, Balz-
ers) and sputtered with gold (Ion Tech LTD). Analysis was
performed by using a scanning electron microscope (Phil-
lips XL 20, Phillips).
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Transmission electron microscopy of enteric nerve cell
cultures

After 3 weeks, cultured enteric neurons treated with GDNF
(50 ng/ml) were fixed in 3 % glutaraldehyde in PBS
for 30 min. After postfixation in 2 % osmiumoxide for
2 x 15 min and dehydration in increasing series of etha-
nol, cultured cells growing on coverslips were embedded
in araldite overnight. Coverslips were carefully removed
from the araldite block which was directly trimmed for
ultra-thin sectioning. Ultra-thin sections (40-50 nm) were
cut (Ultracut, Reichert-Jung, Germany) parallel to the sur-
face of the cultured cellular network using a diamond knife
and were contrasted with uranyl acetate for 15 min as well
as lead citrate for 7 min. Analysis was carried out with a
transmission electron microscope (EM 900, Zeiss) coupled
to a digital imaging system (Slow Scan CCD-Camera, type
7888-1V, TRS).

Human GI tissue
Site-specific expression pattern and immunohistochemistry

Colonic full-thickness sections were obtained from patients
who underwent sigmoid resection or left hemicolectomy
for non-obstructive colorectal carcinoma (n = 8, 8 males,
age range 48-86 years). Patients reported normal bowel
habits and showed no evidence of anorectal outlet obstruc-
tion. After surgical removal, specimens were harvested at
safe distance (>5 cm) from the tumor site.

Comparative study

Colonic full-thickness sections were obtained from patients
who underwent sigmoid resection or left hemicolec-
tomy for non-obstructive colorectal carcinoma (n = 10, 4
females, 6 males, age range 48-90 years). Patients reported
normal bowel habits and showed no evidence of anorectal
outlet obstruction. After surgical removal, specimens were
harvested at safe distance (>5 cm) from the tumor site.

Full-thickness sections of sigmoid colon from patients
with diverticular disease (DD) were obtained (n = 9, 7
females, 2 males, age range 49-74 years) after sigmoid
resection or left hemicolectomy for DD. Patients were
operated after two or more attacks of diverticulitis by elec-
tive surgery. Specimens were harvested from sites adja-
cent to colonic diverticula. Diverticula-containing areas
displaying an altered anatomy of the colonic wall due to
transmural mucosal/submucosal outpouchings or signs of
inflammation and fibrotic scaring were excluded from tis-
sue sampling.

All specimens were immediately transferred from the
operating room to the laboratory for tissue processing. The
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study of human tissue received approval from the Ethics
Committee of the Faculty of Medicine, Christian-Albre-
cht’s University in Kiel, Germany (B 299/07), and has been
carried out in accordance with “The Code of Ethics of the
World Medical Association.”

Immunocytochemistry in human GI tissue

Full-thickness tissue blocks were trimmed to a size of
30 mm x 10 mm, pinned out flat and tension-free on a
cork plate and fixated with 4 % paraformaldehyde in PBS
for 24 h. After dehydration, the tissue blocks were trans-
ferred into paraffin wax and cut orthogonally in 6-um sec-
tions. The cutting surface (30-mm border) was orientated
perpendicular to the gut axis and parallel to the circular
muscle layer. Visualization of SNAP-25 was achieved by
immunohistochemistry using primary mouse anti-SNAP-25
antibody (1:10,000, Lifespan Biosci., Seattle, WA, USA).
Immunohistochemistry was performed as described previ-
ously (Bottner et al. 2012). Briefly, pretreatment was per-
formed by incubating the sections with citrate buffer (pH
6.0, microwaves 750 W) for 10 min. Afterward, samples
were incubated overnight with primary antibodies diluted
in antibody diluent (Zymed, Invitrogen, Life technolo-
gies, Carlsbad, CA, USA) followed by incubation with
biotinylated secondary antibodies (goat anti-mouse IgG,
1:400, DakoCytomation, Glostrup, Denmark) for 45 min.
Thereafter, samples were treated with an avidin-biotin-
complex (Vectastain ABC Standard, Vector Laborato-
ries, Burlingame, CA) conjugated with horseradish per-
oxidase for 45 min. Antibody binding was visualized with
3,3/-diaminobenzidine (DAB, DakoCytomation, Glostrup,
Denmark). Additionally, counterstaining with hematoxylin
was performed. Analysis was carried out with a light opti-
cal microscope (Nikon 6000, Nikon, Tokyo) coupled to a
digital camera (Digital Sight, Nikon, Tokyo). Data acqui-
sition was performed with NIS-Elements BR 3.2 software
(Nikon, Tokyo).

To demonstrate neuronal localization of SNAP-25, co-
staining with the pan-neuronal marker PGP 9.5 was per-
formed. After pretreatment with citrate buffer (pH 6.0,
750 W microwaves for 2 x 5 min), sections were incubated
overnight with mouse anti-SNAP-25-antibodies (1:10,000,
Lifespan, Seattle, USA) diluted in antibody diluent (Inv-
itrogen, Carlsbad, USA). Afterward, sections were incu-
bated for 2 h at room temperature with a goat anti-mouse
AlexaFluor488 antibody (1:250, Invitrogen, Karlsruhe,
Germany). To visualize neuronal localization, co-incuba-
tion with rabbit PGP 9.5-antibody (1:2,000, UCL, Isle of
Wight, GB) was performed followed by incubation with
goat anti-rabbit AlexaFluor546 antibody (1:250, Invitrogen,
Karlsruhe, Germany) for 2 h at room temperature. Finally,
DAPI (Roche, Mannheim, Germany) was used to visualize
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cellular nuclei. Analysis was carried out with a fluores-
cence microscope (Axiovert 200 M, Zeiss, Jena, Germany)
coupled to a digital camera (Axiocam, Zeiss, Jena, Ger-
many). Data acquisition was performed using Axiovision
software (Zeiss, Jena, Germany).

Gene expression studies in human Gl tissue

Extraction of total RNA from the human colon (full-thick-
ness sections, tunica muscularis, mucosa) and from human
myenteric ganglia harvested by laser capture microdissec-
tion (LMD) was performed using the peqGOLD MicroSpin
Total RNA Kit (PEQLAB, Erlangen, Germany) accord-
ing to the manufacturer’s instructions. RNA was eluted
in a volume of 15 pl H,O. Genomic DNA was digested
for 15 min at room temperature using 1.5 U of DNase I
(Sigma-Aldrich, Munich, Germany). Reverse transcrip-
tion was carried out in a total volume of 30 pl containing
375 ng random hexamer primer (GE Healthcare, Freiburg,
Germany), 0.5 mM dNTPs (Promega, Mannheim, Ger-
many), 0.01 M DTT, 1x reaction buffer and 150 U Super-
script I Reverse Transcriptase (Invitrogen, Karlsruhe, Ger-
many). The annealing, elongation and denaturation steps
were carried out at 25 °C for 10 min, at 42 °C for 50 min
and at 70 °C for 15 min, respectively. Reverse transcription
and qPCR were performed as described before (Bottner
et al. 2010). Forward and reverse primers as well as probes
are listed below:

Human SNAP-25: forward primer: 5’-ggacgaacggga
gcagatg-3/, reverse primer: 5’-cgctcacctgctctaggtttc-3/,
probe: 5'-tccgcagggtaacaaatgatgeccg-3'.

Human HPRT (housekeeping gene): forward primer:
5'-tgaacgtcttgctcgagatgtg-3, reverse primer: 5’-ccagcagg
tcagcaaagaattt-3’, probe: 5'-tgggaggccatcacattgtagec-3'.

Laser capture microdissection (LMD) of human myenteric
ganglia

As described previously (Bottner et al. 2010), full-thick-
ness specimens were immediately frozen in isopentane
and stored at —70 °C until use. Cryosections (14 um) were
placed on membrane-coated slides (polyethylene naph-
thalate, 1 um, Carl Zeiss Microlmaging GmbH, Géttin-
gen, Germany), and regions of interest were visualized by
ultra-rapid (ca. 30 s) staining with cresyl violet according
to manufacturer’s instructions (PALM RNA Handling Pro-
tocols, Zeiss Microlmaging, Gottingen, Germany). Myen-
teric ganglia were identified by inverse light microscopy
(Axiovert, Zeiss, Jena, Germany), excised and collected by
LMD (P.A.L.M. Microlaser Technologies, Bernried, Ger-
many) in the cap of 0.5-ml reaction tubes. From each sam-
ple, 2-mm? ganglionic tissue was collected, immediately

dissolved in 200 1 RNA lysis buffer (PEQLAB, Erlangen,
Germany) and stored at —70 °C.

Statistical analysis

Gene expression studies were analyzed by Student’s ¢ test
(PrismTM, GraphPad, Sand Diego, CA, USA), and p values
were corrected for multiple comparisons according to the
false-discovery rate procedure, using R 2.13.1 (R-Core-
Team 2012). Differences were considered significant if
p <0.05.

Results

Effects of GDNF on neuronal network formation
of cultured enteric neurons

To assess the impact of GDNF treatment on neuronal net-
work formation of cultured enteric neurons, we assessed
GDNF-treated cultures (50 ng/ml) and controls by perform-
ing immunocytochemistry for the pan-neuronal marker PGP
9.5. After a culture time of 1 week, accumulation of neu-
ronal somata and pronounced sprouting of nerve fibers were
observed following GDNF treatment (data not shown, for
further details see Bottner et al. 2013a). During prolonged
culture time, nerve cell loss and atrophy of nerve fibers were
obvious in untreated controls. After 3-week culture time,
only sparse nerve cell aggregates and nerve fibers could be
found in controls (Fig. 1a), whereas GDNF-treated cultures
developed extensive neuronal networks characterized by
large-sized nerve cell aggregates resembling enteric ganglia
and interconnecting nerve fiber bundles (Fig. 1b).

Effects of GDNF on snap25 mRNA expression in cultured
enteric neurons

To investigate the effect of the neurotropic factor GDNF on
gene regulation of snap25, mRNA expression of snap25
was measured by quantitative RT-PCR in rat enteric nerve
cell cultures treated with increasing concentrations of
GDNF (Fig. 2). After GDNF treatment for 1 week, mRNA
expression of snap25 was significantly upregulated in
cultures treated with either 2 ng/ml GDNF or 50 ng/ml
GDNF compared to untreated controls. The average mRNA
expression of snap25 in GDNF-treated cultures was five-
fold upregulated in cultures treated with 2 ng/ml GDNF
and tenfold upregulated in cultures treated with 50 ng/ml
GDNF compared to untreated controls. Due to the high
variance, effects in cultures treated with 10 ng/ml GDNF
turned out to be slightly outside the level of significance
(p = 0.055).
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Fig.1 Enteric nerve cell cultures form neuronal networks after
GDNF treatment. Rat enteric nerve cells were cultured for 3 weeks.
In contrast to untreated cultures (a), treatment with GDNF (50 ng/
ml) induced the formation of neuronal networks composed of regu-
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Fig.2 mRNA expression of snap25 in enteric nerve cell cultures
in response to GDNF treatment. GDNF increases mRNA levels of
snap25 in enteric nerve cells cultured for 6 days. Expression levels
of the target gene were normalized to expression of the housekeeping
gene HPRT. Data are shown as mean £+ SEM, n = 11-14, p < 0.05
versus control

Localization of SNAP-25 in cultured enteric neurons

To assess the localization pattern of SNAP-25 in cultured
enteric neurons, dual-label immunohistochemistry for
SNAP-25 (Fig. 3b, c) and PGP 9.5 (Fig. 3a, c) was per-
formed after GDNF treatment (50 ng/ml) for 3 weeks. A
clear neuronal localization of SNAP-25 (Fig. 3c) could be
confirmed. While the pan-neuronal marker PGP 9.5 dis-
played an uniform labeling of neuronal elements, a dis-
tinct granular staining pattern of SNAP-25 was detectable
in nerve cell aggregates (arrows in Fig. 3c) as well as in
interconnecting nerve fibers (arrowheads in Fig. 3c). These
granular SNAP-25 immunoreactive signals most likely
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larly distributed nerve cell aggregations (arrows) and interconnecting
nerve fibers (arrowheads) (b). Immunocytochemistry for PGP 9.5.
Scale bars 100 um

represent neuronal varicosities as sites of neurotransmitter
release.

Electron microscopy of enteric nerve cell cultures

Scanning electron microscopy was used to analyze the
surface morphology of cultured neuronal networks. After
GDNF treatment (50 ng/ml) for 3 weeks, a delicate neu-
ronal network was discernible consisting of regularly dis-
tributed nerve cell aggregates and interconnecting nerve
fiber strands (Fig. 4a). Higher magnification revealed fre-
quent and distinct oval thickenings (ca. 1 um diameter)
along nerve fiber strands most likely resembling neu-
ronal varicosities harboring accumulated synaptic vesicles
(Fig. 4b).

Further evidence for the presence of neuronal varicosi-
ties along nerve fiber strands was given by transmission
electron microscopy. At regular intervals, an axonal thick-
ening or “swelling” could be observed containing grouped
synaptic vesicles. Neuronal varicosities displayed a hetero-
geneous spectrum of large-sized, electron-dense synaptic
vesicles and small-sized, electron-lucent synaptic vesicles
(Fig. 5). The size of synaptic vesicles ranged between 30
and 100 nm.

Site-specific snap25 mRNA expression in the human colon

mRNA expression of snap25 was detectable in full-thick-
ness sections of the human colon as well as in separate
intestinal layers (tunica muscularis, mucosa) (Fig. 6a).
Highest expression values were yielded within the tunica
muscularis composed of the circular and longitudinal mus-
culature and harboring the largest ganglionic nerve plexus.
To further confirm site-specific snap25 mRNA expression
within the myenteric plexus, myenteric ganglia were har-
vested by LMD. Gene expression analysis of myenteric
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A

SNAP-25

Fig. 3 Neuronal localization of SNAP-25 in enteric nerve cell cul-
tures. Dual-label immunocytochemistry for the pan-neuronal marker
PGP 9.5 (a) and SNAP-25 (b) illustrates neuronal localization of
SNAP-25 (c¢) in enteric nerve cells cultured for 3 weeks and treated

AccV  SpotMagn | ——— 200 um
80.0kv 6.0 193 | -

Fig. 4 Scanning electron microscopy of enteric nerve cell cultures.
Rat enteric nerve cells cultured for 3 weeks with GDNF (50 ng/ml)
form complex neuronal networks (a). At higher magnifications, mul-

ganglionic tissue yielded high expression profile for snap25
(Fig. 6b).

Localization and distribution of SNAP-25 in the human
colon

Immunohistochemistry using DAB as chromogene was
applied to colonic full-thickness sections to assess the
localization and staining pattern of SNAP-25. Robust
and strong immunoreactive signals of SNAP-25 could be
detected within the entire components of the ENS includ-
ing submucosal and myenteric ganglia as well as nerve
fibers running within the circular and longitudinal mus-
cle layer (Fig. 7). SNAP-25 immunoreactivity in neuronal

with GDNF (50 ng/ml). SNAP-25 immunoreactive signals display
a distinct granular staining pattern of neuronal somata (arrows) and
interconnecting nerve fibers (arrowheads). DAPI staining of nuclei.
Scale bars 50 pm

AccY SpotMagn H———F— 2um
25.0kV 2.4 13056x

tiple round thickenings along enteric nerve fiber strands are discern-
ible most likely representing preterminal synaptic varicosities (arrows
in b). Scale bars 200 pm (a), 2 um (b)

somata appeared to be less pronounced compared to the
surrounding neuropil. At higher magnifications, a small-
sized granular staining pattern could be observed in the
ganglionic neuropil and along intramuscular nerve fibers
(Fig. 7).

To further prove neuronal localization of SNAP-25,
dual-label immunocytochemistry with the pan-neuronal
marker PGP 9.5 was performed. Co-localization of SNAP-
25 and PGP 9.5 was detectable both within enteric ganglia
and nerve fibers indicating a specific neuronal expression
of SNAP-25 in the ENS (Fig. 8). Again, a distinct granu-
lar staining pattern of SNAP-25 was discernible in the gan-
glionic neuropil surrounding neuronal somata and along
enteric nerve fibers (Fig. 8).
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Fig. 5 Transmission electron microscopy of neuronal varicosities.
Transmission electron microscopy of rat enteric nerve cells, cultured
for 3 weeks with GDNF (50 ng/ml), reveals axonal thickenings or
“swellings” containing a heterogeneous spectrum of large-sized, elec-
tron-dense synaptic vesicles (arrowhead) and small-sized, electron-
lucent synaptic vesicles (arrow). The size of synaptic vesicles ranged
between 30 and 100 nm. Scale bar 1 pm
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Fig. 6 Site-specific mRNA expression of SNAP-25 in the human
colon. mRNA expression of SNAP-25 in the human colon is detect-
able in full-thickness sections (FT-S), tunica muscularis (TM) and
mucosa (MUC) (a) as well as in laser-microdissected myenteric gan-
glia (PM) (b) with highest expression values within the PM. Data are
normalized to expression levels of the housekeeping gene HPRT and
presented as mean = SEM,an=5,bn =38

Changes in SNAP-25 immunoreactivity and snap25
mRNA expression in diverticular disease (DD)

As DD has been reported to be associated with an enteric
neuropathy (Wedel et al. 2010) and an impaired GDNF
system (Bottner et al. 2013a), alterations of SNAP-25
expression and distribution were analyzed in patients with
DD and compared to controls. As already shown in Fig. 7,
robust and strong SNAP-25 immunoreactive signals were
detected in enteric ganglia and nerve fibers obtained from

@ Springer

controls (Fig. 9a), while patients with DD displayed con-
siderably decreased and patchy immunoreactive signals
within myenteric ganglia (Fig. 9b). The weakened immu-
noreactivity affected both neuronal somata and the gangli-
onic neuropil. Accordingly, mRNA expression of SNAP-
25 was significantly decreased in the tunica muscularis of
patients with DD with a nearly 36-fold mRNA reduction
compared to controls (Fig. 9c).

Discussion
Role of SNAP-25 in the CNS and ENS

Communication in the nervous system requires an intact
synaptic transmission involving the release of neurotrans-
mitters mediated by exocytosis of synaptic vesicles at the
presynaptic active zone of nerve terminals (Stidhof 1995,
2004). In the CNS, SNAP-25 contributes to the exocytosis
of synaptic vesicles and numerous studies have implicated
the involvement of SNAP-25 in the release of a wide range
of neurotransmitters (Hanson et al. 1997; Rizo and Siidhof
2012). Genetic studies in mouse models and human popu-
lations have suggested that alterations of SNAP-25 gene
expression or impaired function may contribute to distinct
neuropsychiatric and neurological disorders, e.g., attention-
deficit/hyperactivity disorder, schizophrenia or epilepsy
(Corradini et al. 2009; Guerini et al. 2011), and SNAP-25
regulates voltage-gated calcium channels thereby modulat-
ing presynaptic calcium concentration in the CNS (Catter-
all 1999; Verderio et al. 2004; Zamponi 2003).

For the human ENS, there are only few data available
concerning the expression levels and distribution pattern
of SNAP-25. Nirasawa et al. (2001) have studied SNAP-
25 distribution in normal and aganglionic colonic segments
obtained from infant patients with Hirschsprung’s disease
(HSCR). In these infant specimens, immunohistochemical
staining pattern of SNAP-25 was similar to those observed
in the present study using adult specimens (e.g., immunore-
active signals in intramuscular nerve fibers, neuropil, neu-
ronal somata). In addition, by using co-localization studies
with the pan-neuronal marker PGP-9.5 (Krammer et al.
1993), we could further confirm that SNAP-25 localization
is confined to enteric neurons and exhibits a distinct gran-
ular staining pattern. Beckett et al. (2005) detected tran-
scripts for the presynaptic proteins synaptotagmin, syntaxin
and SNAP-25 in the murine tunica muscularis of the stom-
ach, whereas we analyzed the site-specific gene expression
of SNAP-25 in different colonic layers and found highest
SNAP-25 mRNA expression in myenteric ganglia.

The abundant presence of SNAP-25 both at gene and
protein level in the ENS suggests a crucial role for SNAP-
25 in neurotransmitter release not only in the CNS but also
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Fig. 7 Localization of SNAP-25 in the human colon. Robust and
strong immunoreactive signals of SNAP-25 (brown color) are detect-
able within the entire ENS including submucosal (a, b) and myen-
teric ganglia (¢, d) as well as nerve fibers running within the circular
(e) and longitudinal muscle layer (f). SNAP-25 immunoreactivity in
neuronal somata (arrows in b and d) appears to be less pronounced

in the GI tract. Since also other components of the exocyto-
sis machinery have been demonstrated in the ENS, e.g., the
v-SNARE synaptobrevin and the synaptophysin (Bottner
et al. 2013b; Sharrad et al. 2013) or syntaxin 1 (Aguado
et al. 1999; Nirasawa et al. 1997), it is likely that the
t-SNARE SNAP-25 fulfills similar functions in the ENS as
described for the CNS.

At the level of the CNS, only recently it could be
shown that SNAP-25 is able to modulate responsiveness to
selected neurotransmitter systems. Antonucci et al. (2013)
revealed a selective enhancement of glutamatergic but not
y-aminobutyric acid (GABA)-ergic neurotransmission as a

compared to the surrounding neuropil. A small-sized granular distri-
bution pattern is discernible within ganglia and nerve fibers at higher
magnifications (b—f). Muc mucosa, SM submucosa, CM circular mus-
cle layer, LM longitudinal muscle layer, SMP submucosal plexus, MP
myenteric plexus, N neuronal somata, NF nerve fibers. Hematoxylin
counterstain. Scale bars 100 pm (a—f)

result of reduced expression of SNAP-25 in hippocampal
cultures. This function might relate to the ability of SNAP-
25 to modulate voltage-gated calcium channels and thus
presynaptic calcium ion concentration in the CNS (Con-
dliffe et al. 2010). Since enteric neurons are also known to
respond to both glutamate (Giaroni et al. 2003; Kirchgess-
ner 2001) and GABA (Hyland and Cryan 2010), it is sug-
gestive that SNAP-25 acts in a similar manner in the ENS.
Analysis of the normal expression and distribution pat-
tern of SNAP-25 in healthy human intestine is of special
importance, because these data provide a basis to reli-
ably evaluate putative alterations of SNAP-25 under
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SNAP-25

Fig. 8 Co-localization of SNAP-25 and PGP 9.5 in the human colon.
SNAP-25 immunoreactivity (green) is detectable in enteric nerve
cells visualized by the pan-neuronal marker PGP 9.5 (red) of myen-
teric ganglia (arrows in a—c) as well as in enteric nerve fibers of the
circular muscle layer (arrowhead in d—f). Immunoreactive signals of

pathological conditions. Evidence for relevant SNAP-
25 changes in functional bowel diseases is given by our
observation of decreased SNAP-25 mRNA expression
and immunoreactivity in patients with DD. SNAP-25 is
actively involved in the neurotransmitter release machinery,
and enteric neurotransmitter imbalance is associated with
a broad range of intestinal motility disorders, e.g., slow-
transit constipation, gastroparesis, chronic intestinal pseu-
doobstruction, IBS (Di Nardo et al. 2008; Knowles et al.
2010). Thus, the detailed characterization of SNAP-25 at
the level of the ENS might be a promising tool to detect
further structural alterations (e.g., impaired synaptic vesicle
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SNAP-25 are stronger in the neuropil (arrowhead in a, ¢) and enteric
nerve fibers (arrowhead in d—f) compared to neuronal somata. SNAP-
25 shows a distinct granular staining pattern in the neuropil, particu-
larly around neuronal somata (a, c¢) and along enteric nerve fibers (d,
f). Blue color DAPI staining of nuclei. Scale bars 50 um (a—f)

apparatus) underlying the aforementioned functional bowel
diseases.

SNAP-25 and synaptic varicosities

The granular immunohistochemical staining pattern of
SNAP-25 observed in the human ENS was reproducible
in the in vitro model of cultured rat enteric neurons. The
granula were localized both within ganglia and intergan-
glionic nerve fibers of colonic nerve plexus as well as in
enteric nerve cultures as demonstrated by co-localiza-
tion of SNAP-25 with the pan-neuronal marker PGP 9.5.
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Fig. 9 SNAP-25 is decreased in patients with DD. Robust SNAP-25
immunoreactive signals (brown color) detected in myenteric ganglia
of controls (a) are reduced in both neuronal somata and the neuropil
of myenteric ganglia from patients with DD (b). Scale bars 120 pm.
Confirmatory, the mRNA expression of SNAP-25 is decreased in the

Scanning electron microscopical evaluation of the nervous
meshwork formed by cultured enteric nerve cells showed
several axonal swellings along nerve fibers and nerve cell
aggregates resembling typical morphological features of
synaptic varicosities. Ultrastructural analysis of these nerve
fiber protrusions revealed the presence of densely packed
synaptic vesicles most likely corresponding to the SNAP-
25 immunoreactive granula observed at lightmicroscopical
level. The synaptic vesicles exhibited different sizes and
variable electron densities typically observed in enteric
synaptic varicosities (Burnstock 2008). Low-dense core
vesicles corresponded to small synaptic vesicles, whereas
the larger vesicles constituted large-dense core vesicles
containing different types of neurotransmitters (Bruns and
Jahn 1995). These ultrastructural findings give evidence
that GDNF-stimulated enteric nerve cell cultures develop
synaptic varicosities with similar structural features
observed in the human intestine including the granular
staining pattern of the synaptic vesicle protein SNAP-25.

Induction of SNAP-25 expression by neurotrophic factors

In the ENS, the role of neurotrophic factors such as GDNF
for the mediation of synaptic plasticity by regulating com-
ponents of the enteric synaptic vesicle apparatus as shown
for the CNS (Lo 1995; McAllister et al. 1999; Wang et al.
2003) remains unclear. To investigate the regulatory effect
of GDNF on the expression of SNAP-25, we used an in
vitro model of cultured enteric neurons. This cell cul-
ture model was previously described by Schifer et al. and
could demonstrate an increased survival and differentia-
tion of enteric neurons after GDNF treatment (Bottner et al.
2013a; Schifer and Mestres 1999; Schifer et al. 1997). We
analyzed the mRNA expression of the t-SNARE snap-25
by RT-qPCR in cultured enteric neurons and found a dose-
dependent increase in snap-25 mRNA expression upon
GDNF treatment. This finding completes our previous study

2.0+

1.5+

gene expression
[fold increase]

Control DD

tunica muscularis of patients with DD compared to controls (¢). Data
are normalized to expression levels of the housekeeping gene HPRT
and presented as mean = SEM, n = 10 (controls) and n = 9 (DD).
*p < 0.05 versus control

in which gene expression levels of the v-SNARE synapto-
brevin and also the v-SNARE-associated protein synapto-
physin were upregulated by GDNF treatment (Bottner et al.
2013b) and further strengthens the role of GDNF to promote
synaptogenesis in general and neural plasticity in the ENS.

This concept is in line with a report from Zeng et al.
who demonstrated that GDNF enhanced synaptic commu-
nication via suppression of voltage-gated K™ (Kv) chan-
nel activity (Kv 2.1) in cultured myenteric neurons (Zeng
et al. 2009). Interestingly, both activation and inactivation
of Kv 2.1 are affected, depending on the assembly/disas-
sembly of the binary complex SNAP-25/syntaxin 1A in
neuroendocrine cells (Michaelevski et al. 2003; Tsuk et al.
2008) pointing to a possible role of neurotrophic factors in
regulating synaptic communication via direct interaction of
t-SNARE proteins with potassium channels.

Moreover, the data suggest that a decreased expression
of neurotrophic factors such as GDNF may ultimately lead
to impaired enteric neurotransmission. Among the spec-
trum of intestinal innervation disorders, an altered GDNF
system has been demonstrated not only for HSCR (Butler
Tjaden and Trainor 2013) but also for DD (Bottner et al.
2013a). In fact, we could reveal a decreased density and
expression level of SNAP-25 in patients with DD, speak-
ing in favor of the link between an impaired GDNF system
and an altered synaptic vesicle. Based on these data, it is
intriguing to speculate whether other enteric neuropathies
are also characterized by a deficiency of the GDNF system
affecting the composition of the synaptic vesicle appara-
tus and thereby impairing an appropriate neurotransmitter
release and transmission.

Conclusion

In summary, the present study has shown abundant
expression of SNAP-25 as major component of the
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neurotransmitter release machinery at the level of the
human ENS. As upregulation of SNAP-25 is induced by
the neurotrophic factor GDNF, both decreased levels of
SNAP-25 and an impaired GDNF system might compro-
mise enteric neurotransmission contributing to the patho-
genesis of intestinal motility disorders. Future studies have
to elucidate whether SNAP-25 and other synaptic vesicle
markers may be promising candidate molecules to further
characterize human enteric neuropathies and serve as histo-
pathological diagnostic tools.
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