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Abstract

Background & Aims—A previous study demonstrated the presence of protease-activated
receptor (PAR) 1 and 2 in the dorsal motor nucleus of vagus (DMV). The aim of this study is to
characterize the effect of thrombin on the apoptosis of DMV neurons.

Methods—DMV neurons were isolated from neonatal rat brainstems using micro-dissection and
enzymatic digestion and cultured. Apoptosis of DMV neurons were examined in cultured neurons.
Apoptotic neuron was examined by Tunel and ELISA. Data were analyzed using ANOVA and
Student’s t-test.

Results—Exposure of cultured DMV neurons to thrombin (0.1 to 10U mi~1) for 24h
significantly increased apoptosis. Pre-treatment of DMV neurons with hirudin attenuated the
apoptotic effect of thrombin. Similar induction of apoptosis was observed for the PAR1 receptor
agonist SFLLR, but not for the PAR3 agonist TFRGAP, nor for the PAR4 agonist YAPGKF.
PARL1 receptor antagonist Mpr(Cha) abolished the apoptotic effect of thrombin, while YPGKF, a
specific antagonist for PAR4, demonstrated no effect. After administration of thrombin,
phosphorylation of JINK and P38 occurred as early as 15 min, and remained elevated for up to 45
min. Pretreatment of DMV neurons with SP600125, a specific inhibitor for JINK, or SB203580, a
specific inhibitor for P38, significantly inhibited apoptosis induced by thrombin.

Conclusions—Thrombin induces apoptosis in DMV neurons through a mechanism involving
the JNK and P38 signaling pathways.
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Introduction

Thrombin is a multifunctional serine protease which has a role in neuronal injury produced
by disorders such as stroke and Alzheimer’s disease. Two sources account for the presence
of thrombin in the central nervous system (CNS). Thrombin can extravasate from blood into
the brain when the blood-brain barrier is impaired, as observed in inflammation (1).
Thrombin can also be synthesized in situ within the CNS, and the thrombin precursor,
prothrombin, has been demonstrated in a wide range of CNS tissues (2-3). In addition,
specific receptors for thrombin, protease activated receptors (PARL, PAR3 and PAR4) (4),
and the endogenous specific inhibitor, protease nexin-1(5), are widely expressed in the
brain. These findings suggest that thrombin may alter the structure and function of the CNS.

The dorsal motor nucleus of vagus (DMV), together with visceral sensory nuclei of the
solitary tract and the area postrema, compose the dorsal vagal complex. The dorsal vagal
complex is a circumventricular organ which may be affected by vascularly-derived factors
evoked by systemic inflammation (6). Previous studies have demonstrated the presence of
functional PAR receptors in DMV neurons, and that PAR receptor expression is altered in
animal models of intestinal inflammation (7). The present study examines the effect of
thrombin on neuronal apoptosis in the DMV. We report that thrombin induces apoptosis in
cultured DMV neurons derived from neonatal rats through a mechanism involving JNK and
P38 signalling pathways.

Materials and Methods

Chemicals and solutions

Neurobasal medium, phosphate buffer solution (PBS), B27 supplement, L-glutamine,
penicillin and streptomycin were purchased from Gibco (Grand Island, NY). B fibroblast
growth factor (BFGF) was from Invitrogen (Carlsbad, CA). Poly-L-lysine, Triton X-100,
thrombin, trypsin and hirudin were purchased from Sigma-Aldrich (St. Louis, MO). PAR-1,
PAR-3 and PAR-4 agonist peptides (SFLLR, TFRGAP and YAPGKF), PAR-1and PAR4
antagonist peptides (Mpr(cha) and YPGKF) were from Peptides International (Louisville,
KY). SP600125 and SB 203580 were purchased from Calbiochem (San Diego, CA).

Neuronal culture of dorsal motor nucleus

Dorsal motor nucleus neurons were isolated from neonatal Sprague-Dawley rats (Taconic,
Hudson, NY) as described previously (8). The procedures used for the care and euthanasia
of the animals were approved by the University of Michigan Committee on Use and Care of
Animals. Briefly, rats were euthanized. The brainstem was rapidly removed and chilled at
0°C in a dissection solution containing: NaCl 138 mM, KCI 4 mM, MgCl, 1 mM, CaCl, 2
mM, glucose 20 mM and HEPES 10 mM. Tissue blocks were prepared and sectioned
transversely into 400 um slices at the level of the obex using a Vibratome 3000 (Redding,
CA). The DMV area was identified under a dissecting microscope as the area immediately
ventral to the nucleus of the solitary tract and dorsal to the XII nucleus. DMV tissue was
excised and then digested in an enzyme solution containing protease type X1V (0.6 mg
ml~1) and trypsin type | (0.4 mg mI~1) at 32 °C for 30 minutes. The tissue was then
dissociated by gentle trituration with pipettes. Cells were plated onto poly-L-lysine coated
culture dishes and chamber slides. Neurons were maintained at 37°C in an atmosphere of
5% CO2 in serum-free culture media containing Neurobasal medium containing 2% B27
supplement, 2 mM glutamine, 1% penicillin and streptomycin, and 5 ng mI~1pFGF. After 4
days, one-half of the medium was replaced and experiments were conducted at 7 days.
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Enzyme-linked immunosorbent assay (ELISA)

Apoptosis was measured with Cell Death Detection ELISA PIUS (Roche Diagnostics,
Indianapolis, IN) following the manufacturer’s instructions. Neurons were plated at a
density of 10,000 cells per well in 24-well plates for a week and exposed to experimental
conditions or control for 24 hrs. Experimental conditions consisted of fresh media without
BFGF in addition to thrombin with or without other reagents, while the control condition
was fresh media. Subsequently, 200 pl lysis buffer was added and incubated for 30 min at
room temperature. Lysates were centrifuged at 200 x g for 20min. 20 ul of supernatant was
transferred into streptavidin coated wells and incubated with anti-histone-biotin and anti-
DNA POD for 2 hrs at room temperature under gently shaking. Wells were washed, 100 pl
of ABTS substrate was added and incubated for 20 min. After infusing 100 ul of ABTS Stop
Solution, absorbance was determined at 405 nm. Apoptosis was calculated as the ratio of the
absorbance of the sample cells/absorbance of control cells. The enrichment factor was used
as a parameter of apoptosis. At least 6 repetitions were performed for each experimental
condition.

Terminal deoxynucleotidyl transferase-mediated fluorescein-dUTP nick-end labeling
(TUNEL) assay

The amount of apoptosis in thrombin-treated neurons was also determined by TUNEL assay.
Neurons were identified with specific anti-Hu (a neuronal marker) antibody. TUNEL assays
were performed using the In Situ Cell Death Detection Kit, TMR red (Roche Diagnostics,
Indianapolis, IN), which detects the 3'-OH termini of DNA strand breaks occurred during
apoptosis. Briefly, DMV neuron cultures were fixed for 1hr with 4% paraformaldehyde in
PBS, pH 7.4, then incubated for 2 min in a permeabilisation solution (0.1% Triton X-100
and 0.1% sodium citrate in PBS). TUNEL reaction mixture was added. DMV neurons were
incubated in a humidified chamber for 1 hr at 37°C in the dark, and washed in PBS.
Negative controls were incubated with label solution without terminal transferase, while
positive controls were incubated with DNase | recombinant (300U ml~1 in 50 mM Tris-HClI,
pH 7.5, img mI~1 BSA) for 10 min at room temperature prior to labeling procedures. Cells
were subsequently treated with blocking solution (10% normal goat serum, 3% BSA and
0.2% Triton X-100 in PBS, pH 7.4) at room temperature for 1 hr. After being incubated with
anti-Hu antibodies (1:100) at 4°C overnight, cultures were washed and incubated with FITC-
labeled anti-mouse IgG (1:100) for 1 hr at room temperature. Finally, cultured slides were
mounted with ProLong® Gold antifade reagent with DAPI (Invitrogen) and viewed with
fluorescent microscope (Nikon Eclipse Ti-U). Images of TUNEL staining with Hu
immunofluorescence were created from the same cultures and merged using NIS-element
software. Cells positive for TUNEL staining were counted from 5 fields of each slide and
expressed as the percentage of total cells stained positive for Hu. Each experiment was
repeated 3 to 5 times using cells harvested from 8-12 neonatal rats.

Double immunofluorescent staining

DMV neuronal cultures were fixed with 4% paraformaldehyde in PBS for 1 hr and treated
with blocking solution for 1 hr at room temperature. The slides were then incubated at 4°C
overnight with mouse anti-Hu (1:100, Invitrogen) and one of the following primary
antibodies: goat anti-PAR-1 (C-18, 1:100, Santa Cruz Biotechnology, Santa Cruz, CA), goat
anti PAR-3 (M-20, 1:100, Santa Cruz Biotechnology), goat anti PAR-4 (C-19, 1:100, Santa
Cruz Biotechnology), rabbit anti-cleaved caspase3 (1:100, Cell Signaling Technology,
Danvers, MA); Neurons were then incubated at room temperature for 1 hr with secondary
antibodies: donkey anti-mouse FITC-conjugated 1gG (1:100) and donkey anti-goat TRITC-
conjugated 1gG (1:100) or goat anti-mouse FITC-conjugated IgG (1:100) and goat anti-
rabbit TRITC-conjugated 1gG (1:100) (Jackson ImmunoResearch Laboratories). Negative
controls included preincubating the PAR antibodies with specific immunizing blocking
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peptide (sc-8202P, sc-8209P, sc-1249P; Santa Cruz Biotechnology) or substituting primary
antibodies with mouse 1gG or rabbit 1gG.

Western blotting

After treatment, DMV neuronal cultures were homogenized in 60 ul ice-cold lysis buffer
(Cell Signaling Technology) containing 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM
Na,EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM beta-
glycerophosphate, 1 mM NazVO,, 1 ug mi~1 leupeptin, 1 mM phenylmethylsulfonyl
fluoride (PMSF), then centrifuged at 12,000 g at 4°C for 20 min. Equal amounts of protein
(30~40 nug) from each sample were subjected to electrophoretic separation on a 10%
polyacrylamide gel (BioRad), then transferred onto Immobilon™ PVDF membrane
(BioRad). Membrane blots were blocked at room temperature for 1 hr in 5% milk in TBS—
Tween 20 (0.05%), then incubated overnight in primary antibodies against JINK, phospho-
JNK, P38 or phospho-P38 from Cell Signaling Technology (1:1,000 dilution). Membranes
were washed three times in TBS-Tween (0.05%), then incubated for 1 hr with secondary
antibody diluted 1/4000 in 5% TBS-Tween (0.05%). Detection was performed using Lumi-
Light Blotting Substrate (Roche, Indianapolis, IN) or SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Scientific).

Data analysis

Results

Results are expressed as mean + SEM. Data were analyzed using ANOVA and Student’s t-
test as appropriate. Significance was accepted as P < 0.05.

Thrombin-induced DMN neuronal apoptosis

As shown in Figure 1, cultured DMV neurons exposed to concentrations of thrombin
ranging from 0.1UmI~1 to 10U mI~1 for 24 hrs demonstrated significant increases in
apoptosis measured either by Tunel assay or ELISA assay. Virtually all apoptotic cells
detected by Tunel assay were positive for Hu, a neuronal marker, suggesting that thrombin-
induced apoptosis occurs in neuronal cells.

To investigate whether thrombin-induced apoptosis is specific, hirudin, a thrombin-specific
protease inhibitor was used. As shown in Figure 2, cells pretreated with hirudin (10U mlI™1)
for 30 min demonstrated a significant reduction of apoptosis resulting from subsequent
exposure to thrombin (10U ml~1).

PAR receptor mediated effect

To examine PAR1, PAR3 and PARA4 protein expression in primary DMV cultures, cells
were incubated with the relevant primary and secondary antibodies and visualized by
fluorescent microscopy (Figure 3). To verify the neuronal nature of PAR-positive cells,
cultures were stained for the neuronal marker Hu. As seen in Figure 3, the vast majority of
cells staining positively for PAR1, PAR3 or PAR4 were also positive for Hu, suggesting of
the neuronal nature of PAR-expressing cells. No staining was observed in control
preparations.

To examine the effect of PAR receptor activation on apoptosis, cultured DMV neurons were
exposed to agonists or antagonists specific for individual PAR receptors. As shown in
Figure 4, the PAR1 receptor specific agonist, SFLLR, induced a significant increase in
apoptosis relative to control as measured by either Tunel assay or ELISA assay. Neither
TFRGAP, a specific agonist for PAR3, nor YAPGKEF, a specific agonist for PAR4,
demonstrated a significant effect. These results suggest that thrombin causes apoptosis in
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DMV neurons through activation of PAR1 receptors. This interpretation is further supported
by experiments using PAR antagonists. As shown in Figure 5, Mpr(Cha), a specific
antagonist for PAR1 receptor, almost completely abolished the apoptotic effect of thrombin,
while YPGKEF, a specific antagonist for PAR4, demonstrated no effect.

Involvement of JNK and P38 signaling pathways

A variety of apoptotic stimuli affect the JNK and p38 signaling pathways and subsequently
activate caspase-3. Accordingly, we examined whether JNK and P38 activation is involved
in thrombin-induced neuronal apoptosis. As shown in Figure 6, phosphorylation of both
JNK and P38 occurred as early as 15 min, and remained elevated for up to 45 min, after
administration of thrombin with no alteration in the levels of total INK and P38 proteins in
cultured DMNV neurons. Pretreatment of cultured DMNV neurons with either SP600125, a
specific inhibitor for INK, or SB203580, a specific inhibitor for P38, significantly inhibited
the apoptotic effect of thrombin. Combination of these two inhibitors to block both JNK and
P38 signaling pathways demonstrated an additive effect to prevent thrombin-induced
apoptosis in DMV neurons (Figure 7).

Discussion

The current study demonstrates that thrombin induces apoptosis in cultured DMV neurons
via a mechanism that is mediated by JNK and P38 signaling pathways activated by PAR1
receptor. This general conclusion is supported by five distinct observations: (1 thrombin
evoked apoptosis inDMV neurons in a dose-dependent manner; (2 this effect was attenuated
by pretreatment of cells with hirudin, a thrombin-specific protease inhibitor; (3 although all
PAR receptor subtypes specific for thrombin are present in DMV neurons, only PAR1-
specific receptor agonists and antagonists exhibited activity; (4 activation of both JINK and
P38 was demonstrated in cultured DMV neurons exposed to thrombin; (5 pretreatment of
cultured DMV neurons with inhibitors of JNK, or P38 inhibited apoptotic effects of
thrombin, with a combination of inhibitors having additive effects.

Thrombin is known to generate intracellular signalling via PAR receptors, a family of G-
protein-couple receptors. PARs are activated by proteolytic cleavage of their N-terminus to
unmask an amino acid sequence, which then acts as a tethered receptor ligand. Among the
four members of PAR family (PAR1 to PAR4), three receptor subtypes (PAR1, PAR3, and
PAR4) are activated by thrombin. All four PARs are expressed by neurons and glial cells
and have variously been implicated in a number of distinct physiological and pathological
processes in the CNS (4,9-10). For example, thrombin acts to protect neurons from a variety
of insults, either directly (11) or through activation of neighboring astrocytes (12). These
effects involve activation of PAR receptors at subnanomolar agonist concentrations. In
contrast, high concentrations of thrombin induce neurodegeneration in vivo, and in vitro
cause retraction of neurites, cell body shrinkage and apoptosis (13-14).

Althought all four PAR receptor subtypes are present in DMV neurons (7), our data suggest
that thrombin evokes apoptosis in cultured DMV neurons mainly through activation of the
PARL1 receptor. Hirudin, a thrombin-specific protease inhibitor, blocked the apoptotic effect
of thrombin. PAR1 receptor antagonism using a short peptide inhibitor decreased apoptotic
death in cultured DMV neurons induced by thrombin, while the PAR1 receptor-specific
agonist, SFLLR, dose-dependently increased apoptosis. Exposure of DMV neurons to PAR3
and PAR4 synthetic agonists demonstrated no effects. Specific antagonism of the PAR4
receptor has no significant effect on thrombin-induced apoptosis in cultured DMV neurons.

The dorsal motor nucleus of vagus, together with visceral sensory nuclei of the solitary tract
and the area postrema, composes the dorsal vagal complex. The dorsal vagal complex is a
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circumventricular organ with fenestrated capillaries and enlarged perivascular spaces (15).
Dendrites penetrate the ependymal layer to reach the floor of the fourth ventricle(6).
Because of this structure, the DMV may be affected by vascularly derived factors to evoke
gastrointestinal dysfunction. For example, peripherally produced tumor necrosis factor can
act on the dorsal vagal complex to cause gastric stasis (16-17).

Several studies suggest that circulating thrombin may enter the midbrain during states of
systemic inflammation. Permeability through the blood-brain-barrier has been reported to be
increased during systemic inflammation (18). Thrombin has also been demonstrated to
compromise the integrity of the blood-brain barrier (19-20). Elevated levels of thrombin
derived from vascular sources have been reported in cerebrospinal fluid (CSF) (21) and
brain tissue (22).

The activity of thrombin and of other proteinases is significantly increased in the colon,
intestine and circulation of patients with inflammatory bowel disease (IBD) (23-27).
Circulating thrombin, as measured by endogenous thrombin potential, is significantly
increased in patients with IBD (28). In addition, up-regulation of PAR receptor transcripts
has been demonstrated in DMV neurons derived from animals with experimental models of
IBD. Taken together, it seems likely that DMV neurons are exposed to thrombinderived
from the circulatorysystemduring IBD, althought the possibility that thrombin may derive
from microglia in situ cannot be exclused.

The histological hallmark of IBD is infiltration of immune cells including neutrophils,
macrophages, lymphocytes and mast cells in the mucosa and submucosa of the intestine. In
experimental models of IBD, such as trinitrobenzene sulfonic acid (TNBS)-induced colitis,
activated CD4 helper T cells promote production of inflammatory cytokines and
chemokines. These inflammatory mediators have been demonstrated to contribute to
changes in neurochemical coding and in excitability of enteric neurons. While changes in
the enteric nervous system have been well-demonstrated in IBD, less is known of the effects
of inflammation on the extrinsic autonomic nervous system. Our previous studies
demonstrated the presence of functional PAR receptors in the DMV. This study extends
those observations to identify thrombin as an inflammatory mediator causing neuronal
apoptosis in the DMV.

Several recent studies support the concept that thrombin can induce neurodegeneration in
the central nervous system(13). In cerebral ischemia, activation of PARL receptor by
thrombin causes neuronal death (29). Thrombin has also been linked via activation of PAR
receptors to neurodegeneration associated with Alzheimer’s disease and stroke. In animals,
intracortical injection of thrombin induces neuronal death in a dose-dependent manner.
Neuronal apoptosis has been demonstrated in cultured hippocampal neurons and spinal
motoneurons.

The signaling pathways involved in the induction of apoptosis by thrombin are diverse.
Dependent upon the cell types, these include JAK (Janus kinase)/STAT (signal transducer
and activator of transcription), RhoA, myosin light chain kinase, ERK1/2, phosphoinositide
3’-kinase (PI13K), c-Jun N-terminal kinase (JNK)/p38 MAP kinase, and various Bcl-2 family
members. These pathways converge on caspase 3 which cleaves specific cellular substrates
to cause the morphological and biochemical features of apoptotic cell death. Our study
demonstrates that activation of PAR1 receptor by thrombin is linked to both JNK and P38
signaling pathways in DMV neurons. Inhibition of either JINK or P38 signaling pathway
attenuated thrombin-induced apoptotic death in cultured DMV neurons, while inhibition of
both pathways prevented thrombin-induced apoptosis.
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In conclusion, this study provides the first evidence that thrombin causes apoptotic death in
DMV neurons through activation of PAR 1 receptor linked to both JNK and P38 signaling

pathways. These results imply that thrombin may serve as an endogenous neurotoxin
associated with systemic inflammation.
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Figure 1. Thrombin-induced apoptosis in cultured DMV neurons

Thrombin at a dose from 0.1 to 10 U/ml significantly increases apoptosis in cultured DMV
neurons. Cultured DMV neurons were exposed to varying concentrations of thrombin for 24
hrs. Apoptosis was assayed by Tunel and ELISA assay. Cells were stained positive for Hu, a
neuronal marker. Results are expressed as mean£SEM. * p<0.05. Bar represents 100 pum.
Cell marked with arrow is shown with higher magnification in the insert.
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Figure 2. Inhibition of thromin-induced apoptosis by hirudin

Hirudin significantly reduces apoptosis resulting from subsequent exposure to thrombin.
DMV neurons were pretreated with hirudin (10U ml~1) for 30 min before exposure to
thrombin (10U/ml). A. Representative. B. Mean change in cleavage of caspase-3. C. Mean
change as measured by ELISA. Results are expressed as mean+SEM. * p<0.05. Bar
represents 100 um
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Figure 3. Expression of PAR receptors in DMV neurons

Majority of cultured DMV neurons stains positively for PAR1, PAR3 or PAR4. Cultured
DMV neurons were stained with antibodies recognizing specific PAR receptor 1,3 or 4.
Neurons cells were identified via Hu staining. Bar represents 100 pm
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Figure 4. Apoptosis of DMV neurons induced by PAR agonists

Apoptosis is induced by PAR1 agonist only. Cultured DMV neurons were treated with
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agonists specific for PAR1 (SFLLR) ((1075~1074M), PAR3 (TFRGAP) (10~*M) or PAR4
(YAPGKF) (1075 M and 10~#M) for 24 hrs. Apoptosis was analyzed by Tunel (A) and
ELISA assay (B). Hu positive cells were counted. Results are expressed as mean+SEM. *
p<0.05. Significant difference (P<0.05) was also observed between cells treated with 10=5

M and 10= M of SFLLR.
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Figure 5. Effect of PAR antagonism on thrombin-induced apoptosis
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PAR1 antagonism abolishes the apoptotic effect of thrombin. Cultured DMV neurons were

treated with antagonists for PAR1 (Mpr(Cha)) (10~*M) or PAR4 (YPGKF) (107*M) 30 min

before administration of thrombin (10 U mI~1). Cells were harvested and analyzed for

apoptosis using cleaved caspase 3 immunofluorescent staining (left panel) and ELISA (right
panel). Apoptotic signal in Hu positive cells were counted. Results are expressed as mean

+SEM. * p<0.05.
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Figure 6. Activation of INK and P38 by thrombin
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JNK and P38 are activated by thrombin. Cultured DMV neurons were treated with thrombin
(10 U mI™1). Phosphorylation of JNK and P38 was detected using specific antibodies

recognized phosphorylated JNK and P38.
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Figure 7. Effect of INK or P38 inhibitors on thrombin-induced apoptosis

Thrombin-induced apoptosis is attenuated by JNK or P38 inhibitors. Cultured DMV neurons
were treated with inhibitors specific for INK(SP600125 10~°M), P38 (SB203580 10°M) or
both before exposure to thrombin (10 U mlI~1). Apoptosis was evaluated by Tunel (left

panel) and ELISA(right panel). Results are expressed as mean+SEM. * p<0.05.
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