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Bone morphogenetic proteins (BMPs) are critical molecules during gut morphogenesis. However, little is
known about their participation in the homeostasis of adult gut and their possible role in diseases.
Gastrointestinal complications occur during diabetes with loss of enteric neurons. In this study, we
investigated the possible involvement of BMPs signaling pathway in diabetic enteric neuropathy in an
experimental model of diabetes in rats. The expression of BMPs, BMPs receptors and intracellular Smad
effectors were assessed in control and diabetic smooth muscle layer of jejunum by immunofluorescence,
Western blot and RT-PCR methods. Myenteric neurons and glial cells were measured by immunofluorescence
using specific markers. In addition, cell apoptosis was evaluated by means of direct and indirect techniques.
We demonstrated that diabetic ganglia displayed a significant decrease in ganglion size due to enhanced
apoptosis and loss of peripherin. A decrease in glial fibrillary acidic protein (GFAP protein) was also observed
in enteric glial cells. BMP-2 was down-regulated in the myenteric plexus of diabetic rats at 3 and 9 weeks. A
loss of enteric neurons by apoptosis was correlated with an ectopic BMP-4, increased BMPR-Ia and nuclear p-
Smad1 expression in the myenteric plexus. Insulin-treatment prevented the intestinal alterations observed.
These findings suggest that diabetes is associated with an abnormal BMP/Smad signaling expression in the
myenteric ganglia that affects the homeostasis of the enteric plexus.
x: +49 54 381 4247752x7004.
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1. Introduction

Diabetes mellitus is the most common multisystemic endocrine
disorder. Longterm, poorly-controlled diabetes mellitus often results in
gastrointestinal complications (Horowitz et al., 1991; Spångéus et al.,
1999). Frequent vomiting, diarrhea, constipation, fecal incontinence,
abdominal pain and unpredictable changes in blood glucose are major
clinical problems in diabetic patients (Koch, 1999; Ricci et al., 2000;
Bytzer et al., 2001; Rayner and Horowitz, 2006). These gastrointestinal
afflictions are not normally life-threatening but profoundly affect the
quality of life. In many cases, these symptoms are thought to be due to
abnormal gastrointestinal motility that, in turn, may be a manifestation
of degenerative changes in the peripheral nervous system (Tougas et al.,
1992; Kniel et al., 1996). In diabetic autonomic neuropathy was
evidenced by vagal nerve dysfunction, sympathetic nerve damage,
and alterations in the enteric neurons (Camilleri andMalagelada, 1984;
Tougas et al., 1992; Watkins et al., 2000; He, 2001; Yoneda et al., 2001;
Furlan et al., 2002).
The enteric nervous system (ENS) is an integrative network
composed of neurons and enteric glial cells located along the wall of
the gastrointestinal tract (Jabbur et al., 1988; Rühl et al., 2004; Rühl,
2005). Enteric neurons respond to luminal contents and smooth
muscle tension. Thus, the ENS coordinates the intricate peristaltic
movements, initiating local reflexes to regulate motility and secretion
(Bywater et al., 1987).

A reduction in the number of myenteric neurons and alteration in
their size have been noted in several gastrointestinal segments of
diabetic animal models, including streptozotocin-induced (STZ-
induced) diabetic rodents (Hernandes et al., 2000; Büttow et al.,
1997; Furlan et al., 2002; Fregonesi et al., 2001; Chandrasekharan and
Srinivasan, 2007). However, the way in which diabetes affects enteric
neurons is not well understood yet.

Bone morphogenetic proteins (BMP) comprise a subgroup of the
TGF-β family of secreted signaling molecules. BMP-2 and 4 transduce
their signal by binding to a heterodimer consisting of a type I receptor
(BMPR-IA or BMPRIB) and a type II (BMPR-II) receptor (Nohe et al.,
2002). Receptor activation leads to phosphorylation and activation of
the Smad signaling cascade (Shi and Massagué, 2003; Zwijsen et al.,
2003; Feng and Derynck, 2005). BMPs regulate multiple critical
functions during organogenesis, including specification, regionaliza-
tion and differentiation within the developing gut (Grunz, 1996; de
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Table 1
Antibodies used.

Host Dilutiona Catalog no. Source

Primary antibody
Peripherin Rabbit 1:100 sc-28539 Santa Cruz Biotech
Peripherin Mouse 1:100 sc-58833 Santa Cruz Biotech
GFAP Rabbit 1:100 G9269 Sigma
S-100B Mouse 1:100 MAB079-1 Chemicon
Active caspase 3 Rabbit 1:100 G3781 Promega
BMP2 Goat 1:50 sc-6895 Santa Cruz Biotech
BMP4 Mouse 1:20 Dr. K. Masuhara (Osaka, JP)
BMPRIa Goat 1:50 sc-5676 Santa Cruz Biotech
Smad1 Mouse 1:50 sc-7965 Santa Cruz Biotech
p-Smad1 Goat 1:100 sc-12353 Santa Cruz Biotech
β-actin Mouse 1:250 A5316 Sigma

Secondary antibody
Alexa Fluor 488
anti-goat IgG

Rabbit 1:2000 A11078 Invitrogen

Alexa Fluor 488
anti-mouse IgG

Goat 1:1500 A11001 Invitrogen

Alexa Fluor 594
anti-rabbitt IgG

Goat 1:2000 A21207 Invitrogen

Alexa Fluor 594
anti-mouse IgG

Goat 1:2000 A11005 Invitrogen

a Dilution used in immunohistochemical and immunofluorescence studies.
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Santa Barbara et al., 2005; Batts et al., 2006; Rubin, 2007). BMP-2 and
BMP-4 have been implicated in the normal development of the enteric
nervous system in animals and humans (Brewer et al., 2005;
Chalazonitis et al., 2004; Goldstein et al., 2005). Even though BMPs
are involved in gut embryogenesis, their role in the adult organ has
not been fully studied yet, nor has their participation in diabetes been
investigated so far.

In this study, we looked for evidence of BMPs signaling in the
myenteric plexus of the small intestine and examined the effects of
hyperglycemia on BMP/Smad activation in an experimental rat model
of diabetes. We hoped to provide further data concerning damage to
enteric neurons in diabetic rat and its underlying mechanism.

2. Materials and methods

2.1. Animals and experimental design

Male Wistar rats weighing ~200–250 g were obtained from the
animal facility of the INSIBIO (Instituto Superior de Investigaciones
Biológicas, San Miguel de Tucumán, Argentina). All animals were
housed at constant temperature (22 °C) under a 12:12-h light–dark
cycle, with free access to water and a standard laboratory chow. The
following experiments were conducted in agreement with the Guide
for the Care and Use of Laboratory Animals (Institute of Laboratory
Animal Resources, Commission on Life Sciences, National Research
Council, National Academy Press, Washington, DC), and the local
Institutional Animal Care Committee. Animals were randomly divided
into four groups of fifteen animals each: diabetic for 3 weeks (D3w);
diabetic for 9 weeks (D9w), insulin-treated diabetic for 3 weeks (D+
Ins) and normal control. Briefly, diabetes mellitus was induced by a
single intraperitoneal injection of freshly prepared streptozotocin
(50 mg/kg body weight) in citrate buffer (0.1 M, pH 4.5) (Sigma, St
Louis, Mo, USA), as described previously (Sánchez et al., 2000).
Control rats received an equal volume of citric acid buffer alone.
Animals showing fasting glucose levels higher than 350 mg/dl 3 days
after STZ treatment were included in the study as diabetic animals.
Once the diabetic state was established, animals in the D+Ins group
were subcutaneously injected with a daily insulin dose of 3.4–4.5 IU/g
body weight (Betasint, Laboratorios BETA) to restore normoglycae-
mia. This treatment was carried out twice a day for 3 weeks whereas
the effects of diabetes are evident even at this early.The groups of
animals (D3w; D9w, D+Ins and control) were pair-fed with standard
rat chow and had free access to water. Glucose levels and weight were
recorded every week during the experimental period and at the time
of euthanasia.

2.2. Tissue sampling

Fasted rats were deprived of food for 24 h and killed by cervical
dislocation at 3 and 9 weeks after diabetes induction. The abdomen
was opened along the midline and small intestine was dissected from
rats. The first ten centimeters closest to the stomach were removed.
From this point three pieces of proximal jejunum (5 cm) were cut
along the mesentery and pinned down flat onto a glass dish with
Sylgard silicone coating. The segments of jejunum were rinsed with
ice-cold phosphate-buffered saline (PBS; pH 7.4) and immersed in
Bouin's fixative overnight at 4 °C for classical histology and immuno-
histochemical assays.

2.3. Immunofluorescent labeling

Three-micrometer sections were dried overnight at 37 °C and then
deparaffinized and rehydrated. The slides were immersed in 10 mM
citrate buffer (pH 6.0) and treated with microwave irradiation to
unmask binding epitopes prior to antibody staining. The slides were
then left to stand for 10 min in buffer at room temperature before
thorough washing in tap water. After three washes in PBS the slides
were incubatedwith 2% bovine seroalbumin (BSA) for 30 min at room
temperature. Then they were incubated overnight at 4 °C with the
primary antibodies diluted in PBS with 10% normal serum (specific
antibodies and dilutions used are listed in Table 1). For double-labeled
sections, primary antibodies were mixed and incubated as a cocktail.
After three washes in PBS, incubation with the secondary Alexa Fluor
488 or Alexa Fluor 594 (Invitrogen) antibody was performed (1 h, at
room temperature). The sections were then washed five times in PBS
and mounted in aqueous mounting medium with antifading agents
(Biomeda, Foster, CA). All secondary antibodies were confirmed to be
species-specific for their individual primary antibody. Negative
control included omission of the primary antibody and mismached
secondary antibody. The staining was not observed in the negative
controls. Aditionally p-Samd1 antibody was pre-incubated with the
respective blocking p-Samd1 peptide (sc-12353 P, Santa Cruz
biotech.) (10−6 or 10−5 M in blocking buffer) raised against peptide
antigen overnight at room temperature, prior to incubation with
tissue/sample. Tissue sections probed with neutralized antibodies
were compared with tissue sections probed with antibody alone (no
blocking peptide). Staining recognized by the respective antibodies
was absent in the tissue probed with neutralized antibody. Double-
immunolabeled sections were examined by laser scanning confocal
microscopy with an Olympus FV300 instrument equipped with an
multi-line Argon laser (457 nm, 488 nm, 515 nm), Ar laser (488 nm),
HeNe-Green laser (543 nm) and HeNe-Red laser (633 nm).

The number and distribution of myenteric neurons and glial cells
were determined in cross sections by analysis of adjacent microscope
fields throughout the length of the jejunum pieces. This represented
at least 40 non-adjacent microscope fields (approximately 8.5 mm) in
each tissue. To detect changes in the content of neurons in the ganglia,
the average number of Toluidine blue and peripherin-positive cells
appearing within the myenteric ganglia was determined in these
sections. The study was performed in a blinded manner in non-
adjacent stained sections obtained at 50 μm intervals using an
Olympus BX80 fluorescence microscope.

The intensity of the ganglia stained for specific glial marker GFAP
and BMPR-Ia was measured in non-adjacent cross sections of the
jejunum, using the ImageJ 1.44 software (NIH Image). At least 35 non-
adjacent microscope fields were analyzed in each tissue. Data
included average intensity, standard deviation of the intensity,
integrated intensity, maximum and minimum greyscale levels and



Table 2
Physiological features of animals in study.

Parameters Control D3w D9w D+Ins

Blood glucose
(mg/dl)

117.9±24.5 467.9±23.1a 572.6±19.3a 140.3±11.5b,c

Urine glucose negative positive positive negative
Body weight
(g)

299.4±12.8 202.4±32.5a 197.9±31.4a 265.3±22.5b,c

Intestinal weight
(g)

6.9±0.9 11.1±1.2a 12.4±0.7a 7.7±0.4b,c

Intestinal/body
weight (%)

2.3±0.5 4.9±0.9a 5.8±0.9a 2.7±0.2b,c

Intestinal length
(cm)

90.09±3.5 103.6±4.7a 105.5±6.2a 88.2±4.1b,c

Values represent means±SEM (n=15 in each group).
a (pb0.05) compared to controls.
b (pb0.05) compared to D3w.
c (pb0.05) compared to D9w.
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threshold area (expressed as a percent of total stained ganglion area).
The nuclei of myenteric cells stained for p-Smad1were outlined using
a draw tool in the software and the intensity was measured. About
200 p-Smad-positive nuclei per group were assessed in each
experiment.

2.4. Determination of apoptosis

Apoptotic cells were identified using terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) method. The TUNEL
assay was performed according to manufacturer's instructions
(DeadEnd™ Fluorometric TUNEL System no. G3250; Promega).
Briefly, deparaffinized slides were fixed in 4% paraformaldehyde
and treated with proteinase K to permeabilize the tissues. The slides
were incubated with a labeling reaction mix using rhodamine or
fluorescein as fluorophore for 1 h at 37 °C. The reaction was stopped
by the addition of 2x saline-sodium citrate (SSC) buffer and 3washes
in PBS were made before tissue was mounted in a fluorescence
mounting medium (DAKO Corp., CA, USA). TUNEL labeled sections
were incubated with a solution containing anti-peripherin and anti-
GFAP (rabbit polyclonal) anti-S100B (mouse monoclonal) primary
antibodies. Alexa 488 and Alexa 594 antibodies (Invitrogen) were
also applied and the slices were mounted. Apoptotic cells were also
identified on activated caspase-3 stained sections to avoid the
nonspecific staining with TUNEL. Staining for activated caspase-3
was performed using a rabbit polyclonal antibody (Promega)
(Table 1). Sections were rinsed with PBS and blocked with 2% BSA
in PBS (1 h, room temperature) and then double labeled for
peripherin (mouse monoclonal). Alexa 488 goat anti-rabbit and
Alexa 594 anti-mouse are used as secondary antibodies. Assessment
of TUNEL+ and activated caspase-3+ cells in preparations from was
performed in a blinded manner. About 500 peripherin-positive cells
were assessed in each experiment for colocalization with either
TUNEL or activated caspase-3 immunoreactivity in adjacent sections.
To avoid duplicate counting of the same cells counting was
performed non adjacent sections obtained at 50 μm intervals.

2.5. Electrophoresis and immunoblot analysis

The mucosa and submucosa were peeled away under a dissecting
microscope and the muscle layers (circular and longitudinal) with the
myenteric plexuses were rinsed twice with PBS. The muscle layers
obtained were homogenized in lysis buffer composed of 50 mM Tris–
HCl pH 7.4, 0.1 M NaCl, 1% Nonidet P-40, 2 mM PMSF, a Complete
Protease Inhibitor Cocktail (Roche), and then sonicated (three times,
10 s each, midpower) on ice. Protein concentration was determined
by Lowry's method (Lowry et al., 1951). The samples were boiled for
4 min in 2% SDS, 2% 2-mercaptoethanol, 20 mM Tris–HCl, pH 7, and
placed (50 μg of protein/lane) on 7.5% SDS-polyacrylamide gel. After
electrophoresis, the proteins were transferred to a nitrocellulose
membrane (Hybond-C super; Amersham, Buckinghamshire, UK).
Protein detection was performed by immunoblot analysis using
specific anti-monoclonal and polyclonal antibodies as shown in
Table 1. The detection of the ligands, receptors and Smad antibody-
complexes was performed using a biotin-extrAvidin-peroxidase
system (Sigma). Peroxidase activity was detected incubating blots in
3,3-diaminobenzidine-H2O2. Beta actin was used as an internal
standard. The relative intensity of the obtained products was
measured using the ImageJ 1.44 software (NIH Image).

2.6. Mesurement of BMPs and BMPR mRNA in the jejunum

Real-time reverse transcription polymerase chain reaction (RT-
PCR) was performed to detect the expression of BMPs and BMPR
mRNAs. Total RNA was purified from the intestinal muscle layers
using illustra RNAspin Mini Isolation Kit (GE, Germany) as described
by the manufacturer. cDNA was synthesized using AMV-RT (Amer-
sham) and oligo-dT primer (Genbiotech S.R.L.). The expression of
related genes was quantified using the SYBR Green Analysis (Qiagen)
on an iCycler instrument (Bio-Rad) as described previously (Baurand
et al., 2007). PCR was performed in optimized conditions: 95 °C
denatured for 10 s followed by 30 cycles of 5 s at 95 °C, 5 s at 58 °C and
35 s at 72 °C and one cycle of 15 s at 95 °C. Specific PCR primers were
designed from rat sequences available in the databanks: BMP-2
(NM_017178.1: forward primer 5′-AGCCAAACACAAACAGCGGAAG-3′
and reverse primer 5′-GGAGTTCAGGTGATCAGCCAGG-3′), BMP-4
(NM_012827.1: forward primer 5′-GGATGCTGCTGAGGTTAAAGAAG-
3′ and reverse primer 5′-TGGGGAGGAGGAGGAAGAAGAG-3′) and β-
actin (NM_031144.2: forward primer 5′-CACACCCGCCACCAGTTC-3′
and reverse primer 5′-CCCATACCCACCATCACACC-3′). Each experi-
ment was performed three times. No other products were amplified
because melting curves showed only one peak in each primer pair. A
standard curve was created by sequential dilution of the amplified
fragment in order to calculate the RNA copy number. Fluorescence
signals were measured over 30 PCR cycles. mRNA levels for BMPs
were standardized against β-actin mRNA levels in the same mRNA.
The mean value for the control animals was set at 100%.

2.7. Statistical methods

Data are presented as means±SEM. Significant differences
between groups were tested by analysis of variance (ANOVA) and
Student's t test and a p value of b0.05 was considered statistically
significant.

3. Results

3.1. Animal study

Table 2 lists the characteristics of the animals studied. Diabetes
resulted in a significant increase in blood and urine glucose and a
decrease in body weight in D3w and D9w rats compared to the age-
matched controls (pb0.05). Total length and weight of the D3w and
D9w intestines were significantly increased compared to control.
The hypertrophy index, measured as the ratio of small intestine
weight to body weight as described previously (Zador et al., 1993;
Sánchez et al., 2000), increased in D3w and Dw9 rats (pb0.05).
Insulin treatment of diabetic rats kept clinical and biochemical
parameters at control level (Table 2).

In control jejunum the myenteric ganglia were organized in
networks of nerve fibers and cell bodies spread uniformly between
the inner and outer muscle layers. Ganglia were packed with clearly
visible neurons stainedwith peripherin (Fig. 1A). In contrast, D3w and
D9w showed fewer neurons and obvious gaps in the myenteric



Fig. 1. Micrographs showing the immunodetection of the neuron marker peripherin in cross sections of the muscle layer of control (A), D3w (B), D9w (C), D+Ins (D) intestines.
Diabetes causes a strong diminution in enteric neurons (B, D, arrowhead) which is prevented by insulin treatment. Number of peripherin-stained neurons per ganglion in each group
(E). A total of 3 independent experiments was performed. Data are represented asmean±SEM. *pb0.05; n=10 per experimental group. Double-labeling immunohistochemistry for
cleaved caspase-3 (green) and peripherin (red) in control (F), D3w (G), D9w (H), D+Ins (I) are shown. Apoptosis in the D3w, D9w ganglion is identified by yellow staining due to
colocalization of cleaved caspase-3 and peripherin (G, H, arrowhead). The number of activated caspase 3-positive neurons per ganglion in different groups comparedwith control (J).
A total of 3 experiments was performed. Data are represented as mean±SEM. *pb0.05; n=10 per group. Representative sections of the muscle layer of control (K), D3w (L), D9w
(M), D+Ins (N) jejunum assessed by TUNEL (red) and peripherin (green) immunostaining. Note that diabetes induces apoptosis of enteric neurons (L, M, arrowhead). Number of
TUNEL-positive enteric neurons per ganglia in different groups compared with control (J). A total of 3 experiments was performed. Data are represented as mean±SEM. *pb0.05;
n=10 per group. im: inner muscle layer; myp: myenteric plexus; om: outer muscle layer. Bars: A-D, F-I, K-N: 50 μm.
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ganglia were observed (Fig. 1B, D arrowhead). Assessment of
peripherin revealed that D3w jejunum had a significant decrease in
neurons content compared to control gut (pb0.05) (Fig. 1E). A more
significant neuron reduction was observed in the D9w compared with
controls and D3w rats (pb0.05) (Fig. 1E). Some sections were stained
with toluidine blue to test if “gaps” in ganglia may have been due to
loss of neuronal peripherin staining rather than neuronal loss. No
staining was observed within these profiles (data not shown)



55S.M. Honoré et al. / Autonomic Neuroscience: Basic and Clinical 164 (2011) 51–61
confirming that peripherin staining was a reliable indicator of
neuronal loss. The decrease in neuron number was correlated with
the presence of activated caspase-3+/peripherin+ within the myen-
teric ganglia of D3w and Dw9 animals (Fig.1G, H arrowhead). The
number of activated caspase-3+ neurons per ganglion in the different
groups is shown in Fig. 1J. D3w and Dw9 animals had a significantly
higher number of TUNEL+ neurons in the myenteric ganglia
compared to control rats (pb0.05) (Fig. 1O). Since damage to enteric
neurons was evident as early as 3 weeks of diabetes, the preventive
insulin treatment was carried out up to this time. Fig. 1C, H and M
show the effects of insulin-treatment in 3 weeks diabetic intestine.
The increase in apoptosis observed in D3w ganglia was ameliorated in
the D+Ins group (pb0.05) (Fig. 1J, O). Total numbers of peripherin+

neurons were similar to control ones (pN0.05) (Fig. 1E).
When analyzing the number of enteroglial cells in the jejunum, no

significant differences were found between groups (data not shown).
However we observed a strong reduction in the intensity of GFAP
staining in D3w intestines compared to control ones (Fig. 2A, B). In
D9w rats a greater reduction of GFAP staining was observed in the gut
(Fig. 2D). Insulin treatment prevented the phenotypic alterations of
the glia in the D3w jejunum (Fig. 2C). This qualitative impression was
confirmed by the densitometric analysis (Fig. 2E) (pb0.05).

3.2. Smads in the diabetic intestine

We next determined whether morphological changes seen in the
diabetes state were associated with an altered BMP/Smad signaling.
As phosphorylation and nuclear translocation of BMP receptor-
activated p-Smads are the hallmarks of ongoing BMP signaling
(Rosendahl et al., 2002), the occurrence of nonphosphorylated and
phosphorylated Smad1 was analyzed by Western blotting (Fig. 3A).
An significative decrease (1.3-fold) (pb0.05) in Smad1 protein level
was observed in D3w intestines. No significant changes were found in
the protein Smad1 content among control and D9w gut (pN0.5)
(Fig. 3B). However, p-Smad1 protein level increasedmarkedly in D3w
(3.5-fold) and D9w (2-fold) compared to control and D+Ins guts
(pb0.05) (Fig. 3C). The p-Smad1/Smad1 ratio evidenced an important
up-regulation of the BMP pathway in the muscle layer in both Dw3
(4.4-fold) and D9w (2-fold) intestines (pb0.05) (Fig. 3D).

Immunolocalization of p-Smad1 in control and D+Ins animals
showed several intensity degrees of nuclear p-Smad1 staining ranging
from weak to moderate in myenteric plexus cells (Fig. 4A-F
arrowhead). A weak staining in the nucleus of muscle cells was also
observed (Fig. 4A-F, arrow). Diabetes resulted in an increased staining
Fig. 2. Micrographs showing the immunodetection of the glial marker GFAP in cross sectio
decrease in reactivity for GFAP in the plexus of D3w and D9w, diabetic animals can be observ
total of 3 independent experiments was performed. Data are represented as mean±SEM.
muscle layer. Bars: A-D: 50 μm.
of nuclear (arrowhead) and cytoplasmic (asterisk) p-Smad1 in most
ganglion cells of myenteric plexus (Fig. 4G-L). Besides, both the inner
and outer muscle layer of the intestines of the Dw3 and D9w rats
evidenced intense nuclear p-Smad1 immunoreactivity (Fig. 4G-L,
arrow). Intensity levels p-Smad1 in the nuclei of the myenteric cells
are shown in Fig. 4M.

3.3. BMP receptor expression in the diabetic intestine

To determine the potential role of BMP receptors in activating
Smad 1, we analyzed the expression patterns of BMPR-Ia byWestern
blotting (Fig. 5A). The analysis revealed a moderate up-regulation
of BMPR-Ia protein in the intestines of D3w (3.4-fold) and in D9w
(1.9-fold) compared to control values (pb0.05) (Fig. 5B). Insulin-
treatment maintains BMPR-Ia protein level similar to control value
(Fig. 5B). The intensity of BMPR-Ia immunostaining was higher in
the myenteric ganglia of D3w rats than in those of control ones
(137.5±2.1 arbitrary units vs. 43.2±5; pb0.05) (Fig. 5C, I). The
immunostaining of D9w intestines (data not shown) revealed lower
BMPR-Ia intensity (68.3±7.1 arbitrary units) than D3w intestines
(pb0.05). Insulin treatment reduced the BMPR-Ia immunostaining
intensity observed in D3w rats (58.5±8 arbitrary units) (Fig. 5I).
Double inmmunostaining assay for BMPR-Ia (Fig. 5C, F, I arrowhead)
and peripherin (Fig. 5D, G, J) revealed that neural cell population is
responsible for BMPR-Ia expression in the myenteric plexus (Fig. 5E,
H, K arrowhead).

3.4. BMP expression in the diabetic intestine

In order to determine the potential ligands responsible for the
induced BMP activity observed in diabetic small intestine, we
compared the expression levels of BMP ligands at the RNA and
protein levels. As shown in Fig. 6A, BMP-2mRNA levels in the jejunum
of Dw3 rats were significantly decreased (1.4-fold) (pb0.05). This
reduction response was more evident in D9w rats (5-fold) (pb0.05).
BMP-4 mRNA levels were strongly increased (2-fold) in D3w
intestines (pb0.05). However, BMP-4 mRNA increased less (1.5-
fold) in D9w rats (Fig. 6B). D+Ins rats showed BMP-2 and BMP-4
mRNA expression similar to control rats (pb0.05).

BMP protein bands determined by Western blot analysis are
shown in Fig. 7A. Diabetes resulted in a significant down-regulation of
BMP-2 protein levels in the jejunum. At 3 and 9 weeks of diabetes,
BMP-2 decreased 2-fold and 3.5-fold respectively (pb0.05) (Fig. 7B).
A different result was found for BMP-4. There was a significant
ns of the muscle layer of control (A), D3w (B), D9w (C), D+Ins (D) animals. A clear
ed (B, C, arrowhead). Mean levels of GFAP-immunoreactive intensity in all the groups. A
*pb0.05; n=10 per group. im: inner muscle layer; myp: myenteric plexus; om: outer

image of Fig.�2


Fig. 3. Representative Western blot of p-Smad1 and total Smad1 assessed in the jejunum muscle layer of control, D3w, D9w, D+Ins rats (A). Relative mean protein levels of Smad1
(B) and p-Smad1 (C). Fold change of p-Smad1 to Smad1 in the jejunum muscle layer of control, D3w, D9w, D+Ins rats assessed by Western blot analysis (D). A total of 3
independent experiments was performed. Data are normalized to control results for each experiment and are represented as mean±SEM (C, D). *pb0.05; n=8 animals per group.
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induction of BMP-4 protein in D3w (1.6-fold) and D9w (1.2-fold)
intestines (Fig. 7C). Insulin treatment maintains the BMP-2 and BMP-
4 protein levels similar to control (pb0.05).

We also determined the cellular localization of BMP-2 and BMP-4
ligands in control and diabetic smooth muscle layer using indirect
immunofluorescence techniques. BMP-2 was found in the cytoplasm
of some myenteric plexus cells and in the smooth muscle cells of the
outer muscle layer (asterisks) in control (Fig. 7) and D+Ins rats
(Fig. 6s). In contrast, the inspection of jejunum sections of D3w and
Dw9 animals revealed an overt decrease in immunostaining for BMP-
2 (Fig. 6E). No staining for BMP-4 was observed in the myenteric
plexus region or in the muscle layer of control and D+Ins jejunum
(Fig. 6F). Interestingly, a positive immunoreactivity for this molecule
was noted in the myenteric plexus region of D3w animals (Fig. 6G,
arrowhead). No staining in the myenteric cells was found in D9w.
Weak BMP-4 staining at the outer muscle layer was also found in D3w
and in Dw9 intestine.
4. Disscussion

Diabetes is associated with several changes in motor and sensory
gastrointestinal functions that have important consequences in the
morbidity and effective management of diabetic patients (Goyal and
Spiro, 1971; Bytzer et al., 2001; Rayner et al., 2001; Rayner and
Horowitz, 2006). Several studies in human biopsies and experimental
models have indicated that diabetes causes damage to the enteric
nervous system (Watkins et al., 2000; He, 2001; Yoneda et al., 2001;
Furlan et al., 2002; Liu et al., 2010).
Using an in vivo STZ-induced diabetic model, we demonstrated a
decrease in the number of myenteric neurons 3 weeks after the onset
of diabetes, followed by a further neuronal loss at 9 weeks of
evolution. Previous studies reported loss of enteric neurons in the
stomach, duodenum, caecum and colon of rats with streptozotocin-
induced diabetes at more advanced stages of the disease (Büttow et
al., 1997; Fregonesi et al., 2001; Furlan et al., 2002). Such differences
could be explained by the fact that diabetes has a differential effect on
the various intestinal regions of the rats, the distal segments being
affected last (Fregonesi et al., 2001).

TUNEL-positive cells were identified only in the myenteric plexus
of diabetic gut indicating apoptotic cell death as a possiblemechanism
of enteric neuronal loss in diabetes. Apoptosis, oxidative stress,
advanced glycation end products and their receptors, and changes in
nerve growth factors have been proposed as main mechanisms
involved in diabetic neuropathy (Schmeichel et al., 2003; Anitha et al.,
2006; Chandrasekharan and Srinivasan, 2007). Activated caspase-3
assessment in the intestine of D3w rats confirmed that neurons are
comitted to cell death at early stages of the disease and predicted the
neuronal loss observed in D9w animals. Moreover, the apoptotic cells
observed in D9w gut suggest that neuron number will continue to
decrease, probably resulting in a worsening of symptoms over time. In
agreement with this idea, He (2001) and Chandrasekharan et al.
(2011) determined that a reduction in specific types of neurons in
jejunum and colon was implicated in motility disturbances in long-
term diabetes patients.

It was suggested that the reduction in the number of myenteric
neurons leads to hyperplastic and hypertrophic changes in the
intestinal walls during diabetes (Nakabou et al., 1974). This fact,
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Fig. 4. Representative photomicrographs showing the immunohistochemical detection of nuclear p-Smad1 in the intestinal muscle layer of control (A, C), D3w (D, F), D9w, (G, I),
D+Ins (J, L) rats. DAPI nuclear staining of the same sections (B, E, H, K). Note the increased staining for p-Smad1 in the nuclei (arrowhead) and cytoplasm (asterisk)myenteric plexus cells
of D3w (D, F), D9w, (G, I) compared to control stain (A, C). Smooth muscle cells of control (A, C) D3w (D, F), D9w, (G, I) rats also presented nuclear p-Smad1 (arrows). A total of 3
independent experiments was performed. n=15 per group. Mean levels of p-Smad1 intensity inmyenteric nuclei of different groups studied. A total of 3 independent experiments was
performed. Data are represented as mean±SEM. *pb0.05; n=10 per group. Im: inner muscle layer; om: outer muscle layer; myp: myenteric plexus. Bars: A-L: 50 μm.
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together with the reported extracellular matrix accumulation (Sán-
chez et al., 2000), could also explain the increased intestinal weight/
body weight ratio found in the diabetic animals.

On the other hand, we observed that diabetes-induced caspase-3
activation could be prevented by insulin treatment. This effect on
neuron homeostasis could be the result of insulin action on both
glucose and intermediary metabolism with overall anabolic effects
(Biolo et al., 2008). The literature has shown that insulin also has an
important function in the modulation of the cellular processes in
different tissues, including the nervous tissue (Caldeira and Cagnon,
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Fig. 5. Relative mean protein levels of BMPR-Ia in the jejunum muscle layer of control, D3w, D9w, D+Ins rats are shown in representative Western blot bands (A). A total of 3
independent experiments was performed. Data are normalized to control results for each experiment and are represented as mean±SEM; *pb0.05; n=10 per group (B).
Immunodetection of BMPR-Ia in cross sections of themuscle layer of the intestine of control (C), D3w (F) and D+Ins (I) animals. Note the increased expression of this receptor in the
myenteric plexus of diabetic animals (F, arrowhead). Insulin treatment prevented the diabetics changes in BMPR-Ia expression pattern (I). Arrows point to the myenteric ganglion
stained with peripherin (red) in the same sections (D, G, J). Yellow staining represents BMPR-Ia expression due to colocalization with peripherin (E, H and K). A total of 3
independent experiments was performed; n=12 in each group. im: inner muscle layer; myp: myenteric plexus; om: outer muscle layer. Bars: C-K: 50 μm.
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2008). Wang et al. (1992) and Huang et al. (2003) demonstrated that
insulin promotes neuron survival, prompts neurons to synthesize
neurofilament axon lattice proteins, and reverses diabetes-induced
changes in neuronal mitochondrial function.
We also demonstrated that diabetes leads to a significant decrease in
GFAP immunoreactive density in D3w intestines which becomes more
notorious in D9w rats. In keepingwith our results, Liu et al. (2010) found
a similar alteration in myenteric glial cells of diabetic colon, suggesting
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Fig. 6. Real-time reverse transcription polymerase chain reaction showed transcript
expression of BMP-2 (A) and BMP-4 (B). Note a decreased expression of BMP-2 and the
increase in BMP-4 in D3w and D9w intestines compared to control and D+Ins. Data are
represented as mean±SEM. *pb0.05; n=10 per group.
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that unviable extracellular conditions such as hyperosmolarity, low
nutrient availability, increased oxidative stress or the lack of insulin could
be involved in phenotypic changes of enteric glial cells. In fact, we
demonstrated that insulin treatment preserves the control phenotype of
the enteric glia. It has been suggested that insulin plays an important role
in astrocyte differentiation and function, regulating GFAP expression in
vitro (Aizenman and de Vellis, 1987; Toran-Allerand et al., 1991). So, it is
possible that decreased insulin in poorly controlled diabetic animals
might contribute to the alterations in GFAP expression in diabetes. In
agreement with the above, Coleman et al. (2010) recently demonstrated
that insulin treatment prevents diabetes-induced alterations in GFAP
content in rats with 4 and 8 weeks of diabetes. These data confirm that
the glial cells of the enteric system are also affected by diabetes.

It has been suggested that the decrease in neurotrophic factors
could be involved in the pathobiology of diabetes (Anitha et al., 2006).
Besides, a reduction in neurotrophins expression was observed in the
colon of diabetic rats related to phenotypic glial change (Liu et al.,
2010). Neurotrophic factors have been shown to play an important
role in the survival and maintenance of peripheral somatic and
autonomic neurons (Unger et al., 1998; Lee et al., 2001; Lee et al.,
2002; Liu et al., 2010). In our model, we found neuron and enteroglial
alterations, and these findings raise the interesting possibility that an
impaired glial–neuron interaction takes place in the diabetic jejunum
with an abnormal neurotrophin production.

In the present paper we investigate the expression of other
paracrine factors belonging to the BMPs family in the muscle layer of
rat small intestine during early diabetes. We demonstrated, for the
first time as far as we know, that BMPs and the associated Smad
signaling are present in themuscle layer, particularly in themyenteric
plexus cells of the normal and diabetic adult gut. Active BMP-
mediated signaling in the tissues was monitored by the phosphory-
lation and nuclear location of Smad1. We found that almost all
myenteric and smooth muscle cells presented p-Smad1 nuclear
staining in the control adult gut, demonstrating that these cells
respond to BMP signaling. This fact led us to think that the BMP
signaling pathway could play an active role in neuron, glial and
smooth muscle cells homeostasis during adulthood as has been
shown during enteric development (Chalazonitis et al., 2004).

Interestingly, diabetes increased p-Smad1 levels in the muscle
layer, showing a stronger nuclear p-Smad1 staining within ganglion
cells. These data confirmed amajor activity of BMP/Smad signaling in
these cells compared to control ones. As insulin-treatment restored
p-Smad1 diabetic profile to control levels, these observations
suggest that diabetes positively modulates BMP signaling leading
to increased Smad activity in the muscle layer.

A mechanistic explanation for the increased p-Smad1 in diabetic
ganglion cells was provided by the observation that BMPR-Ia receptor
was upregulated on neurons with a significantly altered expression
profile of BMP ligands in the tissue.

We detected BMP-2 as the major ligand in the enteric system
involved in BMP activity. Recently it has been shown that BMP-2
promotes the survival of TH-expressingentericneurons inembryonic cell
cultures. Moreover, the differentiation of these nitrergic and catechol-
aminergic enteric neurons runs through a Smad1-dependent pathway
(Anitha et al., 2010). These findings led us to believe that BMP-2 could
play a role in the organization of the myenteric plexus, maintaining
neuron number in normal conditions. Our results demonstrated that the
diabetic state caused a significant decrease in BMP-2 (more evident at
9 weeks) which was correlated with an increased neuronal loss. These
results support the importance of BMP-2 in myenteric plexus.

Additionally, in our experimental conditions, no evidence of BMP-4
expression in normalmuscle layer was found. In sharp contrast, diabetes
in D3w animals caused an ectopical BMP-4 expression in the myenteric
ganglia and in the outer muscle layer. It is known that BMP-4 transduces
its signal by binding to a heterodimer consisting of a type I receptor
(BMPR-Ia) and a type II (BMPR-II) receptor (Nohe et al., 2002). BMP-4
expression accompanied by simultaneous increment in BMPR-Ia
receptor could lead to impairment of the cellular mechanisms in the
enteric neurons with possible changes in the apoptotic processes.

BMP-2 and BMP-4 have been implicated in the differentiation and
survival of enteric neurons during organogenesis (de Santa Barbara et
al., 2005; Goldstein et al., 2005; Fu et al., 2006; Faure et al., 2007). It
has been shown that BMP-4 has a dual role, promoting or blocking the
apoptotic process during the early stages of embryonic development
and organogenesis (Bastida et al., 2004; Glavic et al., 2004). In vitro
studies evidenced that high concentrations of BMP-4 cause cell death
by apoptosis in neuronal precursor cells (Chalazonitis et al., 2004;
Gambaro et al., 2006; Chalazonitis et al., 2008). In line with these
findings, we suggest that BMP-4 ectopic expression could be involved
in apoptotic events of the enteric nervous system. Furthermore, it has
been shown that BMP-2 has concentration-dependent effects on
enteric neural crest cells in vitro (Pisano et al., 2000; Chalazonitis et
al., 2004). In this way, as we suggest above, decreased BMP-2
expression during diabetes could have an additional effect on the
survival of myenteric neurons. However, we do not exclude the
possibility that other signaling pathways may also be involved in the
alterations of the enteric nervous system during early diabetes. In this
regard, in vitro and in vivo studies developed in 8 week diabetic mice
revealed apoptosis of rodent enteric neurons associated with
impaired PI3K/Akt activity (Anitha et al., 2006; Du et al., 2009). This
fact could explain the apoptotic effect observed in our D9w animals.

It is interesting to note that treatment of diabetic animals with
insulin for 3 weeks prevented changes in BMP-2, BMP-4 and BMPRI
expression, maintaining p-Smad levels in D+Ins rats similar to
control values. These facts strengthen the argument that altered BMP/
Smad signaling would be associated with the diabetic state.

On the hole, our results show that diabetes is accompanied by
changes in BMP/Smad signaling in the myenteric plexus of the small
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Fig. 7. Relative mean protein levels of BMP-2 and BMP-4 in the jejunal muscle layer of control, D3w, D9w and D+Ins rats are shown in representativeWestern blot bands (A). A total
of 3 independent experiments was performed. Data are normalized to control results for each experiment and are represented as mean±SEM; *pbb0.05; n=8 in each group (B).
Representative photomicrographs showing BMP-2 and BMP-4 immunofluorescence in the myenteric plexus of control (C, G), D3w (D, H), D9w, (F, J), D+Ins (E, I) rats. Note the
decrease in immunoreactivity for BMP-2 in the myenteric ganglia of D3w (D, arrowhead) and D9w (F, arrowhead) jejunum and in the outer muscle layer (D, F asterisks) of both
diabetics groups. An ectopic expression of BMP-4 in the myenteric plexus is also seen in D3w and D9w jejunum (H, J arrowhead) and in the outer muscle layer (H asterisks). D+Ins
intestine showed the same BMP-2 BMP-4 expression patterns of control jejunum A total of 3 independent experiments per marker was performed; n=12 in each group per marker.
im: inner muscle layer; myp: myenteric plexus; om: outer muscle layer. Bars: C-J: 20 μm.
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intestine. However, the exact mechanism of this change in diabetes is
not yet known, and the downstream targets involved are not
completely understood. Moreover, the expression of BMP signaling
in the smooth muscle layer and the changes produced under the
diabetic state are interesting and deserve to be studied in order to
increase the understanding of the molecular and cellular bases
underlying diabetic enteric dysfunction.
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