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Summary

The pathogenetic mechanisms underlying gastrointestinal dysmotility in diabetic
patients remain poorly understood, although enteric neuropathy, damage to intersti-
tial cells of Cajal (ICC) and smooth muscle cell injury are believed to play a role.
The aim of this study was to investigate the morphological and functional changes
underlying intestinal dysmotility in RIP-I/hIFNP transgenic mice treated with multi-
ple very low doses of streptozotocin (20 mg/kg, i.p., 5 days). Compared with vehi-
cle-treated mice, streptozotocin-treated animals developed type 1 diabetes mellitus,
with sustained hyperglycaemia for 3.5 months, polyphagia, polydipsia and increased
faecal output without changes in faecal water content (metabolic cages). Diabetic
mice had a longer intestine, longer ileal villi and wider colonic crypts (conventional
microscopy) and displayed faster gastric emptying and intestinal transit. Contractility
studies showed selective impaired neurotransmission in the ileum and mid-colon of
diabetic mice. Compared with controls, the ileal and colonic myenteric plexus of dia-
betic mice revealed ultrastructural features of neuronal degeneration and HuD
immunohistochemistry on whole-mount preparations showed 15% reduction in neu-
ronal numbers. However, no immunohistochemical changes in apoptosis-related
markers were noted. Lower absolute numbers of neuronal nitric oxide synthase- and
choline acetyltransferase-immunopositive neurons and enhanced vasoactive intestinal
polypeptide and substance P immunopositivity were observed. Ultrastructural and
immunohistochemical analyses did not reveal changes in the enteric glial or ICC net-
works. In conclusion, this model of diabetic enteropathy shows enhanced intestinal
transit associated with intestinal remodelling, including neuroplastic changes, and
overt myenteric neuropathy. Such abnormalities are likely to reflect neuroadaptive
and neuropathological changes occurring in this diabetic model.
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cular transmission

Diabetes mellitus (DM) is associated with a wide range of
chronic complications. Gastrointestinal (GI) symptoms,
including diarrhoea and constipation, are more prevalent in
diabetic patients than in the normal population (Bytzer

et al. 2001). Diabetic gastroenteropathy can significantly
impair the patient’s quality of life and represents a major
burden for any healthcare system. Development of new
treatment options is hampered by poor understanding of
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the underlying pathophysiological mechanisms (Ordog
2008).

The best known GI motor disturbance associated with
DM is gastroparesis, both in patients and animal models
(Ma et al. 2009). However, there is a lack of basic knowl-
edge on the small intestinal and colonic motor function in
DM. Delayed, normal or accelerated intestinal transit has
been reported in patients and animal models (Zhao et al.
2006). Delayed colonic transit has been described in diabetic
subjects (Jung et al. 2003) and decreased distal colon motil-
ity has been reported in non-obese diabetic mice (Ordog
et al. 2004). By contrast, both enhanced spontaneous activ-
ity of the proximal colon (Forrest & Parsons 2003) and peri-
stalsis in the distal colon (Yoneda ef al. 2001) might occur
in diabetic rats. Abnormal GI motility might be due to
impairment of the key elements responsible for its control,
i.e. the enteric nervous system, interstitial cells of Cajal
(ICC) and the smooth muscle.

In the myenteric plexus (MP), changes in neuronal numbers
and altered expression of neurotransmitters have been
described. Loss of myenteric neurons has been reported in sev-
eral areas of the GI tract in rodents with either short-term or
long-term DM (Fregonesi et al. 2001; Furlan ez al. 2002; An-
itha et al. 2006; Pereira et al. 2008). Apoptotic neuronal
death appears to contribute to the neurodegeneration seen in
the MP of diabetic models (Guo et al. 2004; Anitha et al.
2006). Enteric neuronal subpopulations respond differently to
DM and the magnitude of the changes appears specific to the
gut segment, enteric plexus (submucosal versus myenteric),
neuromediator, model and duration of DM (LePard 2005).
The metabolic disorder caused by DM may also influence the
survival or function of the pacemaker cells in the GI tract, the
ICC. Degenerative changes and/or ICC loss have been dem-
onstrated throughout the GI tract of patients and diabetic
models showing GI dysmotility (Ordog 2008). Abnormalities
in GI smooth muscle may also play a central role in diabetic
gastroenteropathy. These abnormalities include morphologi-
cal remodelling and alterations in its excitability mechanisms
or intracellular signal transduction pathways (Nowak et al.
1990; Anjaneyulu & Ramarao 2002).

This study has been based on a murine model of type
1 DM, the RIP-I/hIFN transgenic mouse treated with mul-
tiple very low doses of streptozotocin (STZ) (Casellas ez al.
2006). This transgenic mouse expresses human interferon 8
in pancreatic P cells. There is evidence that IFNB produces a
local pro-inflammatory effect in pancreatic islets, inducing
cell damage that can result in type 1 DM (Pelegrin et al.
1998). Furthermore, when STZ is administered as multiple
low doses, it triggers an autoimmune-mediated destruction
of B cells. IFN B expression in pancreatic B cells in the pres-
ent model increases mouse susceptibility to multiple very
low doses of STZ, which are not diabetogenic in control
mice. Thus, the direct toxic effects of STZ are minimized
and the autoimmune response is maximized, making this
model reminiscent to type 1 DM in humans (Casellas ez al.
2006). Given the lack of basic knowledge on diabetic
enteropathy compared with diabetic gastropathy, the main
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objective of this study was to evaluate the impact of DM on
structures and mechanisms responsible for the control of
intestinal motility in this model as compared to control
transgenic mice at 6 months of age.

Materials and methods

Animals and tissue preparation

Male RIP-I/hIFN transgenic mice in outbreed ICR back-
ground were obtained from the Center of Animal Biotech-
nology and Gene Therapy (Universitat Autonoma de
Barcelona, Spain) (Pelegrin et al. 1998; Casellas ef al. 2006).
At 2 months of age (approximately 35 g), animals were
assigned to one of two groups: diabetic (mice treated with
multiple very low doses of STZ, 20 mg/kg, i.p., five consec-
utive days) or control (animals treated with citrate buffer).
Glycaemia was determined once a fortnight. Animals were
considered diabetic when two successive determinations
exceeded 250 mg/dl. Animals were kept under specific path-
ogen-free conditions on a 12-h light/dark cycle, at
22 =2 °C and 55 = 10% RH with free access to water and
a standard diet (2018S Teklad Global; Harlan Teklad, Mad-
ison, WI, USA). All the functional and morphological studies
were performed 3-3.5 months after the onset of DM by an
investigator blinded to the animal groups. Tissue samples
were obtained after sacrificing the animals by cervical dislo-
cation. The experimental procedure was approved by the
Ethics Committee of Universitat Autonoma de Barcelona.

Functional studies

Metabolic study. Mice were housed in individual metabolic
cages for 24 h, with 50 ml water and 7-8 g food. After the
24-h period, water and food intake as well as urine output
were measured. Faeces were weighed, dried, and faecal
water content was calculated.

Gastric emptying (GE) and small bowel transit. After an
overnight fast, mice were fed 0.25 ml of a phenol red meal.
Thirty min later, the stomach was isolated and ligated at the
cardiac and pyloric ends. The entire small bowel was dis-
sected, its total length and the front of the marker measured,
and divided into 10 segments. The quantity of marker in the
stomach and each intestinal segment was determined as pre-
viously described (Taché er al. 1987). The percent GE, and
the speed (cm/min) and geometric centre of the distribution
of the marker throughout the small bowel were measured
(Martin et al. 2004).

Colonic transit. The mid-distal colon was submerged into a
120-ml horizontal tissue bath with a silicon base and filled
with modified Krebs solution (37 =1 °C, pH 7.4). Every
7 min a 4 mm-wide bead was inserted approximately 0.5 cm
into the oral side of the colon. The time taken for each artifi-
cial pellet to be expelled was measured and peristalsis was
recorded (Figure 1). When a bead was not expulsed within
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20 min, it was assigned a value of 20. The estimation of
colonic transit was expressed as the mean distance covered
by the three artificial pellets per min (mm/min).

Muscle bath studies. One-centimeter-long full thickness
ileal preparations and 2-mm-wide mid-colon muscle strips
were placed in 10-ml organ baths containing Krebs solution
(37 =1 °C). Colonic strips were maintained under non-
adrenergic, non-cholinergic conditions (NANC) (phentol-
amine, atropine and propanolol, each at 1 puM). Ileal and
colonic samples were mounted in their longitudinal and cir-
cular axis, respectively, to obtain a predominant excitatory
(ileum) or inhibitory (colon) neural response. These layers
were thus selected to evaluate the main neurotransmitters
involved in each response. Samples were tied (initial tension
500 mg) to an isometric force transducer (Harvard VF-1
Apparatus Inc., Holliston, MA, USA) Data were digitized
(25 Hz) and collected in a PC with Datawin 1 software
(Panlab, Barcelona, Spain). The experimental protocol
included the following: (i) the study of the spontaneous
mechanical activity pattern; (ii) the use of KCI (30 mM) to
elicit ileal contraction and sodium nitroprusside (NaNP,
1 uM) to investigate colonic relaxation; (iii) electrical field
stimulation (EFS) of the ileum (1-3-5-10-15-20 V, 30 Hz,
0.3-ms pulse duration, 1-s stimulus duration) to induce a
preferential contractile response and EFS of the colon (60 V,
50 Hz, 0.4-ms pulse duration, 2-3-min stimulus duration)
for a preferential inhibitory response.

Morphological studies

Histology. Ileal and mid-colonic samples were gently
flushed clean, fixed in 4% formaldehyde (pH 7.3) and pro-
cessed for routine histological examination. The general
architecture of the intestinal wall was examined as described
(Diani et al. 1976). Morphometrical evaluation of the muco-
sal (longitudinal sections) and muscle layers (cross-sections)
was also performed to determine mean villus height, villus
width and crypt depth (ileum); mean depth and width of the
crypts of Lieberkiihn (colon) (Diani ef al. 1976); and mean
thickness of the circular and longitudinal muscle layers.

Immunobistochemistry.  Ileal and mid-colonic segments
were opened along the mesenteric border, cleaned, pinned
slightly stretched and fixed in 4% formaldehyde (4 h, 4 °C).
Whole-mount preparations including the longitudinal mus-
cle-MP (LMMP) were dissected. Longitudinal muscle and
MP samples (4 x 2.5 mm) were processed for single- or dou-
ble-label immunofluorescence treatments. Samples were
washed (3 x 10 min) in phosphate-buffered saline (PBS, pH
7.4) containing 0.3% triton X-100 and incubated with the
appropriate primary antibodies (48 h, 4 °C) (Table 1A).
After washing, they were exposed to species-appropriate fluo-
rochrome-conjugated secondary antibodies (1-2 h, RT)
(Table 1B), washed in PBS and mounted in Mowiol. Anti-
body solutions contained 0.2% bovine serum albumin to
minimize background. Negative controls were prepared by

omitting the corresponding primary antibody. Longitudinal
muscle-MP samples were observed under a Nikon Eclipse 90i
epifluorescence microscope with FITC and TRITC filtres. For
each animal, organ and antibody used, microphotographs of
five randomly selected fields at 10x or 20x magnification
were taken with a Nikon Digital Sight DS-5M Camera (Ni-
kon Corp., Tokyo, Japan). Single-labelling procedures were
used to study the density of neuron-specific enolase (NSE),
VIP, SP, glial fibrillary acidic protein (GFAP) and c-kit in the
MP. The mean percentage of the image occupied by positive
structures was calculated with the morphometric software
VideoTesT Morphology (VideoTesT Co., St. Petesburg, Rus-
sia). Double-labelling procedures were used to evaluate the
percent myenteric neurons expressing neuronal nitric oxide
synthase (nNOS), choline acetyltransferase (ChAT), cleaved
caspase-3 or Bcl-2, relative to the whole myenteric neuronal
population (HuD-positive neurons) (LePard 2005). Neuronal
density was also determined and expressed as the average
number of HuD-positive perikarya per field.

Transmission electron microscopy. lIleal and mid-colonic
specimens were immersed in fixative composed of 2.5% glu-
taraldehyde plus 2% formaldehyde in 0.1 M PB overnight
(4 °C) and subsequently processed for ultrastructural exami-
nation. Ultrathin sections (70 nm) from selected areas were
cut with an Ultracut E Reichert-Jung ultramicrotome (C.
Reichert AG, Wien, Austria) and stained with uranyl acetate
and lead citrate. Sections were scanned with a 200Kv Jeol
Jem-2011 transmission electron microscope (Jeol Ltd,
Tokyo, Japan) equipped with a CCD Gatan 794 MSC
600HP camera (Gatan Inc., Pleasanton, CA, USA). From an
ileal and colonic sample per animal, one section containing
2-3 myenteric ganglia was checked for ultrastructural neuro-
nal damage, which was assessed according to the following
arbitrary semiquantitative score: neuronal apoptosis = 5,
condensation of the nucleus = 3, mitochondrial damage = 3,
intracellular myelin-like profiles = 1, loss of synaptic con-
tacts =1 and distribution of lesions throughout the
ganglia = 1 if focal or 3 if extensive. Thus, a single section
could be given a maximal lesional score of 16.

Statistics

Data are presented as mean = standard error of the mean
(SEM) when normally distributed, or as median (25-75%
percentiles) if non-normally distributed. ‘N’ equals the mice
analysed per group. Comparisons of parametric data between
experimental groups were assessed with the Student’s #-test
or two-way ANOVA followed by the Bonferroni post hoc test.
Comparisons of parametric data from the same animal were
performed using the paired Student’s #-test or one-way ANO-
vA for repeated measures followed by the Bonferroni post
hoc test. Non-parametric data were evaluated with the
Mann—Whitney U-test. Contingency tables were analysed
using the Fisher’s exact test. Significance was assumed at
P < 0.05. Statistical analyses were carried out with GRAPH-
PAD Prism 4.00 (GRAPHPAD Software, San Diego, CA, USA).
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Solutions and drugs

The phenol red meal consisted of 2% phenol red marker
(Sigma Chemicals, St. Louis, MO, USA) in a casein hydroly-
sate (Sigma Chemicals) solution (2.77 Kcal/ml saline). The
Krebs solution was bubbled with carbogen (95% 0,-5%
CO,) and was composed of (in mM): 10.10 glucose, 115.48
NaCl, 21.90 NaHCO3, 4.61 KCI (5.1 KCI for the modified
Krebs solution), 1.14 NaH,POy, 2.50 CaCl, and 1.16 MgSO,
in distilled water. The following drugs were used: phentol-
amine, No-nitro-L-arginine (L-NNA) and nifedipine (Sigma
Chemicals); atropine sulphate (Merck KGaA); N6-methyl-2’-
deoxyadenosine-3’,5"-bisphosphate (MRS 2179) (Tocris, Bris-
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tol, UK); propranolol, tetrodotoxin (TTX) and NaNP (RBI,
Natick, MA, USA). For immunohistochemical studies, triton
X-100, bovine serum albumin (Sigma Chemicals) and Mowiol
(Calbiochem, Darmstadt, Germany) were employed.

Results

Diabetes assessment

The STZ-treated transgenic animals were diabetic 1 month
after the injections. During the following 3.5 months, they
displayed sustained hyperglycaemia and failed to gain body
weight. STZ-treated mice also showed marked polyphagia,

> -
—» -
L
]

Figure 1 Colonic transit. Sequence image of bead propulsion and expulsion. Colonic muscle contraction proximal to the bead
(arrows) along with relaxation distal to it (arrowheads) allow for propulsion of the bead towards the anal end.

Table1 (A) Primary and (B) secondary antibodies

Raised against Host Dilution Source Aimed at

(A)

Human NSE Rabbit 1:10 Calbiochem, San Diego, CA, USA Neurons (cell body and

processes)

Human HuD (L-20) Goat 1:200 Santa Cruz Biotechnology, Santa Neurons (cell body)
Cruz, CA, USA

nNOS Rabbit 1:200 Calbiochem Nitrergic neurons

ChAT Rabbit 1:1000 Kind gift from Dr. Schemann, Cholinergic neurons
Hannover, Germany

Cleaved caspase-3 Rabbit 1:100 Cell Signaling Technology, Apoptotic cells
Danvers, MA, USA

Bcl-2 Rabbit 1:1500 Chemicon International Inc., Antiapoptotic protein Bcl-2
Temecula, CA, USA

VIP Rabbit 1:250 Chemicon International VIPergic neurons

SP Rabbit 1:250 Chemicon International SPergic neurons

Human c-kit (CD117) Rabbit 1:100 DakoCytomation, Glostrup, Interstitial cells of Cajal
Denmark

Bovine GFAP Rabbit 1:250 DakoCytomation Enteric glial cells

Antibody Host Dilution Source Used against

(B)

Anti-rabbit IgG*TRITC Goat 1:600 Sigma Chemicals, Saint Louis, NSE

MO, USA
Anti-goat IgG*Alexa Fluor 555 Donkey 1:1000 Molecular Probes, Inc, Eugene, HuD
OR, USA
Anti-rabbit IgG*Alexa Fluor 488 Donkey 1:1500 Molecular Probes nNOS, ChAT, Bcl-2, cleaved
caspase-3
Anti-rabbit IgG*CY3 Goat 1:150 Amersham Int., Arlington VIP, SP, GFAP, c-kit

Heights, IL, USA

GFAP, glial fibrillary acidic protein; NSE, neuron-specific enolase.
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polydipsia and polyuria, thus completing the classical mani-
festations indicative of DM. Faecal output was significantly
increased as compared to control mice, although stool
appearance and water content were not altered (data not
shown). Diabetic animals had abdominal distention and
more abundant GI content than controls.

Gastric emptying and intestinal transit

Gastric emptying was enhanced in diabetic animals compared
with controls (61.2 = 3.8%, N = 15 control vs. 88.5 + 2.2%,
N = 13 diabetic mice; t-test, P < 0.001). The speed of marker
propagation along the small bowel was enhanced in diabetic
mice (1.45 = 0.04 cm/min, N = 14 control vs. 1.60 = 0.04
cm/min, N = 11 diabetic mice; t-test, P < 0.05). However,
because the small bowel was elongated in diabetic animals
(51.2 = 1.0 cm, control vs. 57.9 + 2.0 cm, diabetic mice;
t-test, P < 0.01), the geometric centre of the marker was simi-

(a) Basal conditions EFS (15 V)
l0.1g lo.1g
ORI L 5
1V 3V 5V 10V 15V 2V
EFS
EFS (15 V
(b) Atropine (1 uM) (15V)

|O.1g

PoA A p T E

5V 10V 15V 20V
EFS

(c) Two-way ANOVA, P <0.01
—&— Control
1000 —=— Diabetic

Amplitude (mg)

13 5 10 15 20

EFS (V)
Figure 2 Electrical field stimulation (EFS)-evoked cholinergic
response of the ileal longitudinal muscle layer. (a, b) Left panel:
tracings of the EFS-induced contractions in a control sample at
increasing voltages under basal conditions (a) and in the pres-
ence of atropine 1 uM (b). Right panel: expanded tracings
showing a detailed EFS-evoked cholinergic contraction (a) and,
under non-cholinergic conditions, an EFS-induced transient
relaxation followed by an off contraction. (¢) Relationship
between stimulation voltage under basal conditions and ampli-
tude of phasic contractions above basal tone in samples from
diabetic mice compared with controls.

lar in both experimental groups (5.4 = 0.1, control and
5.8 £ 0.2 diabetic mice; #-test, P > 0.05). The mean transit
time taken by three beads to pass through the mid-distal
colon was lower in the diabetic than in the control group
(14.4 = 1.3 min, N = 18 control vs. 10.8 + 1.4 min, N = 16
diabetic animals; #-test, P < 0.05). Moreover, the mid-distal
colon of diabetic mice was elongated (33.5 = 0.8 mm, con-
trol vs. 40.6 = 1.5 mm, diabetic mice; t-test, P < 0.001).
Therefore, the mean propagation rate of the artificial pellets
was faster in diabetic mice (2.7 + 0.8 mm/min, control vs.
5.2 + 1.1 mm/min, diabetic mice; #-test, P < 0.05). Some
colons expelled 23 consecutive beads (33%, control vs. 81%,
diabetic mice; Fisher’s exact test, P < 0.05).

(a) EFS EFS EFS

\ [014 v [01g v [0.1g

5s 5s 5s
Atropine (1 pM) + L-NNA (1 mM) + MRS 2179 (20 pM)

EFS EFS EFS

\l/ [0.1g \l/ 0.1g \l, [0.1g

5s 5s 5s
Atropine (1 uM) + MRS 2179 (20 uM) + L-NNA (1 mM)
(b) CONTROL DIABETIC
One-way RM anova, P < 0.001 One-way RM anova, P < 0.001
5 5
44 4 -
2 ; 2 )
g 34 8>, 3.
Q
52 = g 2

. 3 '

ol i L
Atropine  +L-NNA  +MRS 2179 Atropine  +L-NNA + MRS 2179
One-way RM anova, P < 0.001 One-way RM anova, P < 0.01

5 5

44 3 4 - STy

® = o) -

> 31 > 3~

E 24 § 24
1 14 s
ol I 0l [ |

Atropine +MRS 2179  +L-NNA Atropine +MRS 2179 +L-NNA

Figure 3 Effects of L-NNA (1 mM) and MRS 2179 (20 uM) on
the 15 V-electrical field stimulation-induced relaxation of the
ileal longitudinal muscle layer in the presence of atropine 1 pM.
(a) Representative mechanical recordings showing the sequential
reversal of the relaxation with the addition of these drugs in
both orders. (b) Bar diagrams showing the inhibition of the ini-
tial level of relaxation, in terms of latency, after administration
of L-NNA followed by MRS 2179 (upper panel) and MRS 2179
followed by L-NNA (lower panel) in preparations from control
(left panel) and diabetic animals (right panel).
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Contractility studies

Longitudinal muscle layer of the ileun. No major differ-
ences between groups were observed either in the amplitude
of spontaneous or induced (KCl 30 mM) contractions. How-
ever, the frequency of spontaneous cyclic contractions was
slightly reduced in preparations from diabetic mice
(34.7 = 0.8 cpm, N = 10 control vs. 32.7 = 0.5 cpm, N = 11
diabetic mice; #test, P < 0.05). In all the samples, EFS
induced an atropine (1 uM)-sensitive phasic contraction,
which increased in amplitude in a voltage-dependent manner
(Figure 2a,b). The amplitude of contractions was higher in
diabetic animals (two-way aNova, P < 0.01; N = 9/group)
(Figure 2c¢). In the presence of atropine, EFS induced a tran-

(a) TTX (1 uM)
TTX (1 uM)
lo1g l 01g
1 min 1 min
(b) 1000, . - 20
E 750 é 161
() >
S 500 s 10
= 3
o
E 250 g os

0
Control Control Diabetic Diabetic
NANC TTX NANC TTX

.0
Control Control Diabetic Diabetic
NANC TTX NANC TTX

(c) L-NNA (1 mM)

L-NNA (1 mM)
0.1g 01g
1 min 1 min
(d) 1000
E €
2 750 H
o >
S 500 8
£ 250 g

Control Control Diabetic Diabetic
NANC L-NNA NANC L-NNA

Control Control Diabetic Diabetic
NANC L-NNA NANC L-NNA

(€) wmrs217920um) MRS 2179 (20 M)

0] g

1 min 1 min

Figure 4 Effects of tetrodotoxin (TTX) (1 uM), L-NNA (1 mM)
and MRS 2179 (20 uM) on the spontaneous mechanical activity
of the circular muscle layer of the mid-colon. (a, ¢, e) Represen-
tative tracings showing the contractile activity of the strips from
control (left panel) and diabetic mice (right panel) after TTX
(a), L-NNA (c) or MRS 2179 (e) exposure. (b, d) Bar diagrams
showing the changes in amplitude and frequency of circular
muscle layer contractions in samples from both groups after
TTX (b) or L-NNA (d) addition; paired Student’s #-test,

*P < 0.05, **P < 0.01 and ***P < 0.001.
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sient relaxation defined by a transient inhibition of sponta-
neous motility (latency), a decrease in basal tone followed
by an off contraction. Latency and basal tone loss were
reduced in diabetic mice (two-way ANova, P < 0.001;
N = 9/group). In both groups, the EFS-induced relaxation
was abolished when the tissue was incubated with a combi-
nation of the nitric oxide synthase inhibitor L-NNA (1 mM)
and the P2Y, receptor antagonist MRS 2179 (20 uM) (Fig-
ure 3). After cholinergic, nitrergic and purinergic blockade,
a TTX (1 uM)-sensitive excitatory response was elicited

(a) CONTROL DIABETIC

EFS

EFS

01g 01g

ﬂ

.
L

Tmin T min
NANC NANC

EFS

J J\M«»Ux o

1 min 1 min
+ L-NNA (1 mM) +L-NNA (1 mM)
EFS
EFS
[o1g l l 01g
N N
1 min 1 min

+ MRS 2179 (20 uM) + MRS 2179 (20 uM)
(b) 250 —

200

150

100

= Control
I Diabetic

Excitation

% AUC

oL NANC +LNNA =
50 . [ /Hl . \rs2179
-100

-150

Inhibition

Figure 5 Electrical field stimulation (EFS)-evoked inhibition of
the spontaneous motility of the mid-colonic circular muscle
layer under basal conditions (NANC) and in the presence of 1-
NNA (1 mM) and MRS 2179 (20 uM). (a) Mechanical record-
ings of strips from control (left panel) and diabetic animals
(right panel) demonstrating the sequential reversal of the EFS-
induced relaxation after L-NNA and MRS 2179 addition. (b)
Histogram corresponding to the residual EFS-evoked response
after L-NNA and MRS 2179 addition (expressed in percent
inhibition or excitation) in strips from control and diabetic mice
under each condition. Control reference values were obtained
from the mechanical activity immediately previous to EFS appli-
cation and assigned a value of —100%. Student’s #-test was
applied to each pair of columns, *P < 0.05.
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Table 2 Microscopic measurements of the mucosal and muscle layers of the ileum and mid-colon of control and diabetic mice

Ileum Mid-Colon
Control Diabetic Control Diabetic
Mucosal layer
No. villi/mm 12.4 + 0.5 12.0 = 0.7 No. crypts/mm 234+ 1.8 22.0=+1.3
Villus length (pum) 184.8 = 11.0 224.6 = 12.0%
Villus width ((um) 83.7 = 3.9 73.1 = 3.8%* Crypt width (um) 39.6 = 1.4 43.8 = 1.1%
Crypt depth (um) 105.6 = 7.0 116.2 = 16.0 Crypt depth (pum) 288.7 =+ 13.0 271.0 = 10.6
Muscle layer (thickness)
Circular (um) 25322 30.5 = 2.9*% Circular (um) 114.7 £ 9.5 84.5 = 5.3*
Longitudinal (pum) 15.5+1.3 16.8 + 1.2 Longitudinal ((um) 22229 232« 1.7
Whole-muscle layer (um) 40.8 = 3.5 472 = 4.1% Whole-muscle layer (um) 136.7 + 7.6 107.4 = 4.9*

Figures represent mean = SEM. The mean value for each animal was obtained from 10 and 8 observations in the mucosal and muscle layer
respectively. Significance was tested with the Student’s #-test.
*P < 0.05 vs. control mice; **P < 0.01 vs. control mice.

Table 3 Density of immunoreactivity to specific neurotransmitters and cell populations (A) and counts of immunohistochemically
defined neuronal cell bodies (B) in ileal and mid-colonic myenteric plexus

Tleum Mid-colon
Control Diabetic Control Diabetic
(A) % positivity against
NSE 19.5 = 1.6 (8) 20.5 = 1.5 (8) 42.3 2.1 (8) 355 1.9 (7)*
VIP 0.8 = 0.1 (3) 1.3 £ 0.1 (4)** 7.2 =04 (4) 11.8 = 1.8 (4)*
SP 1.5 0.3 (4) 2.5+ 0.2 (4)% 4.3 + 0.8 (5) 7.6 = 0.4 (4)*
GFAP 7.5 0.6 (4) 8.6 = 0.8 (4) 11.9 = 1.9 (4) 12.1 = 0.4 (4)
c-kit 43.7 £ 1.9 (4) 39.9 + 3.7 (3) 424 +1.9 (4) 394 + 1.5 (4)
(B) Neuronal counts
HuD+ neurons/0.17 mm? 61.5 +4.6 (7) 51.6 = 4.4 (6) 88.3 + 4.8 (7) 75.0 = 3.3 (7)
% HuD+ neurons stained for
nNOS 25.8 = 3.1 (3) 31.8 + 4.3 (3) 39.6 = 4.0 (4) 41.6 = 3.8 (4)
ChAT 79.0 = 5.1 (3) 76.3 = 2.5 (3) 71.4 = 8.2 (4) 76.4 = 3.9 (4)
Cleaved caspase-3 1.4 = 1.0 (3) 4.5 2.0 (4) 2.4 +1.2(3) 2.8 1.4 (3)
Bcl-2 20.6 = 2.3 (3) 17.3 = 2.8 (3) 15.0 = 2.4 (3) 19.0 = 2.4 (3)
No. +neurons/15 ganglia
VIP 3.5+09 (4) 9.0 = 1.1 (4)* 23.4 = 3.5 (5) 14.5 = 2.4 (4)
SP 11.3 = 1.5 (4) 8.8 0.7 (4) 8.9 = 1.6 (5) 6.8 1.2 (4)

GFAP, glial fibrillary acidic protein; NSE, neuron-specific enolase.

Figures represent mean =+ SEM. The numbers of animals used are given in parentheses. Data in (A) are expressed as mean percent immunoflu-
orescent area per scanned field. NSE staining was evaluated at 10x magnification (0.75 mm?/field). Samples immunostained with VIP, SP,
GFAP or c-kit were scanned at 20x magnification (0.17 mm?/field). Counts in (B) are expressed as absolute numbers per 0.17 mm? field, rela-
tive to total HuD-positive neurons or as absolute numbers in 15 ganglia. Only those neurons moderately to strongly immunoreactive for any
given marker were quantified. Comparisons between groups were performed using the Student’s #-test.

*P < 0.05 vs. control mice; **P < 0.01 vs. control mice.

after EFS. This response consisted of voltage-dependent, sus-
tained (approximately 20-30 s) contractions. Segments from
diabetic mice displayed slightly but decreased area under the
curve of the response compared with controls (two-way
ANOVA, P < 0.001).

Circular muscle layer of the mid-colon. Spontaneous cyclic
contractions of similar amplitude between groups were
recorded. Nonetheless, their frequency was higher in diabetic
mice (0.9 =+ 0.1 cpm, N =10 control vs. 1.3 = 0.1 cpm,
N = 9 diabetic mice; t-test, P < 0.05). The nitric oxide donor

NaNP (1 uM) caused complete cessation of motility in all
the strips (N = 5/group). The presence of an inhibitory neu-
ral tone was studied with the addition of TTX, L-NNA or
MRS 2179 to the bathing fluid. L-NNA (1 mM) or TTX
(1 uM) (N =10 and N =8-9 diabetic mice)
increased the magnitude and frequency (paired #-test,
P < 0.05) of spontaneous contractions. Such an increase in
contractile response was lower in diabetic mice, especially
regarding the contraction frequency in the presence of TTX
(paired #-test, P > 0.05) (Figure 4a—d). After neural blockade
with TTX, the amplitude and frequency of contractions was

control
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Figure 6 Immunohistochemistry onlongitudinal muscle-myente-
ric plexus (LMMP) whole-mount preparations of ileum and
colon of control and diabetic mice. Representative micrographs
of neuron-specific enolase immunostaining, demonstrating the
ganglionated myenteric network in the colon, which is less
dense in diabetic mice; HuD immunostaining, showing immu-
noreactive neuronal somas of the ileal MP, with no staining of
nerve fibres. Myenteric neurons were less numerous in samples
from diabetic animals; VIP immunofluorescence in the colonic
MP, demonstrating positivity primarily confined to neuronal
processes and denser staining in samples from diabetic mice; SP
immunofluorescence in the ileal MP, showing dense networks
of fluorescent fibres, which are more abundant in diabetic ani-
mals. Note scattered faintly labelled neuronal somas (arrow).

similar between groups (t-test, P > 0.05). MRS 2179
(20 uM) (N = 5/group) failed to modify the spontaneous
contractions in either group (paired #-test, P > 0.05) (Fig-
ure 4e). Electrical field stimulation suppressed the spontane-
ous activity. L-NNA (1 mM) and MRS 2179 (20 uM)
abolished this EFS-induced relaxation and an excitatory
response was recorded, which was larger in diabetic com-
pared with control mice (14.5 + 9.2% excitation, N = 8
control vs. 162 = 67% excitation, N =8 diabetic mice;
t-test, P < 0.05) (Figure 5).
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Histological evaluation of the intestinal wall

The general morphology of the ileum and mid-colon was
preserved in diabetic animals, with no signs of degeneration
or inflammation in any of the intestinal layers. Nonetheless,
the crypts of Lieberkiihn tended to contain more mucus in
the lumina. Significant differences in microscopic measure-
ments included villus lengthening, villus thinning and thick-
ened circular muscle layer in the ileum, as well as wider
crypts of Lieberkiihn and thinner circular muscle layer in the
mid-colon of diabetic mice (Table 2).

Immunohistochemistry on LMMP whole-mount
preparations

Neuron-specific enolase immunoreactivity provided strong,
diffuse staining of the neuronal perikarya and processes of
the MP. In diabetic mice, the NSE-positive area in the ileal
MP was similar to controls, whereas it was reduced in the
colonic MP (Table 3A, Figure 6). HuD immunohistochemis-
try, which stained the myenteric neuronal bodies, revealed
decreased neuronal density both in the ileum and mid-colon
of diabetic mice compared with controls (Table 3B,
Figure 6). Numerous neuronal bodies immunoreactive for
nNOS or ChAT were observed in the myenteric ganglia and,
occasionally, along internodal nerve strands of all the prepa-
rations. The percentage of nNOS- or ChAT-labelled myen-
teric neurons did not differ between groups in either
intestinal segment. The percentage of myenteric neurons dis-
playing cleaved caspase-3 immunoreactivity was low in all
the samples and similar between groups in each intestinal
segment. The proportion of myenteric neurons moderately
to strongly immunoreactive for Bcl-2 was comparable
between groups in each intestinal segment (Table 3B). VIP
or SP staining demonstrated a dense myenteric network of
immunofluorescent nerve fibres and scattered VIP- or SP-
expressing neuronal bodies within ganglia and along inter-
nodal strands. The density of VIP positivity was increased in
both the ileal and colonic MP of diabetic mice. The fre-
quency of VIP-positive neurons in the ileum was higher than
in controls, whereas it remained unchanged in the colon
(Table 3, Figure 6). Diabetic mice showed increased SP
staining in the ileal and colonic MP compared with controls
and unaltered frequency of SP-stained neuronal somas
(Table 3, Figure 6). Enteric glial cells (EGC) were detected
with an antibody against GFAP. Dense networks of immu-
noreactive star-shaped cells were seen extending throughout
the ganglia, wrapping neuronal bodies and nerve fibre tracts.
In diabetic mice, the density of the EGC network in both
intestinal segments was indistinguishable from that of con-
trols (Table 3A). Interstitial cells of Cajal of the myenteric
plexus (ICC-MP) were identified by c-kit immunohistochem-
istry. In all the samples, it revealed a dense multilayered net-
work of multipolar and anastomosed cells closely associated
with the MP structures. No major differences in the density
of the ileal or colonic ICC-MP were detected between
groups (Table 3A).
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Figure 7 Representative transmission electron micrographs of the ileal and colonic myenteric plexus (MP) of control (a—c) and dia-
betic mice (d—e). a) Normal-appearing myenteric ganglion containing three neurons (N) and two enteric glial cells (G). (b) Neuromus-
cular arrangement in the MP and its close relationship with interstitial cells of Cajal (ICC) of the MP. A myenteric neuron (N) is
surrounded by ICC processes (asterisks), which are in turn surrounded by smooth muscle cells (M). (c) Detailed view of the nuclear
and perinuclear region of a normal-appearing myenteric neuron. Note rough endoplasmic reticulum (asterisk) and numerous mito-
chondria (arrows). (d) Abnormal myenteric ganglion. A neuron with preserved structure is shown (N), and at least two adjacent neu-
rons exhibit severe vacuolization of the perikaryon (arrowheads). (e) Closer view of a myenteric neuron with signs of moderate-
severe cell injury. Empty vacuoles corresponding to dilated rough endoplasmic reticulum (arrowhead), Golgi complex and swollen

mitochondria with disrupted cristae (arrows) are seen.

Ultrastructural study of the myenteric plexus

Myenteric neurons in the ileum and mid-colon of control
mice displayed a regular contour, an organized perikaryon
with mitochondria of normal shape and uniform density,
and a nucleus with diffusely and evenly spread chromatin
(Figure 7a—c). Isolated neurons showed variable numbers of
intracellular myelin-like profiles and enlargement of the
interneuronal space. In approximately 50% of ileal and
colonic samples from diabetic mice, myenteric ganglia
focally or multifocally displayed neurons with distorted con-
tour, shrunken perikarya, mitochondrial damage (swelling
and/or disrupted cristae) and/or clumping of the chromatin
[0.0 (0.0-2.0), N =7 control vs. 4.0 (0.0-6.5), N = 7 dia-
betic mice; Mann-Whitney U-test, P < 0.05] (Figure 7d-e).
In the diabetic group, the MP of the ileum and colon was
similarly damaged [3.5 (1.0-8.0), N = 7 ileum and 6.0 (0.0-
6.0), N =7 colon; P > 0.05). However, the intestinal seg-
ments from each animal did not show the same extent of
abnormalities. A clear regional progression of the lesions
(i.e. proximal to distal or vice versa) was not detected. No
ultrastructural abnormalities were detected in nerve bundles,
EGC (Figure 7a) or ICC-MP in any of the investigated sam-
ples. Surrounding smooth muscle cells had an intact struc-
ture despite slight to moderate peripheral vacuolization of

the sarcoplasm. In isolated ilea and colons from each group,
such vacuolization corresponded to degenerate mitochon-
dria.

Discussion

The main objective of this work was to study the structural
and functional changes responsible for intestinal dysmotility
in the RIP-I/hIFNB transgenic mouse after 3.5 months of
DM induced with STZ. In a preliminary study in strain-
matched wild-type animals, multiple very low doses of STZ
at 20 mg/kg showed no toxic effects on colonic MP and
ICC-MP on immunohistochemical grounds (data not
shown). Previous data show that single higher doses of STZ
had no repercussions on the ileal MP of rats and guinea pigs
(Belai et al. 1996; LePard 2005).

Two main groups of abnormalities in the diabetic mice
might affect, directly or indirectly, the key elements respon-
sible for the control of GI motility. On the one hand, meta-
bolic  disturbances such as  hyperglycaemia  and
hypoinsulinaemia, which might cause deleterious effects; on
the other hand, polyphagia, polydipsia and all the adaptive
changes related to the disease, which should allow the ani-
mals to survive under adverse conditions. At 3.5 months of
DM, RIP-I/hIFN mice probably showed a balance between
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all these concurrent factors: the intestinal transit was
adapted to the diabetic state, and this adaptation was com-
bined with signs of neuropathy.

RIP-I/hIFNB diabetic mice consumed approximately 46%
more food and approximately 230% more water as compared
to controls, in line with other type 1 diabetic models (Forrest
& Parsons 2003; Pereira et al. 2008). The GI content was sig-
nificantly more abundant, and daily faecal output was
approximately 60% increased despite unaltered faecal water
content, indicating that water absorption is not impaired in
this model. The presence of abundant well-formed faeces in
diabetic mice coincides with findings in Otsuka Long-Evans
Tokushima Fatty rats (Imaeda et al. 1998), whereas other
long-term rat models of DM with gastroenteropathy present
pasty unformed stools in the colon, suggestive of diarrhoea
(Lincoln et al. 1984; Yamada et al. 2007).

Diabetic mice showed intestinal remodelling that reflected
an increased area of food and water absorption: (i) the small
bowel was elongated (approximately 10%), as reported in
other experimental models within the first month of the dis-
ease (Ettarh & Carr 1997; Martin et al. 2004); (ii) the intes-
tinal villi were longer, suggestive of mucosal hyperplasia, in
accordance with data from other experimental rodent mod-
els (Mayhew & Carson 1989). Lengthening of the small
bowel and mucosal hyperplasia has been regarded as adap-
tive changes in response to decreased glucose utilization and
polyphagia in DM (Martin et al. 2004; Yamada et al.
2007). (iii) Approximately 20% elongation of the colon
accompanied with wider crypts. This increase in the area of
absorption in the small bowel and colon was accompanied
by an adaptation of intestinal motility. Our data show that
diabetic mice ate more than controls and daily faecal output
was increased. Accordingly, diabetic mice cannot survive
without an adaptation of the GI motility to the increased
load in the GI tract. After 3.5 months of DM, this adapta-
tion included the following: (i) faster GE, in line with results
from type 2 diabetic patients with recently diagnosed DM
(Phillips et al. 1992); thirty min after the administration of a
phenol red meal, the stomach of diabetic mice only con-
tained 11% of the marker, compared with 39% in controls.
The faster GE in diabetic mice might explain the further
progression of the marker down the small bowel. Nonethe-
less, accelerated small bowel transit cannot be ruled out. In
fact, enhanced small bowel transit has been reported both in
diabetic patients (Zhao et al. 2006) and rodent models (An-
janeyulu & Ramarao 2002; Anitha et al. 2006; Yamada
et al. 2007). (ii) Accelerated colonic transit, in line with
enhanced colonic transit and peristalsis in Otsuka Long-
Evans Tokushima Fatty rats (Yoneda et al. 2001) and
increased effectiveness in bead expulsion. In conclusion, our
results suggest the following: (i) the increased GI content as
a result of polyphagia is compensated with a larger surface
of absorption in the small bowel and an adaptation of the
mechanisms of control of GI motility resulting in accelerated
GI transit and increased faecal output; (ii) the increased
water intake is also compensated by a larger area of absorp-
tion in the colon.
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The smooth muscle in RIP-I/hIFNp diabetic mice showed
no remarkable ultrastructural pathological changes. How-
ever, histology revealed a thickened smooth muscle layer
(circular layer) in the small bowel, despite elongation of this
organ; and a thinner smooth muscle layer (circular layer) in
the mid-colon. The cause of these regional differences and
apparent selective effect on the circular layer needs further
enquiry. The increased smooth muscle thickness in the small
intestine is consistent with the greater smooth muscle mass
found in other long-term experimental models (Lincoln ef al.
1984; Mayhew & Carson 1989; Nowak et al. 1990). The
histological findings in the colon are in disagreement with
other studies, where increased (Zhao et al. 2009) or
unchanged (Yoneda et al. 2001) muscle thickness or mass
has been reported. Despite altered muscle length and/or
width, muscle function was unaffected in diabetic animals.
The ileal longitudinal muscle layer and the colonic circular
muscle layer displayed spontaneous cyclic contractions simi-
lar in amplitude to those shown by control preparations.
Furthermore, the contractile response to KCl (30 mM) of
the ileum and the relaxation response to NaNP (1 uM) of
the mid-colon were comparable between groups. Taken
together, these results suggest that the intestinal smooth
muscle layer of this diabetic model is functionally unim-
paired and it is probably able to adapt to DM-associated
injury.

While ICC play a role in diabetic gastroparesis (Ordog
2008), their putative involvement in DM-associated intesti-
nal dysmotility is less well known. We could not find a sub-
stantial decrease in c-kit staining or evidence of
ultrastructural damage to the ileal or colonic ICC-MP of
diabetic mice. By contrast, reduced areas of ICC-MP in the
ileum and mid-colon of db/db mice (Yamamoto et al. 2008)
and within the smooth muscle layer of the colon of diabetic
patients (Nakahara et al. 2002) and type 1 diabetic murine
models (Ordog et al. 2004; Lin et al. 2010) have been
described. ICC-MP functionality was also evaluated in the
mid-colon by assessing the frequency of spontaneous muscle
contractions following neural blockade. In diabetic mice, the
frequency of contractions was similar to controls, indicating
that ICC-MP function was maintained. By contrast, in the
small intestine a slight decrease in frequency of spontaneous
contractions, which are probably related to smooth muscle
cyclic depolarizations driven by the pacemaker network, was
observed. This occurred despite the presence of an intact
ICC-MP network. These discrepancies between structural
and functional data need to be further explored. Altogether,
our results suggest that ICC are able to survive and function
despite the hypoinsulinaemia shown by this model (Casellas
et al. 2006). Recent reports on the GI tract of murine mod-
els of DM have indicated that low or inefficient levels of tro-
phic factors (e.g. insulin) rather than hyperglycaemia per se
may alter the Kit signalling pathway, leading to ICC damage
(Horvath et al. 2005; Yamamoto et al. 2008; Lin et al.
2010). The mechanism responsible for ICC-MP resistance to
injury in the intestine of this model needs further evaluation.
However, various studies support the idea that ICC classes
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show different susceptibility to alterations of the Kit signal-
ling pathways (Ordog 2008).

Neuron-specific enolase and HuD immunolabelling of
LMMP preparations revealed, respectively, diminished den-
sity of the MP in the mid-colon and reduced neuronal den-
sity by 15% both in the mid-colon and ileum of diabetic
mice compared with controls. Two possible hypotheses
could explain these results: (i) the elongation of the intesti-
nal tract might be responsible for the reduced density of
neurons, in which case a compensatory overgrowth of neu-
ronal processes would be expected. (ii) DM causes neuronal
damage and loss in the MP, as supported by other studies
on the ileum (LePard 2005; Anitha et al. 2006; Pereira et al.
2008) and colon (Furlan et al. 2002) of diabetic rodents.
Following this latter hypothesis, we investigated whether
neuronal loss occurred via apoptosis, as described in the
ileum and mid-colon of STZ-treated rodents after 2 months
of DM (Guo et al. 2004; Anitha et al. 2006), using anti-
cleaved caspase-3 immunohistochemistry. By contrast, in the
current study, the percent cleaved caspase-3-positive neurons
was low and similar between groups, although a slight ten-
dency to increase was observed in the ileum of diabetic
mice. Electron microscopy failed to demonstrate an increase
in fully developed apoptotic figures in samples from this
model. However, it showed severe neuronal injury, such as
mitochondrial damage, compatible with hyperglycaemia-
induced early apoptotic changes. These degenerative features
resembled those seen in the colonic MP of STZ-treated dia-
betic mice (Anitha et al. 2006). Interestingly, not all neurons
were damaged. Bcl-2 staining revealed no significant differ-
ences between groups. These results suggest that in this
model an early death of the most susceptible neurons might
have occurred. It is also possible that components of the
apoptotic cascade other than cleaved caspase-3 and Bcl-2
might be involved in promoting (or protecting from) cell
death. Globally, we can conclude that in RIP-I/hIFNB dia-
betic mice, there is evidence of enteric neuropathy in the
ileum and mid-colon characterized by loss of myenteric neu-
rons and severe degenerative changes compatible with early
neuronal apoptosis. This might imply a reduced nerve sup-
ply, altering the regional control of GI motility.

We investigated specific subpopulations of neurons,
namely, ChAT-, nNOS-, SP- and VIP-containing neurons.
Our results show the following: (i) the proportion of ChAT-
positive myenteric neuronal somas (approximately 76% in
each segment) was comparable between experimental groups,
in accordance with another study on the ileal MP of STZ-trea-
ted diabetic mice (Anitha et al. 2006). (ii) The percent nNOS-
positive myenteric neurons was also comparable between
groups (approximately 25% in the ileum and approximately
40% in the mid-colon), in line with a study conducted on the
ileal MP of STZ-treated guinea pigs (LePard 2005). However,
given the reduced myenteric neuronal population in diabetic
mice, ChAT- and nNOS-expressing neurons were decreased
in absolute numbers, most likely reflecting loss of these sub-
populations. (iii) Despite no major changes in numbers of SP-
positive neurons in either compartment, SP immunoreactivity

within neuronal fibres was prominent in all the samples and
increased in diabetic animals, in line with findings in the small
bowel of a type 1 diabetic patient (He ez al. 2001) and STZ-
treated diabetic rats (Belai & Burnstock 1990). (iv) In diabetic
mice, absolute numbers of VIP-positive myenteric neurons
were increased in the ileum. However, most remarkably, VIP
immunoreactivity within neural fibre tracts was more abun-
dant in both compartments, as reported in STZ-treated dia-
betic rats (Belai et al. 1985). All these data suggest that in
diabetic mice, neuroplastic changes occur and affect several
subclasses of neurons. (v) Despite myenteric neuronal loss in
diabetic mice, we found unaltered morphology, distribution
and density of the EGC network. By contrast, decreased
GFAP immunostaining (in terms of intensity) and protein lev-
els in the MP of the distal colon of STZ-treated diabetic rats
have recently been reported (Liu et al. 2010).

Intestinal peristalsis involves the appropriate coordination
of both the longitudinal and circular muscle layers, as evi-
dent in Figure 1. To evaluate the neurotransmitters involved
in the neuromuscular response of each layer, the ileal longi-
tudinal muscle layer and the mid-colonic circular muscle
layer were selected for muscle bath studies. It is important
to take into account, however, that to properly correlate the
in vitro results with the ex vivo and in vivo data, the coordi-
nation of both muscle layers should be considered. Muscle
bath studies showed that the predominant response in the
longitudinal muscle layer of the small intestine is excitatory,
as evidenced by the cholinergic phasic contractions elicited
by EFS. Subsequent incubation with atropine revealed the
presence of a functional inhibitory co-transmission (nitrergic
and purinergic) followed by a TTX-sensitive non-cholinergic
contraction. By contrast, in the colonic circular muscle layer,
the predominant response under NANC conditions is inhibi-
tory, of nitrergic and purinergic origin. As previously dem-
onstrated in rats (Grasa et al. 2009), this constitutes an
excellent model to study nitrergic and purinergic neurotrans-
mission described in the human colon (Gallego e al. 2008,
2011). In diabetic mice, muscle bath studies revealed the fol-
lowing: (i) a slight increase in neurally mediated cholinergic
contractions in the ileum. (ii) Decreased neurally mediated
non-cholinergic contractions in the ileum, but more promi-
nent non-cholinergic contractions in the colon. (iii) Impaired
inhibitory neurotransmission in the ileum, reflected by the
reduced EFS-induced relaxation in the presence of atropine.
When the nitrergic and purinergic components of the EFS-
evoked relaxation were analysed separately, no major differ-
ences were observed between groups regarding each path-
way. This supports the impairment of both inhibitory
pathways in diabetic mice. (iv) Impaired nitrergic inhibitory
neural tone in the colon, as evidenced by a lower enhanced
contractile activity in the presence of L-NNA or TTX. It is
not easy to correlate morphological with functional data.
Our immunohistochemical findings support the attenuated
nitrergic response in both intestinal segments of diabetic
mice. In DM, diminished nNOS expression has been associ-
ated with altered nitrergic GI motor control, including
impaired relaxation in the jejunum (Zandecki et al. 2008)
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and enhanced colonic peristalsis and transit (Yoneda et al.
2001). Little is known regarding the involvement of puriner-
gic inhibitory neurotransmission in diabetic gastroentero-
pathy (Burnstock 2008) owing to the lack of a specific
marker for these neurons, and because only recently new
pharmacological approaches have been available to separate
the purinergic and nitrergic components (Grasa et al. 2009).
We can conclude that this model is a potential useful tool
to study gastroenteropathy in type 1 DM and its pathogene-
sis. STZ-treated RIP-I/hIFNp diabetic mice defecate fre-
quently and show enhanced (but otherwise normal) GI
transit. Gut dysmotility appears related to intestinal remodel-
ling, myenteric neuropathy and impaired myenteric neuro-
transmission. Whereas some of these abnormalities reflect
direct pathological effects of the disease, others reflect com-
pensatory adaptive changes in an attempt to keep GI motility
as unaffected as possible and, thus, allow the mice to survive
to DM-induced injury. This model provides further evidence
of the complexity of changes that occur in the GI tract in
DM and that each GI region may respond differently to the
effects of the disease. In fact, it is this heterogeneity of DM-
associated changes that may explain the variability of GI
clinical manifestations in humans and the difficulty in trans-
lating insights derived from animal models to human DM.
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