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Background/Aims

Abnormal visceral sensitivity and disordered motility are common in patients with diabetes mellitus. The purpose of the present
study was to investigate whether visceral sensation and bowel motility were altered in a rat model of type 2 diabetes mellitus
accompanied by weight loss.

Methods

A type 2 diabetic rat model in adulthood was developed by administrating streptozotocin (STZ; 90 mg/kg, i.p.) to neonatal
rats. Eight weeks after STZ administration, rats with blood glucose level o? 200 mg/dL or higher were se?ected and used as
diabetic group (n = 35) in this study. Abdominal withdrawal reflex and arterial pulse rate were measured to examine visceral
nociception induced by colorectal distension (0.1-1.0 mL). The amplitude, frequency, and area under the curve (AUC) of spon-
taneous phasic contractions of colonic circular muscles were recorded in vitro to examine colonic motility.

Results

STZ-treated diabetic rats gained significantly less weight for 8 weeks than control (P < 0.01). Forty-eight percent of the dia-
betic rats showed enhanced visceral nociceptive response to colorectal distension. Diabetic rats did not differ from control rats
in colorectal compliance. However, the frequency and AUC, not the amplitude, of colonic spontaneous contraction in vitro was
significantly decreased in diabetic rats compared to control rats (P < 0.01 in frequency and P < 0.05 in AUC).

Conclusions

These results demonstrate visceral hypersensitivity and colonic dysmotility in a rat model of type 2 diabetes mellitus accom-
panied by weight loss.
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Introduction

Patients with diabetes mellitus often experience gastroin-
testinal (GI) symptoms, including chronic abdominal pain and
altered bowel habits, for which there is no obvious structural
cause.”” The pathogenesis of the GI symptoms in diabetes is not
well understood and likely multi-factorial (motor dysfunction,
autonomic neuropathy, glycemic control, psychological factors,
etc).” Several studies indicate that diabetic neuropathy could ac-
count for such abnormalities”' but only a few studies have ad-
dressed changes in the visceral nociceptive function in diabetes.

Dysmotility, delayed transit, and bacterial overgrowth have
been observed in the small and large intestines in diabetes.’
Constipation associated with diabetes is attributed to dysfunction
of both enteric autonomic nerves and smooth muscles in the
colon.”” For example, contractile responses to acetylcholine and
substance P were significantly decreased in longitudinal and cir-
cular muscle preparations of the duodenum, jejunum, and ileum
but not colon in diabetes,” while colonic peristaltic reflex was en-
hanced due to impaired enteric nitrergic inhibitory control in
spontaneously diabetic rats."*

According to the global statistics of diabetes, 382 million
people have this disease worldwide, with type 2 diabetes making
up about 90 % of the cases.'’ Despite the high prevalence of type
2 diabetes causing weight loss, many studies have used animal
models of type 1 diabetes or obese models of type 2 diabetes.
Here we examined whether abdominal pain and altered bowel
habits in diabetic patients could be recapitulated in a rat model of
type 2 diabetes accompanied by “weight loss,” which better re-
flects the clinical condition found in type 2 diabetic patients, after

neonatal streptozotocin treatment.

Materials and Methods

Animals

Neonatal male Sprague-Dawley rats were housed in a colony
room maintained under light/dark cycle (12 hours:12 hours) with
a room temperature of 25 * 1°C for 8 weeks. Animals were
weaned at 24 days. Water and food were available ad libitum. All
the experimental protocols in this study were reviewed and ap-
proved by the Animal Care and Use Committee at the Seoul
National University.

Induction of Type 2 Diabetes Mellitus

A rat model of type 2 diabetes mellitus in adulthood was pro-
duced as previously described.” Specifically, 2 day-old neonates
were intraperitoneally injected with 90 mg/kg streptozotocin
(STZ; Sigma, St. Louis, MO, USA) in 0.1 M citrate buffer, pH
4.5. Controls were injected with the equivalent volume of citrate
buffer. To minimize leakage, the injection site was selected to be
the dorsal midpoint between pelvis and ribs just to the right of the
spine. Fight weeks after STZ administration, blood was collected
from tail vein and blood glucose level was measured using
Accu-Chek Instant (Roche Diagnostics LTD, Mannheim,
Germany). Animals whose blood glucose level was equal to or

higher than 200 mg/dL were selected and used as diabetic rats.

Colorectal Distension Procedure

Colorectal distension (CRD) was carried out as previously
described.'® A silicon balloon-urethral catheter (6 Fr; Sewoon
Medical Co, Seoul, Korea) was used for this purpose. After an
overnight fast, animals were lightly anesthetized with 5% iso-
flurane (Forene; Abbott Scandinavia AB, Solna, Sweden), and
the catheter was carefully inserted into the rectum until the distal
end of the balloon was positioned 2 cm proximal from the anus,
and the catheter was taped to the tail. After this procedure, rats
were allowed to recover from the anesthesia for 30 minutes in a
transparent cubical box (20 X 8 X 8 cm).

Because visceral hypersensitivity is best elicited by rapid pha-
sic distension,'” phasic distension in ascending order (0.1, 0.2,
0.3, 0.4, 0.6, 0.8, and 1 mL) was applied for 20 seconds at 4-mi-
nute intervals. In this experiment, the score of abdominal with-
drawal reflex (AWR; 0 = no behavioral response to CRD, 1 =
brief head movements followed by immobility, 2 = contraction of
abdominal muscle without lifting of abdomen, 3 = lifting of ab-
domen, and 4 = body arching and lifting of pelvic structure'®)
and a concomitant increase in arterial pulse rate (pseudoaffective
autonomic response) were measured simultaneously. The AWR
score was assessed by researchers blinded to experimental groups

The overall response to the CRD was transformed to an area
under the curve (AUC) and a difference in visceral sensitivity be-
tween 2 groups was examined by comparing their AUC."” To
calculate colorectal compliance, we measured intracolorectal

pressure at each distension intensity.

Colonic Contraction In Vitro

Measurement of colonic motility in the present study was
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based on the methods previously described.”’ Each animal was
sacrificed by cervical dislocation and a 2 cm-long distal colonic
segment was removed promptly. The segment was suspended in
a 20 mL organ chamber containing oxygenated (95% O, and 5%
CO,) Krebs solution maintained at 37°C. The Krebs solution
contained (in mM) NaCl 118, KCI 4.7, KH,PO, 1.2, NaHCO;
25, CaCl, 2.5, and glucose 11. The distal end of the segment was
tied around the mouth of a J-shaped glass tube that was con-
nected to a pressure transducer (RP-1500; Narco Bio-systems
Inc, Houston, TX, USA).

At least 60 minutes were given to the preparations in the or-
gan chamber before recordings. The colonic segment was longi-
tudinally stretched by loading 1 g tension and its lumen was filled
with Krebs solution (0.2 mL/cm segment length). Circular mus-
cle contractions were detected as changes in intraluminal
pressure.”’ The amplitude, frequency and AUC during 3 mi-
nutes recording of spontaneous phasic contractions were
measured. At the end of each experiment, high KCI (60 mM)
was administered into the bath to directly depolarize smooth
muscle cells to measure myogenic contractility of the colonic
segment. The magnitude of tonic contraction by KCI was nor-
malized by the wet weight of the colonic segment (mmHg/g tissue
weight).

Statistical Methods

Data were expressed as mean = SEM, with n, the number of
animals. The difference between 2 groups was statistically ana-
lyzed using Mann-Whitney U-test at the 2 < 0.05 significance
level. The relationship between the AWR score and the extent of
pulse rate change was determined by linear regression analysis,
and the estimated slope coefficients and intercepts were com-
pared with Student’s # test. The intraballoon volume-intracolo-
rectal pressure relationship (colonic compliance) of each group

was also analyzed as above.

Results

Body Weight and Blood Glucose Levels

In diabetic rats, body weight was significantly lower (231.3
* 4.7 g, n = 25) than that in control rats (307.7 * 6.6 g, n = 25,
P < 0.01; Fig. 1A) and blood glucose concentration was higher
(417.7 = 3.2 mg/dL,, n = 25) than that in control rats (98.3 =
6.1 mg/dL, n = 25, P < 0.01; Fig. 1B).
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Figure 1. Body weight and blood glucose levels. Body weight (A) and
blood glucose levels (B) were measured in 8 week-old control and
diabetic rats. Blood was collected from tail vein. Values are mean =

SEM. **P < 0.01 vs control by Mann-Whitney U-test (n = 25 in each
group).

Visceral Hypersensitivity to Colorectal
Distension

The response patterns to CRD in control and diabetic rats
are shown in Figure 2. Forty-eight percent of diabetic rats
showed enhanced visceral nociceptive response to CRD. The
AUC was increased from 1.7 = 0.1 to 3.1 = 0.1 (P < 0.01) in
the AWR score and from 22.9 = 3.6 to 53.7 = 5.5 (P < 0.01)
in the pulse rate change (n = 12). The pain threshold (distension
volume that elicited contraction of abdominal muscle, ie, AWR
score 2)'"" was about 0.6 mL in control rats, but lowered to
about 0.2 mL in diabetic rats. The resting pulse rates were not
significantly different between the 2 groups; before the CRD, the
pulse rate was 352.1 = 3.2 (n = 12) beat per minute (BPM) in
control rats and 349.9 = 4.7 BPM (n = 12) in diabetic rats. The
hypersensitive diabetic rats did not differ from their normo-sensi-
tive counterpart in body weight and blood glucose level (data now
shown).

Because visceral hypersensitivity in diabetic rats could be due
to a change in colorectal compliance, the correlation between in-
traballoon volume and intracolorectal pressure of each group was
analyzed by linear regression (Fig. 3A). Intracolorectal pressure
was linearly increased as the balloon was inflated (» > 0.99, P <
0.001 in control; » > 0.99, P < 0.001 in diabetic rats).
Colorectal compliance (the slope of the regression line) was not
changed in diabetic rats, suggesting that diabetes did not alter
colorectal tone (slope coefficient: 89.6 = 6.6 in control; 87.4 *
7.3 in diabetic rats [P > 0.05,4.f = 10], intercept: —3.4 = 1.8
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Figure 2. Visceral sensory responses to colorectal distension. Visceral sensory responses were elicited by intracolorectal balloon distension, and
quantified by scoring (A) the abdominal withdrawal reflex (AWR) and measuring (B) the increase in arterial pulse rate (A pulse rate). (C) and (D)
represent the area under the curve (AUC) calculated from (A) and (B), respectively. **P < 0.01 vs control by Mann-Whitney U-test (n = 12 in each
group). BPM, beat per minute.
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Figure 3. Colorectal compliance and correlation between abdominal withdrawal reflex (AWR) score and pulse rate chages. (A) Colorectal compliance
was expressed as a correlation between distension volume and intracolorectal pressure. (B) The correlation between the AWR score and pulse rate was
determined by linear regression analysis (each symbol indicates the mean pulse rate at a given AWR score). BPM, beat per minute.
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Figure 4. Spontaneous contraction in colonic segments from control and diabetic rats. Mechanical activities of circular muscle were measured as

changes in intraluminal pressure in vitro in control (A) and diabetic rats (B). The amplitude of spontaneous contraction was not changed (C), but the

frequency and area under the curve (AUC) of spontaneous contraction were significantly decreased in diabetic rats (D&E). *P < 0.05 and **P < 0.01

vs control by Mann-Whitney U-test (n = 6 in control, n = 10 in diabetic rat).

in control; —2.5 = 1.0 diabetic rats [P > 0.05, 4f = 10])
(Fig. 3A). In addition, the AWR scores were linearly correlated
with the pulse rate change (» > 0.98, P = 0.011 in control; » >
0.99, P = 0.01 in diabetic rats) (Fig. 3B). These fitted functions
were not significantly different between the 2 groups (slope co-
efficient: 16.7 = 1.5 in control; 17.3 =* 2.1 in diabetic rats [P >
0.05,d.f. = 4], intercept: —12.7 * 1.7 in control; —12.0 = 4.7
diabetic [P > 0.05,4.f = 4]), indicating that scoring the AWR
in the present study was a reliable method to quantify the animal’s

L . . 16
nociceptive response to CRD as shown in the previous study.

Spontaneous Phasic Contraction and
KCl-induced Tonic Contraction in Isolated
Colon In Vitro

Colonic segments showed spontaneous phasic contractions at
rest (Fig. 4A and 4B). The amplitude of these contractions, when
normalized to that of KCI (60 mM)-induced tonic contraction,

Vol. 21, No. 4 October, 2015 (581-588)

did not differ between the 2 groups; 11.3 = 2.0% (n = 6) in con-
trol and 10.5 = 2.6% (n = 10) in diabetic group (Fig. 4C).
However, the frequency (0.9 = 0.1 BPM in control vs 0.7 % 0.1
BPM in diabetic group, P < 0.01; Fig. 4D) and AUC (17.4 =
0.8% in control vs 13.6 £ 1.1% in diabetic group, P < 0.05;
Fig. 4E) of these contractions were significantly reduced in dia-
betic group.

We examined whether contractility of colonic smooth muscle
cells was changed in these rat model of type 2 diabetes by directly
triggering excitation-contraction in smooth muscle cells with 60
mM KCl (depolarizing smooth muscle membrane potential).
There was no difference in the KCl-induced tonic contractions of
circular muscle cells (tonic increase in intraluminal pressure) be-
tween control and diabetic groups (2.9 = 2.5 mmHg/g colon in
control and 2.6 = 3.0 mmHg/g colon in diabetic group) (Fig. 5).
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Figure 5. Mechanical activities of isolated colonic segment. Mechanical activities of circular muscle were measured as changes in intraluminal

pressure in control (A) and diabetic colon (B). No difference was observed in the KCI (60 mM)-induced tonic contraction between groups (C).

Discussion

Visceral Sensory Responses to Colorectal
Distension

The results of this study demonstrate that 48% of type 2 dia-
betic rats developed visceral hypersensitivity, shown by increased
AWR score and the pulse rate change in response to CRD. To
our knowledge, this is the first report showing visceral hyper-
sensitivity in rats with type 2 diabetes accompanied by weight
loss, which is in accordance with the previous report of increased
visceromotor responses to CRD in type I diabetic rats.” The re-
maining 52% of STZ-treated rats in this study did not develop
visceral hypersensitivity to CRD even though they did not differ
from the hypersensitive rats in body weights, blood glucose levels,
and colorectal compliance, suggesting that these 3 physical/phys-
iological factors in diabetes are not the direct cause of visceral hy-
persensitivity associated with type 2 diabetes. It is unclear why not
all STZ-treated diabetic rats developed visceral hypersensitivity
inasmuch as what caused visceral hypersensitivity in the 48% of
diabetic rats. Considering that diabetic patients with neuropathy
show high prevalence in GI symptoms,*’ the degree and/or sites
of neuropathy in STZ-treated rats might account for the pres-
ence/absence of visceral hypersensitivity. In this regard, an ap-
proach to assess the potential correlation between the 2 pathophy-
siological outcomes of diabetes (peripheral neuropathy and vis-
ceral hypersensitivity) deserves researchers’ attention in future
studies.

STZ, in a bell-shaped concentration-dependent manner, can

directly act on sensory neurons to upregulate transient receptor

potential vanilloid type 1 and consequently induce thermal hyper-
sensitivity,” based on which one could speculate that the visceral
hypersensitivity in the 48% of our diabetic rat model might result
from STZ-induced sensitization of sensory neurons, not necessa-
rily from STZ-induced diabetes and associated neuropathy. This
speculation needs assumptions that the concentration of STZ in
sensory ganglia is in the effective dose range (20-200 M) after a
single neonatal injection of 90 mg/kg STZ, and the STZ-induced
sensitization of sensory neurons could persist for 8 weeks.
Testing these assumptions is beyond the scope of the present
study, but it would be interesting to examine whether the 52% of
STZ-treated diabetic rats were normo-sensitive to CRD because
of failed persistence of STZ-induced sensitization of sensory
neurons. Alternatively, considering that chronic diabetic neuro-
pathy often leads to loss of sensation, one could also postulate that
the normo-sensitive diabetic rats might have developed severer
diabetic neuropathy that counteracted sensory neuronal sensitiza-
tion by STZ.

It is also noteworthy that stress and low-grade gut inflam-
mation are considered to trigger visceral pain in functional GI
disorder such as irritable bowel syndrome,”** suggesting the
stress response and gut inflammatory states in the hypersensitive
diabetic rats could differ from those in their normo-sensitive

counterpart.

Reduced Colonic Motility

Diabetes is associated with a remodeling of the enteric nerv-
ous system such as modifications in neuronal morphology and
neurotransmitter contents, ultimately changing the function of
enteric neurons. These changes in enteric neurons and pace-

making system such as interstitial cells of Cajal (ICC) are likely
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to play a role in alterations in GI motility.”**” GI smooth muscle
can also be affected by diabetes. This study shows that myogenic
contractility of colonic smooth muscle (excitation-contraction
ability of smooth muscle cell itself) was not changed by diabetes.
However, in diabetic rats, we observed a decrease in the fre-
quency of spontaneous contractions, suggesting that diabetes-in-
duced changes in enteric nervous system and ICC are the likely
candidate of the altered colonic motility in the rat model of type 2
diabetes with weight loss because the spontaneous contractions
are controlled by ICC and modulated by enteric neurons.
Interfering with nitrergic inhibitory or cholinergic excitatory en-
teric neurotransmission and ICC is known to affect GI motility in
diabetes."”*"** Therefore, the selective decrease only in the fre-
quency of spontaneous contraction in diabetes could be a net out-
come of changes in ICC and multiple enteric neurons counter-
acting/modulating each other. Although many studies have ex-
plored dysmotility in diabetic patients and animal models,” ™ the
results are inconsistent across the studies because the degree, pe-
riod, and type of diabetes are different in each study.

In summary, we found that the rat model of STZ-induced
type 2 diabetes with weight loss recapitulated 2 features of GI dis-
orders in patients with diabetes mellitus; visceral hypersensitivity
and altered colonic motility. A future study needs to examine the
causative factors for the 2 symptoms in diabetes with special re-
spect to the degree/sites of neuropathy in sensory and enteric

nervous systems.
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