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Abstract

Background Activation of brain somatostatin recep-

tors (sst1–5) with the stable pan-sst1–5 somatostatin

agonist, ODT8-SST blocks acute stress and central

corticotropin-releasing factor (CRF)-mediated activa-

tion of endocrine and adrenal sympathetic responses.

Brain CRF signaling is involved in delaying gastric

emptying (GE) immediately post surgery. We investi-

gated whether activation of brain sst signaling path-

ways modulates surgical stress-induced inhibition of

gastric emptying and food intake. Methods Fasted rats

were injected intracisternally (i.c.) with somatostatin

agonists and underwent laparotomy and 1-min cecal

palpation. Gastric emptying of a non-nutrient solution

and circulating acyl and desacyl ghrelin levels were

assessed 50 min post surgery. Food intake was moni-

tored for 24 h. Key Results The abdominal surgery-

induced inhibition of GE (65%), food intake (73% at

2 h) and plasma acyl ghrelin levels (67%) was com-

pletely prevented by ODT8-SST (1 lg per rat, i.c.). The

selective sst5 agonist, BIM-23052 prevented surgery-

induced delayed GE, whereas selective sst1, sst2, or

sst4 agonists had no effect. However, the selective sst2

agonist, S-346-011 (1 lg per rat, i.c.) counteracted the

abdominal surgery-induced inhibition of acyl ghrelin

and food intake but not the delayed GE. The ghrelin

receptor antagonist, [D-Lys3]-GHRP-6 (0.93 mg kg)1,

intraperitoneal, i.p.) blocked i.p. ghrelin-induced

increased GE, while not influencing i.c. ODT8-SST-

induced prevention of delayed GE and reduced food

intake after surgery. Conclusions & Inferences ODT8-

SST acts in the brain to prevent surgery-induced

delayed GE likely via activating sst5. ODT8-SST and

the sst2 agonist prevent the abdominal surgery-

induced decrease in food intake and plasma acyl

ghrelin indicating dissociation between brain

somatostatin signaling involved in preventing surgery-

induced suppression of GE and feeding response.

Keywords acyl ghrelin, food intake, gastric emptying,

postoperative gastric ileus, somatostatin agonist,

somatostatin-28.

INTRODUCTION

Postoperative gastric ileus is a condition that develops

as a consequence of abdominal surgery and is associ-

ated with temporarily delayed gastric transit.1 Previous

studies indicate that abdominal surgery including

laparotomy with cecal manipulation results in a char-

acteristic brain activation pattern within 2 h post

surgery as shown by the occurrence of Fos expression

in specific brain nuclei namely the paraventricular

nucleus of the hypothalamus, locus coeruleus, Eding-

er–Westphal nucleus, rostral raphe pallidus, A1/C1,

and the nucleus of the solitary tract compared to sham

group exposed to anesthesia alone.2–6 The activation of

these brain nuclei results in increased sympathetic

outflow as well as alterations in vagal signaling known

to play a role in the development of postoperative

gastric ileus.7–9 In the brain, the corticotropin-releasing

factor (CRF) signaling system is well established to be
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recruited in response to various stressors including

abdominal surgery5,10,11 and to activate sympathetic

outflow while reducing gastric vagal activity.12–16

Functional relevance of this brain stress pathway was

also supported by the blockade of delayed gastric

emptying immediately post surgery by central injec-

tion of the CRF1/2 receptor antagonists, D-Phe12CRF12–

41 or astressin in rats4,17 as well as in mice lacking the

CRF1 receptor.18 Other interventions directed to

increase gastric vagal efferent activity by acute cold

exposure-induced activation of thyrotropin releasing

hormone (TRH) receptors in the dorsal vagal complex

or intracisternal (i.c.) injection of TRH19 also prevented

the delayed gastric emptying and reduction of plasma

acyl ghrelin levels induced by abdominal surgery in

rats.20 Collectively, these data support the important

role of brain autonomic pathways in the onset and

modulation of gastric motor responses after abdominal

surgery.

There is evidence that stress-related alterations of

autonomic pathways can be dampened by specific

brain peptides.21 In particular, earlier reports indicate

that the stable pan-somatostatin (SST) octapeptide

agonist, ODT8-SST22,23 or somatostatin-2823 injected

into the lateral brain ventricle (intracerebroventricu-

larly, i.c.v.) inhibits various acute stressors-induced

rise in adrenocorticotropic hormone (ACTH) plasma

levels and adrenal sympathetic outflow as indicated by

reduced epinephrine secretion in rats.21,24–26 The pep-

tide’s action was exerted by the inhibition of brain CRF

release24 pointing toward a negative interaction

between somatostatin (also named somatotropin

release-inhibiting factor, SRIF) and CRF. These data

combined with our previous studies4,17,18 led us to

hypothesize that central activation of somatostatin

receptors by i.c.v. injection of ODT8-SST may also

influence the brain CRF signaling-dependent inhibi-

tion of gastric emptying induced by surgical stress. In

addition, we previously showed that i.c. injection of

ODT8-SST and somatostatin-28 stimulates gastric

emptying through activation of vagal cholinergic path-

ways in rats,27,28 which may also positively impact on

gastric motor alterations induced by abdominal sur-

gery. Therefore, in the present study we first assessed

the influence of i.c.v. as well as i.c. injection of ODT8-

SST23 on the early neurogenic phase4,29 of abdominal

surgery-induced delayed gastric emptying in rats.

Recent binding affinity studies established that

ODT8-SST binds to all five distinct G-protein-coupled

membrane receptor subtypes (sst1–sst5)30 with nanom-

olar affinity.23 Likewise, the two principal endogenous

molecular forms, somatostatin-14 and somatostatin-28

showed similar affinity to sst1–sst4 receptors, whereas

sst5 is distinguished by a 10-time higher affinity to

somatostatin-28 than somatostatin-14.31 Little is

known on receptor subtype(s) mediating the central

actions of ODT8-SST to influence the stress response.

However, the initial studies showing that ODT8-SST

and somatostatin-28 injected i.c.v. prevented tail-sus-

pension-induced ACTH secretion and brain-mediated

rise in plasma epinephrine levels whereas somato-

statin-14 under the same conditions was ineffec-

tive24,25,32 point to a preferential interaction with the

sst5 receptor. Therefore, to gain insight into the brain

somatostatin receptor subtype(s) influencing postoper-

ative gastric ileus, we examined whether the i.c.

injection of the relatively selective sst5 peptide agonist,

BIM-2305233 mimics ODT8-SST’s action compared

with the recently developed selective sst1
34, sst2

35,

and sst4 peptide agonists.36 We also tested the influ-

ence of i.c.v. injection of ODT8-SST on abdominal

surgery-induced delayed gastric emptying in rats and

whether the effect can be reproduced by the endoge-

nous peptide, somatostatin-28 injected i.c.v. In addi-

tion, we examined the peripheral mechanisms through

which i.c. injection of ODT8-SST prevented postoper-

ative gastric ileus, in particular, the implication of

changes in the prokinetic hormone, ghrelin. This is

based on our recent evidence that circulating acyl and

desacyl ghrelin levels are rapidly suppressed by abdom-

inal surgery20 and reports that ghrelin and ghrelin

receptor (GRLN receptor) agonists injected peripherally

at pharmacological doses reverse the surgery-induced

delay of gastric emptying in experimental animals.37–39

Lastly, as acyl ghrelin is also well established to

exert orexigenic effects through binding to the GRLN

receptor40 (also known as growth hormone secreta-

gogue receptor 1a, GHSR1a)
41 and abdominal surgery

induces a suppression of acyl ghrelin,20 we assessed the

feeding response in fasted rats that underwent abdom-

inal surgery. We also tested whether the anorexic

response post surgery is modulated by i.c. ODT8-SST

as recently demonstrated under basal conditions28 and

related to changes in acyl ghrelin signaling using a

GRLN receptor antagonist, [D-Lys3]-GHRP-6.42

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats (Harlan, San Diego, CA, USA,
body weight: 280–320 g) were housed four animals per cage
except otherwise stated under conditions of controlled illumi-
nation (12:12 h light/dark cycle, lights on/off: 6.00 h/18.00 h) and
temperature (22 ± 2 �C). Animals were fed with a standard rodent
diet (Prolab RMH 2500; LabDiet, PMI Nutrition, Brentwood,
MO, USA) and tap water ad libitum. Animal care and
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experimental procedures followed institutional ethic guidelines
and conformed to the requirements of the federal authority for
animal research conduct. All procedures were approved by the
Animal Research Committee at Veterans Affairs Greater Los
Angeles Healthcare System (animal protocol # 05058-02). All
experiments started between 9.00 and 10.00 h during the light
phase in rats that were food deprived overnight for 17 h with free
access to water prior to the experiment and single housed during
the fasting period.

Peptides

ODT8-SST (des-AA1,2,4,5,12,13-(DTrp8)-SRIF, MW 1078.5, com-
pound #1 in23), the sst1 agonist, S-406-062 (des-AA1,4–6,10,12,13-
[DTyr2,D-Agl(NMe,2naphtoyl)8,IAmp9]-SRIF-Thr-NH2, MW 1238.5,
compound #25 in ref. 34), sst2 agonist, S-346-011 (des-AA1,4–6,11–13-
[DPhe2,Aph7(Cbm),DTrp8]-Cbm-SRIF-Thr-NH2, MW 1132.5,
compound #2 in ref.35), sst4 agonist, S-315-297 (des-AA1,2,4,5,12,13-
[Aph7]-Cbm-SRIF, MW 1137.4, compound #15 in ref.36) and
somatostatin-28 (MW 3148.6) were synthesized by the solid phase
approach and purity was characterized by high-pressure liquid
chromatography, capillary zone electrophoresis and mass spec-
trometry as we have previously described.23,34–36 The sst5 agonist,
BIM-23052 (D-Phe-Phe-Phe-D-Trp-Lys-Thr-Phe-Thr-NH2, MW
1122.3)33 was obtained from Tocris bioscience (Ellisville, MO,
USA). No selective peptide sst3 agonist is available yet and
therefore could not be tested. The chemical structure as well as
previously established binding affinities of somatostatin agonists
on human sst receptor-transfected cells are detailed in Table 1.
These peptides were kept in powder form at )80 �C and the GRLN
receptor antagonist, [D-Lys3]-GHRP-6 (Bachem, Torrance, CA,
USA) at )20 �C and dissolved in double distilled (dd)H2O (ODT8-
SST, sst1 agonist, sst2 agonist, sst4 agonist), ddH2O containing
0.1% bovine serum albumin (BSA, somatostatin-28), or saline
containing 0.1% BSA (GRLN receptor antagonist) immediately
before administration. Human acyl ghrelin (gift from Dr. David St.
Pierre, University Laval, Quebec, Canada) was dissolved in saline
as stock solution, aliquoted, stored at )80 �C and further diluted
in saline containing 0.1% BSA immediately before use.

Treatments

Intracerebroventricular cannulation and injection Intracerebro-
ventricular (i.c.v.) cannulation and injections were performed as
previously described.28,43 Rats were anesthetized with an intra-
peritoneal injection of a mixture of ketamine hydrochloride
(75 mg kg)1 body weight, Ketanest; Fort Dodge Laboratories Inc.,
Fort Dodge, IA, USA) and xylazine (5 mg kg)1, Rompun; Mobay
Corporation, Shawnee, KS, USA), placed in a stereotaxic appara-
tus and implanted with a chronic guide cannula (22-gage, Plastics
One Inc., Roanoke, VA, USA) into the right lateral brain ventri-
cle. Stereotaxic coordinates obtained from the Paxinos and Wat-
son brain atlas44 were (from skull surface) 0.8 mm posterior,
1.5 mm right lateral, and 3.5 mm ventral from the bregma. The
guide cannula was secured by dental cement and anchored by
four stainless steel screws (Plastics One Inc.) fixed to the skull
with dental cement (Stoelting Co., Wood Dale, IL, USA) and
occluded. After surgery, animals were allowed to recover for
7 days and housed individually. During this time, rats were
handled for 5 days to become accustomed to i.c.v. injection
through the guide cannula. For the i.c.v. injection, a 28-gage
cannula (1 mm longer than the guide cannula) connected to a
25 lL Hamilton syringe by a PE-50 tube (BD-Intramedic Poly-
ethylene Tubing; Clay Adams, NJ, USA) was filled with injection
solution and inserted into the guide cannula and 10 lL were
delivered by pressure injection over 1 min in lightly hand re-
strained conscious rats. At the end of the experiments, the cor-
rectness of injection into the lateral ventricle was verified by
injecting 10 lL dye (0.1% toluidine blue) under similar condi-
tions and assessing selective dye distribution in the ventricle. No
animals were excluded from data analysis.

Intracisternal injection The i.c. injection in 10 lL was performed
in rats under short isoflurane anesthesia (2–3 min, 4.5% vapor
concentration in oxygen) that were mounted on ear bars of ste-
reotaxic equipment as described in our previous studies.20 The
accuracy of the i.c. injection was ascertained before injection by
withdrawal of cerebrospinal fluid into the Hamilton syringe. On
average, rats regained the righting reflex within 2–3 min.

Table 1 Structure and receptor binding affinity of somatostatin receptor agonists

Peptide Structure

Receptor binding affinity (IC50, nmol L)1)a

sst1 sst2 sst3 sst4 sst5

ODT8-SST

S-89-18823
des-AA1,2,4,5,12,13-(DTrp8)-SRIF 27.0 ± 3.4 41.0 ± 8.7 13.0 ± 3.2 1.8 ± 0.7 46.0 ± 27.0

sst1 agonist

S-406-062

(compound 25)34

des-AA1,4)6,10,12,13-[DTyr2,

D-Agl(NMe,2naphtoyl)8,IAmp9]-SRIF-

Thr-NH2

0.19 ± 0.04 >1K 158.0 ± 14.0 27.0 ± 7.5 >1K

sst2 agonist

S-346-011

(compound 2)35

des-AA1,4)6,11)13-[DPhe2,Aph7(Cbm),

DTrp8]-Cbm-SRIF-Thr-NH2

>1K 7.5–20 942–1094 872–957 109–260

sst4 agonist

S-315-297

(compound 15)36

des-AA1,2,4,5,12,13-[Aph7]-Cbm-SRIF 650 ± 115 >1K 780 ± 62 1.5 ± 0.07 >1K

sst5 agonist

BIM-2305231
D-Phe-Phe-Phe-D-Trp-Lys-Thr-Phe-Thr-NH2 100 11.9 5.6 132 1.2

somatostatin-28

(SRIF-28)75
Ser-Ala-Asn-Ser-Asn-Pro-Ala-Met-Ala-Pro-

Arg-Glu-Arg-Lys-Ala-Gly-c[Cys-Lys-Asn-

Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys]-OH

2.2 4.1 6.1 1.1 0.07

Superscript numbers in the first column denote the references. Derived from competitive radio ligand displacement assays in cells stably expressing

the cloned human receptor using 125I-[Leu8DTrp22Tyr25] somatostatin-2823,31,34–36 except for somatostatin-28.75
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Intraperitoneal injection Intraperitoneal (i.p.) injections were
performed in a volume of 300 lL in rats that were handled for i.p.
injections at least three times in the week before the experiments.

Abdominal surgery Between 9.00 h and 11.00 h, rats were
exposed to isoflurane anesthesia (4.5% vapor concentration in
oxygen; VSS, Rockmart, GA, USA) and abdominal surgery was
performed as in our previous studies.6,20 After a median lapa-
rotomy (2–3 cm), the cecum was exteriorized, placed in saline-
soaked gauze and manipulated between two fingers for 1 min.
Thereafter, the cecum was replaced into the abdominal cavity
and the peritoneum, muscle and skin were sutured (Vicryl 4-0;
Ethicon Inc., Cornelia, GA, USA). Anesthesia and surgery lasted
for approximately 10 min and animals regained the righting
reflex within 2–3 min after removal of inhalation anesthesia.
A 10-min anesthesia alone was used in the sham group as in our
previous studies.4,6,45 This avoids possible confounding influence
of anesthesia known to induce a short lasting reduction of gastric
emptying45 as the aim of the study design was to test the impact
of activation of brain somatostatin signaling pathways on surgi-
cal stress alone. Afterward, animals were single housed without
access to food or water.

Measurements

Gastric emptying Gastric emptying of a non-nutrient viscous
solution was determined by the phenol red/methylcellulose
method as described in our previous studies.20,45 Rats received an
orogastric gavage of a viscous phenol red (0.5 mg cc)1; Sigma-
Aldrich Corp., St Louis, MO, USA)/1.5% methylcellulose (Sigma-
Aldrich Corp.) solution (1.5 mL) and were sacrificed 20 min later
by CO2 inhalation followed by thoracotomy. The abdominal
cavity was opened, gastric pylorus and cardia were clamped, the
stomach removed, rinsed, placed into 100 mL of 0.1 N NaOH,
homogenized for 30 s (Polytron; Brinkman Instruments, West-
bury, NY, USA) and the suspension processed as in our previous
studies.20 Gastric emptying was calculated as percent empty-
ing = (1 – absorbance of test sample/absorbance of standard) · 100.
Phenol red recovered from stomachs of rats sacrificed immedi-
ately after gavage of the solution served as standard.

Food intake and body weight Pre-weighed rat chow was made
available and food intake assessed at 1, 2, 4, 9, and 24 h post
procedure and expressed as g/300 g body weight. The body weight
was assessed before the fasting period and after the experiment to
calculate the body weight change.

Circulating acyl and total ghrelin levels Animals were sacrificed
by CO2 followed by thoracotomy. Blood (1 mL) was withdrawn by
cardiac puncture and processed for ghrelin measurements
according to the recently developed RAPID method as detailed
before.20,46 Briefly, immediately after withdrawal, blood was di-
luted 1 : 10 in ice-cold buffer (pH 3.6) containing 0.1 mol L)1

ammonium acetate, 0.5 mol L)1 NaCl, and enzyme inhibitors
(diprotin A, E-64-d, antipain, leupeptin, chymostatin, 1 lg mL)1;
Peptides International, Louisville, KY, USA), and centrifuged at
3000 g for 10 min at 4 �C. Sep-Pak C18 cartridges (360 mg, 55–
105 lm, # WAT051910; Waters Corporation, Milford, MA, USA)
were charged with 5 mL 100% acetonitrile and equilibrated with
10 mL 0.1% trifluoroacetate (TFA). The equilibrated cartridges
were slowly loaded with sample, rinsed with 3 mL 0.1% TFA and
eluted with 2 mL 70% acetonitrile containing 0.1% TFA. The
eluates were lyophilized and stored at )80 �C. Total and acyl
ghrelin levels were measured using specific radioimmunoassay
kits (# GHRT-89HK and GHRA-88HK, respectively, Millipore,

Billerica, MA, USA) in samples re-suspended in ddH2O according
to the original volume of plasma immediately before radioim-
munoassay. Inter-assay and intra-assay variability were 10% and
3%, respectively. Desacyl ghrelin was expressed as the difference
of total minus acyl ghrelin and then the acyl/desacyl ghrelin ratio
for each individual sample was calculated.

Experimental protocols

Effects of ODT8-SST and somatostatin-28 injected i.c.v. on

surgery-induced delay of gastric emptying ODT8-SST (1 lg per
rat), somatostatin-28 (1 lg per rat) or respective vehicle was in-
jected i.c.v. in overnight fasted, lightly hand restrained conscious
rats and 15 min later underwent abdominal surgery or sham pro-
cedure. Gastric emptying was assessed during the 100–120 min
period after the end of the procedure. The i.c.v. dose of ODT8-SST
and somatostatin-28 was based on previous studies showing
maximal suppression of the stress-related increase in circulating
catecholamines.25

Effects of ODT8-SST and selective somatostatin receptor agonists

injected i.c. on surgery-induced delayed gastric emptying and

circulating acyl and desacyl ghrelin levels Rats were injected i.c.
with ODT8-SST, selective sst1, sst2, sst4, or sst5 agonist (1 lg per
rat, �0.7 nmol each corrected for 20% salt content) or vehicle and
afterward underwent abdominal surgery or sham procedure. Gas-
tric emptying was assessed during the 30–50 min period after the
end of the procedure. Immediately before harvesting the stomach
to assess gastric emptying, blood was collected by cardiac punc-
ture and processed for assessment of circulating total and acyl
ghrelin levels. The dose of peptides was based on our previous
dose-response studies showing a maximal stimulation of gastric
emptying of the same non-nutrient solution upon i.c. injection of
ODT8-SST at the dose of 1 lg per rat.27

Effect of GRLN receptor antagonist injected i.p. on i.c. ODT8-SST

or cold exposure-induced restoration of gastric emptying in rats

subjected to abdominal surgery We first assessed whether
peripheral injection of GRLN receptor antagonist reverses the
prokinetic effect of exogenous ghrelin under our experimental
conditions. Rats received an i.p. injection of the ghrelin receptor
antagonist, [D-Lys3]-GHRP-6 (0.93 mg kg)1) or vehicle followed
by i.p. acyl ghrelin (30 lg kg)1 body weight) or vehicle and gastric
emptying was assessed during the 30–50 min period post injec-
tion. The doses for the GRLN receptor antagonist and acyl ghrelin
were based on previous studies showing a complete blockade of
intravenous ghrelin-induced gastric contractions42 and a complete
restoration of lipopolysaccharide-induced delayed gastric empty-
ing in rats,47 respectively. In separate studies, the GRLN receptor
antagonist (0.93 mg kg)1) or vehicle was then injected i.p. fol-
lowed by i.c. injection of ODT8-SST (1 lg per rat) or vehicle and
thereafter subjected to abdominal surgery or sham procedure.
Gastric emptying for a liquid non-nutrient meal was assessed
during the 30–50 min period post surgery.

We previously showed that cold ambient temperature increases
circulating ghrelin levels and restores delayed gastric emptying
under similar conditions of abdominal surgery.20 To test the role
of ghrelin in this model, groups of rats were injected i.p. with the
GRLN receptor antagonist (0.93 mg kg)1) or vehicle and thereafter
underwent abdominal surgery. After regaining the righting reflex,
animals were placed in semi-restraint Bollman cages and main-
tained at cold ambient temperature (4–6 �C) for 50 min. Control
groups underwent sham (anesthesia alone) or abdominal surgery
and were maintained at normal room temperature (21–23 �C) after
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the i.p. injection of vehicle. Gastric emptying in all groups was
assessed during the 30–50 min period after the end of 10 min
anesthesia alone or combined with surgery.

Effects of ODT8-SST and the selective sst2 agonist injected i.c. on

surgery-induced decreased food intake and body weight Rats
were injected i.c. with ODT8-SST (1 lg per rat), sst2 agonist (1 lg
per rat), or vehicle and afterward underwent abdominal surgery or
sham procedure. Animals were placed back in their home cages
with access to food and water. Food intake was monitored at 1, 2,
4, 9, and 24 h after the procedure. Body weight was assessed before
fasting and at the end of the experiment.

In another experiment, rats were injected i.p. with the GRLN
receptor antagonist (0.93 mg kg)1) or vehicle followed by i.c.
injection of ODT8-SST (1 lg per rat) or vehicle and abdominal
surgery or sham procedure. Rats were placed back in their home
cages with access to food and water and food intake was
monitored at 1 and 2 h after the procedure.

Statistical analysis

Data are expressed as mean ± SEM and analyzed by one way
analysis of variance (ANOVA) followed by Tukey post hoc test, two-
way or three-way ANOVA followed by Holm–Sidak method. Differ-
ences between groups were considered significant when P < 0.05.

RESULTS

ODT8-SST and somatostatin-28 i.c.v. prevent
abdominal surgery-induced delay of gastric
emptying

The i.c.v. injection of ODT8-SST or somatostatin-28 at

1 lg per rat did not alter gastric emptying of a viscous

non-nutrient meal in sham-treated rats compared to

i.c.v. vehicle (Fig. 1A,B). Abdominal surgery signifi-

cantly delayed gastric emptying compared to sham

controls and the response was completely prevented by

i.c.v. pretreatment with ODT8-SST and somatostatin-

28 (Fig. 1A,B). Two-way ANOVA indicated a significant

influence of ODT8-SST (F(1,13) = 41.4, P < 0.001), pro-

cedure (F(1,13) = 47.0, P < 0.001) and treatment · proce-

dure (F(1,13) = 11.6, P < 0.01) and of somatostatin-28

(F(1,20) = 7.9, P < 0.05) and procedure (F(1,20) = 20.1,

P < 0.001).

ODT8-SST and the selective sst5 agonist BIM-
23052 i.c. prevent abdominal surgery-induced
delay of gastric emptying

ODT8-SST and the sst5 agonist BIM-23052 (1 lg per

rat, i.c.) significantly increased gastric emptying of a

liquid meal by 71% and 77%, respectively compared to

i.c. vehicle measured at 50 min post injection in rats

receiving sham treatment (P < 0.01; Fig. 2A,E). Rats

injected i.c. with vehicle and subjected to abdominal

surgery had a 65% reduction of gastric emptying

(P < 0.001) compared to sham controls, and the

response was completely prevented by i.c. injection of

ODT8-SST (Fig. 2A) or the sst5 agonist BIM-23052

(Fig. 2E). Two-way ANOVA indicated a significant influ-

ence of ODT8-SST (F(1,25) = 46.5, P < 0.001) and proce-

dure (F(1,25) = 30.9, P < 0.001) and BIM-23052 (F(1,18) =

22.4, P < 0.001) and procedure (F(1,18) = 28.0, P < 0.001).

In contrast, the selective sst1 (S-406-062), sst2 (S-346-

011), or sst4 (S-315-297) agonist (1 lg per rat, i.c.)

neither influenced basal nor surgery-induced delayed

gastric emptying compared to the sham groups injected

i.c. with vehicle (Fig. 2B,D). Two-way ANOVA showed

a significant influence of procedure (F(1,24) = 39.0,

Figure 1 ODT8-SST and somatostatin-28 injected intracerebroventri-

cularly (i.c.v.) prevent the surgery-induced delay of gastric emptying.

ODT8-SST (A, 1 lg per rat in 10 lL ddH2O), somatostatin-28 (B, 1 lg

per rat in 10 lL ddH2O containing 0.1% BSA) or vehicle (10 lL ddH2O

or 10 lL ddH2O containing 0.1% BSA, respectively) was injected i.c.v.

in overnight fasted, lightly hand restrained conscious rats and 15 min

later animals underwent abdominal surgery or sham procedure under

isoflurane anesthesia. Animals were placed in their home cages

without access to food and water and received an orogastric gavage of a

non-nutrient solution at 100 min after the end of the procedure. Gas-

tric emptying was assessed 20 min later. Each bar represents the

mean ± SEM of number of rats indicated at the bottom of the columns.

***P < 0.001 vs vehicle/sham; ###P < 0.001 vs treatment/sham;
+P < 0.05 and +++P < 0.001 vs treatment/surgery.
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P < 0.001) whereas treatment had no effect (F(1,24) =

0.5, P = 0.47).

ODT8-SST and sst2 agonist but not sst1 and sst4

agonists i.c. prevent abdominal surgery-induced
decrease of acyl ghrelin plasma levels

Abdominal surgery reduced the fasted plasma levels of

acyl ghrelin by 67% (P < 0.01; Fig. 3A) and desacyl

ghrelin by 25% (P < 0.05; Fig. 3B) compared to sham

group as monitored at 50 min after the surgery. Injec-

tion of ODT8-SST (1 lg per rat, i.c.) completely

prevented the decline of acyl ghrelin (Fig. 5A) and

desacyl ghrelin plasma levels (Fig. 3B) induced by

surgery. In the sham group injected with ODT8-SST,

the 31% and 46% higher values than those of vehicle

in circulating acyl and desacyl ghrelin levels, respec-

tively, did not reach statistical significance (P > 0.05;

Fig. 3A,B). Abdominal surgery decreased the acyl/

desacyl ghrelin ratio compared to sham-treated ani-

mals (1 : 9 vs 1 : 4, P < 0.05), which was partially

restored by the pretreatment with ODT8-SST (1 : 6,

P > 0.05 vs vehicle/sham).

Next, we assessed whether i.c. injection of selective

sst1 (S-406-062), sst2 (S-346-011), or sst4 (S-315-297)

agonists (1 lg per rat) would mimic the action of ODT8-

SST (sst1–5 agonist) on plasma acyl ghrelin levels inhib-

ited by abdominal surgery. Abdominal surgery induced a

56–66% reduction of fasted acyl ghrelin plasma levels

(P < 0.05), which was completely prevented by i.c.

injection of the selective sst2 agonist (P < 0.01; Fig. 4B)

but not altered by the sst1 (Fig. 4A) or sst4 agonist

(Fig. 4C). None of the agonists modified acyl ghrelin

plasma levels in sham-treated animals (Fig. 4A,C).

Figure 2 ODT8-SST and the selective sst5

agonist but not the selective sst1, sst2 and

sst4 agonists injected intracisternally (i.c.)

prevent the surgery-induced delay of gastric

emptying. Overnight fasted rats were

injected i.c. under short isoflurane anesthe-

sia with ODT8-SST (A), sst1 agonist (B), sst2

agonist (C), sst4 agonist (D), or sst5 agonist

(E, 1 lg per rat in 10 lL ddH2O) or vehicle

(10 lL ddH2O) and underwent abdominal

surgery or sham procedure afterward.

Animals were placed back in their home

cages without access to food and water and

received an orogastric gavage of a

non-nutrient viscous solution at 30 min

after the end of the procedure. Gastric emp-

tying was assessed 20 min later. Each bar

represents the mean ± SEM of number of

rats indicated at the bottom of the columns.

*P < 0.05, **P < 0.01 and ***P < 0.001 vs

vehicle/sham; #P < 0.05 and ###P < 0.001 vs

treatment/sham; +++P < 0.001 vs treatment/

surgery.
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ODT8-SST and the selective sst2 agonist i.c.
prevent surgery-induced decrease in food intake
and blunt surgery-induced body weight loss

In i.c. vehicle injected rats, abdominal surgery signifi-

cantly reduced cumulative food intake during the

re-feeding period after an overnight fast by 77, 73, 49,

52, and 56% at 1, 2, 4, 9, 24 h post surgery, respectively,

compared to rats undergoing sham procedure (P < 0.001;

Fig. 5A). ODT8-SST injected i.c. prevented the surgery-

induced decrease of re-feeding food intake partially at

1 h (P < 0.05) and fully at 2 h (P < 0.05), 4 h (P < 0.001),

and 9 h (P < 0.01) post procedure, which was still visible

at 24 h compared to vehicle injected animals undergoing

surgery (P < 0.05; Fig. 5A). In sham groups, ODT8-SST

(1 lg per rat, i.c.) did not influence the feeding response

to an overnight fast at 1, 2, and 4 h (P > 0.05) but

increased cumulative food intake at 9 h post injection

compared to i.c. vehicle injected rats (P < 0.05; Fig. 5A).

Three-way ANOVA indicated a significant influence of

treatment (F(1,100) = 73.5, P < 0.001), procedure (F(1,100) =

82.6, P < 0.001), time (F(4,100) = 154.3, P < 0.001), treat-

ment · procedure (F(1,100) = 8.3, P < 0.01), treatment ·
time (F(4,100) = 3.5, P < 0.05), and procedure · time

(F(4,100) = 19.0, P < 0.001). When expressed as food

intake/period, the surgery-induced reduction of food

intake occurred during the 0–1, 1–2, 4–9, and 9–24 h

periods compared to sham (P < 0.05, Fig. 5B). Such an

Figure 3 ODT8-SST injected intracisternally (i.c.) prevents the sur-

gery-induced decrease of acyl ghrelin levels. Overnight fasted rats were

injected i.c. under short isoflurane anesthesia with ODT8-SST (1 lg

per rat in 10 lL ddH2O) or vehicle (10 lL ddH2O) and afterward

underwent abdominal surgery or sham procedure. Animals were placed

back in their home cages without access to food and water. Blood was

obtained by cardiac puncture 50 min later, processed using the RAPID

method and circulating acyl (A) and total ghrelin levels assessed by

radioimmunoassay. Desacyl ghrelin (B) was calculated as the differ-

ence of total minus acyl ghrelin for each individual sample. Each bar

represents the mean ± SEM of number of rats indicated at the bottom

of the columns. *P < 0.05 vs vehicle/sham; #P < 0.05 vs ODT8-SST/

sham; ++P < 0.01 vs ODT8-SST/surgery.

Figure 4 The selective sst2 agonist but not the selective sst1 and sst4

agonists injected intracisternally (i.c.) prevents the surgery-induced

decrease of acyl ghrelin levels. Overnight fasted rats were injected i.c.

under short isoflurane anesthesia with sst1 agonist (A), sst2 agonist (B)

or sst4 agonist (C, 1 lg per rat in 10 lL ddH2O) or vehicle (10 lL

ddH2O) and underwent abdominal surgery or sham procedure after-

ward. Animals were placed back in their home cages without access to

food and water. Blood was obtained by cardiac puncture at 50 min post

procedure, processed using the RAPID method and circulating acyl

levels assessed by radioimmunoassay. Each bar represents the

mean ± SEM of number of rats indicated at the bottom of the columns.

*P < 0.05, **P < 0.01 and ***P < 0.001 vs vehicle/sham; #P < 0.05 and
##P < 0.01 vs treatment/sham; ++P < 0.01 vs treatment/surgery.
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anorexigenic response was prevented by the i.c. injec-

tion of ODT8-SST during the first 2 h and no longer

thereafter (Fig. 5B). Abdominal surgery significantly

reduced body weight compared to sham-treated animals

(P < 0.001), which was blunted by pretreatment with

ODT8-SST (P < 0.05; Fig. 5C).

Based on our previous characterization of sst2

involvement in the central action of ODT8-SST to

increase food intake in rats,28,43 we investigated

whether the sst2 agonist, S-346-011 would influence

the anorexigenic effect of abdominal surgery. The sst2

agonist (1 lg per rat, i.c.) prevented the abdominal

surgery-induced decrease of cumulative food intake

partially at 1 h (P < 0.05) and fully at 2 h (P < 0.01), 4 h

(P < 0.001), and 9 h (P < 0.001) post surgery (Fig. 6A).

The counteracting effect was still partially visible at

24 h compared to rats undergoing surgery and injected

with vehicle (P < 0.001; Fig. 6A). In the sham group, the

sst2 agonist did not alter the re-feeding response to a fast

at 1 and 2 h (P > 0.05) but increased cumulative food

intake at 4 h and 9 h post injection compared to the

vehicle group (P < 0.01; Fig. 6A). Three-way ANOVA

indicated a significant influence of treatment

(F(1,120) = 100.5, P < 0.001), procedure (F(1,120) = 87.2,

P < 0.001), time (F(4,120) = 166.3, P < 0.001), treat-

ment · time (F(4,120) = 7.1, P < 0.001), and proce-

dure · time (F(4,120) = 11.4, P < 0.001). When expressed

Figure 5 ODT8-SST injected intracisternally (i.c.) prevents the sur-

gery-induced decreased food intake and blunts the surgery-induced loss

of body weight. Overnight fasted rats were injected i.c. under short

isoflurane anesthesia with ODT8-SST (1 lg per rat in 10 lL ddH2O) or

vehicle (10 lL ddH2O) and afterward underwent abdominal surgery or

sham procedure. Animals were placed back in their home cages and

had access to food and water. Food intake was monitored at 1, 2, 4, 9,

and 24 h after the procedure and expressed as cumulative food intake

(A) and food intake/period (B). Body weight was assessed before fasting

and at the end of the experiment to calculate the body weight change

(C). Each bar represents the mean ± SEM of number of six rats/group.

*P < 0.05, **P < 0.01, and ***P < 0.001 vs vehicle/sham; ##P < 0.01

and ###P < 0.001 vs ODT8-SST/sham; +P < 0.05, ++P < 0.01 and
+++P < 0.001 vs ODT8-SST/surgery.

Figure 6 The sst2 agonist injected intracisternally (i.c.) prevents the

surgery-induced decreased food intake and loss of body weight. Over-

night fasted rats were injected i.c. with sst2 agonist (1 lg per rat in

10 lL ddH2O) or vehicle (10 lL ddH2O) under short isoflurane anes-

thesia and afterward underwent abdominal surgery or sham procedure.

Animals were placed back in their home cages and had access to food

and water. Food intake was monitored at 1, 2, 4, 9, and 24 h after

the procedure and expressed as cumulative food intake (A) and food

intake/period (B). Body weight was assessed before fasting and at the

end of the experiment to calculate the body weight change (C). Each

bar represents the mean ± SEM of number of seven rats/group.

*P < 0.05, **P < 0.01, and ***P < 0.001 vs vehicle/sham; #P < 0.05,
##P < 0.01, and ###P < 0.001 vs sst2 agonist/sham; +P < 0.05, ++P < 0.01,

and +++P < 0.001 vs sst2 agonist/surgery.
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as food intake/period, the abdominal surgery-induced

reduction of food intake response to an overnight fast

was observed during the 0–1 h, 4–9 h and 9–24 h periods

compared to sham (P < 0.001) and the i.c. injection of the

sst2 agonist prevented the anorexic response during the

first 9 h period (Fig. 6B). Abdominal surgery signifi-

cantly reduced body weight compared to sham-treated

rats (P < 0.001), which was blunted by pretreatment

with ODT8-SST (P < 0.05; Fig. 6C).

The ghrelin receptor antagonist i.p. does not alter
i.c. ODT8-SST-induced restoration of gastric
emptying and food intake after abdominal
surgery

The GRLN receptor antagonist, [D-Lys3]-GHRP-6

(0.93 mg kg)1, i.p.) significantly delayed basal gastric

emptying of a viscous non-nutrient meal by 48%

compared to i.p. vehicle (P < 0.05; Fig. 7A). Ghrelin

(30 lg kg)1, i.p.) significantly increased gastric empty-

ing by 55% compared to vehicle (P < 0.05), which was

completely prevented by pretreatment with the GRLN

receptor antagonist as assessed at 50 min after injec-

tion (Fig. 7A).

In rats injected i.c. with vehicle and i.p. with the

GRLN receptor antagonist (0.93 mg kg)1) the 26%

lower mean gastric emptying value compared to i.p.

vehicle did not reach significance (P > 0.05; Fig. 7B). In

the sham group injected with ODT8-SST (1 lg per rat,

i.c.), there was a significant acceleration of gastric

emptying (P < 0.01), which was not altered by pretreat-

ment with the GRLN receptor antagonist (Fig. 7B).

Abdominal surgery resulted in a similarly decreased

gastric emptying in both i.p. vehicle and GRLN

receptor antagonist-treated rats injected i.c. with vehi-

cle compared to i.p. vehicle/i.c. vehicle/sham (P < 0.05;

Fig. 7B). Injection of ODT8-SST (1 lg per rat, i.c.)

prevented the abdominal surgery-induced delayed gas-

tric emptying irrespective of the pretreatment with i.p.

vehicle or the GRLN receptor antagonist (Fig. 7B).

Cold ambient temperature for 50 min after surgery

prevented abdominal surgery-induced delayed gastric

emptying compared to the surgery group maintained at

Figure 7 The ghrelin receptor antagonist blocks the ghrelin-induced

acceleration of gastric emptying but not the increase induced by

ODT8-SST or cold ambient temperature. Overnight fasted rats were

injected i.p. with GRLN receptor antagonist (0.93 mg kg)1 in 300 lL

saline containing 0.1% BSA) or vehicle (300 lL saline containing 0.1%

BSA) followed by ghrelin (30 lg kg)1 in 300 lL saline containing 0.1%

BSA) or vehicle (300 lL saline containing 0.1% BSA). Rats received an

orogastric gavage of a non-nutrient solution after 30 min and gastric

emptying was assessed 20 min later (A). *P < 0.05 vs vehicle/vehicle;
#P < 0.05 vs GRLN receptor antagonist/vehicle; �P < 0.05 vs GRLN

receptor antagonist/ghrelin. In a separate experiment, overnight fasted

rats were injected i.p with ghrelin receptor antagonist (0.93 mg kg)1 in

300 lL saline containing 0.1% BSA) or vehicle (300 lL saline con-

taining 0.1% BSA) followed by ODT8-SST (1 lg per rat in 10 lL

ddH2O) or vehicle (10 lL ddH2O) i.c. under short isoflurane anesthesia

and underwent abdominal surgery or sham procedure afterward (B).

Animals were placed back in their home cages without access to food

and water and received an orogastric gavage of a liquid non-nutrient

solution at 30 min after the end of the procedure. Gastric emptying

was assessed 20 min later. **P < 0.01 vs all other groups except GRLN

receptor antagonist/ODT8-SST/sham; #P < 0.05 and ##P < 0.01 vs all

other groups except GRLN receptor antagonist/vehicle/surgery. Lastly,

overnight fasted rats were injected i.p. with GRLN receptor antagonist

(0.93 mg kg)1 in 300 lL saline containing 0.1% BSA) or vehicle (300 lL

saline containing 0.1% BSA) and underwent abdominal surgery.

Afterward, rats were placed in semi-restraint Bollman cages and

maintained at cold ambient temperature (4–6 �C) for 50 min (C).

Control groups underwent sham or abdominal surgery and were

maintained at normal room temperature (21–23 �C) thereafter. Ani-

mals received an orogastric gavage at 30 min after the end of the pro-

cedure and gastric emptying was assessed 20 min later. *P < 0.05 vs all

other groups. Each bar represents the mean ± SEM of number of rats

indicated at the bottom of the columns.
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room temperature in i.p. pretreated groups (P < 0.05;

Fig. 7C). The cold-induced normalization of gastric

emptying after abdominal surgery was not modified by

i.p. pretreatment with the GRLN receptor antagonist

(P > 0.05; Fig. 7C).

As observed in our previous experiments, abdominal

surgery significantly reduced the re-feeding response to

an overnight fast at 1 and 2 h post surgery (P < 0.05;

Fig. 8A,B). This and the i.c. ODT8-SST-induced stim-

ulation of feeding were not altered by i.p. pretreatment

with the GRLN receptor antagonist (Fig. 8A,B).

DISCUSSION

In the present study, we show that ODT8-SST injected

into the cisterna magna at the hindbrain level

completely prevented the 65% inhibition of gastric

emptying occurring within the first hour after abdom-

inal surgery compared to sham-treated animals

exposed to anesthesia alone. ODT8-SST, as a pan-

somatostatin agonist, can interact with all sst1–sst5

receptor subtypes for which the peptide exhibits

nanomolar affinity.23 The respective roles of sst recep-

tor subtypes in the pleiotropic central actions of

somatostatin and pan-somatostatin agonists are start-

ing to be delineated.28,43,48–54 In line with the broad

distribution of sst2 receptor immunoreactivity in the

rodent brain compared to more restricted distribution

of other sst subtypes,51 the selective activation of

central sst2 signaling was reported to alter food

intake,43 thermoregulation,43 behavior,43,52,53 and pan-

creatic exocrine and endocrine secretion.48,54 However,

pharmacological evidence does not support a primary

involvement of brain sst2 receptors in mediating the

central action of ODT8-SST to prevent the delayed

gastric emptying occurring within the first hours post

abdominal surgery. This is supported by the use of the

selective sst2 agonist, S-346-01135 which upon i.c.

injection did not mimic the i.c. ODT8-SST-induced

normalization of gastric emptying after abdominal

surgery. The lack of effect of the sst2 agonist is not

related to sub-dosing of administration as the peptide

tested under the same conditions exerts biological

actions to prevent the decreased food intake post

surgery. Present and previous data point toward a

primary role of the brain sst5 receptor subtype in the

regulation of gastric motor function in rats. We found

that the sst5 agonist, BIM-23052 injected i.c. prevented

postoperative gastric ileus, whereas the selective sst1

(S-406-062)34 and sst4 (S-315-297) agonists36 like the

selective sst2 agonist (S-346-011)35 (see Table 1 for sst

binding affinities) did not influence the inhibited

gastric emptying induced by abdominal surgery in rats.

We previously reported that i.c. injection of ODT8-

SST, the preferential sst5 peptide agonist, BIM-2305231

or somatostatin-28, which displays a 10-fold higher

affinity on sst5 than somatostatin-1431 accelerate gas-

tric emptying under basal conditions, whereas somato-

statin-14, and the preferential sst1 agonist, CH-275,

sst2 agonist, NC-8-12, and sst3 agonist, BIM-23056 had

no effect in rats.27 Likewise, in the present study, i.c.

injection of ODT8-SST and BIM-23052 stimulate gas-

tric emptying in sham rats exposed to anesthesia alone

contrasting with the lack of effect of the selective sst1

(S-406-062),34 sst2 (S-346-011),35 and sst4 (S-315-297)

agonists.36 Although these data point toward a primary

role of the brain sst5 receptor subtype, it cannot be

ruled out that ODT8-SST’s action to prevent postop-

erative gastric ileus involves a combined interaction

Figure 8 The ghrelin receptor antagonist does not block intracisternal

(i.c.) ODT8-SST-induced increase of food intake after abdominal

surgery. Overnight fasted rats were injected i.p with GRLN receptor

antagonist (0.93 mg kg)1 in 300 lL saline containing 0.1% BSA) or

vehicle (300 lL saline containing 0.1% BSA) followed by ODT8-SST

(1 lg per rat in 10 lL ddH2O) or vehicle (10 lL ddH2O) i.c. under short

isoflurane anesthesia and underwent abdominal surgery or sham pro-

cedure afterward. Animals were placed back in their home cages and

had access to food and water. Food intake was monitored at 1 and 2 h

after the procedure and expressed as cumulative food intake (A) and

food intake/period (B). Each bar represents the mean ± SEM of number

of five rats/group. *P < 0.05 and **P < 0.01 vs all other groups;
#P < 0.05 vs vehicle/ODT8-SST/surgery.
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with other sst receptor subtypes. Indeed, there is

in vitro evidence that the sst5 receptor forms hetero-

dimers with sst1 or sst2 receptors resulting in a 50- and

10-fold increase in signaling efficiency.55

Brain mechanisms through which i.c. injected

ODT8-SST suppresses postoperative gastric ileus with-

in the first hour may involve medullary activation of

gastric vagal outflow to the stomach.56 In situ hybrid-

ization histochemistry studies in the adult rat brain

delineated the prominent expression of sst5 in the

dorsal motor nucleus of the vagus nerve57 supporting

pharmacological evidence for a role of this receptor

subtype in the vagal regulation of gastric function.

Functional studies further established that the i.c.

injection of the preferential sst5 agonist BIM-23052-

induced acceleration of gastric emptying involves vagal

muscarinic dependent pathways.27 In the present

study, acute cold exposure established to activate

dorsal motor nucleus neurons and gastric vagal cho-

linergic enteric signaling19 prevented the delayed gas-

tric emptying induced by abdominal surgery as in our

previous study.20 Although vagal cholinergic anti-

inflammatory mechanisms have also been involved

in normalizing postoperative ileus,29 these are taking

place mainly during the immunogenic phase (starting

3 h post surgery).29 The short time frame (within

50 min) of present postoperative gastric ileus studies

favors the vagal re-activation of enteric muscarinic

pathways inhibited by surgery58 as the predominant

mechanism of the i.c. ODT8-SST action consistent

with the neurogenic phase occurring during the first

hour post surgery.29

Other studies have shown that i.c.v. ODT8-SST and

somatostatin-28 inhibit stress-related brain circuit-

ries.21,24,32 In particular, the i.c.v. injection of ODT8-

SST and somatostatin-28 at the same dose (1 lg per rat)

prevents CRF-related sympathetic-adrenal activation

induced by various acute stressors including anesthe-

sia, tail pinch and i.c.v. injection of CRF.24 Since we

previously reported that the activation of brain CRF

receptors plays a role in the delayed gastric emptying

immediately post surgery in rats and mice,17,18 block-

ade of such mechanisms by ODT8-SST and somato-

statin-28 injected into the lateral brain ventricle may

also contribute to the underlying mechanisms improv-

ing postoperative gastric ileus. The predominant effect

on stress-recruited hypothalamic pathways may also

have a bearing with the smaller effect of ODT8-SST

injected i.c.v. on basal gastric emptying compared to

the i.c. route of injection in proximity to the dorsal

vagal complex.

We next investigated whether the peripheral mech-

anisms through which i.c. ODT8-SST prevented gastric

postoperative ileus may involve normalization of

the prokinetic hormone acyl ghrelin. We previously

established that abdominal surgery decreases acyl and

desacyl ghrelin when monitored at 30–90 min post

surgery.20 Likewise, in the present study abdominal

surgery decreased fasting levels of acyl ghrelin by 67%

at 50 min after surgery compared to sham-treated rats,

whereas desacyl ghrelin levels were only decreased by

25%. Recently, the ghrelin de-acylating enzyme, thio-

esterase 1/lysophospholipase 1 has been identified and

the release of this enzyme from macrophage-like cells

was increased in vitro after stimulation with LPS.59

This finding is in line with increased ghrelin de-acylase

activity in sera obtained from rats treated with LPS.59

In addition, in pilot studies we observed a decrease of

ghrelin-O-acyltransferase (GOAT), the ghrelin acylat-

ing enzyme, in the plasma and gastric mucosa of rats

undergoing surgery (A. Stengel, M. Goebel-Stengel,

N. W. G. Lambrecht and Y. Taché, unpublished obser-

vations). Therefore, the more pronounced decrease of

acyl ghrelin observed after abdominal surgery may be

due to an increased de-acylation as well as reduced

acylation, which will be investigated in further studies.

In the present study, the injection of ODT8-SST and

the selective sst2 agonist completely prevented the

surgery-induced decrease of acyl ghrelin, whereas the

selective sst1 and sst4 agonists had no effect. However,

although i.c. ODT8-SST normalized fasting acyl ghre-

lin levels in rats with abdominal surgery, this is

unlikely to be the peripheral mechanism underlying

the i.c. ODT8-SST-induced prevention of postoperative

gastric ileus. Firstly, the sst2 agonist restored acyl

ghrelin levels after abdominal surgery but did not

modify the inhibited gastric emptying under the same

conditions. Secondly, the GRLN receptor antagonist,

[D-Lys3]-GHRP-642 injected i.p. did not influence the

i.c. injected ODT8-SST-induced prevention of postop-

erative gastric ileus. Moreover, the GRLN receptor

antagonist did not alter the restoration of gastric

emptying after abdominal surgery induced by acute

exposure to cold ambient temperature (4–6 �C), which

was also associated with an increase in ghrelin levels

(present study).20 This lack of the ghrelin antagonist’s

effect is not linked with a sub-maximal pharmacolog-

ical regimen since [D-Lys3]-GHRP-6 injected i.p. at the

same dose completely blocked the i.p. ghrelin-induced

acceleration of gastric emptying and also reduced basal

gastric emptying within the same time frame. The

decreased basal gastric emptying elicited by blockade

of GRLN receptors underlines a physiologic role for

peripheral ghrelin in the regulation of gastric motor

function under basal conditions in rats. Such a reduc-

tion is consistent with a report showing that endo-
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genous ghrelin is involved in the regulation of inter-

digestive phase III-like contractions in rats indicated by

the absence of this motility pattern after i.v. injection

of [D-Lys3]-GHRP-6 at a similar dose as used in the

present study.42 However, the [D-Lys3]-GHRP-6 in-

duced reduction of gastric emptying did not reach

statistical significance in other experiments where rats

underwent short isoflurane anesthesia indicative that

[D-Lys3]-GHRP-6’s mechanism of action is attenuated

by this procedure. Of relevance, the present demon-

stration of ghrelin receptor-independent normalization

of postoperative ileus by i.c. ODT8-SST supports the

contention that only pharmacological vs physiologic

doses of ghrelin mimetics are effective in preventing

the surgery-induced delay of gastrointestinal passage as

reported in preclinical37–39,60,61 and first clinical tri-

als62–65, whereas lower doses able to stimulate growth

hormone release do not modulate gastric emptying.66

We also provide the first evidence that abdominal

surgery strongly impairs the feeding response to an

overnight fast in rats. The postoperative inhibition of

food intake was rapid in onset with a 77% reduction

observed during the first hour post procedure and long

lasting as shown by the 56% reduction of cumulative

food intake still maintained at 24 h post surgery

compared to sham-treated rats. This reduction was

prevented by central pretreatment with ODT8-SST at

1 lg during the first 9 h post injection with a partial

effect at 1 h, a complete restoration from 2 to 9 h and

no effect thereafter. A similar long (up to 9 h) duration

of action to increase energy expenditure was observed

previously after centrally injected ODT8-SST at a

similar dose.28 In addition, the surgery-induced body

weight loss was blunted by ODT8-SST, which is most

likely directly related to the orexigenic effect as the

24-h cumulative food intake was still higher compared

to vehicle-treated rats undergoing abdominal surgery.

The receptor subtype involved in ODT8-SST’s orexi-

genic action is different from those involved in the

restoration of gastric emptying. This is supported by

the mimicry of i.c. injected ODT8-SST and the selec-

tive sst2 agonist to restore re-feeding after surgery

while only ODT8-SST and the sst5 receptor agonist,

unlike sst2 agonist, normalized gastric emptying. We

previously showed that i.c.v. injection of ODT8-SST

(acting via the sst2 receptor) and the selective sst2

agonist exerts a strong orexigenic effect in rats28,43 and

mice28,67 and that i.c.v. injection of the sst2 antagonist

prevented the orexigenic response to i.c.v. injection of

ODT8-SST supporting an action via the sst2 receptor.

The food intake stimulating effect of central sst2

activation after surgery may be exerted by neuronal

activation of the arcuate nucleus, known to be cru-

cially implicated in food intake regulation,68 since we

recently observed an increase in the number of Fos

immunoreactive neurons following i.c.v. injection of

the sst2 agonist.69 There is also neuroanatomical

support for such a site of action with the prominent

expression of the sst2 in this hypothalamic nucleus,51

whereas the sst5 is not expressed.70,71

After i.c. ODT8-SST or sst2 agonist, the inhibited

post surgery acyl ghrelin plasma levels were normal-

ized to fasted levels while selective sst1 or sst4 agonists

had no effect. These data contrast with the well-

established inhibition of ghrelin release by peripheral

activation of sst2 receptors in rodents72 and humans73

and point toward a differential central vs peripheral

sst2 modulation of circulating acyl ghrelin levels.

However, the drive to eat in fasted rats undergoing

surgery and pretreated with i.c. ODT8-SST is not

mediated via restoration of fasting levels of circulating

ghrelin as i.p. injection of the GRLN receptor antago-

nist did not alter the peptide’s action. This contrasts

with the feeding response to a fast associated with

elevated circulating ghrelin levels reported to be

reduced by GRLN receptor antagonist, [D-Lys3]-

GHRP-6 injected i.v. at 0.37 mg kg)1 in rats.74 How-

ever, the present data are consistent with previous

findings that i.c.v. ODT8-SST’s initial orexigenic effect

in fed rats is not related to changes in plasma acyl

ghrelin levels and mediated by the activation of brain

neuropeptide Y1 and opiate receptors.28 Whether the

rapid stimulation of food intake post surgery following

ODT8-SST injected i.c. recruits similar mechanisms

remains to be established. In contrast to the stimulat-

ing effect on the surgery-induced decreased food

intake, i.c. injected ODT8-SST did not and the sst2

agonist did only temporarily (at 4 h) further stimulate

the re-feeding food intake in sham-treated animals,

which is likely to be explained by the already high

drive to eat following an overnight fast.

In summary, the stable pan-sst1–5 somatostatin

agonist, ODT8-SST injected into the cisterna magna

prevents abdominal surgery-induced reduction of gas-

tric emptying, food intake and circulating acyl ghrelin

levels. Brain somatostatin receptors preventing post-

operative gastric ileus occurring during the first hour

are likely to be sst5 as shown by the similar prevention

induced by i.c. injection of the sst5 agonist, BIM-23052

while the selective sst1, sst2, and sst4 agonists have no

effect. This contrasts with the involvement of the

brain sst2 receptor subtype, which counteracts the

suppression of food intake and circulating ghrelin

induced by abdominal surgery. These data indicate a

differential role of brain somatostatin receptor sub-

types in modulating stress-related suppression of food
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intake and gastric emptying. In addition, our data

showed that the restoration of acyl ghrelin plasma

levels inhibited by abdominal surgery does not play a

major role as peripheral mechanism through which

brain ODT8-SST exerts prokinetic and orexigenic

effects. These data identify the stable pan-somatostatin

agonist, ODT8-SST as valuable tool to study the

central mechanisms able to counteract impaired gas-

tric motor functions and food intake and altered fasted

acyl ghrelin levels induced by abdominal surgery.

ACKNOWLEDGMENTS

This work was supported by the Veterans Administration
Research Career Scientist Award, VA Merit Award, Center Grant
NIH DK-41301 (Animal Core) and R01 NIH DK 33061 (YT). JR is
the Dr. Frederik Paulsen Chair in Neurosciences Professor. We

are grateful to Mrs. Honghui Liang for the excellent technical
support.

DISCLOSURE

AS, MG-S, LW, AL, EH and YT have nothing to disclose. JR is the
Founder of Sentia Medical Sciences, Inc. No conflicts of interest
exist.

AUTHOR CONTRIBUTIONS

AS and MG-S planned and performed the experiments; AS also
analyzed the data and wrote the manuscript; LW, AL and EH per-
formed part of the experiments and reviewed the paper; JR provided
the sst agonists and reviewed the paper; YT planned the studies,
gave critical input on experimental protocols and throughout the
study and thoroughly reviewed and structured the manuscript.

REFERENCES

1 Zeinali F, Stulberg JJ, Delaney CP.
Pharmacological management of
postoperative ileus. Can J Surg 2009;
52: 153–7.

2 Zittel TT, De Giorgio R, Brecha NC,
Sternini C, Raybould HE. Abdomi-
nal surgery induces c-fos expression
in the nucleus of the solitary tract
in the rat. Neurosci Lett 1993; 159:
79–82.

3 Bonaz B, Plourde V, Taché Y.
Abdominal surgery induces Fos
immunoreactivity in the rat brain.
J Comp Neurol 1994; 349: 212–22.

4 Barquist E, Bonaz B, Martinez V,
Rivier J, Zinner MJ, Taché Y. Neuro-
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5 Bonaz B, Taché Y. Corticotropin-
releasing factor and systemic capsai-
cin-sensitive afferents are involved
in abdominal surgery-induced Fos
expression in the paraventricular
nucleus of the hypothalamus. Brain

Res 1997; 748: 12–20.
6 Stengel A, Goebel M, Wang L, Taché
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19 Taché Y, Yang H, Miampamba M,
Martinez V, Yuan PQ. Role of brain-
stem TRH/TRH-R1 receptors in the
vagal gastric cholinergic response
to various stimuli including sham-
feeding. Auton Neurosci 2006; 125:
42–52.

20 Stengel A, Goebel M, Luckey A, Yuan
PQ, Wang L, Taché Y. Cold ambient
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