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Abstract: Introduction: Postoperative ileus (POI) is characterized by a transient inhibition of coordinated motility of
the gastrointestinal (GI) tract after abdominal surgery and leads to increased morbidity and prolonged hospitalization. Currently, intestinal manipulation of the intestine is widely used as a preclinical model of POI. The technique
used to manipulate the intestine is however highly variable and difficult to standardize, leading to large variations
and inconsistent findings between different investigators. Therefore, we developed a device by which a fixed and
adjustable pressure can be applied during intestinal manipulation. Methods: The standardized pressure manipulation method was developed using the purpose-designed device. First, the effect of graded manipulation was
examined on postoperative GI transit. Next, this new technique was compared to the conventional manipulation
technique used in previous studies. GI transit was measured by evaluating the intestinal distribution of orally gavaged fluorescein isothiocyanate (FITC)-labeled dextran. Infiltration of myeloperoxidase positive cells and cytokine
production (ELISA) in the muscularis externa of the intestine were assessed. Results: Increasing pressures resulted
in a graded reduction of intestinal transit and was associated with intestinal inflammation as demonstrated by influx
of leukocytes and increased levels of IL-6, IL-1β and MCP-1 compared to control mice. With an applied pressure of 9
grams a similar delay in intestinal transit could be obtained with a smaller standard deviation, leading to a reduced
intra-individual variation. Conclusions: This method provides a reproducible model with small variation to study the
pathophysiology of POI and to evaluate new anti-inflammatory strategies.
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Introduction
Abdominal surgery commonly leads to a temporary inhibition of intestinal motility, known as
postoperative ileus (POI) [1, 2]. Recent evidence shows that POI is mediated by intestinal
inflammation triggered by handling of the intestine [3], with activation of resident muscularis
externa macrophages as a crucial step [4, 5].
These macrophages release pro-inflammatory
cytokines and chemokines resulting in infiltration of leukocytes, in particular monocytes and
neutrophils. This inflammatory response leads
to increased release of nitric oxide and prostaglandins in the muscularis and impaired intestinal smooth muscle contractility, thereby leading to a delay in GI transit. The importance of

this inflammatory response in POI is underscored by the beneficial effect of pharmacological interventions reducing the intestinal inflammation [6].
Manual compression of the small intestine by
means of two cotton applicators [7] is currently
widely used to induce POI [8-11]. However, the
amount of manual compression of the intestine
is difficult to standardize and therefore may
vary between experiments, animals studied
and even investigators. In addition, accidental
damage to the intestine, blood vessels and
mesentery is very difficult to control, leading to
a large inter- and intra-individual variation. This
large variation has a major impact on the number of animals required to achieve statistical
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power and implicates a great ethical burden to
animal research. Therefore, there is a large
need for standardization and increased reproducibility of intestinal manipulation applied in
models of POI. Here, we developed a novel
method fulfilling these needs allowing us to better study the mechanisms involved in POI and
to evaluate new compounds as potential treatment options for POI.
Materials and methods
Animals
Laboratory animals were kept under environmentally controlled conditions (light on from
8:00 AM to 8:00 PM with water and rodent nonpurified diet ad libitum; 20°C–22°C, 55%
humidity). Animals were acclimatized to the
new laboratory environment. There was at least
one week conventional acclimatization at the
laboratory. Ten to twelve weeks old C57NL/BL6
mice were purchased from Charles River
Laboratories (Maastricht, The Netherlands).
Mice were maintained at the animal facility of
the Academic Medical Centre in Amsterdam
and were used at 11–14 weeks of age; weight
20-25 grams. Studies were performed according to the guidelines of the Dutch Central
Committee for Animal Experiments. All experiments were approved by the Animal Care and
Use Committee of the University of Amsterdam
(Amsterdam, The Netherlands) and the Animal
Experiments Committee of the Medical Faculty
of the Catholic University of Leuven (Leuven,
Belgium).
Experimental groups
Eleven to fourteen weeks old mice underwent
control surgery of only laparotomy (L), L followed by standardized pressure intestinal
manipulation or L followed by conventional
intestinal manipulation.
Surgical procedures
Mice were anesthetized by an intraperitoneal
(i.p.) injection of a mixture of Ketamine (Ketalar
100 mg/kg) and Xylazine (Rompun 10 mg/kg).
Surgery was performed under sterile conditions. Mice underwent control surgery of only
laparotomy, L followed by gentle intestinal pressure manipulation or L followed by conventional
intestinal manipulation. During and after the
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procedure, mice were positioned on a heating
map (32°C) until they recovered from anesthesia. The surgery was performed as follows: the
abdomen was shaved using a shaving machine
and sterilized with 70% ethanol. A 1-cm midline abdominal incision was made and the peritoneal cavity was entered via another incision
along the linea alba using curved forceps and
sterile small scissors. The opened abdominal
cavity was covered with moist (0.9% saline
solution) sterile gauze [12].
Standardized pressure manipulation: The standardized pressure manipulation was performed
by mounting the intestine on a plexiglas platform and manipulating the small intestine three
times back and forth using a purpose-designed
device. The device enables the application of a
constant pressure to the intestine by a cotton
applicator attached to its end (Figure 1D &
Appendix).
The cecum and the small intestine were carefully externalized onto the gauze using two
saline-moistened cotton swabs. The stomach
and the colon remained in the abdominal cavity
and contact with or stretch of these parts of the
gut was strictly avoided. The small intestine
was wrapped up in the moistened gauze and
pulled through a hole in the center of a plexiglas platform. After removal of the gauze, the
small intestine was spread out onto the platform encircling the central hole of the platform:
first the cecum was put at three o’clock (relative
to the hole), then the second distal half of the
small intestine was spread out in a circle
around the hole. Starting at the cecum, the
most distal part of the small intestine was
manipulated first in a retrograde direction (to
the proximal part) and after reaching the end of
the circle (i.e. halfway ileum-jejunum), the small
intestine was manipulated in the same way in
an aboral direction (back to the cecum). The
first round consisted of placing the tip of the
large cotton swab every time on the intestine to
flatten the surface of the intestine and its connecting mesenteric vasculature on the plexiglas platform. The cotton swab was attached to
a device, which enabled the application of a
constant pressure to the surface of the small
intestine (Figure 1D). The tip of the cotton swab
was moved to an adjacent intestinal surface
area continuing the flattening of the intestine in
a retrograde direction (in steps of ± 20 mm2) till
the end of the spread out intestine was reached.
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Figure 1. Different degrees of manipulation of the small intestine induced a dose-dependent delay in gastrointestinal (GI) transit. A: Twenty-four hours after intestinal manipulation (IM), GI transit was determined by the calculation
of the Geometric Center (GC). The GC was significantly decreased after manipulation with a pressure of 5.5 and 9
grams. B & C: Twenty-four hours after IM, muscular inflammation was determined by counting the number of MPO
positive cells in the muscularis of the small intestine (B) and colon (C). The number of MPO positive cells was significantly increased after manipulation, but no significant differences between the groups with different degrees
of standardized pressure manipulation were found. Statistical analysis was done by one-way analysis of variance
(ANOVA) followed by Dunnett’s Multiple Comparison Test; * P < 0.05 compared to laparotomy (L). Bars indicate
mean ± SEM. Figure 1A & B: L: n = 4; L + externalization of small intestine and cecum (L+E): n = 5-6; IM: n = 5-8
mice per group. Figure 1C: L: n = 4; L+E: n = 5; IM: n = 2-4 mice per group. Panel D | Construction drawing of the
device to apply standardized manipulation of the small intestine.

The second and third round consisted of placing the tip of the cotton swab just at the mesenteric attachment of the small intestine and gently sliding it towards the anti-mesenteric side.
The intestine was moistened with saline every
round. The duodenum (i.e. the most proximal 2
cm of small intestine) was neither spread out
nor manipulated. During manipulation, rubbing
of the mesentery and especially the blood vessels entering the bowel wall from the mesenteric side was strictly avoided. After finishing
the manipulation, the small intestine was carefully repositioned in the abdomen with two
moist cotton swabs. The abdomen was closed
by two continuous sutures (Mersilene 6-0 silk).
All animals recovered rapidly after the surgical
procedure.
Conventional manipulation: The cecum and the
small intestine were carefully externalized onto
the gauze using two saline-moistened cotton
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swabs. The stomach and the colon remained in
the abdominal cavity and contact with or
stretch of these parts of the gut was strictly
avoided. The conventional intestinal manipulation was performed by compression of the
small bowel using moist cotton applicators
such that the luminal contents was moved
aborally as previously described [13]. After finishing the manipulation, first cecum and subsequently small intestine were carefully placed
back into the abdomen with two moist cotton
swabs. The abdomen was closed by two continuous sutures. All animals recovered rapidly
after the surgical procedure.
After 24 hours animals were anesthetized and
sacrificed by cervical dislocation, the complete
GI tract was removed, flushed in ice-cold oxygenated KREBS solution, divided into several
segments and stored for further analysis.
Further analysis included gastrointestinal tran-
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sit measurements, quantification of infiltration
of leukocytes in the intestinal muscularis, and
determination of cytokine levels in the intestinal muscularis.
Gastrointestinal transit measurements
GI transit was measured by evaluating the
intestinal distribution of orally gavaged fluorescein isothiocyanate (FITC)-labeled dextran.
[14]. Three hours before sacrifice, food pellets
were removed from the cage. One and a half
hour before sacrifice, 10 μL FITC-dextran
(70,000 Da; Invitrogen, Paisley, UK) dissolved
in 0.9% saline (6.25 mg/mL) was administered
to the mouse via oral gavage and water was
removed from the cage. Ninety minutes after
administration, the animal was sacrificed, the
abdomen was reopened and the complete gastrointestinal tract from stomach to distal colon
was collected. The contents of the stomach,
small bowel (divided into 10 segments of equal
length), the cecum, and colon (3 segments of
equal length) were collected and assayed in
duplicate for the presence of fluorescent label
(Synergy HT, BioTek Instruments Inc., VT, USA;
excitation wavelength: 485 nm, emission wavelength: 528 nm) for quantification of the fluorescent signal in each bowel segment. The distribution of signal along the gastrointestinal
tract was determined by calculating the geometric center (GC): Σ (percent of total fluorescent signal in each segment X the segment
number) / 100 for quantitative statistical comparison among experimental groups [15].
Individual transit distribution histograms were
plotted, and transits were statistically analyzed
using the calculated GC.
Whole mount preparation and histochemistry
To quantify the degree of inflammation in whole
mounts of the intestinal muscularis, ileal segments (approximately 12 cm proximal from the
cecum) were quickly excised, and the mesenteric attachment was removed. Ileal segments
were cut open along the mesentery border,
fecal content was washed out in ice-cold modified Krebs solution, and segments were fixed
with 100% ethanol for 10 minutes, transferred
to ice-cold modified Krebs solution and pinned
flat in a glass-dish. Mucosa and submucosa
were removed, and the remaining full-thickness
sheets of muscularis externa were stained for
polymorphonuclear neutrophils with Hanker
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Yates reagent (Sigma-Aldrich, Zwijndrecht, The
Netherlands) for 10 minutes. To quantify the
extent of intestinal muscle inflammation, the
number of myeloperoxidase (MPO) positive
cells in 10 randomly chosen representative
high-power fields were counted at a 200-fold
magnification and the average was calculated.
Tissue sections were coded so that the observer was unaware of the surgical treatment of the
specimens.
Cytokine measurements
For cytokine measurements, 3 cm long jejunal
muscularis segments were added to 500 μL
lysis buffer containing 300 mM NaCl, 30 mM
Tris, 2 mM MgCl2, 2 mM CaCl2, 1% Triton X-100,
pepstatin A, leupeptin, and aprotinin (all 20 ng/
mL; pH 7.4), homogenized, and incubated at
4°C for 30 minutes. Homogenates were centrifuged at 1500 x g at 4°C for 15 minutes and
supernatants were stored at -20°C until assays
were performed. IL-6, IL-1β, MCP-1 and TNF-α
in supernatants were analyzed by mouse ELISA
(R&D Systems, Abingdon, England) according
to manufacturer’s instructions.
Statistical analysis
The results are expressed as mean ± SEM.
Statistical analysis of cytokine levels was performed using the Mann Whitney U test. All other
data were statistically analyzed by one-way
analysis of variance (ANOVA) followed by
Dunnett’s Multiple Comparison Test using
Graph Pad Prism version 5.01. A probability
level of P less than 0.05 was considered significant. Variances in GC between the groups were
compared using the Levene’s test with rank
transformed values. The latter was because of
the non-normal distribution of the GC
measurements.
Results and discussion
We first examined the effect of graded manipulation on postoperative GI transit 24 hours
after surgery. Mice were subjected to laparotomy (L) only, L followed by externalization of the
small intestine and cecum without manipulation (L+E), or L followed by different degrees (2,
3.5, 5.5 or 9 grams) of standardized pressure
manipulation of the small intestine. In control
(L) mice, the fluorescent dye was rapidly transported to the distal ileum (mean GC ± SEM: 9.2
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Figure 2. Different degrees of manipulation of the small intestine induced a pressure-dependent production of proinflammatory cytokines. A-C: Twenty-four hours after intestinal manipulation (IM), cytokine production in the muscle
layer of the small intestine was determined by ELISA. IL-6 (Panel A), IL-1β (Panel B) and MCP-1 (Panel C) levels were
significantly increased after manipulation with a pressure of 5.5 grams. Statistical analysis was done by one-way
analysis of variance (ANOVA) followed by Dunnett’s Multiple Comparison Test; * P < 0.05 compared to laparotomy
(L). Bars indicate mean ± SEM. L: n = 3, L + externalization of small intestine and cecum (L+E): n = 5, IM: n = 3-6
per group. Panel D | Both conventional intestinal manipulation (IM) and standardized pressure IM of the small intestine induced a delay in gastrointestinal (GI) transit. Twenty-four hours after IM, GI transit was determined by the
calculation of the Geometric Center (GC). The GC was significantly decreased by both methods, but standardized
pressure manipulation resulted in a smaller variation. Statistical analysis was done by one-way analysis of variance
(ANOVA) followed by Dunnett’s Multiple Comparison Test; * P < 0.05 compared to laparotomy. Bars indicate mean
± SD. Laparotomy: n = 7; conventional IM: n = 14; standardized IM: n = 12.

± 0.7). As shown in Figure 1A, increased intestinal manipulation resulted in a pressuredependent decrease in intestinal transit starting from a pressure > 3.5 grams and a
pressure-dependent increase in the production
of inflammatory cytokines (IL-6, IL-1β and MCP1) 24 hours after surgery (Figure 2A-C).
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Interestingly, only externalization of the small
intestine and cecum outside the abdominal
cavity without manipulation already induced a
significant influx of leukocytes into the intestinal muscularis to a similar level as the manipulated groups (Figure 1B-C). The activation and
recruitment of these polymorphonuclear cells,
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known to be the primary constituents of the
acute inflammatory response, can be influenced by numerous different chemo-attractants, including bacterial products, complement, and cytokines [16] which may come into
play after the exposure of the intestine to environmental air. Arriving at their designated site,
they act as the first recruited wave of defense
against invading pathogens [5]. These data
show that handling of the intestine leads to a
delay in transit with influx of leukocytes in the
muscularis, while the pressure-dependent
decrease in transit is more likely explained by a
local pro-inflammatory cytokine mediated
inflammatory response that is independent of
the number of leukocytes infiltrating the
muscularis.

(e.g. an inflammatory response in the muscle
layer of the small intestine) of the POI seen in
surgical patients, suggesting that this novel
method provides a methodologically convenient and useful model for investigation of the
underlying mechanisms of POI. Additionally,
this innovative model offers the capability to
study the potential of new anti-inflammatory
strategies in a reliable and adequately controlled manner.

We next compared this new technique to the
conventional manipulation technique used in
previous studies [5, 8, 10, 17-19]. To this end,
mice were subjected to L only, L followed by
standardized pressure (9 grams) manipulation
or L followed by conventional manipulation. In
the conventional technique, manipulation of
the small intestine is performed by compressing the small bowel with the tips of two cotton
applicators such that the lumenal contents are
moved aborally. Both the conventional- and
standardized manipulation technique induced
a significant delay in GI transit, but the intraindividual variability of GC was smaller for the
standardized method compared to the conventional manipulation technique (standardized
GC = 5.2 ± 1.00, conventional GC = 5.2 ± 2.19,
n= 12 and 14 respectively; mean ± SD) (Figure
2D). The variances in GC in the group treated
with the standardized method was significantly
(p<0.013) smaller than those in the group treated with the conventional method. This difference in standard deviation has a major impact
on the number of animals required to achieve
the desired statistical power. Taken together,
these data indicate that conventional and standardized IM resulted in a similar delay in GI
transit, while the standardized pressure method was more reproducible with a smaller intraindividual variability.
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In summary, we have developed a new technique to manipulate the intestine in a more
controlled manner that results in a pressuredependent decrease in intestinal transit with
small intra-individual variability. This model
recapitulates important clinical phenomena
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Appendix
Materials
Equipment for the preparation of anesthetic (coagulation tube).
Equipment for the induction of anesthesia (25 gauge i.p. needles).
Heating map covered with blanket.
Shaving machine (Wella).
Scissors, surgical forceps, straight forceps, curved forceps.
Sterile cotton gauze (NW Drain compress 10x10 cm split compress 4 layers, Medeco b.v. REF 175051).
Plexiglas platform (self made).
Small cotton swabs (Stoelting 50975).
Large cotton swabs (MEDICA EUROPE BV, Oss, the Netherlands): cut off the wooden shaft, but leave 5
mm of the wooden shaft extending from the cotton applicator.
Large cotton swab attached to a device (self made) (Figure 1D) with different weights: to apply a standardized pressure of 9 grams, mount the appropriate weight and check that the balance indicates 9
grams when the tip of the cotton applicator (attached to the device with the right weight) is resting on
the balance.
Needle holder.
Suture material (6-0 soft silk, Mersilene).
Procedure for intestinal pressure manipulation
● Timing 30 minutes per animal.
1. Induce anesthesia by an intraperitoneal injection of a mixture of ketamine (Ketalar 100 mg/kg), xylazine (Rompun 10 mg/kg) and dH2O.
2. Check the level of anesthesia by pitching the tail or toe and position the mouse on a heating map until
the mouse recovers from anesthesia.
3. Shave the abdomen using a shaving machine, sterilize the abdomen with 70% ethanol and label the
tail of the mouse.
4. Using a sterile small scissor, make a vertical 1 cm mid-line abdominal incision downwards distally
from the xiphisternum. Enter the peritoneal cavity via a second incision in the peritoneum along the
linea alba using curved forceps and sterile small scissors.
5. Place sterile moist cotton gauze around the incision and carefully externalize the cecum and the small
intestine with two saline-moistened cotton swabs onto the sterile cotton gauze. Leave the stomach and
the colon in the abdominal cavity and strictly avoid contact with or stretch of these parts of the gut.
6. Wrap up the small intestine in the moistened gauze and pull the gauze containing the small intestine
through a hole in the center of a plexiglas platform.
7. Spread out the gauze and the small intestine onto the platform. First spread out the cecum on the
right side and then spread out the second distal half of the small intestine in a circle around the hole
(refer to troubleshooting below).
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8. Starting at the cecum, first manipulate the most distal part of the small intestine using the cotton
swab attached to a device (Figure 1D) in a retrograde direction (to the proximal part) and after reaching
the end of the circle, manipulate the small intestine in the same way in an aboral direction (back to the
cecum). The manipulation takes 15 minutes (approximately 6,5 minutes for the distal part, 2 minutes to
switch from the distal part to the proximal part and 6,5 minutes for the proximal part). The first round
consists of placing the tip of the cotton swab on an adjacent proximal area (in steps of ± 20 mm2 intestinal surface area), only to smooth the surface of the intestine and its connecting mesenteric vasculature on the plexiglas platform. This cotton swab is attached to a device, which enables the application
of a constant pressure to the surface of the small intestine with the tip of the cotton swab.
9. The second round consists of placing the tip of the cotton swab on the small intestine and rubbing
the small intestine from the mesenteric towards the anti-mesenteric side. When the cotton swab does
not touch the small intestine anymore, move the cotton swab upwards and manipulate the next adjacent area.
10. The third and last round is exactly the same as the second round. Moisten the small intestine with
saline before every round to prevent dehydration.
11. After manipulating the distal half of the small intestine, replace the distal half by the proximal half
of the small intestine by moving the distal half to the right with two saline-moistened cotton swabs and
spread out the proximal half around the hole. Manipulate this part of the small intestine three times
there and back in exactly the same manner as the distal part of the small intestine. Do not manipulate
the last most proximal 2 cm of the small intestine. Strictly avoid rubbing of the mesentery (especially the
blood vessels entering the bowel wall from the mesenteric site) during the manipulation (refer to troubleshooting below).
12. Carefully wrap up the small intestine in the moistened gauze and push the gauze, containing the
small intestine, back through the hole in the platform on the abdomen of the mouse. Open the gauze
and carefully place the cecum followed by the small intestine back into the abdomen with two moist
cotton swabs.
13. Complete surgical closure of the abdomen by two continuous sutures using the needle holder,
curved forceps and suture material.
14. Allow the animal to recover from the surgery positioned on a heating map (32°C).
Complications are rare but might include torsion of the intestine, local intestinal hematoma and postoperative infection of the laparotomy wound. The risk of bleeding and complications can be minimized by
strictly avoiding rubbing the mesentery, especially the blood vessels entering the bowel wall from the
mesenteric site.
Timing
The procedure of anesthesia, laparotomy, intestinal manipulation and wound closure (steps 1-13) takes
approximately 30 minutes per animal.
- Step 8, 9 & 10: Pressure manipulation of the distal part of the small intestine takes approximately 6.5
minutes.
- Step 11: Changing from the distal part to the proximal part takes approximately 2 minutes.
- Step 11: Pressure manipulation of the proximal part of the small intestine takes approximately 6.5
minutes.
Troubleshooting
Step 7: Twisting of the intestine must be strictly avoided to prevent a mechanical obstruction.
Step 11: Damage to the intestinal blood vessels and mesentery must be strictly avoided.
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