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Abstract
Despite many advances across the surgical sciences, post-surgical peritoneal adhesions still pose a
considerable risk in modern-day procedures. We have developed a novel mouse peritoneal strip ex vivo
adhesion model which may serve to bridge the gap between single cell culture systems and in vivo
animal drug testing for the assessment of potential anti-adhesion agents, and study of causality of the
process.

We investigated the optimal conditions for adhesion formation with mouse peritoneal tissue strips by
modifying an existing ex vivo rat model of peritoneal adhesions. We assessed the impact of the following
conditions on the formation of adhesions: contact pressure, abrasions, and the presence of clotted blood.

Macroscopic adhesions were detected in all mouse peritoneal strips exposed to speci�c conditions,
namely abrasions and clotted blood, where peritoneal surfaces were kept in contact with pressure using
cotton gauze in a tissue cassette. Adhesions were con�rmed microscopically. Interestingly, Connexin 43,
a gap junction protein, was found to be upregulated at sites of adhesions.

Key features of this model were the use of padding the abraded tissue with gauze and the use of a
standardised volume of clotted blood. Using this model, peritoneal strips cultured with clotted blood
between abraded surfaces were found to reproducibly develop adhesion bands at 72 hours.

Introduction
Post-surgical peritoneal adhesions pose a considerable risk in modern-day procedures. Peritoneal and
pelvic adhesions are a major cause of infertility [1]. Adhesions are a major complication of abdominal
surgery, resulting in acute and chronic pain in patients [2]. Despite many advances across the surgical
sciences, post-surgical peritoneal adhesions still plague even the most experienced surgeons. Various
experimental models can be employed/studied to assess the e�cacy of anti-adhesion agents in
preventing post-surgical peritoneal adhesions. However, the models are inherently variable and require
large numbers of animals per treatment group to ensure the reliability of the results. In addition to this are
the requirements for calibration of each model, testing of multiple treatments and the comparison of
dose-responses, which all further increase the number of animals used and the related costs.

Cell culture systems may represent a cost-effective option for initial screening of potential anti-adhesion
agents. Such systems have the capacity for high throughput testing of multiple conditions and can help
shed light on how cells function and respond to stimuli. For instance, cultures of �broblasts taken from
either normal or ‘adhesion-prone’ peritoneum may be a useful method to determine the potential of
agents in limiting, arresting, or rescuing the adhesion phenotype [3-5]. However, single cell systems have
their limitations. They are isolated cultures which neglects the effects of the neighbouring cells and the
extracellular matrix that are present in vivo. The macro environment may in�uence the response to
various stimuli [6] or alter cell fate differentiation and function  [7]. Furthermore, long-term effects of
drugs are challenging to assess using cell culture-based systems, as con�uence often limits the duration
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of study. However, 3D cultures have lower proliferation rates and may be better suited [7]. There remains a
demand for new models to bridge the gap between single cell culture systems and in vivo animal drug
testing for the assessment of potential anti-adhesions agents, and study of causality of the process.

Ex vivo tissue culture systems

One potential solution is the use of explanted tissue cultures. Saed and colleagues described an ex vivo
rat model of peritoneal adhesion formation [8]. In this model, an abrasion injury was �rst performed on
strips of tissue comprising peritoneum and its overlying abdominal muscle that had been harvested from
rats. Following this, clotted blood from the same animal was placed on the abraded portion before the
strips were folded in half and the ends sutured to prevent unfolding. The folded strips were then cultured
for up to 72 hours. Each strip usually produced a single adhesive band that could be detected as early as
24 hours. The adhesions generated under these conditions were found to be consistent with the clinical
observations of “Type 1B adhesions”. This subtype is classi�ed as “de novo adhesions that are produced
at sites where a surgical procedure was performed and previously clear of adhesions” [9]. The adhesive
bands generated in the rat model were described as dense, opaque, and vascularised.[8] This appeared to
be an encouraging model, although several variables are not standardised (e.g. the quantity of blood and
the abrasion injury). Other techniques/approaches in the model may introduce variability. For example,
the suturing of the folded tissue strips to keep the ends from unfolding could introduce additional
grasping and/or ischaemic injury.

The size of the rat peritoneal cavity allows multiple strips to be obtained from each rat. This allows
multiple arms of a study to be tested on strips obtained from the same animal. This presents an
advantage over in vivo methods where it is not possible to test multiple liquids, gels, or barriers in a single
animal [10]. Furthermore, paired dose-response comparisons and intra-animal paired comparisons for
different test articles can be accomplished [8]. Another advantage of the model is that it can be
monitored and sampled following identi�cation of desired events, such as vascularisation or adhesion
creation. This allows the development of adhesions  to be characterised and the effect of test articles on
these processes to be properly assessed. With all these considerations taken into account, the rat model
represents a cost-effective option for assessing the e�cacy of a wide range of test articles.

Materials And Methods
Ex vivo media preparation

To prepare 1 L of culture media, the components and supplements were combined as listed in
Supplementary Table 1. This initial mixture was then adjusted to a pH of 7.1 to 7.3 before the �nal
volume was brought up to 1 L with deionised water. The prepared media was then �lter-sterilised, and
aliquots were stored at 4°C.

Tissue collection
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Immediately preceding euthanasia with CO2, fur around the BLK6 mouse peritoneum was removed using
an electric trimmer and depilatory cream. After euthanasia, blood was collected by cardiac puncture. To
standardise the amount of clotted blood, 200 μL of freshly harvested blood was left on ice to clot. The
peritoneum site was sterilised with three rounds of 7.5% (v/v) providone-iodine solution and 70% (v/v)
alcohol. The abdomen was harvested and full thickness peritoneal tissue strips (1.0 x 2.0 cm) comprised
of the skin, underlying muscle, and peritoneum, were collected from the same mouse (Fig. 1). Blood was
collected and stored in phosphate buffered saline supplemented with 3% Fetal Bovine Serum (HyClone,
USA).

Induction of ex vivo adhesion formation and experimental design

The approach to induce ex vivo adhesion formation was modi�ed from a published method [8], using
mice (instead of rats; summarised in Fig. 1). In brief, harvested mouse peritoneal tissue strips in culture
medium were rinsed in 70% (v/v) alcohol for 3 seconds and transferred to washing buffer A and B
(Supplementary Table 1) for 3 minutes each. Experimental conditions of abrasion trauma and/or clotted
blood were explored and are summarised in Table 1. Under conditions involving abrasion trauma, the
peritoneum on the tissue strips was abraded 20 times evenly end-to-end by passing scraping a sterile size
10 scalpel in one direction with the sharp side down. Care was taken not to introduce any additional
trauma, and the edge of the tissue which had been grasped by forceps was trimmed away before culture.
In experimental conditions with clotted blood, 200 μL of clotted blood was added to the abraded site.
Peritoneal strips without abrasion and/or clotted blood were used as controls.

Strips were folded in half with peritoneal surfaces facing each other and padded with sterile cotton gauze
before being placed in a sterile tissue histology cassette. The gauze provided pressure, which ensured
abraded surfaces remained in contact with one another without the need for sutures.  Cassettes were
placed in a 100-mm cell culture dish, fully submerged with culture media and incubated at 37°C, 5% CO2

for up to 72 hours. At 72 hours, strips were gently unfolded and inspected thoroughly for the presence of
adhesion bands (Fig. 2).

Table 1 Exploring conditions for inducing ex vivo adhesions

Conditions Abrasion Blood

1 + +

2 + -

3 - +

4 - -

n=5 each, 2 experimental repeats

Tissue processing sectioning and staining
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Tissue samples were collected and stored in 4% paraformaldehyde at 4°C overnight. Tissues were
transferred into 70% (v/v) ethanol and stored at 4°C overnight. They were processed using HistoCore
PEARL (Leica, Germany) tissue processor and embedded in para�n with the HistoCore Arcadia C (Leica,
Germany) then sectioned at 5 μm using a Leica RM2245 microtome (Leica, Germany), mounted on
Polysine® slides and dried at 40°C for at least an hour before staining.  Slides were loaded into Leica
Autostainer XL (Leica, Germany) and at the end of the H&E programme, glass coverslips were mounted
onto the slides using Organo mounting medium (Sigma, USA) and dried at room temperature (RT).
Alternatively, slides were cleared with two changes of Clearene, before hydrating successively in 100%,
95%, and 70% (v/v) ethanol gradients and deionised water. Slides were immersed in Picro-Sirius red
(Abcam, United Kingdom) for 1 hour, then transferred into two changes of acetic acid followed by two
changes of 100% (v/v) ethanol, cleared with two changes of Clearene (Leica, Germany) before glass
coverslips were mounted onto the slides using Organo mounting medium (Sigma, USA) and dried at RT.

Immuno�uorescence staining

Slides were cleared with two changes of Clearene, before hydrating successively in a series of ethanol
gradients and PBS. Depending on the antibody, either heat-induced or proteolytic-induced antigen retrieval
methods was performed. If no antigen retrieval was required, slides were immersed in
permeabilisation/blocking buffer (0.3% (v/v) Triton-X100, 1M Lysine in PBS) for 1 hour at RT before
incubation in antibody buffer (1% (w/v) BSA in PBS) for 45 minutes. Sections were immunolabeled with
primary antibody overnight at 4°C. Connexin 43 (Cx43) (C6219 Sigma) 1:1000, Alpha smooth muscle
acting (αSMA) (AB5694 Abcam) 1:500.  Negative controls without primary antibody were included.
Tissues were washed twice, 3 minutes each, in washing buffer (0.05% (v/v) Tween-20 in PBS) before 1
hour incubation at RT with secondary antibody Goat anti-rabbit AF488 or AF555 1:500 (A11008, A21422,
ThermoFisher) then washed twice, 3 minutes each, before staining with DAPI (Life Technologies, USA)
1:10000, washed twice, 3 minutes each, in PBS prior to applying Citi�ourTM AF1 (Electron Microscopy
Sciences, London) mounting medium before cover-slipping.

Bright�eld and confocal microscopy

Stained haematoxolin  and eosin and picrosirus red (H&E and PSR) tissues were automatically scanned
at 20X with an AxioScan.Z1 slide scanner (Zeiss, Germany). Scaling per pixel is 0.22 μm by 0.22 μm. For
the immunohistochemical stained tissue, Z-stacks of 10 optical sections were acquired on a confocal
microscope TCS SP8 (Leica, Germany) with a 40X 1.2NA Plan-Apochromat or a 63X 1.32NA oil objective.
Fluorophores were excited sequentially using a 405 nm, 488 nm and 532 nm wavelength. The images
were acquired at 8-bit, 1024 x 1024 pixels. All images were captured with identical laser and detector
settings to allow for direct comparison.

Results
Development of ex vivo adhesions required the presence of contact, clotted blood and abrasion.



Page 6/18

Peritoneal strips with clotted blood were cultured in the presence and absence of a cotton gauze (n=7 per
group). Adhesions were detected in all the peritoneal strips cultured in the presence of the gauze. In
contrast, only 57% (4 out of 7) of the strips that were cultured without gauze resulted in adhesions.
Subsequent cultures were performed in the presence of gauze.

Four conditions (with or without abrasion and with or without blood, n=5 per condition; Table 1) were
explored to determine which impacted the development of adhesions in the murine peritoneal strips.  No
adhesions were observed in conditions with no abrasions, regardless of the presence or absence of
clotted blood. No adhesions were observed in conditions with abrasions but no clotted blood. However,
adhesions were observed in strips with abrasions and cultured with clotted blood (5/5; Fig. 2). At least
one adhesion band was detected macroscopically, although the total number of adhesion bands varied
between peritoneal strips. The detected bands showed variation in strength and position along the
abraded portion (Fig. 2). Overall, we found that the combination of contact between peritoneal surface,
abrasion trauma, and clotted blood was essential for adhesion development in this mouse ex vivo
adhesion model.

Comparison of peritoneal strips cultured under different conditions

Histological differences between peritoneal strips cultured under the different conditions (n=5, per
condition, Table 1) were further investigated (Fig. 3). In peritoneal strips cultured with clotted blood
between the abraded surfaces (condition 1), areas of adhesions were identi�ed in certain regions of
juxtaposed mesothelium as described (Fig. 3ai and ii). In addition, the mesothelium appeared to be
continuous along the strip, suggesting a certain degree of healing from abrasion trauma (Fig. 3a).
However, the thickness of the mesothelium varied along the strip (Fig. 3aiii). In contrast, when peritoneal
strips were abraded without the placement of clotted blood (condition 2; Fig. 3b), we observed
discontinuous mesothelium with poor tissue integrity. While other regions of mesothelium along the
same peritoneal strip appeared thick. However, when clotted blood was placed in the strip without
abrasion (condition 3; Fig. 3c), the mesothelium was continuous but remained mostly thin. When both the
placement of clotted blood and abrasion were absent (condition 4; Fig. 3d), a thin continuous
mesothelium was observed across the entire strip in the absence of abrasion and clotted blood. These
observations suggest that peritoneal strips cultured with clotted blood between the abraded surfaces
(condition 1) were the most ideal conditions for generating ex vivo adhesions.

Microscopic assessment of adhesion formation/bands

Eosinophilic matrices were observed in the adhesions formed between certain regions of juxtaposing
mesothelium along the strip (Fig. 4ci and ii). Further histological assessment revealed these matrices had
collagen deposition (Fig. 4di and ii). In addition, we found the surrounding mesothelia peripheral to the
matrices expressed high levels of αSMA, suggesting mesothelial-to-mesenchymal transition and sub-
mesothelial �broblast activation (Sandoval et al., 2016) (Fig. 4ei and ii). We also detected elevated levels
of Cx43 protein in mesothelial cells and sub-mesothelial cells in the regions of the peritoneal strip where
adhesions were observed (Fig. 4� and ii).
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Development of ex vivo adhesions over time

Cultures of peritoneal strips with placement of clotted blood between abraded surfaces were harvested at
progressive time points (n=5, per time point) and examined for the development of ex vivo adhesions. In
general, the discontinuous mesothelium caused by the abrasion trauma healed over time, becoming
continuous by 72 hours.

The mesothelium at 0 and 6 hours were not signi�cantly different, being thin and discontinuous along the
entire strip (Fig. 5a and b). At 0 hours, little to no αSMA expression in the mesothelium suggests
�broblasts were not activated. However, αSMA+ve �broblasts were detected at 6 hours suggesting an
increased in �broblast activity and recruitment to the mesothelium. At 24 hours (Fig. 5c), the blood clot
seemed to have started lysing. Although discontinuous mesothelium was still observed, there were
regions of the mesothelium that were slightly thicker than others. These thicker regions corresponded
with a more intense staining for PSR but low expression of αSMA and Cx43.

At 48 hours (Fig. 5d), discontinuous mesothelium was less frequently observed and appeared thicker.
These observations suggest that healing may have taken place. Consistent with this, thicker mesothelium
regions corresponded with increased PSR staining and αSMA and Cx43 expression. At 72 hours (Fig. 5e),
adhesions juxtaposing along the mesothelium were observed. These adhesions stained positively for
PSR and were surrounded by mesothelium expressing high levels of αSMA and Cx43.

Discussion
Adhesion formation required the contact, abrasion, and clotted blood

A rat peritoneal strip ex vivo adhesion model detected visible adhesive bands when abraded peritoneal
strips were sutured and subsequently cultured in the presence of clotted blood. [8] Here, we described a
mouse peritoneal strip ex vivo adhesions model, with modi�cations made to the previously published
experimental conditions and we show that adhesions can be reproducibly created. The key features of
this mouse peritoneal strip ex vivo adhesions model were the use of gauze padding in tissue cassettes to
prevent the unfolding of tissue strips (rather than sutures as used in the rat model) and the use of a
standardised volume of clotted blood. Macroscopic adhesion bands were reproducibly observed after 72
hours. Adhesion formation was con�rmed by histological assessment (H&E and PSR) and
immunohistochemical staining (αSMA and Cx43).

Contact between the peritoneal surfaces is required for reproducible adhesion development. In pilot
studies, we found suturing of the mouse peritoneal strips to be cumbersome, have the propensity to
introduce additional grasping damage to the tissue, and the potential to introduce a foreign body
reaction. As these factors could introduce variables to the model, we re�ned the approach to use a tissue
histology cassette to prevent the abraded portions from unfolding while in culture. The cassette also
helped to keep the strips in place during culture. The folded peritoneal strips were padded with sterile
cotton gauze to increase contact between the opposing parietal surfaces. This simulated an
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approximation of two injured surfaces commonly performed in post-surgical in vivo adhesion
experimental models.[11-14] By improving the positional stability, we standardised the location and area
of adhesion creation, which resulted in an increase in  the baseline incidence and extent of adhesions
created [10]. Adhesions were found in all the mouse peritoneal strips cultured in the presence of the
gauze, but only 4 out of 7 strips cultured in the without the gauze. The adhesions observed were
consistent with “Type 1B adhesions” in humans.[9] This aligns with clinical practices, as minimising
contact between two opposing traumatised regions after surgery is an important step, and also justi�es
the requirement to use clinical barrier agents targeting adhesion formation.[15]

The model may simulate bleeding that occurs during surgery and create tissue trauma from
manipulations during surgical procedures through the presence of clotted blood and abraded surfaces,
respectively. No adhesion bands were observed when an abrasion injury was absent in either the rat or
mouse models, suggesting that this trauma is a key contributor to adhesion formation.  Additionally, no
adhesions were formed when abraded strips were cultured without clotted blood, suggesting that this is
also an essential factor in the development of adhesions. The essential role of blood is in line with
current understanding, as the blood facilitates the initial adhesion of two surfaces during early adhesion
formation by providing a source of �brin and immune cells [10, 16]. This observation is also consistent
with surgical practices, where it is important to achieve haemostasis to prevent/minimise adhesion
development in the patient.[17] Previously, there was no standardisation of the amount of clotted blood
placed between the strips in the rat model [8], which introduced potential variations. A standardised
volume of 200 μL was used in this study, and larger volumes of clotted blood did not increase the quality
of adhesion created (data not shown).

Differences between the rat and mouse ex vivo models included: propensity to form adhesions in sub-
optimal conditions, timings of adhesion development and appearance of the adhesions. For example,
although no adhesions were detected in our model when mouse peritoneal strips cultured in the absence
of clotted blood after 72 hours, the rat model reported adhesions detected as early as 48 hours in strips
cultured under the same conditions.[8] This difference suggests that rat tissues may have a higher
propensity to form adhesions. The differences observed may be due to interspecies variation in
�brinolytic activity [18, 19, 10].  In the murine strips with abrasion and clotted blood, the adhesive bands
were observed after being in culture for 72 hours and the majority of adhesions were thin and �lmy,
requiring gentle traction to disrupt. In contrast, the adhesive bands described in the rat model, were
observed as early as 24 hours and noted to be obvious, “dense and opaque” with appreciable vascularity
[8].

Validation of adhesion formation with microscopic assessment

As the majority of the adhesive bands were thin and �lmy and lysed upon unfolding of the strip, we
preserved the adhesions in their physiological state by processing intact strips and para�n embedding
them en bloc for histological assessment. As it can be challenging to pinpoint the exact location of
adhesions microscopically without staining, in each case 5 tissue sections were sampled from 5
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positions at 500 μm intervals along the peritoneal strip. The presence of adhesions was con�rmed by the
observation of eosinophilic matrices between juxtaposing mesothelium and collagen deposition (inferred
from the positive staining of PSR in these matrices) [20] Additionally, surrounding mesothelium peripheral
to the matrices expressed high levels of αSMA. This may suggest mesothelial-to-mesenchymal
transition[21] and sub-mesothelial �broblast activation to the adhesion phenotype.[5] Notably, regions
with no adhesions were negative for these markers.  This demonstrates that these expression patterns
were unique to abrasion and blood clot treatment.

Interesting, the mesothelial layer (assessed by H&E) was found to thicken over time in the tissues where
adhesions formed, similar to that described in a model of post-surgical adhesions [22]. This thickening of
mesothelium resembles what is observed in human patients, suggesting our model closely mimics the
human condition  [23-25].  Conversely, in conditions that did not result in adhesions (conditions 2 and 4;
Table 1), the mesothelium remained thin even at the later time points. Considering the discontinuous
nature of the mesothelium due to abrasion reduced over time, this suggests that some degree of healing
had occurred. However, unlike normal in�ammatory events, little or no in�ltration of immune cells were
observed. This could have limited the magnitude of the adhesion created .[10]

Considerations for future use of this model

Having a mouse model available provides the additional advantage of supporting researchers with
investigations using genetically modi�ed transgenic murine strains and widely available commercial
immunological reagents and/or assay kits designed for murine systems.

However, due to the larger size of the rat peritoneal cavity it may present a more “cost effective” approach
for research, with approximately 6 strips obtained from each rat compared to 3 strips from each mouse.
Nevertheless, 3 strips are su�cient for assessment of multiple treatments on tissue from one animal.
Furthermore, paired dose-response comparisons and intra-animal paired comparisons for different test
articles can be accomplished with multiple strips [8].

A major limitation of any ex vivo model is the lack of blood circulation. One of the early in�ammatory
responses to the in�icted injury of the peritoneum is characterised with the in�ltration of the immune cells
[22, 15]. Both resident and in�ltrating cells release a cocktail of in�ammatory mediators [15]. Many of
these mediators have been shown to play a major role in adhesion formation [26]. One of earliest
cytokines present in the injured peritoneal cavity is IL-1, which causes human peritoneal mesothelial cells
to proliferate [27]. However, due to the nature of the model, only tissue resident immune cells and those
that are found in the clotted blood were present. These contribute very little to in�ammation in the model.

The incidence of adhesions may be reported when assessing the e�cacy of test articles in the mouse
model, as an “adhesion-free outcome” is a meaningful result [10]. However, as most adhesions were thin
and �lmy, this may make the model too “permissive” such that all test articles become effective. On the
contrary, the adhesive bands generated in the rat model were described to be dense, opaque, and
vascularised. Although the number of abrasions was standardised, it is di�cult to optimally apply
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consistent pressure during scalpel abrasion due to the �accidity of the strip. This may account for the
observed heterogeneity of adhesive bands created across the strip. Making microscopic assessment of
adhesions and screening the e�cacy of anti-adhesion agents challenging.

Interestingly, we observed that Cx43 protein levels were observed to be higher in regions where adhesions
were present using this model (Figure 4e). This �nding demonstrates that it is possible to study the
development of adhesions, identify molecules of interest and test therapeutics. As far as we are aware
this is the �rst report that Cx43 has a role in adhesion formation.

Conclusion
We report the use of mouse peritoneal strips in creating an  ex vivo adhesion model. Through the use of
gauze padding in tissue cassettes and standardised volume of clotted blood  we show that abraded
surfaces reproducibly develop adhesion bands at 72 hours. Adhesions were visible macroscopically and
con�rmed by microscopic assessment. We also found a novel association of Cx43 in adhesion
formation.

Declarations
Funding

Supported by a Start-up Grant from Nanyang Technological University, Singapore. Jia Wang Chua was
supported by an NTU Interdisciplinary Graduate Programme studentship.  Agency for Science,
Technology and Research (A*STAR) under its Industry Alignment Fund – Pre-Positioning Programme
(IAF-PP) grant number H1701a0004.  The Skin Research Institute of Singapore, Phase 2: SRIS@Novena.

Con�icts of interest

None of the authors declare any con�ict of interest.

Ethics approval

All animal procedures were performed in accordance with the animal protocols approved by the
Institutional Animal Care and Use Committee of the Animal Research Facility of Nanyang Technological
University, protocol number A0372.

Availability of data and material

All original data and samples are held by DL. Becker at Lee Kong Chian School of Medicine, Nanyang
Technological University Singapore.

Code availability

Not applicable



Page 11/18

Authors contributions

Jia Wang Chua made substantial contributions to the conception and design of the work, acquisition of
the data and analysis, and interpretation of data.

David L. Becker made substantial contributions to the conception and design of the work, analysis, and
interpretation of data.

Anthony RJ. Philips made substantial contributions to the conception and design of the work and
interpretation of data.

Leigh Madden made substantial contributions to the conception and design of the work and
interpretation of data.

Sophia Lim was involved in revising it critically for important intellectual content.

All authors were involved in drafting the work or revising it critically for important intellectual content and
have approved �nal version of work to be published.

Acknowledgements

The authors would like the thank the staff of the Animal Research Facility of Nanyang Technological
University. This work was supported by a Start-up Grant from Nanyang Technological University,
Singapore. Jia Wang Chua was supported by an NTU Interdisciplinary Graduate Programme studentship.

References
1. Canis M, Botchorishvili R, Bourdel N, Gremeau AS, Curinier S, Rabischong B. Pelvic adhesions and

fertility: Where are we in 2018? J Visc Surg. 2018;155 Suppl 1:S11-S5.
doi:10.1016/j.jviscsurg.2018.02.004.

2. Torres-De La Roche LA, Campo R, Devassy R, Di Spiezio Sardo A, Hooker A, Koninckx P et al.
Adhesions and Anti-Adhesion Systems Highlights. Facts Views Vis Obgyn. 2019;11(2):137-49.

3. Diamond MP, El-Hammady E, Munkarah A, Bieber EJ, Saed G. Modulation of the expression of
vascular endothelial growth factor in human �broblasts. Fertil Steril. 2005;83(2):405-9.
doi:10.1016/j.fertnstert.2004.06.073.

4. Saed GM, Al-Hendy A, Salama SA, Diamond MP. Adenovirus-mediated expression of cyclooxygenase-
2 antisense reverse abnormal genetic pro�le of human adhesion �broblasts. Fertil Steril. 2008;89(5
Suppl):1455-60. doi:10.1016/j.fertnstert.2007.04.061.

5. Saed GM, Diamond MP. Molecular characterization of postoperative adhesions: the adhesion
phenotype. J Am Assoc Gynecol Laparosc. 2004;11(3):307-14.

�. Yin J, Meng Q, Zhang G, Sun Y. Differential methotrexate hepatotoxicity on rat hepatocytes in 2-D
monolayer culture and 3-D gel entrapment culture. Chem Biol Interact. 2009;180(3):368-75.



Page 12/18

doi:10.1016/j.cbi.2009.04.004.

7. Ravi M, Paramesh V, Kaviya SR, Anuradha E, Solomon FD. 3D cell culture systems: advantages and
applications. J Cell Physiol. 2015;230(1):16-26. doi:10.1002/jcp.24683.

�. Saed GM, Fletcher NM, Diamond MP. The Creation of a Model for Ex Vivo Development of
Postoperative Adhesions. Reprod Sci. 2016;23(5):610-2. doi:10.1177/1933719115607997.

9. Diamond MP. Animal Adhesion Models: Design, Variables, and Relevance. In: diZerega GS,
DeCherney AH, Diamond MP, Dunn RC, Goldberg EP, Haney AF et al., editors. Pelvic Surgery: Adhesion
Formation and Prevention. New York, NY: Springer New York; 1997. p. 65-70.

10. Wiseman DM. Animal Adhesion Models: Design, Variables, and Relevance. In: diZerega GS, editor.
Peritoneal Surgery. New York, NY: Springer New York; 2000. p. 459-76.

11. Bakkum EA, Dalmeijer RA, Verdel MJ, Hermans J, van Blitterswijk CA, Trimbos JB. Quantitative
analysis of the in�ammatory reaction surrounding sutures commonly used in operative procedures
and the relation to postsurgical adhesion formation. Biomaterials. 1995;16(17):1283-9.

12. Poehnert D, Abbas M, Kreipe HH, Klempnauer J, Winny M. Evaluation of 4DryField(R) PH as Adhesion
Prevention Barrier Tested in an Optimized Adhesion Model in Rats. Eur Surg Res. 2015;55(4):341-51.
doi:10.1159/000441025.

13. Rout UK, Saed GM, Diamond MP. Transforming growth factor-beta1 modulates expression of
adhesion and cytoskeletal proteins in human peritoneal �broblasts. Fertil Steril. 2002;78(1):154-61.

14. Wei G, Chen X, Wang G, Fan L, Wang K, Li X. Effect of Resveratrol on the Prevention of Intra-
Abdominal Adhesion Formation in a Rat Model. Cell Physiol Biochem. 2016;39(1):33-46.
doi:10.1159/000445603.

15. Beyene RT, Kavalukas SL, Barbul A. Intra-abdominal adhesions: Anatomy, physiology,
pathophysiology, and treatment. Curr Probl Surg. 2015;52(7):271-319.
doi:10.1067/j.cpsurg.2015.05.001.

1�. Ozel H, Avsar FM, Topaloglu S, Sahin M. Induction and assessment methods used in experimental
adhesion studies. Wound Repair Regen. 2005;13(4):358-64. doi:10.1111/j.1067-1927.2005.130402.x.

17. Gonzalez-Quintero VH, Cruz-Pachano FE. Preventing adhesions in obstetric and gynecologic surgical
procedures. Rev Obstet Gynecol. 2009;2(1):38-45.

1�. Albrechtsen OK. The �brinolytic activity of animal tissues. Acta Physiol Scand. 1957;39(2-3):284-90.
doi:10.1111/j.1748-1716.1957.tb01429.x.

19. Smokovitis A, Astrup T. The �brinolytic response in injured animal tissues normally low in �brinolytic
activity. Haemostasis. 1980;9(3):175-87. doi:10.1159/000214356.

20. Gao Q, Wei G, Wu Y, Yao N, Zhou C, Wang K et al. Paeoni�orin prevents postoperative peritoneal
adhesion formation in an experimental rat model. Oncotarget. 2017;8(55):93899-911.
doi:10.18632/oncotarget.21333.

21. Sandoval P, Jimenez-Heffernan JA, Guerra-Azcona G, Perez-Lozano ML, Rynne-Vidal A, Albar-
Vizcaino P et al. Mesothelial-to-mesenchymal transition in the pathogenesis of post-surgical



Page 13/18

peritoneal adhesions. J Pathol. 2016;239(1):48-59. doi:10.1002/path.4695.

22. Bakkum EA, Trimbos-Kemper TC. Natural course of postsurgical adhesions. Microsurgery.
1995;16(9):650-4.

23. Arung W, Meurisse M, Detry O. Pathophysiology and prevention of postoperative peritoneal
adhesions. World J Gastroenterol. 2011;17(41):4545-53. doi:10.3748/wjg.v17.i41.4545.

24. diZerega GS, Campeau JD. Peritoneal repair and post-surgical adhesion formation. Hum Reprod
Update. 2001;7(6):547-55.

25. Mutsaers SE, Birnie K, Lansley S, Herrick SE, Lim CB, Prêle CM. Mesothelial cells in tissue repair and
�brosis. Front Pharmacol. 2015;6. doi:10.3389/fphar.2015.00113.

2�. Maciver AH, McCall M, James Shapiro AM. Intra-abdominal adhesions: cellular mechanisms and
strategies for prevention. Int J Surg. 2011;9(8):589-94. doi:10.1016/j.ijsu.2011.08.008.

27. Stadlmann S, Pollheimer J, Renner K, Zeimet AG, Offner FA, Amberger A. Response of human
peritoneal mesothelial cells to in�ammatory injury is regulated by interleukin-1b and tumor necrosis
factor-a. Wound Repair and Regeneration. 2006;14(2):187-94. doi:doi:10.1111/j.1743-
6109.2006.00109.x.

Figures

Figure 1



Page 14/18

Steps for inducing ex vivo adhesions formation (a) Peritoneal strips were harvested and trimmed.
Depending on the condition explored (Table 2), each strip was abraded and/or had a clotted blood placed
on the peritoneal surface. (b) Example of condition 1, where a blood clot is placed on an abraded portion
of the strip. (c) Strips were then folded in half with peritoneal surfaces facing each other and padded with
cotton gauze before being placed in a tissue histology cassette. (d) The cassettes were then placed in a
100-mm cell culture dish with media and incubated at 37°C and 5% CO2 for up to 72 hours. (e) Schematic
diagram representing steps in ex vivo adhesion model.

Figure 2

Examples of ex vivo adhesions formed in peritoneal strips cultured Peritoneal strips cultured under
different conditions were inspected for the presence of adhesion bands at 72 h post-induction of ex vivo
adhesion formation. Cultures of peritoneal strips under condition 1 (n=5, 2 experimental repeats), in
which clotted blood was placed between abraded surfaces, resulted in the development of reproducible
adhesion bands (green arrowheads). Examples of peritoneal strips that were observed to have one (a) or
two (b) thin �lmy adhesion bands that may be broken by gentle traction. (c) Example of a peritoneal strip
observed to have a thick adhesion band requiring blunt dissection to be broken.
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Figure 3

H&E assessment of cultured peritoneal strips cultured under different conditions Three representative
regions were selected for each peritoneal strip cultured under different conditions (n=5, each). (a) Under
condition 1, where abrasion and clotted blood were present, the mesothelium appeared to be mostly
continuous. Some regions along the strip had thickening of mesothelium and in certain regions of
juxtaposed mesothelium, areas of adhesions were observed (marked with dotted lines in i and ii). (b)
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Under condition 2, where abrasion was present but clotted blood was absent, some regions of
mesothelium had poor integrity (i) or discontinuous mesothelium (ii and iii). (c) Under condition 3, where
abrasion is absent but clotted blood was present, thin mesothelium was observed in most regions (i and
iii) except a few regions where mesothelium was thicker (ii). (d) Under condition 4, where both abrasion
and clotted blood were absent, thin continuous mesothelium was observed across the entire strip (i to iii).
Scale bar at 50 μm.

Figure 4
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Microscopic assessment of peritoneal strips that were cultured with a placement of blood clot between
abraded surfaces. (a) Schematic diagram showing the different layers of the cultured peritoneal strip.
Boxed region illustrates an example of region of interest that focuses on the juxtaposing mesothelium
and underlying muscle. (b) Representative stitched image of H&E-stained peritoneal strip. Five random
regions (as indicated by black boxes) along a representative strip incubated under condition 1 (n=5) were
selected and assessed with different histological (H&E and PSR) or immunohistochemical stains (αSMA
and Cx43). (c) Some eosinophilic matrix (dotted lines) were only observed in certain regions (i and ii)
between juxtaposing mesothelium along the strip. These regions were likely to be areas where adhesions
have developed as indicated from positive staining of PSR (d) and αSMA (green) (e). These regions were
also found to have higher Cx43 protein levels (red) (f). Scale bar at 50 μm.

Figure 5
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Microscopic assessment of peritoneal strips cultured under condition 1 over 72 hours Abraded peritoneal
strips cultured in the presence of blood (condition 1), resulting in reproducible development of adhesion
bands, were harvested at progressive time points. The strips of each time point (n=5) were assessed with
different histological (H&E (a) and PSR (b)) or immunohistochemical stains (αSMA, in green (c) and
Cx43, in red (d)). One representative region along the strip was selected to provide a general overview of
the development over time. Dotted lines indicate areas where adhesions were detected. Magni�cation
used, Scale bar at 50 μm.
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