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Abstract

Currently, the most effective therapy for the treatment of morbid obesity to induce significant and maintained body weight loss with a proven
mortality benefit is bariatric surgery1,2. Consequently, there has been a steady rise in the number of bariatric operations done worldwide in
recent years with the Roux-en-Y gastric bypass (gastric bypass) being the most commonly performed operation3. Against this background, it is
important to understand the physiological mechanisms by which gastric bypass induces and maintains body weight loss. These mechanisms are
yet not fully understood, but may include reduced hunger and increased satiation4,5, increased energy expenditure6,7, altered preference for food
high in fat and sugar8,9, altered salt and water handling of the kidney10 as well as alterations in gut microbiota11. Such changes seen after gastric
bypass may at least partly stem from how the surgery alters the hormonal milieu because gastric bypass increases the postprandial release
of peptide-YY (PYY) and glucagon-like-peptide-1 (GLP-1), hormones that are released by the gut in the presence of nutrients and that reduce
eating12.

During the last two decades numerous studies using rats have been carried out to further investigate physiological changes after gastric
bypass. The gastric bypass rat model has proven to be a valuable experimental tool not least as it closely mimics the time profile and magnitude
of human weight loss, but also allows researchers to control and manipulate critical anatomic and physiologic factors including the use of
appropriate controls. Consequently, there is a wide array of rat gastric bypass models available in the literature reviewed elsewhere in more
detail 13-15. The description of the exact surgical technique of these models varies widely and differs e.g. in terms of pouch size, limb lengths, and
the preservation of the vagal nerve. If reported, mortality rates seem to range from 0 to 35%15. Furthermore, surgery has been carried out almost
exclusively in male rats of different strains and ages. Pre- and postoperative diets also varied significantly.

Technical and experimental variations in published gastric bypass rat models complicate the comparison and identification of potential
physiological mechanisms involved in gastric bypass. There is no clear evidence that any of these models is superior, but there is an emerging
need for standardization of the procedure to achieve consistent and comparable data. This article therefore aims to summarize and discuss
technical and experimental details of our previously validated and published gastric bypass rat model.

Video Link

The video component of this article can be found at http://www.jove.com/video/3940/

Protocol

1. Preoperative Care

1. Remove food from rat overnight prior to surgery.
2. Induce anaesthesia in chamber with 4-5% isoflurane and O2 flow of 2 l/min.
3. Shave abdomen from sternum to pelvis using electric razor.
4. Place anaesthetised rat in supine position on isothermal heating pad.
5. Apply eye ointment (Vitagel) before placing the rats' snout in nosecone.
6. Maintain anaesthesia with isoflurane concentration of 2-3% and O2 flow of 2 l/min.
7. Disinfect skin with Betadine-Solution.
8. Confirm depth of anaesthesia with forceps pinch between toes of hind leg.
9. Administer 5.7 mg/kg Enrofloxacin intraperitoneally as perioperative antibiotic prophylaxis, and 1 mg/kg Flunixin for analgesia.
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2. Median Laparotomy

1. Perform midline incision using scalpel starting just below xyphoid process (Blade No. 10).
2. Mobilise skin circumferentially from underlying abdominal muscles using Metzenbaum scissors.
3. Open abdominal cavity.
4. Install retractors to facilitate best possible exposure of the operation field.

3. Biliopancreatic and Alimentary Limb

1. Identify where the duodenum or proximal jejunum passes under the colon.
2. Transect small bowel about 10 cm aborally from here and ligate both ends of the gut (PDS 5-0).
3. Place proximal stump of the two ends in left upper quadrant of abdomen as it will be later used to form the biliopancreatic limb of Roux-en-Y

reconstruction.
4. Place distal stump of the two ends in right upper quadrant of abdomen as it will be later used to form the alimentary limb of Roux-en-Y

reconstruction.

4. Jejuno-Jejunostomy

1. Identify caecum with ileocoecal valve and ileum.
2. Follow ileum orally for approximately 25 cm. The Jejuno-Jejunostomy will be placed here as starting point of the common channel of Roux-

en-Y reconstruction.
3. Retrieve biliopancreatic limb from left upper quadrant of abdomen and position it next to common channel where you plan to perform Jejuno-

Jejunostomy.
4. Secure biliopancreatic limb and common channel with retention stitch (PDS 6-0).
5. Incise both loops over approximate 10 mm by using micro scissors.
6. Create Jejuno-Jejunostomy by performing side-to-side anastomosis using interrupted sutures (PDS 6-0).
7. First complete dorsal side and then ventral side of anastomosis.

5. Gastric Pouch

1. Identify gastro-oesophageal junction.
2. Mobilise this area by dissecting gastro-hepatic and gastro-splenic ligaments using Metzenbaum scissors.
3. Move left gastric artery and vagal fibres of left para-oesophageal bundle laterally to prevent major bleedings and vagal nerve damage when

small gastric pouch is created.
4. Expose gastro-oesophageal junction by placing cotton swab retro-oesophageally.
5. Coagulate small vessels of frontal stomach by using commercially available cautery device - also to prevent bleedings.
6. Transect stomach approximately 5 mm below gastro-oesophageal junction creating gastric pouch of a size of no more than 2-3% of original

stomach size using delicate, curved scissors.
7. Close gastric remnant (PDS 5-0).

6. Gastro-Jejunostomy

1. Retrieve alimentary limb from right upper quadrant of abdomen and position it next to gastric pouch.
2. Create Gastro-Jejunostomy by performing end-to-side anastomosis (PDS 7-0).
3. First complete back side and then front side of anastomosis.

7. Abdominal Closure

1. Reduce anaesthesia by reducing isoflurane concentration to 1.5%.
2. Close muscle layer of abdominal wall using continuous sutures (PDS 4-0).
3. Administer 100 μl of 0.3 mg/ml buprenorphine solution subcutaneously for analgesia.
4. Further reduce isoflurane concentration down to 1%.
5. Close the skin using interrupted sutures (Vicryl 4-0).

8. Postoperative Care

1. Stop isoflurane and continue with O2.
2. Administer 5 ml of warm saline for fluid replacement in three subcutaneous depots.
3. Position rat under red light until full recovery.
4. Return the rat to home cage.
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9. Representative Results

Animals and housing

Male Wistar rats (Harlan Laboratories Inc., Blackthorn, UK; Elevage Janvier, Le-Genest-St. Isle, France) weighing between 350 and 500 g
were individually housed under a 12 h /12 h light-dark cycle at a room temperature of 21±2 °C. Water and standard chow were available ad
libitum, unless otherwise stated. All experiments were performed under a license issued by the Home Office, UK (PL70-6669) or approved by the
Veterinary Office of the Canton Zurich, Switzerland. All rats were given one week of acclimatization before being randomized to gastric bypass or
sham-operation. After surgery, rats received liquid diet for 3 days before access to normal chow was reinstalled.

Body weight

Data of our rat gastric bypass model are consistent with previous findings that gastric bypass surgery is effective to reduce body weight and
especially to maintain body weight loss (Figure 2). Average pre-surgical body weight of rats used for gastric bypass and sham-operations was
similar (sham: 433.4 ± 8.3 g vs. bypass: 420.7 ± 8.4 g, p= 0.28). Five days after surgery sham-operated controls weighed significantly more
compared to gastric bypass rats (sham: 422.2 ± 8.3 g vs. bypass: 374.7 ± 7.6 g, p<0.001). On postoperative day 60, difference in body weight
was almost 170 g (sham: 533.2 ± 8.1 g vs. bypass: 366.2 ± 10.8 g, p<0.001).

Food intake

Food intake followed similar patterns as body weight and was reduced in gastric bypass rats when compared to sham-operated ad libitum fed
rats. Figure 3 shows the average daily food intake for both groups (postoperative day 1-60). Daily food intake was consistently lower after gastric
bypass (sham: 29.9 ± 0.2 g vs. bypass: 25.7 ± 0.3 g, p<0.001).

Gut hormones

Blood from all rats was collected on the day of study termination 8,16. Animals had ad libitum food access the night before and were decapitated
at the beginning of the light cycle on postoperative day 60. Blood was obtained, immediately centrifuged at 3000 rpm for 10 minutes at 4°C,
and stored at -20°C until the samples were assayed in duplicate in a single run. PYY-like immunoreactivity was measured with a specific and
sensitive radioimmunoassay, which measures, both the full length (PYY1-36) and the fragment (PYY3-36). GLP-1 was measured by established
in-house radioimmunoassays17,18. Differences in food intake may be partly explained by increased postprandial plasma levels of peptide YY
(PYY) and glucagon-like peptide 1 (GLP-1) as gastric bypass rats showed significantly higher levels for PYY (sham: 26 ± 2 pmol/L vs. bypass:
141 ± 14 pmol/L, p<0.001) and GLP-1 (sham: 40 ± 5 pmol/L vs. bypass: 215 ± 23 pmol/L, p<0.001; Figure 4).

 
Figure 1. Gastric bypass anatomy. Schematic illustration of the small bowel anatomy before (A) and after (B) gastric bypass operation. The
different shades of red approximately represent corresponding segments of the small bowel with the medium red representing the foregut
(oesophagus, stomach duodenum and proximal jejunum), the light red representing the midgut (proximal and mid jejunum, proximal ileum) and
the dark red representing the hindgut (ileum, caecum).
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Figure 2. Body weight loss after gastric bypass surgery in rats. Body weight change for a representative group of rats after gastric bypass (-
-) (n=52) and sham-operated rats (- -) (n=52) throughout an observation period of 60 days. Data were pooled from previous publications6,8-10 and
are shown as mean values ± SEM (*** = p<0.001).

 
Figure 3. Average food intake after gastric bypass surgery in rats.  Average daily food intake of a representative group of rats after gastric
bypass (black, n=52) and sham-operated rats (white, n=52) throughout a postoperative period of 60 days. Data were pooled from previous
publications6,8-10 and are shown as mean values ± SEM.

 
Figure 4. Postprandial PYY and GLP-1 serum levels after gastric bypass surgery in rats. Postprandial PYY and GLP-1 serum level for
gastric bypass rats (black, n=18) and sham-operated rats (white, n=22). Data were pooled from previous publications8,16 and are shown as mean
values ± SEM.

Discussion

The Roux-en-Y gastric bypass procedure in humans was first described by Mason in 1967 and modified to its current form by Torres in 198319.
Currently, the procedure consists of a small gastric pouch and the bypass of the proximal small bowel. A schematic illustration of the pre- and
postoperative anatomy is given in Figure 1.

Gastric bypass in humans induces and maintains body weight loss of approximately 15-30%2. The majority of body weight is lost during the first
months after surgery partly due to reduced food intake, altered food preference and presumably increased energy expenditure4-6,8-10. Similarly
to what has been observed in humans, our gastric bypass rat model induces a significant reduction in food intake and body weight. In contrast,
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gastric bypass models of others display a constant weight regain paralleling the body weight of sham-operated controls shortly after gastric
bypass with no differences in food intake between sham-operated and gastric bypass operated rats20.

Postoperative variations in the course of body weight and food intake between published rat models may be partly related to differences in
gastric pouch sizes. Large pouch sizes have been reported to cause insufficient weight loss or weight regain in humans21. The creation of a small
gastric pouch in rats is technically demanding but feasible and a variety of different techniques has been described15. The pouch size of gastric
bypass models in the rat literature ranges from <5% to more than 20% of the initial stomach size15. While we use curved microsurgical scissors,
the majority of authors transect the stomach by using human stapler devices resulting in a preserved gastric pouch of at least 20% of the original
stomach volume7,15,20,22-24. This is in contrast to how the gastric bypass procedure is usually performed in humans where at least 90% of the
stomach is bypassed25 and many surgeons report that only 1-2% of the stomach is left contiguous with the small intestine26. Our rat model of
gastric bypass therefore closely mimics the surgical procedure used in humans by creating a very small gastric pouch consisting of <5% of the
original stomach volume27. Thus, in our rat model and in human patients, food moves directly into the jejunum rather than being diluted in the
pouch by other food and fluids before it is then more slowly transported into the jejunum. Thus, if left too big, the gastric pouch may retain some
storage capacity, consequently resulting in a different physiological state compared to human gastric bypass. Accordingly, gastric bypass rats
with a pouch size of 20% or more of the original stomach size have been shown to still retain ingested contrast medium in their pouch long after
ingestion has stopped7. Interestingly, differences in the gastric pouch size have also been shown to affect weight loss in humans21. Therefore,
differences in gastric pouch sizes may affect the transit time of food to the small intestine, which in turn could impact on food intake and food
preferences after gastric bypass.

Altered levels of gut hormones after gastric bypass in humans have been consistently demonstrated4,5,28, while some but not all of the published
rat models of gastric bypass reported alterations in gut hormone levels15. If investigated, elevated levels of PYY and GLP-1 were found in both
fasting and fed rats after gastric bypass15 which is in agreement with the findings in our gastric bypass model8,16,27. Elevated levels of PYY
and GLP-1 have been previously demonstrated to increase satiation and reduce hunger in part mediated through actions on the hypothalamic
arcuate nucleus and paraventricular nucleus, respectively29, but also in part through vagal afferents30. However, it remains unclear whether
bypassing the hormonally active duodenum and proximal jejunum or whether increasing the delivery of undiluted bile and undigested foods
to the distal small bowel, or both, stimulate the enteroendocrine L-cells to secrete more gut hormones such as PYY and GLP-1 after gastric
bypass31,32. The effect of gastric bypass surgery on gut hormone levels has been systematically reviewed elsewhere33.

The impact of the different intestinal limb lengths in terms of body weight loss in humans is still controversially debated34-36, and there are also
considerable differences in the limb lengths across the available gastric bypass rat models with an alimentary limb length varying between 10 cm
and 50 cm, the biliopancreatic limb length ranging between 10 cm and 40 cm and a common channel between 18 cm and 34 cm15. A relatively
short common channel of 25-30 cm characterizes our gastric bypass model which may suggest that the observed body weight loss may partly be
the result of caloric malabsorption; however, we believe that caloric malabsorption is not a major mechanism of body weight loss in our rat model
because bomb calorimetry demonstrated no differences in fresh faecal mass and calorie content between gastric bypass and sham-operated
control rats when fed normal low fat chow6. However, others reported a small degree of fat malabsorption in gastric bypass models with a longer
common channel (~50 cm) when rats were given a high fat diet7. Thus, caloric malabsorption may relate more to the dietary fat content than to
the limb length.

To date, the relevance of the vagal nerve for body weight loss after gastric bypass is incompletely understood. We therefore selectively separate
and ligate the left gastric vessels in our gastric bypass model for two reasons: First, to prevent major bleedings and second, to preserve
the vagal fibers in the dorsal vagal trunk. We were able demonstrate that this selective technique leads to greater and more sustained body
weight loss in gastric bypass rats suggesting that preserving vagal fibers of the dorsal vagal trunk during gastric bypass operations may be
important27. This observation is consistent with previous reports showing that the ablation of the vagal-brainstem-hypothalamic pathway
attenuates the inhibitory effects of PYY and GLP-1 on food intake30 and that specific vagal deafferentation abolishes the eating inhibitory effect of
intraperitoneally injected GLP-137. However, while less interference with the stomach would presumably cause less damage to the vagus nerve,
the extent to which vagal afferents are damaged by models with a greater gastric pouch than our model remains to be explicitly tested27.

The gastric bypass-related mortality of our model is approximately 15%27. Mortality rates after gastric bypass operations in rats are rarely stated
by the authors, but seem to range from 0 to 35%15. In our hands mortality was predominantly due to leakage or stenosis of the gastro-jejunal
anastomosis, bleeding after transection of the stomach, wound complications, anaesthesiological incidents and persistent excessive weight loss
leading to compromised animal welfare15.

We are aware of the fact that our gastric bypass model carries various limitations. Firstly, although we strongly advocate the formation of a
small gastric pouch, no formal proof whether the pouch still contains gastric mucosa has been made yet. In addition, the actual impact of the
gastric pouch size as a single variable has not been analyzed. Secondly, the high technical demand of the small pouch technique in our model
in comparison to the stapler technique used by others may limit its availability to research groups that have an adequately trained and skilled
operator at their availability. Thirdly, many research groups focus on changes in glucose homeostasis after gastric bypass surgery. However, so
far, we did not use our model to investigate postoperative glucose or lipid profiles; hence, the suitability of our model to answer such questions
remains unknown. Finally, most of our experiments were performed in animals fed a standard low fat chow diet.

In conclusion, there is a large variety of gastric bypass rat models. Several components acting in concert lead to the observed physiological
changes after gastric bypass, but the relative contribution of these components and their interaction remains unknown. The variety in published
rat gastric bypass models complicates identification of specific physiological mechanisms involved in body weight loss after gastric bypass. Thus,
there is an emerging need for standardization of the procedure to achieve consistent and comparable data. Thus far there is no evidence that
any of the models is superior.
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