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Abstract

Introduction—It is conceivable that overstimulation of chemo- and mechano-sensors in the
Roux and common limbs by uncontrolled influx of undigested nutrients after Roux-en-Y gastric
bypass surgery (RYGB) could lead to exaggerated satiety signaling via vagal afferents and
contribute to body weight loss.

Purpose—Because previous clinical and preclinical studies using vagotomy came to different
conclusions, the aim was to examine the effects of selective and histologically verified celiac
branch vagotomy on reduced food intake and body weight loss induced by RYGB.

Materials and Methods—Male Sprague-Dawley rats underwent either RYGB + celiac branch
vagotomy (RYGB/VgX, n =13), RYGB + sham cel. branch vagotomy (RYGB/Sham VgX; n =
6), Sham RYGB + celiac branch vagotomy (Sham/VgX; n =6), or sham RYGB + sham celiac
branch vagotomy (Sham/Sham; n = 6), and body weight, body composition and food choice were
monitored for 3 months after intervention.

Results—In rats with RYGB, histologically confirmed celiac branch vagotomy significantly
moderated weight loss during the first 40 days after surgery, compared to either sham or failed
vagotomy (P<0.05). In contrast, celiac branch vagotomy slightly, but non-significantly, reduced
body weight gain in sham RYGB rats compared to sham/sham rats. Furthermore, the significant
food intake suppression during the first 32 days after RYGB (P<0.05) was also moderated in rats
with verified celiac branch vagotomy.

Conclusions—The results suggest that signals carried by vagal afferents from the mid and lower
intestines contribute to the early RYGB-induced body weight loss and reduction of food intake.
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Introduction

Roux-en-Y gastric bypass surgery is significantly more effective in reducing excess body
weight and reversing type-2 diabetes compared with intensive medical care [1, 2], but the
mechanisms leading to these beneficial effects are not well understood. Besides directly
signaling via circulating hormones and other factors [3-6], the gut communicates with the
brain via vagal and spinal sensory pathways [7-12]. In addition to chemical signals, vagal
afferent fibers also communicate gastrointestinal distension and pressure signals to the brain,
controlling meal size and gastrointestinal transit time [13-17]. Therefore, vagal integrity
may also play a role in RYGB-induced reduction of meal size and food intake, improved
glucose homeostasis, and sustained body weight loss.

The paired anterior (accessory) and posterior celiac branches innervate the distal duodenum,
jejunum, ileum, cecum, and colon and are in an ideal position to mediate chemical and
mechanical changes induced by RYGB. Particularly the Roux limb, exposed to large
quantities of undigested food, remains innervated by the vagal celiac branches. Among the
sensory terminal structures produced by the celiac branches are the intraganglionic laminar
endings (IGLEs), found abundantly in the myenteric plexus between the circular and
longitudinal smooth muscle layers [18]. Similar structures in the stomach have been
demonstrated to sense the degree of tension in the gastric wall [19], and it is conceivable that
increased tension and stretch of the Roux limb activates IGLEs and their vagal afferent
fibers travelling in the celiac branches. Thus, vagal tension sensors in the Roux limb could
be responsible for the reduced meal size observed in rats [20, 21] and humans [22]. The
finding that the threshold for eliciting Roux limb distension-induced sensations were
strongly and negatively correlated to the preferred meal size in gastric bypass patients at 6
and 12 months after surgery [22] is consistent with such a role for vagal afferents, although
dorsal root/spinal pathways may also participate [23].

Therefore, the aim of the present study was to test a role for the celiac branches in RYGB-
induced hypophagia and body weight loss. We hypothesized that if the vagal sensory
innervation of the Roux and common limbs carries signals critical for RYGB-induced early
satiety and hypophagia, removal of the vagal celiac branches should attenuate or block these
effects and result in higher body weight levels after surgery.

Material and Methods

Animals and housing

Male Sprague-Dawley rats, 3 months old and weighing ~200 g (Harlan Industries,
Indianapolis, IN), were housed individually in wire-mesh cages at a constant temperature of
21-23° C with a 12hr light-dark cycle (lights on 07:00, off at 19:00). Food and water were
provided ad libitum except before treatments or tests. For 12 weeks, rats were on a two-
choice diet consisting of normal laboratory chow (Kcal%: Carb, 58; Fat, 13.5; Prot, 28.5, #
5001, Purina LabDiet, Richmond IN ) and high-fat high-sucrose diet (Kcal%: Carb, 35; Fat,
45; Prot, 20, D12451, Research Diets, New Brunswick, NJ), with each of the diets
containing sufficient minerals and vitamins. They were then randomly assigned to one of the
four surgical groups as indicated below. All protocols involved in this study were approved
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by the Institutional Animal Care and Use Committee at the Pennington Biomedical Research
Center in accordance with guidelines established by the National Institutes of Health.

Selective celiac branch vagotomy and Roux-en-Y gastric bypass surgery

Overnight fasted animals were deeply anesthetized with isoflurane, and after a midline
incision starting from the xephoid process, the perigastric ligaments were ligated and cut to
release the stomach. Both the posterior celiac and the anterior (accessory) celiac branches
were transected by removing the posterior vagal trunk. Because in these obese rats the dorsal
trunk was typically embedded in a thick bundle of adipose tissue on the side of the
esophagus, it was not possible to clearly visually identify the division of the posterior trunk
into the posterior gastric and celiac branches, and the entire bundle was cut taking care not
to damage the esophagus and left gastric artery. The subsequent RYGB surgery has been
described in detail earlier [24]. The procedure resulted in a gastric pouch of <5% of the total
gastric volume, connected to a 15-25 cm-long Roux limb, a 15-25 cm-long common limb,
and a 6575 cm-long biliopancreatic limb. For the sham operation, the perigastric ligaments
were cut, and then a 3 mm incision was made in the stomach wall and closed with a titanium
clip. The jejunum was transected 10 cm distal to the ligament of Treitz, and the two cut ends
were anastomosed using 10-0 nylon suture in an interrupted fashion.

Three to five days before euthanasia, Fluorogold (1 mg in 1 ml of sterile saline) was injected
intraperitoneally to retrogradely label intact vagal efferent fibers originating in the dorsal
motor nucleus in the brainstem [25]. Thirty micron-thick sections of the caudal brainstem
were mounted on glass slides and processed with an antibody against Fluorogold according
to established protocols. Inventory of neurons in the medial and lateral longitudinal columns
of the dorsal motor nucleus was taken to determine the integrity of the abdominal vagus
nerve projections. Absence of retrogradely labeled neurons in the left and right lateral
columns was taken as evidence for successful transection of the anterior and posterior celiac
branches [25, 26].

Measurement of body weight, body composition, fecal output, food intake, and high-fat

preference

Body weight was monitored daily before and for the first two weeks after surgery, and then
was recorded weekly. Body composition was also measured before, and 8 — 10 weeks after
surgery by using a Minispec LF 90 NMR Analyzer (Bruker Corporation, The Woodlands,
TX). Feces were collected for 3 days at 60 days after surgery and both wet and dry weights
were measured.

After withholding food and water for the first 24h after surgery, all rats were given access to
water and Ensure for days 2-5, and a choice of powdered regular chow and high-fat pellets.
For the remainder of the study a choice between regular chow and high-fat pellets was
offered. Intake of chow and high-fat pellets was measured by weighing them separately at
the beginning and end of an observation period, taking spillage into account. Percent fat
preference was calculated as calories from high-fat diet/ calories from high-fat plus regular
chow dietsx100.
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Statistical analyses

Body weight, food intake, food chice, and fecal output was analyzed by appropriate two-
way ANOVA, with bypass surgery (RYGB or sham-surgery) and vagotomy (VgX or Sham
VgX) as main factors, and time as repeated measure within subject factor if necessary.
Bonferroni’s post-hoc multiple comparison tests were used for follow-up analysis of
individual means .

Results

Body weight and body composition

Exposure to the two-choice diet for 10 weeks before surgery increased body weight from
3539 to 4959 and adiposity from 18.6% to 23.0 %. As expected, RYGB surgery resulted in
significant reversal of this obesity, while sham-operated rats continued to increase body
weight and fat mass after an only transient decrease (Fig. 1). Compared to rats with RYGB
and preserved celiac vagal branches, which lost about 61 g (-12%) body weight at the nadir
around 2 weeks after surgery, rats with RYGB and verified celiac branch vagotomy lost only
48q at the nadir (- 9.7%). Applying a repeated measure (time) ANOVA to these two groups
for the first 40 days post-surgery, yielded significant main effects of vagotomy (F[1,221] =
4.57; p =0.031) and time (F[12,221] = 46.3; p < 0.0001) (Fig. 1A). However, between 40
and 80 days after surgery, body weight of the two groups tended to converge and were no
longer significantly different. Also, despite the initial significantly smaller body weight loss
in rats with RYGB and celiac vagotomy, their adiposity and leanness index was not
significantly different from rats with RYGB and preserved celiac branches at any time point
(Fig. 1B,C). In contrast to moderation of initial weight loss after celiac vagotomy, weight
loss was slightly but not significantly exaggerated in rats with only sham RYGB surgery
(Fig. 1A).

Food intake

Food intake was similar for the 4 groups before surgery (Fig. 2). As previously reported,
food intake was initially strongly suppressed by RYGB surgery in vagally intact rats and
then gradually recovered (Fig. 2A), resulting in significantly reduced cumulative food intake
over the first 40 postsurgical days (=20.5%) and non-significantly reduced food intake from
day 40-80 (-10%) (Fig. 2B). There were time-dependent significant effects of vagotomy,
with increased food intake of both RYGB and sham-operated rats on postoperative day 4
and differential effects (increase in RYGB and suppression in sham rats) on days 16-32
(Fig. 1A).

Food choice

Before surgery, rats of all 4 groups had a similar high preference of over 90% for high-fat
over low-fat diet (Fig. 3). This preference gradually decreased to below 80% in RYGB/sham
and RYGB/VagX treated rats by 12 weeks after surgery, while it remained at over 90% in
sham/sham and sham/VagX rats (Fig. 3).
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Fecal output

As revealed by ANOVA, both wet and dry fecal output was significantly affected by RYGB
(wet: F[1,29] = 8.07, p < 0.01; dry: F[1,29] = 14.89, p < 0.001) but not celiac branch
vagotomy (wet: F[1,29] = 0.04, p = 0.85; wet: F[1,29] = 0.02, p = 0.91). RYGB increased
wet and dry fecal output by about 60 % and 50%, respectively, at 1 month post-surgery,
similar to what we reported earlier in this rat model [27].

Vagotomy verification

Near total elimination of vagal fibers in the two celiac branches was verified in only 6 of 13
RYGB animals with intended celiac branch vagotomy (Fig. 4). They had an average of 2.2 +
0.6 retrogradely labeled neurons per section in the lateral columns of the dorsal motor
nucleus (Fig. 4B), not different from the 2.9 £ 1.9 neurons in sham/VgX (Fig. 4D). RYGB
animals with ‘failed” vagotomy had 7.9 £1.6 neurons (Fig. 4A), similar to the 8.1 + 1.6
neurons in RYGB/sham VgX animals (Fig. 4B).

Discussion

We find that RYGB with selective celiac and dorsal gastric branch vagotomy is less efficient
in suppressing food intake and body weight compared to sparing vagal innervation. Rats
with cut celiac vagal branches, as indicated by absence of retrogradely labeled neurons in
the lateral columns of the dorsal vagal nucleus, lost significantly less body weight during the
first 40 days after RYGB, compared to rats with intact celiac branches and lateral columns.
This moderating effect on early body weight loss was accompanied by a similar moderating
effect on food intake suppression by RYGB. In contrast, celiac branch vagotomy tended to
suppress rather than moderate body weight and food intake in rats with sham gastric bypass
surgery, except for the first few days after surgery, when it also increased food intake. These
findings are consistent with the view that after RYGB, the celiac branches carry exaggerated
satiation signals from the gut to the brain and that elimination of these signals leads to less
satiation and less weight loss. The results confirm earlier observations with transection of
the para-esophageal bundle as a means to remove vagal innervation in another model of rat
RYGB [28]. However, there was a major difference in the time course of the effect.
Whereas in our study the weight loss and anorexia-moderating effect of vagotomy was only
seen for the first 40 days after surgery, the effect was mainly seen later in the postsurgical
period, from 40 days onwards in the Bueter et al. study. The different time course in the two
studies could be explained by a number of methodological details, including diet (figh-fat
vs. regular chow), specific vagal branches cut, and RYGB model. In contrast to these two
studies, subdiaphragmatic dissection of the vagus nerve had an exaggerated rather than
moderating effect on body weight and food intake at 20 days but not 100 days after
simultaneous gastric bypass surgery [29]. This opposite effect early after surgery might be
explained by the very young age and low body weight (~ 190g) of the rats at the time of
surgery [29], compared to much heavier rats (350-500g) used in the two other studies ([28]
and present study). In the only clinical study, vagal dissection at the time of pouch formation
did not appear to have any significant consequences on weight loss and esophageal functions
3 years after surgery [30].
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One of the limitations of our study is the lack of specificity regarding abdominal vagal
branches as well as sensory vs. motor fibers. Although we initially intended to carry out
selective vagal de-afferentations of the celiac branches only, by local application of the
neurotoxin capsaicin [31], this was not feasible considering that the celiac branches were
embedded in large fat depots. We were unable to selectively eliminate the celiac branches
and opted to cut the entire dorsal vagal bundle. This includes the dorsal (or posterior) celiac
branch, the ventral (or accessory) celiac branch that wraps around the esophagus before
joining the dorsal celiac branch, and the dorsal gastric branch innervating the remaining
small gastric pouch. To verify these vagotomies, we used retrograde tracing of vagal motor
fibres with corresponding neurons projecting through the various abdominal vagal branches
located in more or less specific longitudinal columns of the dorsal motor nucleus [25].
Unexpectedly, intended celiac vagotomy failed in about half the cases, most likely due to
missing the accessory celiac branch. We also cannot exclude the possibility that a few of the
cut vagal fibers sprouted and were able to take up Fluorogold, even though they were
functionally disconnected.

Because of these limitations, we cannot rule out that some of the moderating effects of
vagotomy on body weight loss and anorexia are due to cutting the dorsal gastric branch,
which could also contribute to exaggerated afferent signaling to the brain. Furthermore, it is
possible that inadvertent loss of efferent vagal fibers masked the true effects of selective de-
afferentation. We think this is unlikely, because loss of vagal motor innervation of the Roux
and common limbs would be expected to result in hypo-motility and further aggravation of
the effects of unhindered nutrient delivery. Thus, rather than preventing overstimulation,
loss of vagal motor innervation would lead to even higher activity of vagal mechano- and
chemo-sensors. Future studies using models of selective de-afferentation procedures such as
systemic capsaicin-treatment [32] or unilateral vagal afferent rhizotomy combined with
contralateral subdiaphragmatic vagotomy [33] will be necessary to corroborate the present
findings.

Regarding potential mechanisms involved in exaggerated vagal satiation signaling after
RYGB, It is plausible that the increased influx of undigested food, no longer controlled by
the pyloric sphincter, leads to greater stimulation of vagal mechano- and chemo-sensors.
Among the sensory terminal structures produced by the celiac branches are the
intraganglionic laminar endings (IGLEs), found abundantly in the myenteric plexus between
the circular and longitudinal smooth muscle layers [18]. Similar structures in the stomach
have been demonstrated to sense the degree of tension in the gastric wall [19], and it is
conceivable that increased tension and stretch of the Roux limb activates IGLEs and their
vagal afferent fibers travelling in the celiac branches. Thus, vagal tension sensors in the
Roux limb could be responsible for the reduced meal size observed in rats [20, 21] and
humans [22]. Consistent with this idea, higher distension-induced sensations in the Roux
limb predicted smaller preferred meals in gastric bypass patients at 6 and 12 months after
surgery [22], and ingestion of a liquid meal produced much higher neural activation in brain
areas controlling satiation and satiety ten days after RYGB compared with sham-operation
in rats [34]. In addition, mucosal terminals of afferent fibers in the celiac branches [35, 36]
are also in an excellent position to detect increased levels of gut hormones and other
substances [7-12, 37].
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conclusion, our data suggest that intact vagal supply of the Roux and common limbs
ntributes by a small degree to the efficacy of RYGB to decrease body weight and food

intake, at least during the early postsurgical period.
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Fig. 1.

Effect of RYGB with or without celiac branch vagotomy on body weight and composition in
rats on a two-choice high (45%) and low (10%) fat diet. Body weight (A), fat mass (B), and
lean mass (C) of rats with Roux-en Y gastric bypass surgery plus celiac branch vagotomy
(RYGB/VgX, n =6, closed circles), RYGB plus sham or failed vagotomy (RYGB/Sham
VgX, n =15, open circles), sham operation plus celiac branch vagotomy (Sham/VgX, n = 6,
closed squares), and sham operation plus sham vagotomy (Sham/Sham VgX, n = 6, open
squares). * p < 0.05, RYGB/VgX vs. RYGB/Sham VgX. # p < 0.05, RYGB/VgX vs.
Sham/VgX and RYGB/Sham VgX vs. Sham/Sham VgX.
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Fig. 2.

Ef%ect of RYGB with or without celiac branch vagotomy on daily (A) and cumulative (B)
food intake. A two-choice diet consisting of high-fat (45%) and low-fat (10%, regular chow
was available throughout the experiment and intake of both diets was measured daily). Mean
+ SEM of total calorie intake from both diets is shown. A: " p <0.05, significant suppression
of food intake in RYGB/Sham VgX vs. Sham/Sham VgX; # p < 0.05, significantly higher
food intake in both RYGB and sham-operated rats with VgX vs. Sham VgX. * p < 0.05,
significant interaction between RYGB and VgX, indicating VgX-induced increase in food
intake in RYGB rats, but suppression of food intake in sham-operated rats. B: Bars that do
not share the same letters are significantly different from each other, p < 0.05.
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Fig. 3.

Effect of RYGB with or without celiac branch vagotomy in rats on preference for high-fat
food. A two-choice diet consisting of high-fat (45%) and low-fat (10%, regular chow was
available throughout the experiment and intake of both diets was measured daily. Note that
after RYGB but not sham operation, rats progressively reduced preference for the high-fat
diet. Mean = SEM of relative preference for the high-fat diet is shown. * p <0.05 vs. Sham/
Sham VgX.
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Effect of RYGB with or without celiac branch vagotomy in rats on fecal output. Mean +

SEM of wet (A) and dry (B) daily fecal output measured 40 days post-surgery is shown.
Note that RYGB, but not VgX, had a significant effect on both wet and dry fecal matter.
Bars that do not share the same letters are significantly different from each other, p < 0.05.
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Fig. 5.

Vgrification of celiac branch vagotomies using the IP Fluorogold retrograde tracing
technique [25]. Photomicrographs of representative frontal sections of the caudal brainstem
showing retrogradely labeled vagal motor neurons (black) in the dorsal motor nucleus. Note
the absence of retrogradely labeled neurons in the lateral pole (lateral to boken white line) of
the dorsal motor nucleus in successfully celiac branch vagotomized rats (B,D) but not in
sham and failed vagotomies (A,C). Means £ SEM (n = 3-10) of retrogradely labeled (intact)
average cells per section in left and right lateral celiac branch columns is shown for each

group.
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