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Abstract

Obesity is a critical risk factor of several life-threatening diseases and the prevalence in

adults has dramatically increased over the past ten years. In the USA the age-adjusted prev-

alence of obesity in adults was 42.4%, i.e., with a body mass index (BMI, weight (kg)/height

(m)2) that exceeds 30 kg/m2. Obese individuals are at the higher risk of obesity-related dis-

eases, co-morbid conditions, lower quality of life, and increased mortality more than those in

the normal BMI range i.e., 18.5–24.9 kg/m2. Surgical treatment continues to be the most effi-

cient and scientifically successful treatment for obese patients. Sleeve gastrectomy or verti-

cal sleeve gastrectomy (VSG) is a relatively new gastric procedure to reduce body weight

but is now the most popular bariatric operation. To date there have been few studies exam-

ining the changes in the cellular components and pacemaker activity that occur in the gastric

wall following VSG and whether normal gastric activity recovers following VSG. In the pres-

ent study we used a murine model to investigate the chronological changes of gastric excit-

ability including electrophysiological, molecular and morphological changes in the gastric

musculature following VSG. There is a significant disruption in specialized interstitial cells of

Cajal in the gastric antrum following sleeve gastrectomy. This is associated with a loss of

gastric pacemaker activity and post-junctional neuroeffector responses. Over a 4-month

recovery period there was a gradual return in interstitial cells of Cajal networks, pacemaker

activity and neural responses. These data describe for the first time the changes in gastric

interstitial cells of Cajal networks, pacemaker activity and neuroeffector responses and the

time-dependent recovery of ICC networks and normalization of motor activity and neural

responses following VSG.
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Introduction

The prevalence of obesity has dramatically increased over the past ten years. In the USA the

age-adjusted prevalence of obesity in adults was 42.4% and 13% of adults worldwide [1, 2], i.e.,

with a body mass index (BMI, weight (kg)/height (m)2) that exceeds 30 kg/m2 [3]. Obese indi-

viduals are at the higher risk of obesity-related diseases, co-morbid conditions, lower quality of

life, and increased mortality more than those in the normal BMI range i.e., 18.5–24.9 kg/m2 [4].

Obesity is responsible for 40% of cardiovascular disease cases, type 2 diabetes (T2D), hyper-

tension, hyperlipidemia, nonalcoholic steatohepatitis, and up to 41% of some cancers. Obesity

also has a significant contribution on neurodegenerative diseases, resulting in higher rates of

disease morbidity and mortality [2, 5].

Surgical treatment continues to be the most efficient and scientifically successful treatment

for obese patients. For patients with class II obesity or higher, i.e. a body mass index (BMI) of

40 kg/m2 or greater or a BMI of 35 kg/m2 or greater with comorbidities, bariatric surgery rep-

resents the gold standard therapy not only for weight reduction, but more importantly for con-

trol of cardiometabolic risk factors [6]. In clinical studies, compared to intensive medical

therapy, bariatric surgery is not only associated with greater weight loss but also improved

control of T2D, other cardiometabolic risk factors, and mortality. T2D remission associated

with bariatric surgery often precedes significant weight loss and can persist despite weight

regain, suggesting metabolic benefits stem from mechanisms more complex than simply a

reduction in weight [7].

Vertical sleeve gastrectomy (VSG), a relatively new surgical procedure, is a bariatric proce-

dure that was originally performed as an initial step in a biliopancreatic diversion procedure to

induce long term weight loss in obese patients. VSG was the initial restrictive component of

the duodenal switch or biliopancreatic diversion procedure that served to reduce gastric capac-

ity and initiate short-term weight loss. The biliopancreatic diversion was considered the

malabsorptive component of the operation and provided the long-term weight loss. However,

some patients were unable to undergo the intestinal bypass component of the two-part proce-

dure, and follow-up studies revealed that substantial weight loss occurred in these patients that

underwent only VSG. It’s demonstrated effectiveness in weight-loss as a stand-alone procedure

and because of its relatively straightforwardness, not requiring a gastrointestinal anastomosis

or intestinal bypass and its low complication rate, it is now the most popular bariatric surgery

performed in the United States and worldwide [8, 9]. It is minimally invasive and is considered

less technically challenging than laparoscopic Roux-en-Y gastric bypass. Because of its benefi-

cial effect on morbid obesity and accompanied comorbidities it has been widely accepted in

the gastric surgical field [8, 10]. VSG surgery removes approximately 80% of the stomach

along the greater curvature of the fundus, corpus and proximal antrum. The result is a gastric

sleeve or tube-like structure reducing gastric volume to approximately 15% of its original size.

VSG is now a definitive procedure leading to adequate weight loss with less morbidity and

mortality compared with more complex procedures such as Roux-en-Y gastric bypass or bilio-

pancreatic diversion and duodenal switch [10].

VSG surgeries were initially regarded as a restrictive procedure, limiting food and calorie

intake by surgically reducing the capacity of the stomach. However, there is a growing body of

evidence that there are significant beneficial changes in gastric physiology, including altered

neurohumoral signaling resulting in decreased serum levels of ghrelin, a hormone known to

stimulate the hunger reflex, increases in serum cholecystokinin (CCK) that stimulates insulin

secretion, increased GIP, GLP1, and GLP2 which play key roles in diabetes resolution and

metabolic control, and microbial ecology that may alter the Gut-Brain axis, factors that are all

thought to contribute to weight loss and metabolic benefits following surgery [11–13]. The
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most notable changes that occur following VSG surgery in obese patients is a significant remis-

sion in obesity-related diseases including type 2 diabetes (T2D) [14, 15], Non-alcoholic fatty

liver (NAFLD) [16, 17], chronic kidney disease [18], cardiovascular disease [19], obstructive

sleep apnea [20], as well as non-obesity-related diseases such as gout, musculoskeletal prob-

lems, ovarian disorders and urinary incontinence [21]. Recent studies showed that among

obese patients (BMI’s from 27–43) with T2D, sleeve gastrectomy with intensive medical ther-

apy was more effective in reducing hyperglycemia than intensive medical therapy alone [22].

Following sleeve gastrectomy, insulin sensitivity increased and this was accompanied with a

significant reduction in HbA1c levels [23]. Operations that were originally intended to pro-

duce weight loss through combinations of gastric restriction or malabsorption, or both have

metabolic benefits that are independent from either one of these [24].

Since a large portion of the stomach is removed during VSG, including the main gastric

pacemaker area, i.e., greater curvature of the corpus and antrum, it is likely changes in gastric

motility occurs following VSG surgery. However, studies examining these changes are limited

and controversial. Following VSG, accelerated gastric emptying has been reported using gas-

tric scintigraphy [25, 26], or magnetic resonance imaging [27]. Further, it has been shown,

using electrical mapping, aberrant ectopic pacemaking and electrical quiescence leading to

chronic dysmotility after VSG surgery [28].

Specialized cells, known as interstitial cells of Cajal (ICC) at the level of the myenteric

plexus (ICC-MY) are known to be gastric pacemaker cells that generate the underlying electri-

cal activity that leads to the phasic contractile motor activity of the stomach [29–31]. A second

population of ICC, intramuscular ICC (ICC-IM) act as intermediaries in cholinergic excitatory

and nitrergic inhibitory enteric motor neuroeffector responses [32–35]. A third population of

interstitial cell, express platelet-derived growth factor receptor-α and termed PDGFRα+ cells,

mediate purinergic post-junctional inhibitory responses, a dominant neurally mediated inhibi-

tory response in the gastric antrum [36].

Due to ethical issues, it is not possible to investigate the cellular changes associated with gas-

tric motor disturbances following VSG in humans. Therefore, we used a murine model to

investigate the chronological changes of gastric excitability including electrophysiological,

molecular and morphological changes in the gastric musculature following VSG surgery. For

the first time we show that VSG disrupts ICC networks, and this is associated with a loss in

pacemaker activity and post-junctional neuroeffector responses in the gastric corpus and

antrum. There is a subsequent time-dependent recovery in these responses following VSG

such that slow waves and neurally mediated responses recover by four months post-VSG. A

thorough understanding of the cellular changes that occur would provide further insights into

the underlying changes in gastric physiology following VSG surgery and may aid in the recov-

ery process of patients that undergo this surgical procedure.

Methods

Animals and preoperative preparation

All laboratory mice were purchased from Jackson Laboratories (Bar Harbor, ME, United

States). Male C57BL mice, aged 8 weeks, and with a body weight between 28–30 grams were

used for VSG. For Ca2+-imaging experiments KitCreERT2Ejb1/+ (KitCreERT2) mice were obtained

from Dr Dieter Saur (Technical University Munich, Germany) [37], and crossed with

GCaMP6f-floxed mice to generate an inducible Cre strain as previously described [38]. Induc-

ible Cre mice were injected with tamoxifen (Tam; intraperitoneal injection) at 8 weeks of age

(2 mg of TAM for three consecutive days), to induce activation of the Cre recombinase and

expression of the cell-specific (ICC) GCaMP6f Ca2+-sensor.
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All mice were fed ad libitum and had free access to water. Three days prior to surgery ani-

mals were placed on a liquid-only diet (chocolate-flavor Boost1, Nestle, Vevey, Switzerland).

During the liquid diet period, cages were embedded with paper cellulose particles (Alpha dri,

Shepherd Specialty Papers, Milford, NJ, United States) to minimize pica. Animals were main-

tained and the experiments performed in accordance with the National Institutes of Health

Guide for the Care and Use of Laboratory Animals. The Institutional Animal Use and Care

Committee at the University of Nevada approved all procedures.

Vertical sleeve surgeries

Prior to surgery, mice were weighed to obtain baseline weight measurements, both sham con-

trols and mice undergoing VSG had similar weights prior to surgery. Mice were anesthetized

using an induction chamber with 5% isoflurane and an oxygen (O2) flow rate of 1 L/min. The

absence of a hind-limb pinch-withdrawal reflex was verified to ensure the proper degree of

anesthesia. Following this, mice were maintained with 1–3% isoflurane and an O2 flow rate of

0.6 L/min. Buprenorphine (1μg/g) was also administered subcutaneously. Hair was shaved

and the abdominal skin prepared with povidone-iodine and 70% alcohol. An incision in the

skin was made using iris scissors and a cut was made through the body wall along the linea

alba. Cotton tip applicators (CTAs) were used to gently elevate the stomach out of the abdo-

men and the greater omentum removed from the greater curvature by blunt dissection. Fol-

lowing this, the short gastric artery was divided with electrocautery. The stomach was then

exteriorized from the abdominal cavity, and a small gastrotomy incision was made along the

greater curvature of the corpus. For VSG with antrum preservation, the line of transection

started from the angle of His and ended at the margin of the pancreas gastric lobe so that at

least 80% of the gastric volume was surgically removed. Two micro-clamps were applied along

this line, and spring scissors were used to cut the gastric sleeve. Approximately 20 surgical

knots were used to securely close the stomach and after an additional lavage, the stomach was

placed back into the abdominal cavity under the liver using a CTA. The abdominal muscle

layer and skin layers were closed in a discontinuous pattern. Only abdominal incision and skin

suture was used for control sham procedures. Mice were then allowed to recover on a heating

pad for 10 to 15 minutes before being returned to their home cages. The animal was continu-

ously attended until it has regained consciousness and was able to move freely. Following

recovery animals were checked every 15 minutes for up to 4 hours.

Postoperative mouse care

Mice were maintained on a liquid diet for 5 days following surgery. Buprenorphine (1μg/g,

subcutaneously) was administered for 2 days after surgery. During the postoperative period,

the body weight of animals was measured daily until postoperative 7 days, and then at 2 weeks

and 4 weeks thereafter. Food intake, defecation, activity level, and disposition were also

accessed daily to ensure proper healing and recovery for 7 days post-surgery.

Electrophysiological studies

On the day of experimental procedures animals were humanely killed by isoflurane sedation

followed by cervical dislocation and exsanguination. Entire stomachs and small intestines,

from the esophagus to the cecum, were removed and placed in oxygenated Krebs-Ringer

buffer (KRB) for further dissection. Gastric and jejunal muscles were prepared for intracellular

microelectrode recordings as previously described [36]. Briefly, impalements of circular mus-

cle cells along the greater curvature of the antrum in non-sutured areas (site #1 in Fig 1D) and

close to sutured areas (site #2 in Fig 1D, predominantly remaining corpus) and circular muscle
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cells of jejunum were made with glass microelectrodes having resistances of 80–120 MO. Mul-

tiple electrical recordings (10 for antrum and 6 for intestine for periods up to 2 hours) were

performed in an array-like manner to ensure satisfactory recordings representative of the

activity were obtained from each tissue. Post-junctional neural responses were also recorded as

previously described [36]. Some experiments were performed in the presence of nifedipine

(1 μM) to reduce contractions and facilitate impalements of cells for extended periods. Data

was analyzed using Clampfit software (Axon Instruments, Union City, CA, USA). Peak ampli-

tude, plateau amplitude, half maximal duration (duration at 50% of peak amplitude) and inter-

episode interval was analyzed using an event detection protocol in Clampfit (11.2.1) for each

individual trace (see Fig 3). Electrophysiological traces were prepared using Clampfit and

Corel Draw X8 (Corel Corp. Ontario, Canada).

Ca2+ imaging experiments

Gastric tissues were prepared in a manner similar to electrophysiological experiments and as

previously described [36]. Preparations were then visualized and imaged using a spinning-disk

confocal microscope (CSU-W1 spinning disk; Yokogawa Electric Corporation, Tokyo, Japan)

mounted to an upright Eclipse FN1 microscope equipped with 40X 0.8 NA CFI Fluor lens

(Nikon Instruments Inc., NY, USA). Image sequences and movies of Ca2+ activity were col-

lected at 33 fps using MetaMorph acquisition software (Molecular devices, CA, USA) as previ-

ously described [38]. Movies were converted to stacked TIFF images (tagged image file

format), and image processing and analysis were done using a custom software (Volumetry

G8a, G.W.H.). Any tissue movement was stabilized to ensure accurate measurements of Ca2+

transients from identified cells, and background subtraction was applied to movies to better

enhance the dynamic contrast of Ca2+ transients shown in ICC. Whole-cell ROIs were used to

generate spatiotemporal maps (STMaps) of Ca2+ activity in ICC recorded in situ. STMaps

were then imported as TIFF files into Image J (version1.40, National Institutes of Health, MD,

USA, http://rsbweb.nih.gov/ij) for post hoc quantification analysis of Ca2+events. The STMa-

pAuto plugin was utilized for uniform STMap quantification, as previously described [39].

Molecular studies

Total RNA was isolated from gastric tissues from non-surgical areas (#1 in Fig 1D) using

Direct-zol RNA miniPrep Kit (Zymo Research,Irvine,CA,USA) and first-strand cDNA was

synthesized using qScript cDNA SuperMix (Quanta,Gaithersburg,MD,USA) in accordance

with the manufacturer’s instructions. End-point PCR was performed with specific primers

(Table 1) using Go-Taq Green Master Mix (Promega Corp.,Madison,WI,USA). PCR products

were run on 2% agarose gels and visualized by ethidium bromide. Quantitative PCR was

Fig 1. Gross macroscopic changes in stomachs and loss of body weight following vertical sleeve gastrectomy (VSG).

Panels A&B, Gross macroscopic images reveal the differences between stomachs that have undergone VSG compared to

non-surgical controls. Panel A, An intact sham-operated control stomach reveals normal gross anatomy including fundus (F)

corpus (C) and antrum (A). The greater curvature (GC), lesser curvature (LC), pyloric sphincter (PS), duodenum (D), and

esophagus (E) are also identified. A prominent fundus is readily discriminated from the corpus by the change in tissue color

(arrow). Panel B, Following VSG, up to 80% of the greater curvature including fundus and corpus was surgically removed.

Dashed line represents where the greater curvature was surgically removed. The image presented was from a 3-week post-

VSG stomach. Panels C&D, Diagrammatic representation of where the surgical procedure line and removal of fundus and

corpus along the greater curvature was performed. Panel C, Ventral view of the stomach with identified regions (above). The

surgical procedure line is identified by crisscross lines. Panel D, After opening of the stomach along the greater curvature,

experimental sites (#1&#2) are identified. Studies focused on an area distal and relatively distant from the sutured area in the

antrum (site #1) and more proximal and closer to the sutured area in the corpus (site #2). Panel E, Body weight of mice that

underwent VSG decreased dramatically over 7 days and then slowly returned within 28 days (solid circles), compared to

sham controls (open circles). � P<0.05; ��� P<0.001 compared to sham controls.

https://doi.org/10.1371/journal.pone.0269909.g001
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performed in accordance with the standard curve method previously described [35], with the

same primers as PCR and fast SYBR Green Master Mix (Life Technologies,Grand Island,NY,

USA) on the QuantSudio3 Real-Time PCR System (Applied Biosystems,Foster City,CA,USA).

Regression analysis of mean values of duplicate samples for the diluted cDNA was used to gen-

erate standard curves. This gave transcriptional quantification of each gene relative to the

endogenous glyceraldehyde 3-phosphate dehydrogenase (Gapdh) standard after log transfor-

mation of the corresponding raw data.

Immunohistochemical studies

For immunohistochemical studies gastric tissues were prepared as previously described [35,

40]. Briefly, gastric tissues were pinned with the mucosa facing upward to the Sylgard elasto-

mer (Dow Corning Corp., Midland, MI, USA) base of a dissecting dish containing fresh

Krebs’ Ringer Buffer (KRB). The mucosa was removed by sharp dissection and the remaining

strips of tunica muscularis stretched to 110% of the resting length and width before being

immersed in Zamboni’s fixative for 30 min at 4˚C. Following fixation, preparations were

washed overnight in PBS (0.01 M, pH 7.4). Incubation of tissues in BSA (1%) for 1 h at room

temperature containing Triton X-100 (0.3%) was used to reduce non-specific antibody bind-

ing. For double-labelling, tissues were incubated sequentially in a combination of primary

antibodies. The first incubation (mSCF; R&D Systems Inc., Minneapolis, MN, USA; 1:100 in

0.5% Triton-X 100) was carried out for 24 h at 4˚C, tissues were subsequently washed in PBS

before being incubated in a second primary antibody (Protein Gene Product; (PGP9.5) Ultra-

Clone Limited, Isle of Wight, England, UK, 1:2000) for an additional 24 h at 4˚C. The combi-

nations of antibodies used were goat/rabbit. Following incubation in primary antibodies,

tissues were washed and incubated separately in secondary antibodies (Alexa Fluor 488 and

594; Thermo Fisher Scientific Inc., Waltham, MA, USA, diluted to 1:1000 in PBS for 1 h at

room temperature). After incubation in secondary antibodies, tissues were washed for a fur-

ther 12 h in PBS before being mounted on glass slides using Aqua-Mount (Lerner Laborato-

ries; Thermo Shandon Ltd, Cheshire, UK). Control tissues were prepared by either omitting

primary or secondary antibodies from the incubation solutions. Tissues were examined with

an LSM 510 Meta (Carl Zeiss, Jena, Germany) or a Nikon A1R confocal microscope with

appropriate excitation wavelengths. Confocal micrographs were digital composites of Z-series

scans of 20–50 optical sections through a depth of 20–50 μm. Final images were constructed,

and montages were assembled using LSM 5 Image Examiner (Carl Zeiss) or Nikon NIS

Table 1. Details of primers used.

Gene Name Sequence (Sense primer on top) Accession #

Gapdh GCCGATGCCCCCATGTTTGTGA NM_008084

GGGTGGCAGTGATGGCATGGAC

Kit CGCCTGCCGAAATGTATGACG NM_021099

GGTTCTCTGGGTTGGGGTTGC

Pdgfra ATGACAGCAGGCAGGGCTTCAACG NM_011058

CGGCACAGGTCACCACGATCGTTT

Ano1 TAACCCTGCCACCGTCTTCT NM_178642

ATGATCCTTGACAGCTTCCTCC

Nos1 ATCTGTCTCGCCAGCCATCAGCCA NM_008712

GGAGCTTTGTGCAGTTTGCCGTCG

Myh11 CCCAAGCAGCTAAAGGACAA NM_013607

AGGCACTTGCATTGTAGTCC

https://doi.org/10.1371/journal.pone.0269909.t001
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Elements and converted to Tiff files for processing in Photoshop CS5 (Adobe Co., Mountain

View, CA, USA) and Corel Draw X4 (Corel Corp., Ottawa, ON, Canada).

Statistical analysis

Statistical analysis was performed using either a Student’s t-test. P values <0.05 are taken as

statistically significant and are represented as � P<0.05; �� P<0.01; ��� P<0.001; ����

P<0.0001 in figure legends. Statistical tests were performed using Prism 9.1.3 (GraphPad Soft-

ware, Inc., La Jolla, CA). When describing data, ‘n” refers to the number of animals used in

that dataset.

Solutions and drugs

For electrophysiological and Ca2+ imaging experiments, tissues were constantly perfused with

oxygenated KRB of the following composition (mM): NaCl 118.5; KCl 4.5; MgCl2 1.2;

NaHCO3 23.8; KH2PO4 1.2; dextrose 11.0; CaCl2 2.4. The pH of the KRB was 7.3–7.4 when

bubbled with 97% O2-3% CO2 at 37±0.5˚C. Muscles were left to equilibrate for at least 1 hour

before experiments were begun. L-NG-Nitroarginine (L-NNA) and atropine were obtained

from Sigma (St Louis, MO, USA), 2-Iodo-N6-methyl-(N)-methanocarba-2’-deoxyadenosine-

3’,5’-bisphosphate tetraammonium salt (MRS2500) was purchased from Tocris Bioscience

(Ellisville, MO). Nifedipine was purchased from Sigma-Aldrich (St. Louis, MO), dissolved in

ethanol to a concentration of 10 mM and added to the perfusion KRB solution at a final con-

centration of 1 μM.

Results

Sleeve gastrectomy and changes in body weight

Gross macroscopic images show the differences between stomachs that have undergone VSG

compared to non-surgical controls. An intact non-surgical control reveals a normal gross anat-

omy of the mouse stomach with a pronounced fundus that is readily distinguished from the

corpus by the white demarcation line and change in tissue color (Fig 1A). Following VSG (Fig

1B) a significant portion (i.e., up to 80%) of the greater curvature including fundus and corpus

was surgically removed. Fig 1B shows the gross anatomy of a stomach 3 weeks following VSG.

Diagrammatic representation of the surgical procedure line is shown in Fig 1C. The surgical

procedure included removal of the greater curvature of the corpus and fundus. Regions

(#1&2) identifies the sites on the stomach wall where functional, molecular and morphological

studies were performed. Fig 1D is a diagrammatic representation of the stomach after it was

opened along the lesser curvature and where recordings were made (sites #1&#2). All studies

focused on an antral area distal and relatively distant from the sutured area (site #1) and more

proximal corpus area closer to the sutured area (site #2).

Since VSG is primarily recognized as a surgical weight-loss procedure, measurements of

body weight were performed for 28 days. The body weight of mice that underwent VSG

decreased dramatically over 7 days and then slowly returned over 28 days (Fig 1E). Body

weights averaged 28.9±0.6 grams prior to surgery (n = 24) and was similar to that of sham con-

trols that averaged 29.1±0.5 grams (n = 13; P>0.05). Seven days following VSG body weights

had decreased by 16.6% to 24.1±0.5 grams (n = 24) compared to sham controls (n = 13) that

had increased to 31.2±0.3 grams (P<0.001). Between 7–28 days post VSG body weights gradu-

ally recovered to 30.1±0.8 grams (n = 13) but not fully compared to sham controls (n = 13)

that averaged 32.0±0.2 grams (P<0.05; Fig 1E).
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Loss or disruption of gastric pacemaker activity and its recovery following

VSG

To determine if VSG effects the electrical activity of remaining gastric tissues, intracellular

microelectrode recordings were performed within the antrum site #1 and close to the surgical

line in the corpus site #2 for up to 4 months (i.e. Fig 1C and 1D). Following VSG there was a

marked disruption in spontaneous slow wave activity compared to control recordings from

the same sites of non-surgical stomachs. This disruption in activity was also highly dependent

upon the site of the recordings and the length of time following VSG.

Recordings of the gastric antrum (i.e. site #1) revealed significant depolarization in resting

membrane potentials (RMP) for up to 2 months post-VSG compared to non-VSG control tis-

sues. RMP in control, non-surgical gastric antrums (site #1) averaged -62±0.7mV (n = 11).

RMP after weeks 1-,3- and 2-months following VSG were -52±1.9mV (n = 11; P<0.0001), -55

±1.4 mV (n = 15; P<0.001) and -56±1.8 mV (n = 10; P<0.01; Fig 2A and 2B), respectively.

Antral RMP exhibited a gradual return between 2–4 months following VSG. RMP of the gas-

tric antrum 4 months after VSG averaged -60±0.9 mV and was not significantly different than

non-surgical control tissues (n = 19; Fig 2B).

Under control sham-operated conditions the electrical slow wave activity of the gastric

antrum consists of (i) an initial upstroke component, followed by (ii) a partial repolarization

to a plateau phase before (iii) a slower repolarization to a diastolic RMP (Fig 3A). Slow waves

of control tissues averaged 24±1.6 mV in peak amplitude with a plateau amplitude of 17

±1.8mV, had a half maximal duration of 2.7±0.5 seconds, and an inter-episode interval of 14

±1.1seconds (n = 8; Fig 3B). Following VSG antral slow waves (1-week post-VSG) were highly

variable and often consisted of irregular upstroke depolarizations, with little or no plateau

phase. Between 1–3 weeks post-VSG, the plateau phase slowly returned but were still highly

irregular in many recordings. By 2 months slow wave activity gradually returned and by 4

months appeared similar to controls (Fig 2Ai). The frequency (inter-episode interval) and

amplitude of gastric antrum slow waves were also highly variable following VSG, but also

recovered to normality by 4 months (Fig 2A). At 4 months antral slow waves from sham con-

trol tissues averaged 20±2.4 mV in peak amplitude with a plateau amplitude of 12±1.9 mV,

had a half maximal duration of 2.2±0.7 seconds, and an inter-episode interval of 12±1.3 sec-

onds (Fig 3B). Slow waves were absent in antral tissues 1 week post-VSG and at 3 weeks the

slow wave upstroke often consisted of an initial spike that likely duer to activation of L-type

calcium channels originating in smooth muscle cells since they were sensitive to nifedipine as

previously reported in Hwang et al., 2019. Only the plateau amplitude and half maximal dura-

tion were significantly different compared to sham controls. The plateau amplitude was

reduced over the 4 months (P<0.01 at 3 weeks and P<0.05 for 2 and 4 months) and slow wave

half-maximal duration reduced at 3 weeks (P<0.0001; n = 7 for control and for VSG; Fig 3B).
A range in the different types of aberrant gastric antral electrical activity from site #1 is shown

in Fig 4, 1-week post-VSG. Normal slow waves (Figs 2Ai and 3A) were replaced with either (i)

no activity (Fig 4A), (ii) rapid oscillations in membrane potential (Fig 4B and 4C), slow waves

with little or no plateau phase (Fig 4D–4F) and electrical activity that displayed single (Fig 4G

and 4H) or spike complexes (Fig 4I).

Electrical recordings from the circular muscle layer along the lesser curvature of the gastric

corpus, more proximal and closer to the surgical line (site #2), displayed even greater disrup-

tion in pacemaker activity. RMPs of circular muscle cells typically display a more depolarized

potential compared to the gastric antrum, averaging -57±1.3mV (n = 6; P<0.05 compared to

RMP of gastric antrum). Following VSG, RMP in the gastric corpus was also significantly

depolarized and only slowly recovered to control potentials by 2 months (Fig 5A and 5B).
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RMP after weeks 1-and 3 post-VSG averaged -48±2.0mV (n = 9) and -48±3.3 mV, respectively

(n = 8) which were significantly depolarized compared to controls (i.e. -57±1.3mV; P<0.01

and P<0.05, respectively). RMP 2 months and 4 months post-VSG averaged -55±1.6 mV

(n = 6) and -54±1.3mV (n = 16; Fig 5B), respectively. There was no statistical difference in

RMPs at 2 and 4 months compared to controls. A summary of the changes in corpus RMP fol-

lowing VSG is shown in Fig 5B.

Slow waves from the more proximal gastric corpus were also typically smaller in amplitude

than those recorded from the gastric antrum (compare Figs 2Ai with 5Ai). Under control con-

ditions RMP averaged -57.3±3.5 mV and slow waves averaged 13.0±4.9 mV in amplitude, 3.7

±1.1seconds in half-maximal duration and occurred at a frequency of 4.7±1.5 cycles min-1 (Fig

5A; n = 6). Following VSG corpus slow waves (site #2) were greatly disrupted or absent for up

to 2 months. Only after 4 months did corpus slow waves return to a normalized waveform (Fig

5Av). These data demonstrate that loss or disruption in slow wave activity was temporary and

pacemaker activity recovered within gastric muscles within 2–4 months post-VSG.

Electrical activity of the jejunum following VSG

To determine whether disruption in pacemaker activity was limited to the stomach, electrical

recordings were also performed from jejunal tissues. Circular smooth muscle cells from con-

trol jejunal tissues had RMPs averaging 64.0±5.8 mV and slow waves 32.5±4.5 in amplitude

and 0.65±0.1 seconds in half maximal duration occurred at a frequency of 38±3 cycles min-1

(Fig 6A; n = 5). 1-week post-VSG jejunum circular muscle RMP averaged -67.4±3.3 mV

(P>0.05 compared to controls) and slow waves appeared normal averaging 28.6±4.4 mV in

amplitude, 0.62±0.03 in half maximal duration and occurred at a frequency of 35±2 cycles

min-1 (Fig 6B; n = 5). 4 months post-VSG, RMP was not statistically different (i.e. 61.0±2.8

mV; P>0.05 compared to control tissues) and slow waves still appeared normal that averaged

28.0±3.6 mV in amplitude, 0.62±0.04 seconds in half maximal duration and occurred at a fre-

quency of 38±2.2 cycles min-1 (Fig 6C; P>0.05 for all values compared to control; n = 5).

These findings reveal that the changes in membrane potential and pacemaker activity were

limited to gastric tissues.

Changes in post-junctional neuroeffector responses in the antrum

following VSG

Loss or changes in pacemaker activity in the gastric antrum following VSG suggests that there

is disruption in specialized interstitial cells of Cajal (ICC) that provide pacemaker inputs into

gastric smooth muscle cells [29–31]. A secondary function of ICC in the stomach is to act as

intermediaries in neuroeffector motor responses [32–35]. Thus, we sought to determine if

there were changes in post-junctional neural responses in gastric tissues post-VSG. In the cir-

cular muscle of control antrums (site #1), activation of motor nerves (1 Hz, 0.3 ms duration, 1

second) by electrical field stimulation (EFS) evoked a fast inhibitory junction potential (fIJP)

that averaged 9.0±0.9 mV (Fig 7Ai and 7F; n = 4). In the presence of the nitric oxide synthase

inhibitor L-NNA (100 μM) the amplitude of the fIJP was not significantly reduced (i.e. -8.5

Fig 2. Disruption of gastric pacemaker activity and its recovery post-VSG in the gastric antrum at site #1. Panel

A, Typical spontaneous electrical activity of gastric tissues following VSG. Intracellular microelectrode recordings of

antral pacemaker activity performed at site #1 in sham controls (Ai, 0 week), compared to 1 week—4 months post-

VSG (Aii-Av). Pacemaker activity was disrupted 1–3 wks post-VSG and recovered at 2 & 4 months. Panel B, There

was a significant depolarization in RMP post-VSG compared to controls that slowly recovered by 4 months at site #1.
�� P<0.01; ��� P<0.001; ���� P<0.0001 compared to sham controls.

https://doi.org/10.1371/journal.pone.0269909.g002
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±0.3mV; Fig 7Aii and 7F) suggesting that the contribution of nitric oxide to this post-junc-

tional inhibitory response was minimal. However, the P2Y1 purinergic receptor inhibitor

MRS2500 (1μM) in the presence of L-NNA, abolished the fIJP (i.e. 0.1±0.1mV, P<0.0001;

n = 4; Fig 7Aiii and 7F). Additional application of the muscarinic receptor antagonist atropine

had no further effect on these post-junctional responses (n = 4; Fig 7Aiv and 7F). These data

demonstrate that the main post-junctional neuroeffector response to EFS (@1Hz) in the

antrum is an inhibitory fIJP attributed to activation of purinergic nerves and post-junctional

P2Y1 receptors. These responses were similar to what has previously been published [36]. The

amplitude of fIJP at 1-week post-VSG decreased to -5±1.4 mV compared to the amplitude of

the fIJP in control antral tissues (n = 5; Fig 7Bi and 7G; �-P< 0.05). L-NNA had no effect on

the amplitude of the fIJP (-5.3±1.6 mV, n = 5; Fig 7Bii and 7G). However, MRS2500

completely abolished the amplitude of the fIJP (Fig 7Biii and 7G) and atropine had no further

effect (P<0.001; Fig 7Biv and 7G). By 3-weeks post-VSG, EFS (@1Hz) showed variable post-

junctional neural responses. 3-weeks post-VSG the fIJP averaged -7.5±2.0 mV, n = 4; Fig 7Ci

and 7H) and at 2 months post-VSG, fIJPs averaged (-8±1.3 mV; n = 5; Fig 7Di and 7I; P>0.05

compared to control). Similarly, L-NNA did not affect these post-junctional responses (-6.9

±2.3mV at 3 weeks; n = 5; Fig 7Cii and 7H; and -8.3±1.5 mV at 2 months; P>0.05; n = 5; Fig

7Dii and 7I) but were abolished by MRS2500 (i.e. 0.2±0.2 mV at 3 weeks; P<0.001; n = 5; Fig

7Ciii and 7H; and 0.3±0.3 mV at 2 months; P<0.001; n = 5; Fig 7Diii and 7I). Atropine had no

further effect on neural responses at both time points (Fig 7Civ, 7H, 7Div and 7I, respectively).

At 4 months post-VSG, the amplitude of fIJP had recovered to control values (-10±0.9 mV;

n = 5) was not affected by L-NNA (-10±0.8 mV, n = 8; Fig 7Ei and 7J) and was inhibited by

MRS2500 (-1.0±0.8 mV, n = 8, P<0.0001; Fig 7Eiii and 7J; n = 5). Atropine had no further

effect on post-junctional responses (P<0.0001; Fig 7Eiv and 7J).

To further test post-junctional neural responses, we increased the frequency of EFS to 0.3

ms duration @ 5Hz for 10s train durations. Increasing the EFS train duration has been

reported to recruit additional motor transmitters in the gastrointestinal tract [36]. We ana-

lyzed the initial response (corresponding to fIJP) and the slower late response (sIJP), possibly

due to nitrergic post-junctional responses, as well as membrane depolarization or excitatory

junction potential (EJP), that was likely due to cholinergic post-junctional responses. In con-

trol antrums (recorded from site #1), high frequency EFS induced an initial fIJP (-10±1.0 mV,

n = 4; Fig 8Ai and 8F) followed by a sIJP (-4±0.6 mV, n = 4; Fig 8Ai and 8K). Application of

L-NNA (100 μM) had no effect on the initial fIJP (-9±1.0 mV, n = 4; P>0.05; Fig 8Aii and 8F)

but revealed a slower developing EJP 10±1.0 mV in amplitude (n = 4; Fig 8Aii and 8K;

P<0.05). Addition of MRS2500 (1 μM) abolished the initial fIJP (0.1±0.1 mV; P<0.0001; Fig

8Aiii and 8F) and increased the amplitude of the slower developing EJP to 17±2.1mV (Fig

8Aiii and 8K; P<0.05, n = 4). In the continued presence of both L-NNA and MRS2500,

atropine (1 μM) abolished the slower developing EJP (0.2±0.2 mV; P<0.001; n = 4; Fig 8Aiv

and 8K).

1-week post-VSG, both the fIJP and sIJP post-junctional neural responses to EFS were sig-

nificantly reduced compared to sham controls. The fIJP was reduced to -7±1.4 mV (Fig 8Bi

and 8G; P<0.05; n = 5) and sIJP to -1±0.9 mV (Fig 8Bi and 8L; P<0.05; n = 5). In the presence

of L-NNA (100 μM) the fIJP was unaffected (i.e. -6±1.7 mV; Fig 8Bii and 8G; P>0.05; n = 5)

Fig 3. Analysis of changes in pacemaker waveform parameters post-VSG at site #1. Panel A, Diagrammatic

representation and electrical parameters of slow wave activity of electrical parameters analyzed. Upstroke amplitude of

slow waves (Aa), slow wave plateau amplitude (Ab), half maximal duration of slow waves (Ac) and inter-slow wave

period (Ad). Panels Ba-Bd, Summary of the changes in slow wave parameters at 3 weeks, 2 months and 4 months

compared to sham-operated controls. � P<0.05; �� P<0.01; ���� P<0.0001 compared to controls.

https://doi.org/10.1371/journal.pone.0269909.g003

PLOS ONE Sleeve gastrectomy - changes in interstitial cells and associated gastric motor responses

PLOS ONE | https://doi.org/10.1371/journal.pone.0269909 June 23, 2022 13 / 30

https://doi.org/10.1371/journal.pone.0269909.g003
https://doi.org/10.1371/journal.pone.0269909


PLOS ONE Sleeve gastrectomy - changes in interstitial cells and associated gastric motor responses

PLOS ONE | https://doi.org/10.1371/journal.pone.0269909 June 23, 2022 14 / 30

https://doi.org/10.1371/journal.pone.0269909


but induced a small EJP of 1±0.5 mV (Fig 8Bii and 8L; P<0.01; n = 5). In the continued pres-

ence of L-NNA, MRS2500 (1 μM) inhibited the fIJP (P<0.0001) and increased the amplitude

of the EJP to 4±0.5 mV (Fig 8Biii and 8G; P<0.001; n = 5), but the amplitude of this EJP was

significantly reduced compared to control tissues (P<0.01). In the presence of L-NNA and

MRS2500, atropine completely abolished the EJP (Fig 8Biv,8G and 8L; P<0.001; n = 4).

3-weeks post-VSG, the initial fIJP and sIJP had moderately recovered. In response to EFS, the

fIJP averaged -9.0±1.6 mV (Fig 8Ci and 8H; P>0.05; n = 4) and the sIJP averaged -4±0.3 mV

(Fig 8Ci and 8M; P>0.05 compared to control; n = 4). L-NNA had no effect (Fig 8Cii, 8G and

8H). In L-NNA, MRS2500 inhibited the fIJP (Fig 8Ciii and 8H) and late inhibitory responses

and revealed alarger EJP (Fig 8Ciii and 8M; P<0.001). After 2 months post-SVG (Fig 8D, 8I

and 8N) and 4 months post-VSG (Fig 8E, 8J and 8O), both the fIJP, sIJPP and EJP post-junc-

tional responses were not significantly different from control responses (P>0.05) and were

affected by the antagonist protocol used in sham controls in a similar manner. These data sug-

gest that attenuation of inhibitory and excitatory post-junctional neuroeffector responses was

temporarily attenuated post-VSG but remodeling of motor inputs within the circular muscle

recovered between 2–4 months post-VSG.

Ca2+ transients in gastric ICC- MY in surgical and non-surgical sites post-

VSG

To further examine the changes that occur in gastric ICC networks post-VSG we utilized a

novel mouse with a genetically engineered constitutive expression of a cell-specific (ICC) Ca2+

sensor, GCaMP6f. Using high-resolution confocal imaging of Ca2+ transients of gastric tissues

from these KitCreGCaMP6f mice post-VSG, we have been able to examine the changes in ICC

excitability, i.e. Ca2+ dynamics and spatial spread of Ca2+ transients in ICC-MY networks

removed (site #1) and adjacent to (site #2) from the surgical line after VSG. We also recorded

an additional site (site #3) between site#1 and site#2 in imaging experiments (Fig 9). To reduce

motion artifacts from gastric contractions, the L-type calcium channel, nicardipine (1 μM),

was used throughout the imaging experiments as previously described [38]. Under control

conditions, gastric antral muscles from sham-operated mice generated subcellular Ca2+ tran-

sients that originated from numerous distinct firing sites in ICC-MY networks. The firing of

Ca2+ transients was organized into temporal clusters termed Ca2+ transient clusters or CTCs

as previously reported [38]. CTCs occurred at an average frequency of in 5.7 ± 0.4 cycles min-1

with an average CTC duration of 5.9 ± 0.2 seconds across all gastric sites indicated in Fig 9B–

9E and 9I (n = 4).

Three weeks post-VSG, gastric tissues exhibited distinctly different Ca2+ dynamics across

all regions compared to sham-operated mice. Ca2+ activity recordings in the antral region (site

#1; Fig 9A) showed regular CTC firing patterns (Fig 9F) with a CTC frequency of 6.0 ± 0.2

cycles min-1 and a CTC duration of 5.3 ± 0.3 seconds (Fig 9I and 9J; P>0.05 for both frequency

and duration compared to sham controls). We were unable to resolve and visualize Kit-

GCaMP6f positive cells or Ca2+ activity along the surgery line and the surrounding fibrotic tis-

sue (site #2, Fig 9A, 9B, 9G, 9I and 9J; P<0.0001 for frequency and duration respectively com-

pared to sham controls). We also evaluated the region between active site #1 and inactive site

#2 and ICC networks expressing the GCaMP6f Ca2+ sensor at this region (site #3, Fig 9A and

9B). Ca2+ imaging of ICC-MY from site #3 showed dysfunctional firing, no clustering of Ca2+

Fig 4. Different types of aberrant gastric electrical activity recorded at site #1, 1-week post-VSG. Normal antral slow waves were

replaced with either (i) Panel A, no activity, (ii) Panels B&C, rapid oscillations in membrane potential, Panels D-F, slow waves with little

or no plateau phase and Panels G&H, electrical activity that displayed single or Panel I, spike complexes.

https://doi.org/10.1371/journal.pone.0269909.g004
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transients were observed, and ICC fired very discrete and stochastic Ca2+ events (Fig 9H, 9I

and 9J). The occurrence of these events varied between sleeve operated mice with an average

frequency of 102±12.5 events min−1 and duration significantly decreased (n = 4; P<0.0001 and

P<0.01 for frequency and duration respectively compared to sham controls).

Fig 5. Loss or disruption of gastric pacemaker activity and its recovery following VSG in the gastric corpus at site

#2. Panel A, Intracellular electrical recordings of gastric pacemaker activity at site #2 under control conditions (Ai, 0

week). Panels Aii-Aiii, Slow waves were absent in gastric tissues 1-3weeks post-VSG, were disrupted at 2 months

(Panel Aiv) and had recovered to sham control activity by 4 months (Panel Av). Panel B, Changes in resting

membrane potential (RMP) at different times following VSG. A marked depolarization in RMP was observed at site #2

but this recovered to control levels by 2 months. � P<0.05; �� P<0.01 compared to controls (n = 6).

https://doi.org/10.1371/journal.pone.0269909.g005

Fig 6. Loss or disruption of pacemaker activity was limited to the stomach. Panel A, Pacemaker activity recorded from the jejunum

of a sham-operated animal and Panel B, 1-week post-VSG. Panel C, Jejunal slow waves 4-months following VSG. There was no

difference in pacemaker activity recorded from jejunums post-VSG at any time period compared to controls (n = 4).

https://doi.org/10.1371/journal.pone.0269909.g006
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Molecular changes in gastric muscles post-VSG

As stated above pacemaker activity in the stomach is generated by ICC located at the level of

the myenteric plexus (ICC-MY). The underlying current responsible for the generation of gas-

tric pacemaker activity is a calcium-activated chloride current known as TMEM16A (aka

Anoctamin-1 or Ano1) [40, 41]. Pacemaker activity generated by ICC spread into neighboring

smooth muscle cells via low resistant gap junctions causing their depolarization, calcium entry

via L-type Ca2+ channels and activation of the contractile apparatus that result in phasic con-

tractile activity of the stomach [36]. Post-junctional nitrergic and cholinergic neuroeffector

responses are mediated by intramuscular ICC or ICC-IM [32–35], and purinergic inhibitory

responses mediated by another class of interstitial cell known as Platelet Derived Growth

Fig 7. Changes in post-junctional neural responses in the gastric antrum post-VSG. Panel A, In control sham operated animals under control conditions

(i.e. no drugs), stimulation of motor nerves (0.3 ms duration @1 Hz, for 1 second; arrows) by electrical field stimulation (EFS) evoked a fast inhibitory junction

potential (fIJP; red arrow, Panels Ai&F). In the presence of the nitric oxide synthase inhibitor L-NNA (100 μM, Panels Aii&F) the amplitude of the fIJP was

not affected. The P2Y1 purinergic receptor inhibitor MRS2500 (1μM) in the presence of L-NNA, inhibited the fIJP (Panels Aiii&F). Application of the

muscarinic antagonist atropine had no further effect on post-junctional responses (Panels Aiv&F). Panels Bi&G, 1-week post-VSG the amplitude of the fIJP

was reduced. Panels Bii&G, L-NNA (100 μM), had little or no effect on the amplitude of the fIJP. Panels Biii&G, MRS2500 in the presence of L-NNA,

inhibited the fIJP. Panels Biv&G, Application of atropine in the presence of L-NNA and MRS2500 had no further effect on the post-junctional response.

Panels Ci&H, Recovery of post-junctional inhibitory responses at 3 weeks, 2 months (Panels Di&I) and 4 months (Panels Ei&J). A similar pharmacological

dissection was performed as in Panel A. Panels F-J, Summary of the changes in post-junctional inhibitory responses at 1 week (G), 3 weeks (H), 2 months (I)

and 4 months (J), compared to controls (F). � P<0.05, compared to sham controls; ### P< 0.001, #### P<0.0001 for drug treatments.

https://doi.org/10.1371/journal.pone.0269909.g007
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Fig 8. Changes in post-junctional responses in the gastric antrum in response to intense neural stimulation. Increasing the frequency of EFS (0.3 ms

duration @ 5Hz and 10sec train durations) generated several distinct post-junctional neural responses in sham operated animals. Panels Ai,F&K, Under

control conditions EFS activation of enteric motor nerves evoked an initial fIJP (red arrow) followed by a slow IJP (sIJP; blue arrow). In the presence of L-NNA

(100 μM, Panels Aii,F&K) the amplitude of the fIJP was not affected but the sIJP was replaced by an excitatory junction potential (EJP). At the termination of

EFS, the EJP was immediately followed by a slow wave. Panels Aiii,F&K, In the presence of L-NNA, MRS2500 (1μM), inhibited the EFS evoked fIJP but
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Factor Receptor-positive cells or PDGFRα+ cells [42]. Together we have termed the integrated

activities of the Smooth muscle, ICC and PDGFRα+ cells as the “SIP” syncytium.

To determine the degree of cellular remodeling in the different cellular phenotypes of the

SIP syncytium we examined transcriptional changes of Kit & Ano1 (ICC), Pdgfra (PDGFRα+

cells) Nos1 (nNos; neuronal nitric oxide inhibitory nerves) and Myh11 (smooth muscle) in

control (0 week), 1 week, 3 weeks, 2 months, and 4 months from site #1 post-VSG. Kit tran-

scripts in antral muscles was markedly decreased 1-week post-VSG (Fig 10A; P<0.01) and

subsequently showed recovery from 3weeks post-VSG (P>0.05). Ano1 also showed a signifi-

cant loss (Fig 10B; P<0.01) and a partial recovery but was still significantly decreased even

after 4 months post-VSG (P<0.01). Pdgfra also showed a decrease in transcript expression

1-week post-VSG (Fig 10C; P<0.05) that was down-regulated up to 2 months but recovered by

4 months (P>0.05). Nos1 expression was greatly decreased 1week post-VSG (Fig 10D;

P<0.01) and displayed a partial recovery but was still depressed by 4 months (P<0.05). Finally,

to determine transcriptional changes in smooth muscle cells we also examined Myh11 expres-

sion (Fig 10E). Like most of the other genes examined Myh11 was markedly down-regulated

1-week post-VSG (P<0.01) but recovered by 3 weeks and remained stable for up to 4 months

(Fig 10E; P>0.05 at 4 months compared to sham control).

We also compared the expression of Kit, Ano1, Pdgfra, and Nos1 gene transcripts between

sites #1 and #2, 1- and 3-weeks post-VSG. As stated above at site #1, all cell-specific genes were

significantly downregulated by 1 week and had shown a partial recovery by 3 weeks. All of the

gene transcripts that were examined at site #2 were downregulated, and these did not recover

by 3 weeks (Fig 11A–11D; P<0.001; n = 3 for all gene transcripts analysis).

Cellular remodeling post-VSG

The loss of pacemaker activity and post-junctional neuroeffector responses in gastric tissues as

well as down-regulation of gene transcripts post-VSG suggests that there has been disruption

or remodeling in ICC networks or enteric nerves. To determine post-surgical changes in ICC

and their relationship with enteric nerves within the gastric antrum we performed double

labeling immunohistochemistry with antibodies against Kit and protein gene product 9.5

(PGP 9.5). Immunohistochemical analysis was performed at site #1. Control antral tissues dis-

played normal networks of intramuscular ICC (ICC-IM) and ICC at the level of the myenteric

plexus (ICC-MY) and a normal enteric nerve plexus and associated nerve fibers (Fig 12A–

12C), as previously described [43] 1-week post-VSG there was a marked disruption in ICC

networks in antral tissues. ICC-MY were widely disrupted or absent from the gastric antrum

of 1-week post-VSG tissues. ICC-IM were present in tissues 1-week post VSG and occasionally

formed close appositions with enteric nerve fibers (Fig 12D–12F). 3-weeks following VSG,

ICC-MY were still disrupted or absent whereas ICC-IM were present in normal numbers

within the circular muscle layer (Fig 12G–12I). 4 months post-VSG, ICC-MY had recovered

and were located within the intramuscular plane between the circular and longitudinal muscle

layers at the level of the myenteric plexus. ICC-IM and enteric nerve fibers remained similar to

that observed at 1 week and 3 weeks post-VSG (Fig 12J–12L). Thus, significant loss and

remodeling of ICC networks occurs post-VSG but recovers within 4 months.

evoked an EJP and slow wave during EFS. Panels Avi,F&K, Atropine (1 μM) in the presence of L-NNA and MRS2500 inhibited the EFS evoked EJP and slow

wave. Panels Bi,G&L, 1-week post-VSG post-junctional neural responses were greatly attenuated. EFS evoked a small fIJP and after its termination an EJP were

recorded. Panels Bii&G&L, Addition of L-NNA did not affect post-junctional neural responses. Panels Biii,G&L, MRS2500 in the presence of L-NNA

inhibited the fIJP but did not affect the late developing EJP. Panels BivG&L, Atropine in the presence of L-NNA and MRS2500 inhibited the late developing

EJP. Panels C-E, reveal a recovery of neural responses such they were similar to control responses by 2 and 4 months. A similar pharmacological dissection was

performed as in Panels A&B. Panels F-O, summarized data of the effects of VSG on the fIJP (Panels F-J) and the sIJP (Panels K-O).). # P<0.05, ### P< 0.001,

#### P<0.0001 for drug treatments.

https://doi.org/10.1371/journal.pone.0269909.g008
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Discussion

Vertical sleeve gastrectomy (VSG) is a bariatric procedure that involves the removal of approx-

imately 80% of the greater curvature of the stomach, including the fundus, corpus and proxi-

mal antrum. The remaining tissue generates a tube-like structure that is approximately 15–

20% of its original size. Since a large part of the stomach is removed following VSG it can be

presumed that significant changes in gastric motor activity occurs. Gastric emptying studies

have been performed following VSG, however the results have been highly variable. VSG has

been reported to have no effect on gastric emptying [44], or accelerate gastric emptying and

were dependent upon the ingested gastric contents [25, 45, 46]. Results varied between liquids

that showed both delayed and increased gastric emptying, semi-solid meals that showed

unchanged or accelerated gastric emptying, or solid meals that also showed both delayed and

accelerated gastric emptying [25, 45, 46]. These studies typically utilized radionuclide scintig-

raphy and magnetic resonance imaging at a 3-month time point following VSG. It was also

reported that more radical resection of the antrum correlated with an increase in gastric emp-

tying [47]. VSG is also reported to lead to aberrant ectopic pacemaking with rapid retrograde

propagations in the antral regions of the stomach inducing chronic dysmotility that persisted

long after VSG [27].

Since there is a significant loss of the principal pacemaker region of the stomach and

chronic altered gastric motor activity has been reported post-VSG, we sought to determine the

changes in gastric pacemaker activity in the mouse, as this model of VSG has been validated by

other groups [48]. We utilized intracellular recording techniques to determine the quantitative

changes that occur in pacemaker activity post-VSG. We also examined the calcium dynamics

in ICC networks that are responsible for the generation of gastric pacemaker activity and the

remodelling of ICC networks and genes that are preferentially expressed in cells that make up

the SIP syncytium i.e., Smooth muscle cells, ICC and PDGFRα+ cells, the cellular components

responsible for excitability in the stomach [49]. We examined the changes over a 4-month

time period as this time period is similar to that often used for the radionuclide scintigraphy

and magnetic resonance imaging studies of gastric emptying [25].

One of the most dramatic changes that we observed post-VSG was a depolarization in

membrane potential and disruption in gastric pacemaker activity. The depolarization in mem-

brane potential persisted for up to 2 months in the gastric antrum (site #1) and for at least 3

weeks closer to the suture line in the gastric corpus (site #2; see Fig 1). Associated with this

membrane depolarization was a loss or disruption in gastric slow waves. The loss in pacemaker

activity was greatest in the gastric corpus (site #2) and persisted for over 2 months post-VSG.

However, in the gastric antrum, several millimeters away from the surgical line, slow waves

were absent after 1 week and greatly disrupted for greater than 3 weeks. The disruption in

pacemaker activity post-VSG was variable, in some animals there was a loss of slow waves, in

Fig 9. Disruption of Ca2+ transients in gastric ICC following sleeve surgery. Panel A, Diagrammatic representation of Ca2

+ imaging sites in gastric tissues of sham and VSG KitCreGCaMP6f animals. Panel B, Images of ICC expressing the Ca2

+-sensor, GCaMP6 in gastric tissues. Three sites were chosen for Ca2+ imaging (sites #1&#2, as described in Fig 2). A 3rd. site

proximal and closer to the surgical line than site #1 was also chosen for imaging and identified in Panel A. Panel C, Spatio-

temporal Ca2+ map (STMap) obtained from sham operated mice showing Ca2+ transient firing patterns in ICC-MY at site

#1. Panels D&E, STMaps from sites #2 and site #3, respectively. A color-coded hue was added as an overlay to enhance

visualization; color scale indicates intensity of Ca2+ transients (i.e., dark blue represents low Ca2+ transient intensity; light

yellow to red indicates high Ca2+ transient intensity). Panels F-H, STMaps of ICC-MY-dependent Ca2+ transients obtained 3

weeks post-VSG. Panel F, ICC-MY-dependent Ca2+ transients were clustered and relatively normal at site #1, Panel G, Ca2

+-transients were absent at site #2, Panel H, Ca2+-transients were greatly disrupted at site #3 compared to organized Ca2+

transient clusters (CTCs) in sham control mice (Panel E). Panels I&J, Summary of Ca2+ transient parameters recorded from

the 3 identified sites. Panel I shows CTC frequency and Panel J CTC duration. �denotes significant difference between sham

and sleeve operated animals. �� P<0.01 and ���� P<0.0001. Scale bar in B is 50 μm and pertains to all images.

https://doi.org/10.1371/journal.pone.0269909.g009
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Fig 10. Changes in gene transcripts of gastric tissue following VSG. Panels A-E, Changes in Kit (ICC), Ano1 (ICC), Pdgfra
(PDGFRα), Nos1 (nNOS; nitric oxide synthase inhibitory nerves), Myh11 (smooth muscle myosin), in control (0 week), 1 week, 3 weeks,

2 months, and 4 months, respectively from site #1 post-VSG. Kit, Ano1, Pdgfra Nos1 and Myh11 transcripts were markedly decreased in

antral muscles 1-week post-VSG. Cell-specific gene transcripts showed partial recovery over the 4-month examination period. � P<0.05

and �� P<0.01.

https://doi.org/10.1371/journal.pone.0269909.g010
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others regular slow waves were replaced with highly irregular electrical activity and in others

regular slow wave activity was replaced with irregular spike action potentials that also formed

spike complexes in some animals. The initial spike action potential or spike complexes was

likely due to activation of L-type Ca2+ channels in smooth muscle cells since they were sensi-

tive to nifedipine as previously reported [40]. Membrane depolarization, as observed in gastric

tissues post-VSG (-50 to -55mV in the antrum), reach an activation threshold for L-type Ca2+

channels and subsequent spike action potential generation. At 3 weeks the slow wave plateau

amplitude and half maximal duration were significantly reduced following VSG. Since the

amplitude and duration of the slow wave plateau are important for the generation of forceful

gastric contractions, it is highly likely that post-VSG the corpus and antrum generated less

forceful contractions that would tend to reduce gastric emptying.

The disruption in ICC-driven pacemaker activity was also confirmed using a mouse model

with a genetically engineered constitutive expression of an ICC-specific Ca2+ sensor, GCaMP6f

[38]. The normal highly coordinated Ca2+ transient clusters in ICC-MY observed in sham-

operated controls was replaced with either no Ca2+ transient activity along the surgery line and

Fig 11. Comparison of changes in expression of gene transcripts in antum versus corpus in gastric tissues post-VSG. Panels A-D, Transcript expression of

Kit, Ano1, Pdgfra, and Nos1 genes at sites #1 and #2, 1- and 3- weeks post-VSG, respectively. At site #1, all cell-specific genes were significantly downregulated

by 1 week and had shown only a partial recovery by 3 weeks. All of the gene transcripts that were examined at site #2 were downregulated, to a level that the

expression was negligible, and these did not recover by 3 weeks (�� P<0.01 and ��� P<0.001 for all genes).

https://doi.org/10.1371/journal.pone.0269909.g011
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Fig 12. Immunohistochemical labeling of ICC and enteric nerves following VSG. Panels A-C, double labeling of

Kit+ ICC at the level of the myenteric plexus (A; �) and intramuscular ICC (arrowheads, green). B, PGP9.5+ enteric

nerve ganglia and fibers (arrows, red), in control gastric antrum tissues. Merged image is shown in Panel C. Panels

D-F, double labeling of Kit+ ICC-IM (D; arrowheads, green) and PGP9.5+ enteric nerves (E; arrows, red), including

the myenteric plexus, 1-week post-surgery. Note the absence of ICC-MY at the level of the myenteric plexus. Merged

image is shown in Panel F. Panels G-I, 3-weeks after surgery ICC-MY were still disrupted or absent, whereas ICC-IM

(Panel G; arrowheads) and enteric nerves (Panel H; arrows) were evident. Panel I, merged image of panels G&H.

Panels J-L, 4 months post-surgery ICC-MY networks had recovered (�, green Panel J). ICC-IM (arrowheads) were

also evident. Panel K, PGP9.5+ enteric nerves (red; arrows) were widely distributed within the circular muscle layer.

Merged image is shown in panel L. Scale bars in Panels C,F,I&L = 50 μm and applies to their respective panels.

https://doi.org/10.1371/journal.pone.0269909.g012
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surrounding tissue or dysfunctional firing, where no Ca2+ transient clusters were often

observed. Further from the surgical line regular Ca2+ transient clusters were recorded. The dis-

ruption in pacemaker activity was limited to the stomach as slow waves in the jejunum were

normal 1 week after and remained so for up to 4 months post-VSG.

Disruption in pacemaker activity has been previously reported following intestinal resec-

tion and anastomosis, that subsequently led to disturbances in motility including a decrease in

phasic and segmental contractions [50, 51]. Postoperative loss in electrical slow waves and pha-

sic contractions had a rapid onset, occurring within five hours after surgery, and was associ-

ated with disruption in ICC networks at the level of the myenteric and deep muscular plexuses

in the intestine [50]. Postsurgical recovery was also rapid, electrical slow waves and mechanical

activity recovered at the site of anastomosis 24 hours after surgery and recovered more rapidly

when tissues were incubated in the inducible nitric oxide synthase inhibitor, L-N6-(1-Imi-

noethyl) lysine hydrochloride (L-NIL). The disruption in ICC networks was reduced by a defi-

ciency in, or pharmacological inhibition of inducible nitric oxide synthase (iNOS) prior to

surgery [51]. Postoperative disruption in ICC networks and intestinal pacemaker activity was

also partially protected in mice lacking cyclooxygenase-2 [51], suggesting an inflammatory

response contributed to the disruption in pacemaker activity. As in the present study, the post-

operative surgical damage consisted of a local and a more widespread response in which ICC

networks and pacemaker activity were disrupted for up to 5 cm oral and aboral from the site of

resection [50, 51]. The loss of ICC has also been more recently confirmed in a rat model of

intestinal resection [52]. Further studies will be necessary to determine whether gastric ICC

networks and pacemaker activity can be protected with iNOS inhibitors in the mouse VSG

model. In an earlier study there was a loss in ICC and slow wave electrical dysfunction in a

mouse model of intestinal obstruction [53]. The loss of ICC and associated activity occurred

up to 5 cm oral but not aboral to the site of the intestinal partial occlusion clip [53].

ICC throughout the GI tract express the calcium-activated chloride conductance,

TMEM16A, also known as Anoctamin 1 (aka Ano1). Ano1 has been shown to be the conduc-

tance responsible for electrical slow waves in the gastrointestinal tract [40, 41]. Ano1 gene

transcripts were greatly reduced 1 week post VSG and remained low over the 4-month time

period studied. The disruption or the change in gastric slow wave activity into spikes or spike

bursts post-VSG were similar to that observed in the stomachs of animals where Ano1 was

knocked down in adult tissues using the Cre/LoxP technology [40]. Knocking down Ano1

expression caused dramatic changes in gastric motor activity, with disrupted slow waves,

abnormal phasic contractions and delayed gastric emptying [40]. Normal slow waves were

often replaced with irregular altered spikes that also formed spike complexes and were sensi-

tive to the L-type calcium channel antagonist nifedipine, suggesting that they originated from

smooth muscle cells.

A second striking change that occurred in the gastric antrum post-VSG was the temporary

loss of post-junctional neural responses. Post-junctional neuroeffector responses in the termi-

nal regions of the mouse stomach are mainly mediated by cholinergic excitatory and puriner-

gic and nitrergic inhibitory motor inputs [33–36]. Both cholinergic and nitric oxide-

dependent post-junctional neuroeffector responses require intramuscular ICC (ICC-IM) as

cellular intermediaries between nerve terminals and smooth muscle. In mice where ICC-IM

are greatly reduced or absent, cholinergic and NO-dependent responses are greatly attenuated

or absent [33, 34]. Purinergic inhibitory responses in the stomach are inhibited by the P2Y1

receptor antagonist, MRS2500 and are absent in P2ry1-/- mice [42], and are likely mediated by

PDGFRα+ cells, as occurs in other regions of the gastrointestinal tract [54]. The loss of post-

junctional neuroeffector responses could not be directly correlated with complete disruption

of enteric nerves or ICC-IM as both cellular entities were present in gastric tissues 1 week post
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VSG. However, the gene transcripts for Kit, Ano1 Pdgfra and Nos1 were all greatly reduced 1-

and 3-weeks post VSG. Since Ano1 transcripts were greatly reduced in gastric tissues post

VSG, the loss of cholinergic neural responses may be expected as Ano1 is the calcium-activated

chloride conductance expressed in ICC-IM that mediate these cholinergic excitatory responses

[35]. The temporary loss of purinergic responses may be due to the reduction in Pdgfra gene

expression and likewise for Nos1 and nitrergic inhibitory neural responses. It is possible that

other down-stream signaling mediators responsible for post-junctional responses are also

affected post-VSG.

In summary, in the present study we demonstrated that post VSG causes a marked but tem-

porary cellular remodeling in gastric tissues. There is a pronounced disruption in interstitial

cell networks, and this is associated with disrupted gastric pacemaker activity and post-junc-

tional neuroeffector motor responses. ICC networks, gastric slow waves and post-junctional

neural responses recover over a 4-month time-period in the mouse model. Further examina-

tion of the causes of gastric cellular remodeling post VSG in this model may provide valuable

information for a more rapid recovery in patients undergoing VSG.
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