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Hormonal and Neuronal Regulation of Gastrointestinal Physiology 

 

 

Abstract 

 

Sensory responses to intestinal nutrients, such as lipid or protein, help coordinate the 

complex process of digestion and maintain metabolic homeostasis. Nutrient ingestion evokes 

rapid physiological responses, including gut hormone secretion, delayed gastric emptying and 

gut motility, secretion of bile and digestive enzymes, and changes in feeding behavior. Pathways 

by which peripheral nutrient detection impact physiology remain poorly understood, including 

primary chemosensory mechanisms, relevant signaling molecules, and the roles of various 

peripheral and enteric neurons. Here, I studied (1) gut-innervating vagal afferents, and (2) fat-

evoked gallbladder responses to understand signaling pathways involved in intestinal sensation. 

  

First, I studied vagal sensory neurons expressing GPR65, an orphan G-protein-coupled 

receptor (GPCR). Previous studies using Gpr65-ires-Cre mice, revealed that vagal GPR65 

neurons densely innervate intestinal villi, where they function as chemosensors. I performed a 

high throughput chemical screen to identify GPR65 agonists, and found X to be a potent agonist 

of GPR65 in cultured cells. Preliminary studies using X and GPR65 knockout mice did not 
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reveal acute modulation of gastric pressure, but the identification of a GPR65 agonist should 

help pinpoint the role of this receptor in gut-brain signaling in future studies. 

  

Next, I studied sensory pathways involved in fat sensation in the intestine. Several models 

for intestinal fat detection and signal transmission have been proposed. Here, I monitored 

gallbladder contraction to measure systemic responses to ingested fat. I developed  an in vivo 

imaging method for observing real-time gallbladder emptying with an automated data analysis 

pipeline powered by machine learning. Lipid but not amino acid induced gallbladder emptying, 

and this response was abolished in CCK receptor knockout. These findings raise a conundrum, as 

dietary amino acid also induced CCK release but does not evoke gallbladder contraction. 

  

Finally, a long-hypothesized role for neuronal regulation was examined in fat-evoked 

gallbladder contraction. Optogenetic activation, electrical stimulation, or transection of the vagus 

nerve did not impact gallbladder contraction. Moreover, chemogenetic activation or inhibition of 

cholinergic neurons (which includes major populations of the enteric nervous system) or 

cholinergic signaling did not affect gallbladder emptying. Instead, acute injection of CCK in a 

remote site (tail vein) was sufficient to contract the gallbladder, indicating that CCK likely 

functions as a humoral factor acting at a distance to mediate signals from the intestine to 

gallbladder. Together, these studies define several steps in a lipid-sensing pathway that 

ultimately influences systemic host physiology. 
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Chapter 1. Introduction 

The gastrointestinal (GI) tract is the primary sensory site for ingested food, and a wide 

range of physiological responses are elicited upon nutrient chemosensing, resulting in acid 

secretion and motility change from stomach, bile acid secretion from gallbladder, and digestive 

juice secretion from pancreas (Gribble & Reimann, 2016). 

 

1.1 Enteroendocrine Cells as Chemosensors in the GI Tract 

Enteroendocrine cells (EECs), specialized gut epithelium cells scattered along the GI tract, 

release gut hormones in response to nutrient stimuli like sugar, lipids and proteins. Receptors for 

different nutrients are found to express on the surface of EECs (TAS1R2-TAS1R3 for 

carbohydrates; FFAR1/2/3/4, OLFR78, GPR119 for lipids; CaSR, TAS1R1-TAS1R3, GPRC6A 

for proteins), likely responsible for the chemosensing process. (Steensels & Depoortere, 2018)  

In this section, cell types, gut hormones and nutrient receptors of the EEC system are 

summarized, with an emphasis on lipid related nutrient sensing. 

 

EECs are traditionally classified based on the major gut hormone they produce and secrete. 

One type of gut hormone cholecystokinin (CCK), produced by type-I EECs, are reported to be 

released upon ingestion of protein and lipid as a satiety signal, and could affect multiple GI 

physiology (stimulation of pancreatic enzyme secretion and gallbladder bile secretion, and 
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inhibition of gastric emptying and food intake). These actions collectively facilitate optimal 

digestion of protein and lipid in the small intestine (Dockray, 2009).  

But the real-world chemosensory process of the enteroendocrine system is much less clean 

than the “one nutrient – one receptor family – one gut hormone” model.  First, despite the 

traditional clusters of EECs, most EECs are capable of producing multiple kinds of gut hormones 

in a mosaic pattern, repeatedly confirmed by both in situ hybridization, staining and single cell 

RNA-Sequencing. CCK-producing EECs are found to also produce various numbers of other gut 

hormones among Secretin, Glucagon, Peptide YY (PYY), Ghrelin and Gastric Inhibitory 

Polypeptide (GIP) based on single cell RNASeq data (Haber et al., 2017). CCK-producing EECs 

also span the whole GI tract, without obvious localization or hotspot to specific regions of the GI 

tract. 

Second, receptors to specific nutrient are expressed in multiple EEC types, but only 

partially overlapping with any one specific type. FFAR1 (GPR40) and FFAR4 (GPR120) are the 

two receptors for long-chain fatty acid expressed in EECs.  FFAR1 (GPR40) are reported to 

expressed in 50% of CCK-producing EECs (type-I cell), but also 50% GIP-producing EECs 

(type-K cell), 55% GLP-1 producing EECs (type-L cell), and also gastric, ghrelin, PPY, secretin 

and serotonin producing EECs (Edfalk, Steneberg, & Edlund, 2008a). FFAR4 (GPR120) are 

reported to expressed in GIP-producing EECs (Iwasaki et al., 2015), CCK-producing EECs and 

GLP-1 producing EECs (Little, Isaacs, Young, Ott, Nguyen, Rayner, Horowitz, & Feinle-Bisset, 

2014a). The expression of nutrient receptors, for example GPR40, also span the whole GI tract 

from stomach to colon, without obvious localization or hotspot to specific regions of the GI tract 

(Edfalk, Steneberg, & Edlund, 2008b). 
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Therefore, it remains to be clarified whether and how nutrient-specific sensory information 

are encoded at the level of EECs being activated, gut hormones being released, and downstream 

GI physiology, leavening a lot of space for other players that might co-regulate and co-modulate 

the nutrient chemosensing and physiological responses. 
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1.2 G-protein-coupled Receptors as Mediators of Nutrient 

Responses 

G-protein-coupled receptors (GPCRs) are a large and diverse family of membrane receptors 

with seven transmembrane-domain and G protein mediated downstream signaling pathways. The 

receptors can be activated by a wide range of ligand in the form of light energy, small molecules 

and large molecules (like sugars, lipids and proteins), and are critical mediators in various 

sensory systems like vision, taste, touch and internal sensation.  

In this section, two groups of receptors who have been reported to involve in intestinal lipid 

sensing are summarized. 

 

FFAR1 (GPR40) / FFAR4 (GPR120) 

FFAR1 (GPR40) and FFAR4 (GPR120) have been identified as long-chain fatty acid 

receptors as their downstream calcium flux and MAP kinase can be activated by medium/long 

chain (>12C) fatty acids (both saturated and unsaturated) in cell cultures (Y. Itoh et al., 2003) 

(Hirasawa et al., 2005). As mentioned above, FFAR1 (GPR40) and FFAR4 (GPR120) are   

expressed in EECs, making them the perfect receptor candidates for intestinal lipid stimuli. 

FFAR1 (GPR40) and FFAR4 (GPR120) are shown to mediate lipid-induced gut hormone 

secretion by knockout experiments. FFAR1 (GPR40) global knockout animals have deficient 

GIP secretion (type-K EECs) and deficient CCK secretion (type-I EECs) in response to oral 

introduced oil (Sankoda, Harada, Iwasaki, Yamane, Murata, Shibue, Thewjitcharoen, Suzuki, 

Harada, Kanemaru, Shimazu-Kuwahara, Hirasawa, & Inagaki, 2017a), and also deficient GLP-1 

secretion (type-L EECs) in response to fat diet (Edfalk, Steneberg, & Edlund, 2008b). FFAR4 
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(GPR120) global knockout animals have deficient GIP secretion (type-K EECs) and deficient 

CCK secretion (type-I EECs) in response to oral introduced oil (Iwasaki et al., 2015) (Sankoda, 

Harada, Iwasaki, Yamane, Murata, Shibue, Thewjitcharoen, Suzuki, Harada, Kanemaru, 

Shimazu-Kuwahara, Hirasawa, & Inagaki, 2017a), and the GIP secretion defect can be partially 

rescued by CCK analog, suggesting secondary regulation of GIP secretion downstream of CCK 

(Sankoda, Harada, Iwasaki, Yamane, Murata, Shibue, Thewjitcharoen, Suzuki, Harada, 

Kanemaru, Shimazu-Kuwahara, Hirasawa, & Inagaki, 2017a). FFAR1 (GPR40) and FFAR4 

(GPR120) are also involved in insulin secretion and glucagon secretion from the pancreas in 

response to free fatty acids, but that is due to direct chemosensing of fatty acids by 

FFAR1/FFAR4 expressed in pancreatic islets, and not related with intestinal nutrient sensing. 

FFAR1 (GPR40) and FFAR4 (GPR120) are also shown to mediate lipid-induced 

gallbladder emptying by knockout experiments. The gallbladder emptying in response to orally-

introduced oil is completely abolished in FFAR1 (GPR40) knockout animals, while the FFAR4 

(GPR120) knockout animals have partial defect (Sankoda, Harada, Iwasaki, Yamane, Murata, 

Shibue, Thewjitcharoen, Suzuki, Harada, Kanemaru, Shimazu-Kuwahara, Hirasawa, & Inagaki, 

2017a). 

In summary, FFAR1 (GPR40) and FFAR4 (GPR120) can detect long-chain fatty acids, 

induce secretion of gut hormones (GLP-1, GIP and CCK) and are necessary in lipid-induced 

gallbladder emptying. 

 

CCKAR (CCK1R) / CCKBR (CCK2R) 

CCK peptide is produced from a 115-amoni-acid preprohormone, and can exist in multiple 

possible forms (CCK-58, CCK-33. CCK-8) by trimming of the N-terminal fragments. Its full 
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biological activity resides in the octapeptide on the COOH-terminal, with the eighth amino acid 

be sulfated. 

Two subtypes of CCK receptor are discovered: CCKAR are predominately expressed in the 

GI system and regulate GI physiology, but also with some expression in central nervous system 

(CNS) and peripheral nervous system (PNS); CCKBR are predominately expressed in the CNS 

and regulate satiety, but also with some expression in gastric mucosa and immune cells. Both 

CCKAR and CCKBR have high affinity for CCK, but only CCKBR has high affinity for gastrin. 

(Wank, 1995) 

CCKAR expression can be found in stomach (smooth muscles, chief cells and D cell of 

gastric mucosa), gallbladder (smooth muscles), sphincter of oddi (smooth muscle), and pancreas 

(acinar cells, duct cells, and islets) (Konno et al., 2015); corresponding to CCK-induced 

physiology of delayed gastric emptying and inhibited acid secretion in stomach, gallbladder 

contraction and relax of sphincter of oddi, and exocrine and endocrine secretion of pancreas. 

Therefore, CCK receptors expressed in the GI organs are likely the point-of-action in CCK-

induced physiology. 

But CCKAR expression can also be found in peripheral nervous system. For example, 

CCKAR is expressed abundantly in the vagus nerve, and dissociated vagal sensory neurons can 

be activated by CCK(Williams et al., 2016). This leaves room for other CCK-mediated 

mechanism to affect GI physiology, besides direct action on the GI organs. 
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Figure 1. Summary: (Top) Classical model of lipid-induced gallbladder emptying. (Bottom) 
Hypothesized model of neuronal regulation. 
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1.3 Vagus Nerve as Candidate Modulator for Nutrient 

Responses 

Vagus nerve is the tenth cranial nerve that connects the peripheral organs and the brain. The 

vagal trunk consists the afferent fibers that collects sensory information from peripheral organs, 

and the efferent fibers that act on peripheral organs to regulate physiology. 

The cell bodies of the sensory branch form nodose ganglion, which sits right outside the 

skull in the neck area on both the left and right side and is surgically accessible. VGLUT2 

(Vesicular Glutamate Transporter 2) is expressed in all vagal sensory neurons and serves as a 

genetic marker to label the vagal sensory branch (Chang, Strochlic, Williams, Umans, & 

Liberles, 2015). 

The cell bodies of the motor branch reside in the brain stem, with axons of these vagal 

motor neurons form fiber bundles that travel along the sensory brunch and pass right through the 

nodose ganglion. CHAT (Choline Acetyltransferase) is expressed in a large proportion of vagal 

motor neurons and serves as a genetic marker to label part of the vagal motor branch (Chang et 

al., 2015). 
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Figure 2. Summary: the vagus nerve. (Left) The vagal sensory neurons, labelled by gene 
VGLUT2 (Vesicular Glutamate Transporter 2). (Right) The vagal motor neurons, mostly 

labelled by gene CHAT (Choline Acetyltransferase). 
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Nutrient-relevant GPR65 Vagal Sensory Neurons 

Previous work in the lab has identified a sub-population of vagal sensory neurons that have 

nutrient-sensing relate function.  The GPR65-expressing vagal sensory neurons innervate 

intestinal villi, can be activated by intestinal nutrients in calcium imaging, and can inhibit gastric 

pressure during optogenetic activation (Williams et al., 2016).  

GPR65 is an orphan-GPCR that was first discovered in immune cells, without a clear 

function or natural ligand. It has been suggested as psychosine receptor (Im, Heise, Nguyen, 

O'Dowd, & Lynch, 2001) or pH receptor (Tcymbarevich et al., 2019), and a chemical that 

activates the receptor under specific pH condition is identified by cAMP assays (Huang et al., 

2015). 

GPR65 the receptor and GPR65-labeled vagal sensory neurons are thus candidates for 

neuronal regulators of GI physiology in response to nutrients. 

 

Vagus Nerve in Gallbladder Physiology 

There is also plenty of old literature suggesting the vagal involvement in gallbladder 

physiology, though most of the studies are performed on larger animal models: Cervical vagal 

stimulation (in dog) increased gallbladder pressure by inducing gallbladder contraction 

(Furukawa & Okada, 1992). Activation of a subset of vagal motor neurons by oxytocin 

microinjection (in rabbit) increased gallbladder phasic contraction (C.-Y. Liu, Xie, Liu, Zhou, & 

Liu, 2005). Vagotomy (in dog) slowed down the gallbladder emptying to fat diet (Muramatsu et 

al., 1999). 

Although the results are conflicting among different papers, there are also reports about how 

inhibiting cholinergic pathway can affect gallbladder physiology. Inhibition of acetylcholine 
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receptor (nicotinic antagonist alone, or nicotinic and muscarinic antagonist combines), partially 

block gallbladder contraction to CCK8 (cat) (Behar & Biancani, 1980) and fat diet (cat) (Sonobe, 

Sakai, Satoh, Haga, & Itoh, 1995). It is hypothesized that these cholinergic effects act through 

the vagus nerve. 
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1.4 Assays for Gallbladder Physiology 

A lot of the gallbladder physiology research was performed in larger animals, partly due to 

the limited procedures available to assay gallbladder function, which centers around gallbladder 

contraction and bile secretion. In this section, different assays for gallbladder contraction or 

emptying are summarized, in an order of increasing scale from muscle cell physiology to whole 

organ morphology. 

  

Assay Contraction 

Gallbladder contraction can be represented by electrophysiological signals of gallbladder 

smooth muscles (Guinea Pig) (Guarraci, Pozo, Palomares, Firth, & Mawe, 2002) or contraction 

of isolated gallbladder muscle strip measured by transducer  (Guinea Pig) (Guarraci et al., 2002). 

 

Assay Pressure 

Gallbladder contraction can be represented by gallbladder pressure change measured by a 

transducer connected to catheter inserted into gallbladder (cat) (Behar & Biancani, 1980) (rabbit) 

(Y.-F. Xie, Liu, & Liu, 2002). 

 

Assay Secretion 

Gallbladder emptying can be represented by measuring bile-pancreatic juice collected from 

common bile duct cannulation (mice) (S. Suzuki et al., 2001). 

 

Assay Gallbladder Shape 
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Gallbladder emptying can also be directly measured by taking ultrasound images of 

gallbladder to calculate gallbladder volume (human) (Shaddinger et al., 2017), or by dissecting 

out the gallbladder for visual inspection (mouse) (Sankoda, Harada, Iwasaki, Yamane, Murata, 

Shibue, Thewjitcharoen, Suzuki, Harada, Kanemaru, Shimazu-Kuwahara, Hirasawa, & Inagaki, 

2017a). 

 

None of the methods mentioned above are ideal, either because it is too surgically delicate 

for small rodents, or that it requires special ultrasound machine, or that it reports only one end 

point and loses the time dynamics of the response. This leads to the motivation to develop a 

gallbladder imaging assay that could record gallbladder size change in real time while allowing 

various pharmacological, optogenetic, chemogenetic, surgical and other manipulations. 
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Figure 3. Summary: existing methods to assay gallbladder emptying. 
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Chapter 2. Gpr65 in Gastrointestinal Physiology 

First, the effect of GPR65 in nutrient-related GI physiology was examined. 
 

2.1 High-throughput Chemical Screening for Gpr65 Agonist 

An in vitro cell-based high-throughput chemical screening was performed to identify 

agonists of Gpr65. Chemical libraries, functional assays and data analysis pipeline are descripted 

below. 

 

2.1.1 Chemical Screening: Work Flow and Data Analysis 

 

Chemical Libraries 

Pre-curated chemical libraries from the Harvard ICCB facility were used for high-

throughput chemical screening. The small molecules were packaged in individual well in a  384-

well plate, dissolved in DMSO and stored in -20°C. Chemical libraries from the Known 

Bioactive Collections were selected due to their drug-like properties, and a complete list of the 

34 libraries screened can be found in the table below (Table 1). The details of each chemical 

library can also be found on the website: https://iccb.med.harvard.edu/known-bioactives-

collection 
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Table 1. List of 34 Chemical Libraries Used for the Chemical Screening. 

Library # Library Name 
Number of 

Compounds 

3407 ChemBridge GPCR 250 

3579 NIH Clinical Collection 2-2013 281 

3648 - 3650 Cayman Biolipid 1 831 

2089 - 2090 Biomol 4 – FDA Approved Library 640 

3577 - 3578 NIH Clinical Collection 1-2013 450 

3651 - 3657 Selleck 634 

1920 - 1923 NINDS Custom Collection 2 1040 

3264 MSDiscovery 1 270 

3604 eMolecules 2014 3604 

3260 - 3063 LOPAC 1 1280 

2095 - 2098 Prestwick2 Collection 1120 

3411 - 3414 Tocriscreen Mini Library 2 1280 

 
Total: 11680 

 

Gpr65 Functional Assay 

The SEAP assay was used to assess the downstream signaling of G-alpha-s coupled Gpr65 

receptor (see Figure 4 for the molecular mechanism of the assay). The details of the assay have 

been reported in previous publication of the lab (Liberles & Buck, 2006), with several 

modifications:  
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- transfection reagents were added into the bulk cell solution before cells were plated into 

individual well by a plate dispensers machine (Thermo Multidrop Combi);  

- assays were performed in 384-well plate (Corning #3712) with 100ul of cell solution 

(250,000 cells/1mL) per well;  

- 100nL chemicals were automatically added by robotic arm (Seiko D-TRAN XM3106-31 

PN 4-axis cartesian robot controlled by SRC-310A controller) at the Harvard ICCB facility;  

- the detection reaction happened at the original plate without supernatant transfer.  

- 20min incubation time for the detection reaction before imaging. 

See Figure 4 for the workflow of the screening. 

 

For negative control, cells were transfected with SEAP plasmid only without a GPCR 

receptor. For positive controls, a ligand - receptor pair (agmatine for zebrafish Taar13e receptor) 

that was discovered in previous publication of the lab (Li et al., 2015) was used, and the ligand 

was used at a high concentration (50uM, with EC50 1uM) for maximal signal. For chemicals 

wells in experiment plates, the cells were transfected with Gpr65 and SEAP plasmid, and 

chemicals (100nL) from the chemical libraries were added (final concentration varied depending 

on the concentration of the stock). For chemicals wells in the control plates, cells were 

transfected with SEAP only without Gpr65 receptor, so any false positive hits with non-specific 

activation would be detected. See Figure 5 for the plate designs of the screening. 

 

Equipment 
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Chemical adding (large scale): automatically adding chemicals from 384-well chemical 

libraries to 384-well plates. Used during primary screening. Machine: Seiko D-TRAN XM3106-

31 PN 4-axis cartesian robot controlled by SRC-310A controller from Harvard ICCB facility. 

Chemical adding (small scale): automatically adding chemicals from 8-position cassettes to 

96-well or 384-well plates, used during secondary screening and candidate follow-up. Machine: 

Hewlett Packard D300e dispenser from Harvard ICCB facility. 

Plates loading: automatic reagent dispenser to add cell solutions to 96-well or 384-well 

plates, used during all SEAP assays. Machine: Thermo Multidrop Combi from Harvard ICCB 

facility. 

Plate reader: read fluorescent signals from the plates. Machine: Perkin Elmer EnVision 

from Harvard ICCB facility, with bottom mirror (LANCE/DELFIA 400nm), excitation filter 

(Umbelliferone 355, 355nm/40nm), emission filter (Umbelliferone 460, 460nm/25nm). 

Parameters of the imaging protocol were optimized for best signal-to-noise ratio. 
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Figure 4. (Top) The mechanism of SEAP assay: GPCR signaling induced CRE expression and 
downstream SEAP expression. (Bottom) Work flow of the high-throughput chemical screening. 
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Figure 5. (Top) Plate design of the high-throughput chemical screening: two experiment plates 

and two control plates for each chemical library. (Bottom) Data analysis pipeline for quality 
control and positive hits selection.  
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Data Analysis: Quality Control 

For each plate, a Z-score index (see below) was calculated based on the signals from 

negative and positive controls (n = 32 well for each) that represented the robustness of the SEAP 

assay. The higher the Z-score, the higher the signal-to-noise ratio of the assay. Plates with Z 

score below 0.4 were discarded for pool quality. 

 

 

Data Analysis: Positive Hits 

For each well, a MAD (median absolute deviation) based Z-score index (see below) was 

calculated the represented the activation level of the well. The higher the Z-score, the more 

extreme the signals compared to average wells, thus the stronger the activation of GPCR 

signaling. 

Individual wells with Z-score above 3 were labelled as positive, and chemical was selected 

as positive hits only when it is labelled as positive for both of the experiment plates (plate A and 

B), and negative for both of the control plates (plate C and D).  

In total of 101 chemicals were selected as positive hits for the secondary screening. 
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2.1.2 Chemical Screening: Results 

The results of the chemical screening are summarized below. 

 

Primary Screening 

11680 chemicals from 34 chemical libraries were tested, and 101 chemicals were selected 

as positive hits with MAD-based Z-score as criteria (Figure 6 top). 

 

Secondary Screening 

Among the 101 chemicals that were selected as positive hits, the top 30 candidates were 

further tested with replicate wells (n=5, Figure 6 bottom).  Among the top 5 chemicals with the 

highest activation signals, chemical #1 (LGX818) and chemical #5 (Rotundine) were selected for 

follow-up. Chemical #2, #3 and #4 were not chosen because of their non-specific activation of 

the no-receptor controls (Figure 7). 

 

Dose-response Curve 

The Gpr65 activation activity of Rotundine (CAS 483-14-7) in different concentrations 

(0.1uM to 100uM) were assayed (Figure 8). Rotundine seemed to induce a 3-fold activation, 

with EC50 around 1uM. The signal drop at 50uM and 100uM was due to high DMSO 

concentration (0.5% and 1% DMSO) in the medium that were toxic to the cells. 

The effect of Rotundine was compared to another chemical BTB09089 (CAS number not 

available, PubChem CID: 2801217), a pH-dependent agonist that has been previously reported to 

activate Gpr65 under specific pH (pH8.4) (Huang et al., 2015) (Figure 8). 



 24 

LGX818 showed non-specific activation of the positive control receptor zTAAR13e in 

higher concentrations (>5uM), so it was not followed up (Figure 9). 

 

Conclusion 

Rotundine has been previously identified as dopamine receptors (D1 and D2) antagonist, 

with Ki values of 124nM (dopamine D1 receptor) and 388nM (dopamine D2 receptor) 

respectively, and IC50 values of 166nM (dopamine D1 receptor) and 1.4µM (dopamine D2 

receptor) respectively (Wang et al 2012). Since it’s not ideal that the identified agonist has higher 

binding affinity with dopamine D1 receptor than Gpr65 (EC50 around 1uM, Figure 8), multiple 

SAR (Structure-Activity Relationship) efforts were performed to try to edit the chemical 

structure in hope for higher affinity with Gpr65 and lower affinity with dopamine receptors, 

though the SAR process didn’t end up with much success (data not shown). 

It remains unclear what is the mechanism behind these unspecific affinities of Rotundine for 

both dopamine D1 receptor and Gpr65 receptor. The protein structure for Gpr65 is unavailable, 

but the protein sequence homology between dopamine D1 receptor (species: Mus musculus) and 

Gpr65 (species: Mus musculus) is only 24% (NCBI BLAST tool).  

With the caveat that any pharmacological phenotype of Rotundine could come from 

dopamine receptor antagonism or Gpr65 activation, the specific effect of Gpr65 activation can 

still be tested by comparing the phenotypes of both wild-type animals and Gpr65 knockout 

animals, since phenotype by Gpr65 activation would be lost in Gpr65 knockout animals. 
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Figure 6. Summary of chemical screening results. (Top) The top 30 candidates were selected 

from the primary screening hits (n=2 for each chemical, replicate plates in one batch experiment) 
for secondary screening. (Bottom) The top 5 candidates were selected from the secondary 

screening (n=5 for each chemical, replicate wells in one batch experiment). 
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Figure 7. Activation signal for the top 5 candidates in the secondary screening. Chemical #1 and 

#5 were selected for dose-response curve. #2-4 were not selected due to their non-specific 
activation of no-receptor controls (gray bar). Negative control: no-receptor control. Positive 
control: known receptor (zTaar13e)-agonist (50uM agmatine) pair. n=5 for each chemical, 

replicate wells in one batch experiment. The error bar represents standard deviation. 
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Figure 8. Dose-response curve of two Gpr65 agonists. (Top) The top candidate from the 

chemical screening: Rotundine. With EC50 around 1uM, and maximal 3.1-old activation. 
(Bottom) The agonist in previous report: BTB09089. With EC50 around 0.1uM and maximal 

4.6-fold activation. n=8 for each chemical, replicate wells in one batch experiment. The error bar 
represents standard deviation. 
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Figure 9. Non-specific activation effect of candidate LGX818. (n=8 for each chemical, replicate 
wells in one batch experiment. The error bar represents standard deviation.) 
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2.2 Gpr65 in Gastrointestinal Physiology 

 

2.2.1 Gpr65 in Regulating Gastric Pressure 

Previous publication (Chang et al., 2015) has identified Gpr65-expressing vagal sensory 

neurons as nutrient sensing, and Gpr65-expressing vagal neurons affected gastric pressure when 

activated. It remained to be examined whether Gpr65 would participate in the regulation of 

gastric pressure as a functional GPCR. 

With identified Gpr65 agonist as pharmacological tool, it was tested (1) whether the Gpr65 

agonist would affect gastric pressure baseline in wild-type animals, (2) whether Gpr65 agonist 

would modulate the vagal-induced gastric pressure change. 

As mentioned in the last chapter, although the identified Gpr65 agonist also has unwanted 

effect as dopamine receptor antagonist (Wang et al 2012), any gastric pressure phenotype elicited 

by the agonist can be further tested on both wild-type and Gpr65 knockout animals, and any 

Gpr65-specific phenotype would be lost in Gpr65 knockout animals.  

 

Animals 

Wild-type (JAX stock #000664): C57BL/6J animals of 7-12 weeks old (both male and 

female). Animals were fasted overnight before gastric pressure measurement. 

lox-ChR2 (JAX stock # 012569): express channelrhodopsin-2/EYFP fusion protein 

following Cre recombinase exposure (Madisen et al., 2012). Channelrhodopsin (ChR2) as a 
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light-sensitive ion channel enables light induced depolarization thus activation of ChR2-

expressing neurons. 

Vglut2-ires-Cre (JAX stock #008577): induce Cre recombinase expression in the cell bodies 

of Vglut2-expressing excitatory glutamatergic neurons (Vong et al., 2011). When crossed with 

lox-ChR2, enables ChR2 expression in Vglut2-expressing excitatory glutamatergic neurons. 

Gpr65-ires-Cre (JAX stock #029282): induce Cre recombinase expression in the cell bodies 

of Gpr65-expressing vagal sensory neurons (Chang et al., 2015) and other Gpr65-expressing 

cells. Generated by previous graduate student in the lab. 

 

Reagent 

Rotundine (SelleckChem #S2437): newly discovered Gpr65 agonist. Dissolved in DMSO to 

make 10mM stock solution. Further diluted to 1mM solution with H2O when used for IP 

injection (200ul).  

 

Surgery 

Optogenetic activation of vagus nerve: shed light onto the nodose ganglion to activate 

genetically labeled vagal neurons. The procedures were described in the “Optogenetic 

Stimulation of the Vagus Nerve and Physiological Measurements” section of previous 

publication (Chang et al., 2015). 

Gastric pressure measurement: place a pressure sensor in the stomach to measure gastric 

contraction and gastric pressure change. The procedures were described in “Optogenetic 

Stimulation of the Vagus Nerve and Physiological Measurements” section of previous 

publication (Chang et al., 2015). 
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2.2.1.1 Rotundine did not change gastric pressure in wild-type animals 

The gastric pressure traces of wild type animals were recorded.  Obvious gastric contraction 

(pulses of gastric pressure increase) were used as quality control for the recording setup.  

After IP injection of a high concentration of Gpr65 agonist (1mM Rotundine), the baseline 

of gastric pressure remained the same (Figure 10 left). Also, number of gastric contractions 

within the 10-minute window before the Gpr65 agonist and after Gpr65 agonist were compared, 

again no obvious difference in gastric contraction frequency (Figure 10 right). 

 

 

Figure 10. (Left) Example gastric pressure traces 10min before and after IP injection of Gpr65 

agonist (200ul, 1mM Rotundine). The gastric pressure baseline was not affected by Gpr65 

agonist. (Right) The number of gastric contractions 10min before and after Gpr65 agonist. The 

number of contractions was not affected by Gpr65 agonist. (n=3 animals in three separate 

experiments.) 
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2.2.1.2 Rotundine did not modulate gastric pressure change induced by vagal 

sensory neurons 

We also tested whether Gpr65 agonist would modulate the vagal-activation induced gastric 

pressure change. 

As has been reported before, optogenetic activation of either Gpr65-expressing vagal 

sensory neurons (10.2% of all vagal sensory neurons) or Vglut2-expressing vagal sensory 

neurons (all vagal sensory neurons) induced decreased gastric pressure that recovered gradually, 

also inhibited gastric contraction (Figure 11, first blur bar). After IP injection of Gpr65 agonist 

(200ul 1mM Rotundine) (Figure 11, red bar), the vagal-activation (5HZ optogenetic activation) 

induced gastric pressure change was assessed again (Figure 11, second and third blur bar), and 

the gastric pressure phenotype did not seem to alter after Gpr65 agonist. 

 

Conclusion 

As a very pilot experiment, IP injection of a high dose of Gpr65 agonist did not change 

baseline gastric pressure or gastric contraction in wild type animals. It also did not modulate the 

gastric pressure change induced by vagal activation.  

To fully assay the phenotype of activating Gpr65 in vivo using identified agonist, multiple 

steps need to be taken as future experiments: (1) First, the exact expression site of Gpr65 

receptor in the GI system and in the vagus nerve needs to be confirmed, to determine the exact 

size of Gpr65 activation. Since Gpr65 can be expressed in the cell bodies of the vagal neurons in 

the nodose ganglion, or in the sensory fibers innervating the GI tract, or in other non-neuronal 

cells in the GI system. Efforts has been made to stain for Gpr65 protein localization, but existing 

antibodies showed nonspecific signals. (2) Second, the concentration of the agonist at the 
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injection site, in circulation, and at the site of Gpr65 expression need to be carefully determined 

via PK analysis. For the pilot experiment, a very high dose of Rotundine (1mM) was given 

without measuring its effective concentration in vivo.  Ideally, the agonist should be delivered at 

a concentration at the injection site that would guarantee the concentration of the agonist at the 

effect site to be above EC50. (3) Third, to validate the activation of the GPCR signaling in vivo 

at the cellular level, downstream signaling elements (for example cAMP concentration) at the 

Gpr65-expression site can be measured. 
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Figure 11. Gpr65 agonist (pink bar, 200ul IP injection of 1mM Rotundine) did not change the 

gastric pressure phenotype induced by vagal optogenetic activation (blue bar). (Top) Optogenetic 
activation of Vglut2-expressing vagal sensory neurons (all vagal sensory neurons) before and 

after Gpr65 agonist. (Bottom) Optogenetic activation of Gpr65-expressing vagal sensory neurons 
(10.2% vagal sensory neurons) before and after Gpr65 agonist. (Example traces of one animal 

were shown for each condition, but similar results on multiple animals were observed.) 
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2.2.2 Gpr65 in Regulating Gastrointestinal Motility 

 

Animals 

GPR65 knockout animals were generated by replacing the gene’s 2nd exon with an IRES-

EGFP and a floxed neo (Radu, Nijagal, McLaughlin, Wang, & Witte, 2005), and homozygous 

were obtained from the Jackson Laboratory (JAX stock #008577). 

Heterozygous animals were obtained by crossing the homozygous animals with C57BL/6J 

wild type animals (JAX stock 000664). 

Unless specified, wild type animals were C57BL/6J animals directly obtained from the 

Jackson Laboratory (JAX stock 000664). For cage-mates controlled experiments (see Figure 13), 

wild type animals were obtained by crossing GPR65 knockout heterozygotes with heterozygotes. 

For wile-type animals: 23 male and 14 female animals were used; for GPR65 KO 

heterozygotes: 6 male and 4 female animals were used; for GPR65 KO homozygotes: 16 male 

and 11 female animals were used.  

 

Reagents 

Liquid Dye: 10% activated charcoal (Sigma #242276) and 5% gum Arabic (Sigma #G9752) 

in water. 

Liquid Food: LD101 rodent liquid diet (TestDiet #54451), 230g LD101 dissolved in 770mL 

H2O. 

 

GI Motility Assay 
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Animals were fasted overnight before the assay. Using 20G feeding needle (Fine Science 

Tools #18061-20), animals were gavaged with either 200ul of liquid dye, or 100ul liquid dye and 

100ul liquid food mixture. After 20min, animals were sacrificed and GI tract (stomach, small 

intestine and cecum) were dissected out intact and laid straight on a piece of paper. 

Two distances were measured with a ruler: the distance between pyloric sphincter and the 

frontier of charcoal transit (d1), and the distance between pyloric sphincter and cecum (d2). 

The upper GI motility is represented by the absolute charcoal transit distance (d1) and the 

charcoal transit as percentage of the small intestine (100% x d1/d2). 
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Figure 12. Upper GI Motility Assay. (a) Procedure of the assay.  
(b) Quantification of the assay: absolute travel length (cm) and travel percentage (%).  
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Results 

2.2.2.1 Faster Upper GI Motility for GPR65 Knockout Animals 

Compared to WT animals, GPR65 knockout homozygotes (p < 0.001) and heterozygotes (p 

< 0.001) had significant longer small intestine (Figure 13a). This difference was still statistically 

significant after isolating the effects of the age and sex by a multivariate linear regression model.  

The regression results below showed the relationship between total length of small intestine 

(“TOTAL_LENGTH”) and genotype (“factor(GENOTYPE)”), with significant p-values for both 

knockout homozygous (“factor(GENOTYPE) KO homo”) and knockout heterozygous 

(“factor(GENOTYPE) KO het”). 

 

Similarly, the absolute dye transit of GPR65 knockout homozygotes was significantly faster 

(p < 0.001) than WT animals (Figure 13a). Though no obvious difference in relative dye transit 

as percentage to the total length of small intestine (Figure 13a). The regression results below 

showed the relationship between the absolute length of dye transit (“SPHINCTER_DYE”) and 
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the genotype (“factor(GENOTYPE)”), with significant p-value for only knockout homozygotes 

(“factor(GENOTYPE) KO homo”). 

 

A separate analysis was done within cage-mate controlled animals to strictly control for 

genetic background, where WT, GPR65 KO homozygotes and heterozygotes were obtained from 

the same heterozygote-heterozygote genetic cross. The trend still persisted that GPR65 KO had 

faster GI motility, but the difference was not statistically significant, likely due to the huge 

individual variance within each genetic group (Figure 13b). 

 

2.2.2.2 No Modulatory Effect of Nutrients on Upper GI Motility 

For both WT animals and GPR65 KO homozygotes, the presence of liquid food during 

gavage did not affect the absolute dye transit nor the dye transit as percentage of total intestine 

length (Figure 13c), suggesting no obvious modulatory effect of nutrients in upper GI motility. 

The regression results below showed the relationship between the absolute length of dye transit 
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(“SPHINCTER_DYE”) and the presence of food (“factor(FOOD)”), with no significance for 

both the binary variable food (“factor(FOOD)”). 
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Figure 13. (a) Significant differences of total intestine length (p < 0.001) and GI dye transit in 

absolute length (p < 0.001), but not GI dye transit as percentage between WT and GPR65 
knockout. (b) Lack of significant difference in GI dye transit between cage-mates controlled WT 

and GPR65 knockout. (c) GI dye transit not affected by presence of liquid food. (Data points 
performed in 21 batches. See male/female counts in Method section.)  
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2.2.2.3 No Body Weight Difference for GPR65 Knockout Animals 

Since body weight is an indicator of metabolic hemostasis, the body weight of GPR65 KO 

homozygotes, heterozygotes and wild-type animals was measured and compared. The regression 

model showed no significant effect of the genotype on body weight (see also Figure 14), while 

the effect of age and sex of the animals were confirmed (p < 0.001). 
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Figure 14. No difference in body weight between Gpr65 knockout animals and wild-type 

animals. All animals have been fasted overnight before measuring. (Each data point represents 
one individual animal, performed in total of 21 batches. The error bar represents standard 

deviation. See male/female counts in Method section.) 
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Chapter 3. Nutrient-induced Gallbladder Physiology 

3.1 Method: in vivo Gallbladder Imaging 

 

Surgical Prep 

An in vivo imaging method was developed to assay the gallbladder contraction in real time: 

after animals were anesthetized with urethane (Sigma U2500, 0.2g/ml in PBS solution) via i.p. 

injection (total dosage 0.01ml per body weight (g), two shots with 20min interval), a transverse 

incision was made right below the xiphoid process to expose the abdominal cavity. Two 

retractors were places besides xiphoid process at the rib edge to lift the rib cage and further 

expose the liver, and the liver lobes were flipped aside to expose the gallbladder and bile duct. 

 

Imaging 

A microscope (AmScope 3.5X-45X Trinocular Stereo Microscope with 4-Zone 144-LED 

Ring Light, eyepiece W10X/20, objective lens 0.7X-4.5X, barlow lens WD165 0.5X) was 

positioned on top of the abdominal cavity to image the gallbladder, with the organ positioned at 

the center of the frame and zoom magnification set at 2.0X (objective lens range 0.7X-4.5X). 

The images were collected by an USB digital camera (AmScope MA500) connecting the 

trinocular port of the microscope and the imaging software (ISListen for Mac OS) on the 

computer. Light exposure was manually adjusted by adjust the exposure setting on the imaging 

software, and white balance were automatically adjusted by clicking the “White Balance” button 
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on the imaging software. Images were taken at 1min per frame (or other frequency when needed) 

while different kinds of stimulus or intervention were introduced to the prep. 

 

Stimulus Delivery 

Intestinal intraluminal injection: after the surgical prep for gallbladder imaging (see 

“Surgical Prep” section above), 200ul (unless otherwise specified) of stimulus solution were 

loaded into a 1ml syringe (BD Ref#309659) with 23G needle (BD PrecisionGlide Needle 

Ref#305143), and air bubbles were removed. The needle was inserted into the duodenum lumen 

right after the pyloric sphincter (unless otherwise specified), and the solution was slowly injected 

within 1min. The needle and syringe were left in the abdominal cavity throughout the imaging 

session, and the abdominal cavity was covered by parafilm (Parafilm M PM996) to keep the 

intestine tissue moisturized. 

Intraperitoneal (IP) injection: after the surgical prep for gallbladder imaging (see 

“Surgical Prep” section above), 100ul (unless otherwise specified) of stimulus solution were 

loaded into P200 pipette, and were slowly dripped into the abdominal cavity on top of the 

intestine tissue. 

Intravenous (IV) injection: Before the surgery, the femoral vein catheter (Instech 

Laboratories, C10PV-MFV1301) was connected on one side to a 1ml syringe (BD Ref#309659) 

through 23G needle (BD PrecisionGlide Needle Ref#305143), and was washed and filled with 

PBS solution pre-loaded into the syringe, and any air bubble was removed from the tubing. After 

the animal was anesthetized, its femoral vein was surgically exposed at the leg region next to the 

inguinal ligament. Two pieces of sterile silk thread were placed under the femoral vein; one 

piece was tied into a double knot at the distal side as far as possible towards the leg, one piece 
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was tied loose at the proximal side closest to the body. A small incision was made at the vein and 

the fine-tubing end of the catheter was inserted into the femoral vein, then the suture knot at the 

proximal side was tied to secure the catheter. A very slight volume of PBS was pushed from the 

syringe to check for possible leakage, and another 1ml syringe loaded with 100ul of stimulus 

solution was connected to the needle to replace the syringe with PBS, avoiding any bubble 

during the process. When needed, the stimulus solution was injected into the circulation system 

through the femoral vein by slowly pushing the syringe. This IV injection procedure was adapted 

from (Jespersen, Knupp, & Northcott, 2012). 

 

Conclusion 

In summary, an in vivo gallbladder imaging assay was developed to allow real time 

observation of gallbladder size change in mice for the first time. 
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3.2 Machine Learning Model for Automated Data Analysis 

A machine learning model was built to automatically segment gallbladder from the recorded 

image and measure the size of the organ. The detail code of the project can be found here: 

https://github.com/liangzecai/Gallbladder-Segmentation 

 

Data 

Each image was taken at the same magnification setting (2.0X zoom), and was saved as 

color JPEG file of size 672 x 472 pixel (Bin). The images were reshaped to 224 x 224 pixel when 

used to train the machine learning model and when loaded for analysis. The organ size was 

measure by the pixel size of the organ relative to the pixel size of the whole picture (224 x 224 

pixel).  

To build the training dataset for the machine learning model: previously collected 

gallbladder recording images were manually segmented by drawing ROI along the organ 

boundary using the “Freehand Selection” tool of ImageJ (ImageJ 2.0.0-rc-65) and saved by “ROI 

Manager”. A binary mask (a grayscale JPEG file) for each image was created from the saved 

anchor points, where all the pixels belonging to the gallbladder had pixel value 255, and the 

background pixel had pixel value 0. In total 2420 image-mask pairs were created, and among 

them 2207 were used for training, 213 were used for validation. 

 

Model 

The architecture of the segmentation model was a convolutional neural network called 

UNet, whose encoder part was ResNet34 pre-trained on ImageNet. The encoder part was freezed 
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for the first two epochs and then the whole network was further trained. The model was adapted 

from TernausNet (Iglovikov & Shvets, 2018). 

A customized loss function that minimize the binary cross entropy loss and maximize the 

Jaccard index was used, as had been reported in the TernausNet paper. Adam was used for 

optimization. Hyper-parameters of the model, like the selection of pre-trained encoder 

(ResNet34), batch size (32), epochs (100), were determined by cross-validation. 

The final model had close-to-human performance, with training accuracy (measured by 

Jaccard index) of 82.12% and validation accuracy of 81.93%. 

 

Analysis Pipeline 

The trained model was saved as a H5 file and used for further analysis pipeline. After each 

gallbladder imaging session, the images from one recording were fed into the model, and the 

corresponding mask (indicating organ ROI) of each image was generated and saved as JPEG file. 

Each mask was manually checked for obvious segmentation error. An EXCEL file was created 

to record the relative gallbladder size (relative to the whole image) for each picture frame. 

 

Conclusion 

In summary, a machine learning model was developed to automatically segment out and 

quantify the size of gallbladder from imaging files. The model reached close-to-human 

performance with training accuracy of 82.12% and validation accuracy of 81.93%. 
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Figure 15. Machine Learning Model for Automated Analysis of Gallbladder Imaging. (a) 
Create image-mask pairs to train the model. (b) Customized loss function to train the model. (c) 

Parameters and performance of the model. 
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Figure 16. Work flow of gallbladder imaging to assay gallbladder size change. 
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3.3 Gallbladder Emptying in Response to Intestinal 

Nutrients 

 

Animals 

C57BL/6J wild type male animals (JAX stock 000664) of 7-8 weeks old were used to assay 

the gallbladder response to nutrients. Surgical and imaging procedures were described in section 

3.1, and data analysis procedures were described in section 3.2. 

 

Nutrients 

[Lipids Panel] 

Intralipid 20% Emulsion (Sigma I141): liquid form, lipid emulsion composed of 20% 

soybean oil, 1.2% egg yolk phospholipids, 2.25% glycerol. 

Soybean Oil (Sigma S7381): liquid form, triglycerides that consists of both saturated 

(palmitic acid, stearic acid) and unsaturated (oleic acid, linoleic acid, linolenic acid) long-chain 

fatty acids, major component of intralipid. 

Corn Oil (Sigma C8267): liquid form, triglycerides that consists of both saturated (palmitic 

acid, stearic acid, arachidic acid) and unsaturated (oleic acid, linoleic acid) long-chain fatty 

acids. 

Oleic Acid (Sigma O1008): liquid form, long-chain fatty acid, hydrolysis product of 

soybean oil. 

Linoleic Acid (Sigma L1376): liquid form, long-chain fatty acid, hydrolysis product of 

soybean oil. 
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Linolenic Acid (Sigma L2376):  liquid form, long-chain fatty acid, hydrolysis product of 

soybean oil. 

[Amino Acids Panel] 

L-Glutamic Acid Monosodium (Sigma G1626): salt form of amino acid L-glutamic acid, 

dissolved in H2O to make 50mM solution. 

L-Leucine (Sigma L8000): one of essential amino acids, dissolved in H2O to make 50mM 

solution. 

L-Phenylalanine (Sigma P2126): one of essential amino acids, dissolved in H2O to make 

100mM solution. 

Peptone (Sigma cat#70173): product from partial digestion of natural source protein, 

consists of a mixture of polypeptides and amino acids, dissolved in H2O to make 120g/L 

solution. 

[Non-triglyceride Intralipid Components] 

Egg yolk (Sigma E0625): component of intralipid that serves as emulsifier, dissolved in 

H2O to make 1.2% w/v solution. 

Glycerol (Sigma G5516): liquid form, component of intralipid that provides osmolarity of 

the emulsion, diluted in H2O to make 2.25% w/v solution. 

 

Reagent 

Orlistat (Sigma #4139): lipase inhibitor, dissolved in DMSO at 12.5mg/1mL 

Bile Salts (Sigma cat#B8756): dissolved in H2O to make 20mM solution 

BODIPY493/503 (Invitrogen D3922): fluorescent dye to stain for neutral lipid 
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Equipment 

Microfluidizer (Microfluidics LM20): high shear fluid processor, pressure up to 30,000 psi. 

Mixture was treated for 4x passage. 

 

3.3.1 Gallbladder Emptying Responses Specific to Intestinal Lipid  

Lipid and protein as common nutrients were tested for their ability to induce gallbladder 

emptying in the gallbladder imaging setup. Intralipid was used as an example of lipid emulsion, 

and peptone and three amino acid solutions were used as examples of amino acid stimuli.  

Compared to PBS control, intralipid induced gallbladder emptying with obvious gallbladder 

size shrinkage that started 5-10 minutes after the intestinal stimulus, and reached the maximal 

effect (minimal gallbladder size) after around 30 minutes (Figure 17).  

To the contrary, none of the amino acid stimuli (peptone, L-Glutamic acid salt, L-Leucine 

and L-Phenylalanine) could induce gallbladder emptying (Figure 18). 

This lipid specific gallbladder response made functional sense since bile was secreted 

during gallbladder emptying to facilitate lipid digestion. Similar effects (gallbladder shrinkage) 

induced by oral gavage of oil has been reported before in free moving animals (Sankoda, Harada, 

Iwasaki, Yamane, Murata, Shibue, Thewjitcharoen, Suzuki, Harada, Kanemaru, Shimazu-

Kuwahara, Hirasawa, & Inagaki, 2017b), but without the real time observation of the response 

dynamics. 

Although old literature has reported amino acid (either oral consumption of amino acid 

solution, or IV infusion of amino acid solution) induced gallbladder emptying in human subjects 

(Nealon et al., 1990) (Gielkens et al., 1997), an obvious gallbladder phenotype was not observed 
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for intra-duodenal amino acid here in the gallbladder imaging setup. The discrepancy could come 

from the differences in the physiological states of experimental subjects (free moving human 

subjects VS anesthetized mice), or the differences in measurement accuracy (ultrasound 

quantification of gallbladder volume VS quantification of gallbladder size from in vivo 

gallbladder imaging). 
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Figure 17. Gallbladder size change in response to intestinal intralipid (20%) and PBS control. 
Gallbladder size was normalized to the baseline size 5min before manipulation. Stimuli were 

introduced into duodenum by intestinal injection (200ul). (n=7 animals for the intralipid group, 
performed in four batches in four different days; n = 3 animals for the PBS group, performed in 
two batches in two different days. Male animals were used. The shaded area represents standard 

deviation.) 
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Figure 18. No gallbladder size change was observed in response to a panel of various amino acid 

solutions: peptone (120g/L), L-Glutamic acid salt (50mM), L-Leucine (50mM) and L-
Phenylalanine (100mM). The shaded color indicates standard deviation. Gallbladder size was 

normalized to the baseline size 5min before manipulation. Stimuli were introduced into 
duodenum by intestinal injection (200ul). (n=1 animal for condition, the four conditions were 

performed in three batches in three different days. Male animals were used.) 
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3.3.2 Fatty Acids as the Key Signaling Molecules for Lipid-induced 

Gallbladder Response 

 

Since intralipid is a mixture of triglycerides (soybean oil), emulsifier (egg yolk) and 

glycerol; and triglycerides can be further hydrolyzed into fatty acids in the intestinal lumen, it 

remained to be tested which component served as the lipid signal and was necessary to induce 

the gallbladder response. 

A panel of intralipid-derived components were individually introduced into the duodenum, 

and their effects on gallbladder emptying were tested. As a result, neither pure triglycerides 

(Figure 19) nor the non-triglyceride components (Figure 20) in intralipid could elicit any 

gallbladder emptying, while all three fatty acids tested could induce a robust gallbladder 

emptying response (Figure 21).  

The fatty acid response had similar strength as the lipid response (similar level of 

gallbladder emptying), but slightly different time dynamics (Figure 22): the fatty acid response 

started earlier (0-5min after stimulus) compared to the lipid response (5-10 minute after 

stimulus), and there was obvious gallbladder refill after 15 minutes. 
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Figure 19. No gallbladder size change was observed in response to two kinds of triglycerides. (a) 
Response to soybean oil, which was the major component of intralipid. (b) Response to corn oil, 
another common oil from natural source. Gallbladder size was normalized to the baseline size 

5min before manipulation. Stimuli were introduced into duodenum by intestinal injection 
(200ul). (n=3 animals for the soybean oil group, performed in three batches; n = 1 animal for the 

corn oil group. Male animals were used. The shaded area represents standard deviation.) 
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Figure 20. No gallbladder size change was observed in response to the two other components in 
intralipid besides triglycerides. (a) Response to egg yolk (1.2% w/v, the same concentration as in 

intralipid). (b) Response to glycerol (2.25% w/v, the same concentration as in intralipid). 
Gallbladder size was normalized to the baseline size 5min before manipulation. Stimuli were 

introduced into duodenum by intestinal injection (200ul). (n=3 animals for the egg yolk group, 
performed in two batches; n = 3 animals for the glycerol group, performed in one batch. Male 

animals were used. The shaded area represents standard deviation.) 
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Figure 21. Gallbladder size changes in response to a panel of free fatty acids: oleic acid (100%), 

linoleic acid (100%), linolenic acid (100%), all of which are long-chain fatty acids and 
hydrolysis products from intralipid. Gallbladder size was normalized to the baseline size 5min 
before manipulation. Stimuli were introduced into duodenum by intestinal injection (200ul). 

(n=3 animals for the oleic acid group, n=2 animals for the linoleic acid group, n=1 animal for the 
linolenic acid, each animal was performed in separate batch. Male animals were used. The 

shaded area represents standard deviation.) 
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Figure 22. Different dynamics of gallbladder size change in response to intralipid and fatty acids. 
The intralipid group used the same data as in Figure 16. The fatty acid group pooled all the data 
from Figure 20. Gallbladder size was normalized to the baseline size 5min before manipulation. 

Stimuli were introduced into duodenum by intestinal injection (200ul). (n=7 animals for the 
intralipid group, performed in four different batches; n=7 animals for the fatty acid group, 

performed in six different batches. Male animals were used. The shaded area represents standard 
deviation.) 
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3.3.3 Lipid-induced Gallbladder Emptying Is Dependent on Lipid 

Hydrolysis 

 

It was shown in previous section that fatty acids were sufficient for the gallbladder 

emptying response: fatty acids alone could induce gallbladder emptying to the same extend as 

intralipid, while none of the other components of intralipid could. It was further tested whether 

fatty acids were necessary for the gallbladder emptying response. 

Orlistat (Sigma #4139), a potent gastric and pancreatic lipase inhibitor, was added to 

intralipid to inhibit any lipid hydrolysis reaction, so triglycerides (soybean oil) could not be 

hydrolyzed into free fatty acids. This completely abolished the gallbladder emptying response to 

intralipid (Figure 23), further confirming that free fatty acids were the chemicals that was 

detected and served as lipid signal.  
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Figure 23. Pharmacological inhibition of lipid hydrolysis abolished the gallbladder emptying 

response to lipid. Gallbladder size was normalized to the baseline size 5min before manipulation. 
Stimuli were introduced into duodenum by intestinal injection (200ul). (n=7 animals for the 

intralipid group, performed in four different batches; n=2 animals for the inhibitor group, 
performed in one batch. Male animals were used. The shaded area represents standard deviation.) 
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3.3.4 Lipid-induced Gallbladder Emptying Is Dependent on 

Emulsion Formation 

 

It remained to be answered why triglycerides alone could not induce a robust gallbladder 

emptying response. What is more, mixture of intralipid components (soybean oil, egg yolk and 

glycerol with the exact same concentration) without any processing failed to induce gallbladder 

empty response (Figure 24). But when the mixture was further treated with microfluidizer 

machine, which applied high pressure to the mixture and induced emulsion, the resulting mixture 

was able to induce gallbladder emptying again, although not reaching the full effect of 

commercially available intralipid (Figure 24 top). Similarly, when the mixture was mixed with 

bile salts (which were potent emulsifier) and were vortexed thoroughly, the resulting mixture 

was also able to induce gallbladder emptying to some extent (Figure 24 bottom), although the 

effect was not statistically significant (p = 0.13, Figure 26). 

A closer look at the lipid mixture under the microscope revealed that mixture with or 

without emulsion formation had different droplet size (Figure 25). Mixture without emulsion 

treatment had giant lipid droplets; while mixture with emulsion treatment has much smaller 

droplet, possibly making the mixture more accessible to intestinal lipase, thus more accessible to 

lipid hydrolysis in the intestine, which was required to induce gallbladder emptying response. A 

closer comparison between intralipid emulsion and induced emulsion under 100x microscope 

showed that although the microfluidizer treatment dramatically reduced the droplet sizes, the 

resulting droplets were still slightly larger than the commercial- manufactured intralipid 

emulsion (Figure 25 bottom), this may explain why the induced emulsion only had partial effect 

on inducing gallbladder response compared to intralipid emulsion (Figure 24). To confidently 
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establish the relationship between lipid droplet size and gallbladder response, a closer 

examination of the hypothesis is needed as future experiments: lipid droplet solutions of fixed 

droplet size can be created from the same chemical compositions by physically forcing the 

solutions through different-size  filters, and the dose-response curve between lipid droplet size 

and gallbladder emptying level can be analyzed to confirm if smaller droplets induce a larger 

extend of gallbladder emptying. 

The lipid emulsion and lipid staining experiments were performed in coloration of Henning 

Arlt from Farese & Walther Lab at Harvard Medical School Cell Biology Department. 

  



 66 

 

 
Figure 24. A weak recovery of gallbladder emptying response after inducing emulsion formation 
in the original mixture. Mix: mixture of the same components as intralipid, but without emulsion 
formation process. Induced Emulsion: induce emulsion by either high pressure or bile salts. (n=7 
animals for the microfluidizer group, performed in three different batches; n=5 animals for the 
mixture group, performed in one batch; n=1 animal for the bile salt group. Male animals were 

used. The shaded area represents standard deviation.) 
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Figure 25. Comparison of liquid droplet size with and without emulsion formation. Lipid 

emulsion contained smaller lipid droplet (left and right column), while lipid mixture without 
emulsion formation contained much larger lipid droplet (middle column). Top: lipid droplet 

under bright field. Bottom: lipid droplet stained with fluorescent dye BODIPY 493/503. 
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Conclusion 

 

The maximal gallbladder emptying effect (minimal gallbladder size after the stimulus 

during 55min recording) of each intestinal stimulus was plotted for comparison with statistical 

testing (Figure 26). To compare two conditions, two sample t-test with unequal variance was 

used. 

In summary, gallbladder emptying response to intestinal lipid was observed, as had been 

reported, in the newly-developed imaging assay. No gallbladder response to intestinal amino acid 

was observed, although it has been reported in human subjects (Nealon et al., 1990) (Gielkens et 

al., 1997) and other animal models (Aldman & Holmgren, 1995). 

Free fatty acids were identified as the chemicals conveying the lipid signal, since fatty acids 

alone were sufficient to induce gallbladder response, and inhibition of lipid hydrolysis into fatty 

acids completely abolished the gallbladder response. This is consistent with previous findings 

that receptors (Gpr120, Gpr40) for long/medium-chain fatty acids were expressed in 

enteroendocrine cells along the intestine epithelium (Edfalk, Steneberg, & Edlund, 2008a) 

(Iwasaki et al., 2015) (Little, Isaacs, Young, Ott, Nguyen, Rayner, Horowitz, & Feinle-Bisset, 

2014b). 

Besides chemical components, emulsion formation of the lipid was also necessary for 

gallbladder emptying response, possibly due to smaller droplet size and easier accessibility to 

hydrolysis. 
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Figure 26. Gallbladder emptying response to different intestinal stimuli, with statistical 

significance. The minimal gallbladder size after the stimuli for each condition was compared, 
representing maximal gallbladder emptying effect. Two sample t-test with unequal variance was 

performed. (n=2 animals in one batch for PBS group, n=7 animals in four batches for lipid 
group, n=7 animals in six batches for fatty acid group, n=4 animals in three batch for amino acid 
group; n=2 animals in one batch for inhibitor group, n=5 animals in one batch for mixture group, 

n=8 animals in three batches for emulsion group. Male animals were used.) 
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Chapter 4. Hormonal Regulation of Lipid-induced 

Gallbladder Emptying 

It has long been established that serum CCK level increased after intestinal lipid (Gielkens 

et al., 1997), also CCK was sufficient to induce gallbladder contraction (S. Suzuki et al., 2001). 

To connect the dots, we examined whether CCK was sufficient and necessary for the gallbladder 

emptying response to intestinal lipid observed previously. 

 

Animals 

Wild type (WT): C57BL/6J male animals (JAX stock 000664) of 7-8 weeks old were used 

to assay the gallbladder response to nutrients.  

CCK receptor knockout (CCKAR/BR KO): double knockout of CCKA receptor and CCKB 

receptor (JAX stock #006365) (Langhans et al., 1997). For CCKAR: Insertion of PGK-neo 

cassette to knockout the transmembrane domain III and the second intracellular loop. For 

CCKBR: insertion of neo cassette to knockout the transmembrane domains V through VII. 

Surgical preparation, imaging procedures, IP injection and IV injection procedures were 

described in section 3.1. Data analysis procedures were described in section 3.2. 

 

Reagent 

CCK8 peptide (Sigma # C2175): C-Terminal octapeptide of cholecystokinin, dissolved in 

H2O in various concentrations. 
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4.1 Dose-dependent Effect of CCK8 on Gallbladder 

Emptying 

A gradient of 1000nM, 100nM and 10nM CCK8 solutions was given to the animals (100ul 

either though IP injection or IV injection), and induced gallbladder emptying responses in a 

dose-dependent manner (Figure 27). The response elicited by intralipid was also plotted, and the 

effect of intestinal lipid (200ull) was shown to be equivalent of somewhere between 100nM and 

10nM CCK8 injection. 
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Figure 27. CCK gradient induced gallbladder emptying, both IP and IV delivery (100ul). The 
effect of intralipid was shown as reference. The intralipid data came from Figure 17. (Top: n=3 
animals in three batches for 10nM IP, n=3 animals in two batches for 100nM IP, n=4 animals in 
three batches for 1000nM IP. Bottom: n=1 animal for 10nM IV, n=3 animals in two batches for 
100nM IV, n=3 animals in three batches for 1000nM IV. Male animals were used. The shaded 

area represents standard deviation.) 
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4.2 Lipid-induced Gallbladder Emptying is Dependent on 

CCK Receptor 

To test if CCK signaling was necessary for gallbladder response, CCKAR/BR double 

knockouts (KO) were tested for their gallbladder response to intestinal lipid.  

Compared to WT animals, the KO animals lost their gallbladder response to lipid, and also 

their gallbladder response to CCK (Figure 28)., the resulting gallbladder size (indication of 

gallbladder emptying) between WT and KO animals were statistical significant (p>0.001). 
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Figure 28. CCKAR/BR double knockout animals lost gallbladder response to intestinal lipid and 

CCK (1uM i.p.). (top) Time series of gallbladder size change in response to lipid. (bottom) 
Minimal gallbladder size after stimulus to indicate gallbladder emptying effect (two sample t-test 
with unequal variance, p < 0.001). The WT data came from Figure 17. (Top: n=3 animals in one 
batch for KO, n=7 animals in four batches for WT. Bottom: left panel came from the same data 

as top, right panel n=1 animal for KO, n=2 animals in one batch for WT. Male animals were 
used. The shaded area represents standard deviation.) 
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Conclusion 

In summary, CCK signaling was sufficient and necessary for the gallbladder response to 

intestinal lipid. Since CCK8 alone could induce similar gallbladder emptying in dose-dependent 

manner and knocking out of CCK receptors completely abolished the lipid response. 
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Chapter 5. Neuronal Regulation of Lipid-induced 

Gallbladder Emptying 

Two neuronal systems were examined as candidates for their hypothesized involvement in 

regulating lipid-induced gallbladder emptying: the vagus nerve (the cranial nerve collecting and 

sending information to peripheral organs in GI), and the cholinergic neuronal system (including 

majority of the enteric nervous system and other local cholinergic neurons). 

 

5.1 The Vagus Nerve in Gallbladder Emptying 

Animals 

Animals were fasted overnight before gallbladder imaging, and were anesthetized with 

urethane (Sigma U2500, 0.2g/ml in PBS solution, total dosage 0.01ml per body weight (g), two 

shots with 20min interval). 

WT (JAX stock #000664): C57BL/6J animals of 7-12 weeks old (both male and female) 

were used for vagotomy experiments.  

lox-ChR2 (JAX stock # 012569): express channelrhodopsin-2/EYFP fusion protein 

following Cre recombinase exposure (Madisen et al., 2012). Channelrhodopsin (ChR2) as a 

light-sensitive ion channel enables light induced depolarization thus activation of ChR2-

expressing neurons. 
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Vglut2-ires-Cre (JAX stock #008577): induce Cre recombinase expression in the cell bodies 

of Vglut2-expressing excitatory glutamatergic neurons (Vong et al., 2011). When crossed with 

lox-ChR2, enables ChR2 expression in Vglut2-expressing excitatory glutamatergic neurons. 

Gpr65-ires-Cre (JAX stock #029282): induce Cre recombinase expression in the cell bodies 

of Gpr65-expressing vagal sensory neurons (Chang et al., 2015) and other Gpr65-expressing 

cells. Generated by previous graduate student in the lab. 

Chat-ires-Cre (JAX stock # 006410):  induce Cre recombinase expression in the cell bodies 

of ChAT-expressing cholinergic neurons (Rossi et al., 2011). When crossed with lox-ChR2, 

enables ChR2 expression in Chat-expressing cholinergic neurons. 

 

Surgery 

Optogenetic activation of vagus nerve: the procedures were described in the “Optogenetic 

Stimulation of the Vagus Nerve and Physiological Measurements” section of previous 

publication (Chang et al., 2015). 

 

Electrical stimulation of vagus nerve: similar procedures were described in the 

“Electrophysiology” section of previous publication (Chang et al., 2015), but instead of 

recording from the electrode, electrical shock was delivered from the electrode to the nerve 

trunk. The electrical stimulus was delivered at 5V amplitude, with 2ms ON-time and various 

OFF-time for each pulse (thus various frequencies). Each electrical stimulation lasted for 1min. 
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ECG Recording: to record heart rate change during optogenetic activation, procedures were 

described in the “Optogenetic Stimulation of the Vagus Nerve and Physiological Measurements” 

section of previous publication (Chang et al., 2015). 

 

Cervical vagotomy: the vagus nerve trunks (both left and right) at the neck area was 

surgically dissected out and exposed similar to the procedures in optogenetic activation and 

electrical stimulation. For both sides, a fragment of several millimeters was removed from the 

nerve trunk, to prevent any possible re-innervation. Bilateral cervical vagotomy was known to be 

ultimately lethal due to the loss of vagal innervation to the heart and the lung that were critical to 

the regulation of heart beat and breathing. But animals seemed normal within at least the first 

hour after the vagotomy, making them eligible for gallbladder imaging. 

 

Sub-diaphragm vagotomy: adapted from well-established surgical procedure (Charles 

River, surgery code VAGOX-SD). Main vagus nerve trunks (both left and right) were identified 

as travelling along the esophagus (ventral and dorsal size) right below the diaphragm. Nerve 

trunks were isolated from the connective tissues. For both sides, a fragment of several 

millimeters was removed from the nerve. Bilateral sub-diaphragm vagotomy removed vagal 

innervation to target organs in the abdominal cavity, while leaving the innervation to the heart, 

lung and trachea intact, so not affecting breathing or heart rate. 
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Figure 29. Procedures to functionally manipulate the vagus nerve activity. (top) Activation of the 
vagus nerve. The known effects of vagus nerve activation in breathing and heart rate were used 

as quality control for success manipulation.  (bottom) Vagotomy to block the vagus nerve. Visual 
inspection of damaged vagus nerve were used as quality control for success manipulation. 
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5.1.1 Activation of the Vagus Nerve 

None of the previous literature examining the vagal involvement in gallbladder physiology 

had applied specific manipulation to selected population of vagal neurons. Because of the mouse 

genetic tools now available in the lab, and the expertise in manipulating genetically defined 

vagal neurons, it was examined whether activation of selected vagal neurons would affect 

gallbladder physiology. 

 

5.1.1.1 Optogenetic Activation of Vagal Sensory Neurons 

Vglut2-ires-Cre and lox-ChR2 transgenic mouse lines (see “Animal” part under section 5.2 

for details) were crossed to specifically express channelrhodopsin (a light sensitive ion channel) 

in Vglut2-expressing excitatory glutamatergic neurons. Previous publication has already 

demonstrated that all the vagal sensory neurons, collectively forming the nodose ganglion, were 

Vglut2 positive and were labelled by this mouse genetic tool (Chang et al., 2015). With the laser 

tip positioned on top of the nodose ganglion, all the vagal sensory neurons were activated for 

5min, but no gallbladder emptying could be observed after the optogenetic activation (Figure 

30). Since it is reported before that optogenetic activation of Vglut2-expressing vagal sensory 

neurons affected breathing (Chang et al., 2015), a 50HZ light stimulus was briefly applied after 

the recording, and the visual observation of apnea was used as positive control to make sure that 

the optogenetic setup was working. 

Similarly, Gpr65-ires-Cre and lox-ChR2 transgenic mouse lines were used to 

optogenetically activate the Gpr65-expressing vagal neurons (10.2% of vagal sensory neurons). 

Again, no gallbladder size change was observed after optogenetic activation (Figure 31). 
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Figure 30. Optogenetic activation of Vglut2-expressing vagal neurons (100% of all vagal sensory 
neurons) did not induce gallbladder emptying. Both low and high laser frequencies were tested. 

Induced apnea by optogenetic activation was checked as quality control for the optogenetic 
setup. Male animals were used.  
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Figure 31. Optogenetic activation of Gpr65-expressing vagal neurons (10.2% of all vagal sensory 
neurons) did not induce gallbladder emptying. Both low and high laser frequencies were tested. 
(n=1 animal was shown, but similar result was observed in multiple animals. Female animals 

were used.) 
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5.1.1.2 Optogenetic Activation of Vagal Motor Neurons 

Chat-ires-Cre and lox-ChR2 transgenic mouse lines were used to label the majority of vagal 

motor neurons, whose cell bodies resided in the brain stem and sent axon bundles to peripheral 

targets passing through the nodose ganglion. Shedding light onto the nodose ganglion would 

induce action potential from the axons of these Chat-expressing neurons and thus activating 

Chat-expressing vagal motor neurons. But again, such activation failed to induce any gallbladder 

emptying phenotype. ECG recording was performed during laser activation, and visually obvious 

inhibition of heart rate traces were used as quality control for the optogenetic setup. 
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Figure 32. Optogenetic activation of Chat-expressing vagal neurons (85% of all vagal motor 
neurons) did not induce gallbladder emptying. Induced heart rate inhibition by optogenetic 

activation was checked as quality control for the optogenetic setup. (n=1 animal was shown, but 
similar result was observed in multiple animals. Female animal was used.) 
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5.1.1.3 Electrical Activation of the Vagus Nerve Trunk 

To further test the vagal involvement, the vagus nerve was activated in a blunt-force manner 

by electrical stimulation of various frequencies (2HZ, 4HZ, 10HZ, 20HZ, 40HZ), but none of the 

electrical stimulation session could induce gallbladder emptying (visual observation, no 

recording images). Again induced apnea during electrical stimulation was used as quanlity 

control for the electrode setup. 

 

Conclusion 

Optogenetic activation of either all vagal sensory neurons, or GI-nutrient-associated vagal 

sensory neurons (10.2%), or majority of vagal motor neurons (85%), failed to induce any 

gallbladder emptying response. Also, electrical stimulation of the vagal trunk failed to induce 

gallbladder emptying. These observations concluded that activation of vagus nerve did not 

induce gallbladder emptying. 
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5.1.2 Vagotomy to Block the Vagus Nerve 

Next, it is tested whether the vagus nerve is necessary in regulating the gallbladder response 

to lipid, by examining the gallbladder response to lipid with or without vagal signals. 

 

5.1.2.1 Bilateral Cervical vagotomy 

Bilateral cervical vagotomy was performed as described above in “Surgery” part under 

section 5.2, blocking all the vagal signaling from and to all the peripheral organs through both 

the vagal sensory and motor branches. Bilateral cervical vagotomy was known to be ultimately 

lethal due to the loss of vagal innervation to the heart and the lung that were critical to the 

regulation of heart beat and breathing. But animals seemed normal within at least the first hour 

after the vagotomy, making them eligible for gallbladder imaging. 

As show in Figure 33 (top), cervical vagotomy did not affect the lipid-induced gallbladder 

emptying, nor did it affect the gallbladder emptying response to CCK IP injection. 

 

5.1.2.2 Bilateral Sub-diaphragm vagotomy 

Bilateral sub-diaphragm vagotomy was also tested, blocking all the vagal signaling from 

and to the peripheral organs in the abdominal cavity. Still, vagotomy did not affect the lipid-

induced gallbladder emptying (Figure 33 bottom). 

 

Conclusion 
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Activation of the vagus nerve, either optogenetic activation of selected vagal neurons 

(sensory or moto) or blunt force electrical activation of the whole vagus nerve, failed to induce 

gallbladder emptying. Meanwhile, removal of the vagus nerve signal, either by cervical 

vagotomy or sub-diaphragm vagotomy, did not affect the gallbladder emptying response to 

intestinal lipid. These observations made it largely unlikely that the vagus nerve was involved in 

driving or regulating gallbladder emptying. 
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Figure 33. Bilateral vagotomy did not affect gallbladder response to intestinal lipid. (top) 
Bilateral cervical vagotomy. (bottom) Bilateral sub-diaphragm vagotomy. (n=7 animals in four 

batches for control, n=8 animals in two batches for cervical vagotomy, n=3 animals in two 
batches for sub diaphragm vagotomy. Male animals were used. The shaded area represents 

standard deviation.) 
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5.2 The Cholinergic Neural Pathway in Gallbladder 

Emptying 

 

Animals 

DREADD (JAX stock #026220): short for R26-LSL-hM3Dq-DREADD, allows Cre 

recombinase-inducible expression of hM3Dq, which is an engineered G protein-coupled 

receptor (GPCR) that induces the canonical Gq pathway specifically following administration 

of the pharmacologically inert molecule clozapine-N-oxide (CNO).  

 

Reagent 

CNO (Sigma #C0832): short for clozapine-N-oxide, artificial ligand for activating hM3Dq-

DREADD system. Dissolved in H2O. 200ul of CNO solution was delivered for a final 

concentration of 3mg/kg per body weight. 

Acetylcholine Chloride (Sigma #A2662): natural agonist of both muscarinic and nicotinic 

cholinergic receptor. Dissolved in H2O to make 100mg/ml solution. Applied i.p. for a final 

concentration of 200mg/kg per body weight. 

Atropine (Sigma #A0132): antagonist of muscarinic cholinergic receptor. Dissolved in H2O 

to make 2mg/ml solution. Applied i.p. for a final concentration of 8mg/kg per body weight, and 

i.v for a final concentration of 10mg/kg per body weight. 

 

Surgery 
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IP injection (of CNO and atropine) and IV injection (of atropine) were described in 

“Stimulus Delivery” part under section 3.1. 

 

5.2.1 Activation of the Cholinergic Neurons 

Chat-ires-Cre and LSL-hM3Dq-DREADD transgenic mouse lines were crossed to express 

hM3Dq-DREADD in the Chat-expressing cholinergic neurons, which would then be activated by 

CNO. Chat-ires-Cre homozygous were used as control animals. 

After CNO i.p. application (3mg/kg), there was no obvious gallbladder emptying phenotype 

(Figure 34), thus suggesting that chemogenetic activation of cholinergic neurons could not 

induce gallbladder emptying.  

Acetylcholine chloride, the natural ligand for cholinergic pathways, was applied i.p. to 

further test the effect of activating cholinergic pathway. With a dramatically high dose of 

acetylcholine chloride (200mg/kg) that became lethal due to respiratory abnormalities within 

10min, no obvious gallbladder emptying was observed before the animals died (visual 

observation, data not shown). 

The experiments were in collaboration with Jinfei Ni, a postdoc in the lab. 

  



 91 

 

 
Figure 34. Chemogenetic activation of CHAT-expressing cholinergic neurons did not induce 

gallbladder emptying. Chat-Cre: Chat-ires-Cre (JAX 006410); Chat-DREADD: cross of Chat-
ires-Cr and LSL-hM3Dq-DREADD (JAX 026220). (n=2 animals in two batches for Control 

group, n=4 animals in two batches for DREADD group. A mixture of male and female animals 
were used.) 
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5.2.2 Inhibition of the Cholinergic Pathway 

Atropine, an antagonist for muscarinic acetylcholine receptor but not nicotinic acetylcholine 

receptor, was used to test the effect of pharmacological inhibition of cholinergic pathway in 

regulating gallbladder response to intestinal lipid. 

When treated with atropine (8mg/kg, IP injection), wild type animals still responded to 

intralipid with gallbladder emptying, but seemed to undergo gallbladder refill later compared to 

the PBS control (Figure 35 top). What is more, atropine treatment did not affect the gallbladder 

response to CCK (IP delivery). The atropine IV injection did seem to abolish gallbladder 

response, but its PBS control has weaker response as well (Figure 35 bottom), possibly due to 

blood lose in the surgery and slower CCK circulation. 
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Figure 35. Pharmacological inhibition of cholinergic pathway did not abolish gallbladder 

emptying response to intestinal lipid. (top) Atropine delivery by IP injection, dosage 8mg/kg. 
(bottom) Atropine delivery by IV injection, dosage 10mg/kg. (Top: n=5 animals in four batches 

for Atropine group, n=3 animals in three batches for PBS group. Bottom: n=3 animals in two 
batches for Atropine group, n=1 animal for PBS group. Male animals were used. The shaded 

area represents standard deviation.) 
  



 94 

Conclusion 

Activation of the cholinergic neuronal pathway, either by chemogenetic activation of 

cholinergic neurons or pharmacological activation of the cholinergic signaling, failed to induce 

gallbladder emptying. 

On the other hand, pharmacological inhibition of part of the cholinergic pathway (affecting 

only muscarinic acetylcholine receptors) did not abolish the gallbladder response to intestinal 

lipid.  

These observations made it unlikely that the cholinergic neurons together would drive or 

majorly affect the gallbladder emptying response to intestinal lipid. It still remains possible that 

subsets of neurons within the cholinergic system have opposite effect on gallbladder emptying, 

and the effect cancels out when manipulating all the cholinergic neurons together. To further 

study this possibility, it calls for a cell atlas at single-cell resolution of the cholinergic neurons 

and similar genetic tools as in the vagus nerve study to manipulate subsets of neurons. Jinfei Ni 

in the lab is actively studying the enteric nervous system to make some of the above possible. 

Combining the fact that neither the vagus nerve (major member of the extrinsic neural 

system innervating the GI system) nor the cholinergic neural system (major member of the 

intrinsic neural system innervating the GI system) affects gallbladder emptying, and the fact that 

CCK8 introduced via i.v injection far away from gallbladder still induced similar emptying 

effects, it is more likely that the lipid-induced gallbladder emptying is majorly regulated by 

humoral pathway only. 
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Figure 36. Summary: The lipid-induced gallbladder emptying is majorly regulated by humoral 

pathway only. 
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Conclusion & Discussion 

The potential roles of one GPCR and two neuronal pathways in GI physiology are 

examined, with an emphasis on gastric pressure, GI motility and gallbladder emptying in 

response to nutrients.  

GPR65 are found to have weak effect on GI length and GI motility, but not gastric pressure. 

GPR65 knockout animals have longer GI length and faster GI motility, thought the statistical 

significance only persists in large sample size, and is lost in small-size cage-mates controlled 

comparison. Activating GPR65 does not affect gastric pressure baseline, and does not modulate 

gastric pressure inhibition induced by vagal activation. It remains to be tested if GPR65 as a 

receptor is involved in modulating other GI physiology affected by GPR65-expressing vagal 

neurons, as it remains to be discovered what are the other GI physiology affected besides gastric 

pressure. Rachael Brust in the lab is working on this question, and a definite answer is unclear 

yet.  

Based on the current data from optogenetic, chemogenetic, pharmacological and surgical 

manipulations, the vagus nerve and the cholinergic neural pathway do not seem to affect 

gallbladder emptying greatly. For the inhibition side of the story, it is worth mentioning that 

atropine inhibition of cholinergic pathway may have a light effect later in the gallbladder 

emptying process to block emptying and promote refilling, also only muscarinic acetylcholine 

receptor (mACh) antagonist is tested, it remains to be test whether inhibiting nicotinic 

acetylcholine receptor (nACh) or the combination of mACh and nACh would have stronger 

effect. But at least for the activation side of the story, it is quite confirmative that vagal activation 

or cholinergic activation have no effect on gallbladder emptying. The discrepancy between this 
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observation and previous reports might be explained by the following hypothesis: (1) difference 

resolution in the measurement of gallbladder physiology. In most of the previous reports, the 

neuronal involvements are reported to change electrophysiological activity of the smooth muscle, 

or contraction pressure of the gallbladder measure by very sensitive transducer. And maybe the 

size of effect at the tissue level was not be powerful enough to drive gallbladder emptying 

observable at the organ level. (2) difference in animal physiology in different species. Since most 

of the previous work is performed on larger animals like rabbit, guinea pig, cat, dog and human 

subjects, it is possible that there is a slightly different gallbladder physiology for lab mice. (3) 

masking effect of anesthesia. It is long acknowledged that anesthesia could alter GI physiology, 

with the whole spectrum of its effect unclear. Administration of isoflurane induced baseline 

gallbladder shrinking without any intestinal stimulus (data not shown here). Urethane is chosen 

because of its suggested minimal interference on physiology, and it is also the anesthesia used in 

a lot of the previous discoveries. But still there is a possibility that anesthesia has been masking 

the gallbladder emptying phenotype. (4) dominate hormone regulation. And lastly there is the 

possibility that gut hormone alone are responsible for the lipid-induced gallbladder emptying. 

Jinfei Ni in the lab is studying how the enteric nervous system and the sympathetic nervous 

system, both of which are have non-cholinergic populations, are innervating the GI tract and 

might be other candidates for neuronal regulation of GI physiology. 

It also remains interesting where the lipid-sensing pathway and protein-sensing pathway 

diverge from each other. CCK is secreted in response to either lipid or protein, and CCK alone 

can induce either gallbladder emptying (Figure 30) or pancreas enzymatic secretion (Figure 37), 

but amino acid can only induce pancreas secretion but not gallbladder emptying (Figure 21). One 

possibility is that lipid elicits a stronger CCK signal, and the difference in nutrient molecule is 
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coded by CCK concentration. The other possibility is that there are other nutrient specific signals 

besides CCK that regulate the downstream physiology. Marito Hayashi in the lab is studying the 

EEC system with advanced mouse genetics tool. With genetic activation and inhibition of well-

defined and sparse EEC population, it might reveal how nutrient specific signals are encoded at 

the level of both chemosensory and downstream gut hormone secretion.  

In summary, the GI physiology in response to intestinal nutrients is orchestrated by a 

network of multiple systems, from enteroendocrine cells that show huge heterogeneity in 

receptor expression and hormone secretion, to intrinsic and extrinsic neural circuits that are 

highly connected within and also show huge heterogeneity in neuron properties and functions. It 

still remains largely unknown how the individual components within the network add up to 

regulate the whole panel of GI physiology, whether there are subsets of cells (sharing receptor or 

marker-gene expression) within the network that cluster into basic functional units, and how 

these functional units may further interact with each other.  

Compared to the pharmacological or surgical manipulations that activate or shutdown the 

whole system brutally, the genetic tools to cleanly manipulate one component at a time in the 

network hasn’t been available until recently. Within this thesis, manipulations of two receptors 

(Gpr65 receptor, CCK receptors) and four neuron subsets (VGLUT2/GPR65/ CHAT-expression 

vagal neurons, and CHAT-expressing GI-innervating neurons) were tested, and functional 

studies with similar ideas but at higher resolutions (manipulating smaller, more specific subsets) 

would greatly contribute to the demystifying and deconvolution of this complex network. 
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Figure 37. CCK8 induced enzymatic secretion from pancreas. (top) Procedures to assay 
enzymatic secretion (lipase and trypsin) from pancreas. Duodenum perfusion were collected at 

every minute, and the concentration of digestive enzymes (lipase and trypsin) were assayed. 
(bottom) Example traces of enzymatic concentrations in the duodenum perfusion before and after 

CCK8 (IP injection). blue: perfusion sample with substrate (4MUGB, sigma #51010). gray: 
perfusion sample with DMSO control. 
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