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Abstract
The Neural Basis of Sugar Preference
Alexander Charles Sisti

The taste of sugar is one of the most basic sensory percepts for humans and other animals.
Remarkably, animals can develop a strong preference for sugar even if lacking a functional sweet
taste receptor, pointing to a detection mechanism independent of the sense of taste. Here we
examined the neural basis for sugar preference and demonstrate that a population of neurons in the
brainstem are activated via the gut-brain axis to create preference for sugar. These neurons are
stimulated in response to sugar, but not to artificial sweeteners, and are activated by direct delivery
of sugar into the gut. We demonstrate that these cells receive direct vagal inputs, which are
necessary for their response to sugar. Using functional imaging we monitored the activity of the
gut-brain axis, and identified the vagal neurons activated by intestinal delivery of glucose. We
characterized the nature of their responses, establish their specificity, and identify the mechanism
required for sugar sensation. Finally, we engineered animals where synaptic activity in this gut-tobrain circuit was genetically silenced, and prevented the development of a behavioral preference
for sugar. Together, these findings reveal a gut-to-brain post-ingestive sugar-sensing pathway
critical for the development of sugar preference. In addition, they explain the neural basis for the
behavioral differences of sweeteners versus sugar, and uncover an essential circuit underlying
sugar’s highly appetitive effects.

Table of Contents
List of Figures ............................................................................................. ii
Acknowledgements .................................................................................... iii
1 Introduction ......................................................................................... 1
1.1.1
1.1.2
1.1.3
1.1.4
1.1.5
1.1.6
1.1.7

2

Preface ..................................................................................................................1
Anatomy is Destiny .............................................................................................2
Neurobiology of Sweetness ................................................................................8
Sugar Physiology ...............................................................................................14
Beyond Sweetness .............................................................................................16
The Gut-Brain Axis ...........................................................................................18
Experimental Approach ....................................................................................20

Sweet Versus Sugar Preference ........................................................ 22
2.1
Introduction ................................................................................................... 22
2.2
Results ........................................................................................................... 22
2.2.1 Development of Sugar Preference ....................................................................22
2.2.2 Brain Neurons Activated by Sugar ...................................................................26
2.3
Discussion...................................................................................................... 33
2.4
Methods: ........................................................................................................ 33

3

The Gut-Brain Axis ........................................................................... 36
3.1
Introduction ................................................................................................... 36
3.2
Results ........................................................................................................... 37
3.2.1 Bulk Labeling of cNST Inputs..........................................................................37
3.2.2 Brainstem Sugar Signals are Vagal-Dependent...............................................39
3.2.3 Obtaining Genetic Access to Brainstem Sugar Neurons.................................42
3.2.4 Sugar-responding Neurons Receive Vagal Input ............................................47
3.2.5 Brainstem Sugar Neurons are Necessary for Sugar Preference......................50
3.3
Discussion...................................................................................................... 54
3.4
Methods ......................................................................................................... 56

4

Imaging the Gut-Brain Axis .............................................................. 62
4.1
Introduction ................................................................................................... 62
4.2
Results ........................................................................................................... 63
4.2.1 Vagal Neurons Respond to Sugar.....................................................................63
4.2.2 Sugar Versus Osmolarity ..................................................................................69
4.2.3 Sugar Signals Originate in the Gut ...................................................................74
4.2.4 SGLT-1 is required to signal sugar-sensing via the gut-brain axis ................76
4.3
Discussion...................................................................................................... 82
4.4
Methods ......................................................................................................... 86

5 Conclusions ........................................................................................ 90
References ................................................................................................. 92
Appendix of Preliminary Studies .......................................................... 103
i

List of Figures
Figure 1-1: Sugar Trionfi......................................................................................................... 4
Figure 1-2: The Marvelous Sugar Baby ................................................................................... 7
Figure 1-3: Neuroanatomy of the Taste Pathway ................................................................... 10
Figure 1-4: Taste Preferences of Sweet-Receptor-Knockout Mice ......................................... 12
Figure 1-5: Mechanisms of Sugar Transport .......................................................................... 16
Figure 2-1: The behavioral preference for sugar .................................................................... 25
Figure 2-2: Glucose ingestion induces Fos in the brain .......................................................... 29
Figure 2-3: Sugar activates the gut-brain axis ........................................................................ 31
Figure 2-4: Fos responses are robust and reliable ................................................................... 32
Figure 3-1: Retrograde Labelling of cNST Inputs .................................................................. 38
Figure 3-2: Brainstem Sugar Responses are Vagal-Dependent ............................................... 41
Figure 3-3: Genetic Targeting of Sugar-Activated Brainstem Neurons................................... 44
Figure 3-4: TRAPing in the cNST ......................................................................................... 46
Figure 3-5: Sugar-Activated Vagal Neurons Receive Direct Vagal Inputs ............................. 49
Figure 3-6: Silencing the sugar-activated circuit abolishes sugar preference .......................... 52
Figure 3-7: Animals with the sugar-preference circuit silenced behave as normal mice drinking
artificial sweeteners ............................................................................................................... 53
Figure 4-1: Vagal neurons respond to glucose and MDG, but not AceK ................................ 65
Figure 4-2: Glucose responses in left and right vagal ganglia................................................. 67
Figure 4-3: Vagal neuron responses to sugar are highly reproducible and timed-locked to
stimulus onset........................................................................................................................ 68
Figure 4-4: Glucose responses are independent of osmolarity ................................................ 72
Figure 4-5: Vagal osmolarity responses ................................................................................. 73
Figure 4-6: Vagal neurons innervating duodenal segment sense sugar ................................... 75
Figure 4-7: Glucose neurons are activated by SGLT-1 substrates, but not other caloric sugars
.............................................................................................................................................. 78
Figure 4-8: Glucose responses require SGLT-1 ..................................................................... 80
Figure A-1: Vagal responses to glucose and amino acids ..................................................... 106

ii

Acknowledgements
I would like to acknowledge that this project was the result of an extremely fruitful
collaboration between myself and Hwei Ee Tan, a fellow graduate student in the Zuker lab. We
worked closely together over the past few years and his contribution was instrumental to the
design and completion of many experiments discussed in this thesis. Our partnership on these
studies has not only improved the data, but taught me the essential role of teamwork in science.
I would also like to thank my graduate advisor Charles Zuker for his support and
mentorship throughout this project. Charles has a passion for critical thinking, logical reasoning,
and storytelling which he has imparted on me during my training. It has been a privilege to work
in his lab and the lessons I have learned will serve me throughout my career. This research would
not have been possible without the scientific input and technical assistance of other members of
the Zuker lab, including Martin Vignovich and Hao Jin and the extraordinary undergraduate
students I had the pleasure of mentoring: Elizabeth Sobolik and Adriana Montalvo Holguin.
I have also been extremely fortunate to be surrounded by an incredible network of family
and friends during this journey. I am especially grateful to my parents, who have been a source
of support and inspiration throughout my life. They encouraged me never to compromise when it
came to my training and to always pursue my dreams. My wife, Alessandra, has been my
constant companion since I began graduate school. Her love sustains me daily. Finally, I want to
acknowledge that this work would not be possible without the sacrifice of countless laboratory
mice.

iii

1 Introduction
1.1.1 Preface
We are wired for sweetness—glucose is the primary energy source of the brain and we
have evolved multiple neural pathways to seek out and motivate its consumption. The best
studied among these is the sense of sweet taste, which operates at the level of our conscious
awareness to provide the intensely pleasurable sensation we experience when consuming sugarrich foods. Notably, the taste pathway is sensitive to artificial sweeteners—non-caloric but
highly potent agonists of sweet taste receptors. The subject of this work is another circuit that
operates in parallel to the sense of taste, but completely independently, to drive sugar attraction.
As we will see, this circuit responds specifically to sugar, and exerts profound behavioral effects.
While our attraction to sweet evolved to guide us to consume ripe fruit in energy-scarce
environments, the modern world now provides abundant access to low-cost, high-energy food
sources rich in sugar. The average American consumes 124 lbs of sugar annually (USDA, 2019),
and added sugars alone constitute 13% of our total daily caloric intake (Bowman et al. 2017).
Currently, 72% of American adults are overweight with 40% classified as obese (CDC, 2019).
Excessive sugar intake, particularly of sugar-sweetened beverages, is seen as a major contributor
to individual weight gain and the obesity epidemic overall (Qi et al. 2012; Malik Vasanti S. et al.
2010; Mozaffarian et al. 2011). The changing patterns in diet and corresponding increases in
rates of obesity are now a global pandemic. A recent analysis of health trends from 195 countries
spanning 25 years revealed that rates of obesity have doubled in more than 70 countries and risen
continuously in all others—together, 600 million individuals are obese, resulting in over 4
1

million deaths (Murray 2017). And yet, artificial sweeteners, which are vastly more effective at
producing the sensation of “sweetness” (i.e. can be detected as sweet by humans at
concentrations 100-fold lower than sugars (Diamant et al. 1965)), have proven ineffective at
reducing sugar consumption or serving as viable sugar replacements. These facts raise a central
question of this thesis: why do we like sugar so much? A related question that has guided much
of our experimental design also follows: what is it about sugar that artificial sweeteners can’t
recapitulate?
These statistics also underscore the extent to which sugar consumption represents a
pressing societal concern. Indeed, the insatiable human desire for sugar has led to the creation of
vast fortunes and reshaped geo-politics for centuries (from 18th-century sugar barons to modern
soda conglomerates); it has also led to the death of millions (African slaves trafficked to New
World sugar plantations) and currently threatens the health of billions more. Freud wrote that
“anatomy is destiny”; this aphorism certainly applies to our craving for sugar. Thus, we will
begin by looking at the historical background and consequences that this appetite has wrought on
mankind up to the modern era. Then, we will review the current understanding of the sense of
taste and other work from the past several decades that has laid the conceptual groundwork for
my studies.
1.1.2 Anatomy is Destiny
A central argument of this thesis is that the urge to consume sugar is a fundamental, hardwired, behavioral drive; given the conserved nature of this instinct, it should not be surprising
that the human love affair with sugar extends back across the millennia and continues unabated
into the present day.
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Crystal sugar was first produced from the sugarcane plant (Saccharum officinarum). This
is a species of wild grass native to Papua New Guinea which now grows in tropical regions
around the globe. The cane has a fibrous stalk and produces prodigious amounts of sucrose-laden
juice that can be extracted by squeezing or pulverizing the plant and evaporated into a crystalline
solid form. Today, sugarcane is the world’s largest crop by production quantity and it accounts
for 79% of the world’s sugar (Michèle 2018). The native population of Papua New Guinea has
had a relationship with this plant for millennia, domesticating it around 6000 years ago (Mintz
1986). So important was this crop to the peoples of Oceana, that it even features in their creation
myths, with some cultures positing that the first man and woman emerged from stalks of
sugarcane (Dixon 1916). Sugarcane spread throughout the islands of the Pacific and southeast
Asia, but it was not until ~350 BCE that granulated sugar was first produced in India by boiling
the cane’s juices resulting in concentrated crystalline sucrose (Adas 2001). Indeed, the word
“sugar” itself comes from a Sanskrit root also meaning “gravel” or “sand” (Merriam Webster).
Cane sugar and less-pure molasses (also known as treacle) permeated Persian, Indian, and
Chinese cultures for centuries before it reached the West. In these societies sugar was used for
medicinal, ritual, and of course culinary purposes. The fateful first encounter between sugar and
the West can be traced to the conquests of Alexander the Great. In 327 BCE, Nearchos, one of
Alexander the Great’s admirals, told fantastic tales of his expeditions where he encountered “a
reed in India [that] brings forth honey without the help of bees” (Mintz 1986). Sugar did not
begin entering Europe in significant quantities until the Early Modern Period, when its status as a
pre-eminent rarity and signifier of wealth first emerged. At this time, sugar appeared only in the
halls of great monarchs who sculpted it into elaborate centerpieces to impress courtesans and
guests (see Figure 1-1).
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Figure 1-1: Sugar Trionfi
A pair of sugar table sculptures, or Trionfi, designed for a banquet hosted in 1687 by
the British Ambassador Roger Palmer in Rome. Depicted are goddesses of Earth and Air, as
part of a composition on the Four Elements. Source: Getty Trust.

As sugar moved from display items to dessert, we can observe the first of its ill effects on
human physiology: it began to rot the teeth of the hedonistic monarchs. Famously, Elizabeth I of
England had such a prodigious appetite for sweets that she was known for being difficult to
understand since she had such poor dentition (Hargreaves 1989). A bizarre consequence was that
poor dentition as a result of sugar over-consumption began to be seen as a marker of elevated
social status and was sought after and emulated by European courtesans.
Europe—and mankind’s—relationship to sugar took a dark turn with the discovery of the
New World. The fertile, tropical climate was ideal for the growth of sugarcane—indeed,
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Christopher Columbus brought the plant with him on his second voyage to Hispaniola in 1493
where enterprising farmers disseminated it throughout the region to Mexico, Brazil, Cuba,
Jamaica, and Puerto Rico (Mintz 1986). Nowhere was the full spectrum of sugar’s effects on
economics, environment, and geo-politics more evident than in Barbados, the hub of British
sugarcane cultivation from the 17th-19th centuries.
When sugarcane first arrived to Barbados in 1640, it was primarily planted and harvested
on a handful of family-owned plantations by white indentured servants from the British Isles.
The crop took readily to the island’s geography and climate, where it was grown, harvested,
crushed, and boiled in large cauldrons. This labor-intensive process began to generate everincreasing amounts of raw cane sugar for European markets and immense profits for plantation
owners and merchants. Not surprisingly, sugar was met with an insatiable demand across the
Atlantic generating a frenzied atmosphere of business development. This industry was dependent
on copious amounts of cheap labor to harvest and process the cane. Merchants filled this void
with enslaved captives from the west coast of Africa—to the point where Barbados became one
of the most densely populated places in the world.
Indeed, in 1644 only 800 Africans lived on the island (~3% of the total population). By
the end of the century, that number had exploded to over 50,000 African slaves (~75% of the
total population) (Watson 2011). During the period of the 17th-19th centuries, it is estimated that
around 387,000 Africans were kidnapped and shipped to Barbados to satisfy the British Empire’s
hunger for sugar (Watson 2011). The exploitation of land and man in the interest of growing
sugar was a pattern repeated by various colonial powers throughout the Caribbean, in addition to
Haiti, Brazil, and Jamaica.
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Over the centuries, the industrialization of sugar production, as well as the identification
of new sources (i.e. the sugar beet), caused prices of the commodity to drop such that by the mid
19th century, sugar was no longer a luxury item, but a common dietary staple. British society at
this time was undergoing a massive shift from rural to urban centers of population and from
agrarian to industrial means of production. In this new economy, workers could no longer afford
to bake bread from home-grown wheat or boil stews for hours over a hearth—they demanded
quick access to high-energy sources of food. Sugar readily filled the demand. Around the 1850’s,
the British working class began to widely adopt a new midday meal: high tea. In much the same
way that Elizabeth I’s courtesans emulated her rotten teeth, British factory workers sought to eat
like the upper class by plying themselves with sweetened tea, cookies, and cakes. It was around
this time that per-capita sugar consumption in the UK exploded: from 5 lbs per person in 1700,
to 18 lbs in 1800, and 90 lbs in 1900 (Mintz 1986).
The events in 19th century Britain represent more than a historical curiosity—this pattern
of industrialization and dietary “development” has since been recapitulated in the United States
and throughout the globe. Moreover, this chain of events laid the foundation of the modern
dietary crisis. Today, the cheapest foods are the most calorically dense and those individuals with
the least money eat the most sugar and are disproportionately obese (Drewnowski and Specter
2004).
Inspired by the complicated (often dark) history of sugar, the visual artist Kara Walker
recently re-imagined the sugar sculptures of Early Modern Europe. Her piece, titled “A Subtlety”
or “The Marvelous Sugar Baby” took the form of a giant sphynx made of sugar, bearing a face
with African features (see Figure 1-2). Fittingly, it was erected in Brooklyn’s Domino Sugar
Factory in 2014, a few months before the building was scheduled to be levelled to make way for
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new luxury condominiums. The massive sculpture (over 75 feet tall and incorporating over 40
tons of Domino sugar) evokes the outsized role that sweetness and sugar have come to occupy in
Western society since the fateful encounter in 350 BCE. The sphynx’s face serves as a stark
reminder of (and monument to) the countless “unpaid and overworked Artisans” that have toiled
in the name of our insatiable desire for sugar.

Figure 1-2: The Marvelous Sugar Baby
This massive sugar sphynx was erected by the artist Kara Walker in the soon-to-bedemolished Domino Sugar Factory in Brooklyn, NY in 2014. It is a meditation on the complex
relationship of sugar and Western society. Compare to the sugar Triomfi in Figure 1-1. Image
courtesy of Google.
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One final development in the history of sugar occurred completely accidentally in a
John’s Hopkins laboratory in 1879 when a chemist forgot to wash his hands before lunch. The
scientist had been studying derivatives of toluene and noted that his lunchtime bread tasted
unusually sweet. He had stumbled upon the first modern artificial sweetener, a chemical termed
saccharin, which possessed startling properties: it was hundreds-fold sweeter than sugar, and yet
possessed no biologically-available energy. Saccharin offered the promise of liberating mankind
from its dependence on sugar; however, in the nearly 150 years since their discovery these
substances have had a negligible impact on per-capita sugar consumption, which has steadily
risen. Furthermore, a recent meta-analysis of clinical nutrition studies showed that artificial
sweeteners have not demonstrated any positive health impacts on curbing obesity (Toews et al.
2019).
Taken together, we cannot but wonder: “Why is it that we like sugar so much?”. The
lengths that mankind, or any animal species, will go to acquire sugar-rich substances can be
explained by two processes: sugar’s sweet taste and the importance of sugar to basic physiology.
1.1.3 Neurobiology of Sweetness
Our primary mode of experiencing sugar is through the percept of sweet taste. The sense
of taste is unique among the sensory modalities in that it carries innate valence to trigger
hardwired behaviors—accepting that which is nutritious (sweet, umami and low salt), while
rejecting that which may be noxious or toxic (bitter, sour, and high salt). These reactions arise
independent of experience (Steiner 1973) and can be observed across the animal kingdom (Grill
and Norgren 1978; Steiner and Glaser 1984). Moreover, a species’ ability to detect taste stimuli
is elegantly suited to its ecological niche. For example, felines, which are obligate carnivores,
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have lost sweet taste receptors, however this had no effect on their survival as carnivores get a
rich diet from eating other animals (Li et al. 2006). Birds also lack functional sweet taste
receptors. Remarkably, a mutation in the ancestral hummingbird umami receptor rendered it
sensitive to sugar allowing the recognition and consumption of sugar-rich sources (required for
their enormous energy needs) as nectar feeders (Baldwin et al. 2014).
Tastants are detected by taste receptor cells (TRCs), a class of specialized epithelial cells,
located in taste buds which are on the tongue and palate epithelium. The neural pathways that
innervate this area were first described by Ramon y Cajal around the turn of the 20th century
(Ramon y Cajal 1909, see also Figure 1-3). His and later work demonstrated that signals from the
taste system are carried by three cranial nerves: the facial (VII), glossopharyngeal (IX), and
vagus (X)—each innervating a different part of the anterior tongue, posterior tongue, and soft
palate, respectively (Martin 2003). These nerves have their cell bodies in peripheral ganglia
(geniculate, petrosal, and nodose) and the ascending fibers converge in the rostral Nucleus of the
Solitary Tract (rNST) in the brainstem. In rodents, rNST fibers then project to the Parabrachial
Nucleus, while in humans and other primates they travel directly to the thalamic taste relay
(VPMpc). From the thalamus, the taste pathway terminates in the gustatory cortex of the insula.
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Figure 1-3: Neuroanatomy of the Taste Pathway
Shown on the left is Plate 294 from Ramon y Cajal’s work on neuroanatomy published
in 1909. The diagram illustrates the tongue (f) being innervated by Cranial Nerve IX, which
carries taste information. Central projections of taste fibers are depicted in the brainstem (c),
which can orchestrate a reflex arc through the hypoglossal nerve (Cranial Nerve XII).
Contrast this to the modern understanding of the taste pathway (right diagram), illustrating the
transfer of information from the periphery, through the brainstem and thalamus, and
terminating in the cortex (Yarmolinsky, Zuker, and Ryba 2009).

To better illustrate the coding logic of the taste system—or how receptor activation leads
to pre-determined behaviors and perception—we can focus, fittingly, on the case of sweet. The
discovery of the sweet taste receptor gene (Nelson et al. 2001) was prompted by the observation
that different strains of inbred laboratory mice exhibit varying preferences for saccharin in 2bottle choice tests (Lush 1989), leading to their classification as “tasters” or “non-tasters”. The
putative genetic locus responsible for this behavior was termed “Sac”.
Genetic mapping of the Sac locus led to the identification of an orphan G-coupled
protein: T1R3 (Nelson et al. 2001). This protein was a member of a family of GPCRs (also
including T1R1 and T1R2) expressed on the tongue and thought to encode taste receptors (Hoon
10

et al. 1999). Expression of the Sac-taster T1R3 allele in Sac-non-taster mice was shown by the
Zuker lab to selectively rescue saccharin appetite; whereas knockout of this gene could ablate
sweet preference in Sac-tasters. Furthermore, development of cell-based assays to de-orphan
these receptors demonstrated that the sweet receptor is a heteromer of T1R2 and T1R3 (Nelson
et al. 2001). The combination of T1R1 and T1R3 was later found to function as the umami taste
receptor (Li et al. 2002). These studies led to the generation of knockout strains for individual or
combinations of the taste receptor genes. As predicted, elimination of T1R2 and T1R3 (but not
T1R1) disrupts attraction to artificial sweeteners or sugars in brief-access tests (see Figure 1-4a,
(Zhao et al. 2003)). Interestingly, the authors note that in long-term preference assays carried out
over 48 hours, taste-blind knockout strains become capable of recognizing and developing
attraction to sugar solutions (Figure 1-4b).
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Brief Access Tests
a

Wild Type
T1R1 KO
T1R2 KO
T1R3 KO

Long-Term Preference
b
○ Naïve WT
☐ Experienced WT
● Naïve T1R3-KO
☐ Experienced T1R3-KO

Figure 1-4: Taste Preferences of Sweet-Receptor-Knockout Mice
a, Taste preferences of various strains of mice to increasing concentrations of an
artificial sweetener (saccharin) and sugar (sucrose). Shown are lick rates relative to water. WT
(open circles) and T1R1-KO mice (grey circles) exhibit a dose-dependent attraction to the
sweet compounds, while the sweet-receptor-KO strains (T1R2-KO and T1R3-KO) are
insensitive, except at the highest concentrations of sugar. T1R2-R3-double-KO mice do not
have this phenotype (data not shown). b, If mice are tested in a 2-bottle assay over long
periods of time (48 hours), T1R3-KO animals can form preferences to sugar (red squares).
Data from Zhao et al. 2003.

Further work by the Zuker lab established that activation of TRCs (and their downstream
neural circuits) were the basis for taste perception. For example, expression of an artificial
receptor that recognizes a tasteless ligand (RASSL receptor) under the control of the T1R2
promoter produces animals with strong behavioral attraction to the RASSL ligand spradoline
(Zhao et al. 2003). If the RASSL receptor was instead introduced into bitter cells, the ligand now
12

triggered strong aversion (Mueller et al. 2005). Expression of a human bitter receptor gene in
mouse bitter TRCs could effectively “humanize” their behavior—i.e. generate aversion to a biter
chemical that is normally tasteless to mice (Mueller et al. 2005). Moreover, mis-expression of
this human receptor into mouse sweet cells caused the otherwise bitter tasting chemical to elicit
an attractive behavioral response. Together these studies demonstrate that activation of hardwired neural circuitry through stimulation of a given TRC is sufficient to trigger predetermined
behavioral responses to taste stimuli.
A prediction of this labeled lined model of signaling is that information about different
taste qualities should be encoded by different groups of neurons throughout the neural pathway.
Calcium-imaging studies in taste ganglia demonstrated that the vast majority of primary sensory
neurons are indeed singly tuned (sweet neurons, biter neurons, salty neurons, etc) (Barretto et al.
2015). Later work identified unique genetic markers for the neurons tuned to each taste quality
(Zhang et al. 2019). As expected for a labeled line system, removing the TRCs or the ganglion
neurons for any one taste quality has no effect on the responses to any of the remaining taste
qualities (Huang et al. 2006; Zhang et al. 2019). Furthermore, mis-wiring receptor cells and
primary sensory neurons severely disrupts signaling fidelity and behavior. For example, in mice
where bitter ganglion neurons are targeted to both sweet- and bitter-TRCs, there is a ~10-fold
increase in the number of bitter-sweet cells detected by imaging and their aversion to bitter is
impaired (Lee et al. 2017).
Evidence from central taste areas also validated the organization of the taste system as
labeled line coding. Unpublished observations made by Zuker Lab members in the rNST in the
brainstem, for example, indicate that distinct neuronal populations encode sweet and bitter.
Moreover, studies of the gustatory cortex have shown that different taste qualities, like sweet and
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bitter, are represented by different set of neurons clustered into segregated “cortical fields” (X.
Chen et al. 2011). Additional work further demonstrated that optogenetic activation of the sweet
area, for example, is sufficient to drive attraction and can be reported as “sweet” in a behavioral
recognition assay. Pharmacologically silencing cortical activity in these regions also disrupts
taste discrimination (i.e. mice can no longer report the identity of a sweet chemical when sweet
cortex is silenced) (Peng et al. 2015). These results indicate that activity in the taste cortex is
both necessary and sufficient for taste perception.
Taken together, this body of work explains how the binding of taste stimuli to dedicated
receptors on the tongue triggers the activity of hardwired neural circuits which evoke
prototypical, innate reactions. Throughout this pathway, information is carried in segregated
streams (i.e. labelled lines) which are both necessary and sufficient to elicit taste-related
behavioral responses (attraction to sweet, aversion to bitter, and recognition).
1.1.4 Sugar Physiology
Once ingested, natural sugar exerts a number of important physiological effects.
Naturally, sugars exist as monosaccharides (e.g. glucose, fructose, galactose) or as bio-polymers
(e.g. disaccharides like sucrose and lactose, or polysaccharides like starch). Glucose is the
primary substrate of metabolic enzymes (such as those involved in glycolysis) that produce
ATP—correspondingly, most sugars in the body are ultimately converted into glucose. Other
organic molecules like fats, proteins, and nucleic acids can also be transformed into glucose via
the process of gluconeogenesis to ensure a steady stream of cellular energy.
Of note are the mechanisms by which sugar is absorbed and digested in the GI tract.
Sucrose, or common table sugar, is a 1:1 dimer of glucose and fructose. To generate energy, it
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must be broken down into its constituent components and absorbed by the enterocytes that line
the lumen of the gut. These two monosaccharides utilize different absorptive mechanisms (see
Figure 1-5): glucose is transported along with sodium ions via the sodium-linked glucose
transporter 1 (SGLT-1, also known as SLC5A1); fructose moves via facilitated diffusion through
GLUT-5 transporters (SLC2A5). Once inside an enterocyte, glucose and fructose reach the
bloodstream through basolateral GLUT-2 transporters. Notably, SGLT-1 has a number of other
substrates. Among these are the naturally-occurring monosaccharide galactose and nonmetabolizable glucose analogues Methyl alpha-D-glucopyranoside (MDG) and 3-O-Methyl-Dglucopyranose (3-OMG) (Wright, Loo, and Hirayama 2011). MDG and 3-OMG are modified
glucose molecules, meaning they bear a high degree of chemical similarity to glucose but cannot
be phosphorylated during glycolysis—and therefore provide no energy, rise in blood glucose, or
release of insulin (Moriya et al. 2009). These glucose analogues serve as important tools to decouple glucose transport (and sensing) from metabolism and other physiological consequences.
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Figure 1-5: Mechanisms of Sugar Transport
Schematic depicting methods of sugar transport in the GI tract. SGLT-1 (top, green)
transports the monosaccharides glucose and galactose, as well as the glucose analogues MDG
and 3-OMG with 2-Na ions. The drug phlorizin acts as a competitive inhibitor to SGLT-1.
Fructose enters cells through GLUT-5 utilizing facilitated diffusion (bottom, blue). The natural
sugars glucose, galactose, and fructose diffuse out of enterocytes into the blood stream through
GLUT-2 (right, yellow). Note that MDG and 3-OMG remain sequestered and do not enter
circulation. (Wright, Loo, and Hirayama 2011; Mueckler and Thorens 2013)

1.1.5 Beyond Sweetness
Given the detailed understanding of the neurobiology of sweet taste, one might be
tempted to conclude that sugar’s effects on the brain are fully understood and can be
recapitulated by high-affinity sweeteners like saccharin. However, numerous studies have
suggested that sugar may have actions beyond the taste system that contribute to its intensely
16

pleasurable effects. In addition to the observations described above (Figure 1-4b), others have
reported that neither taste receptors (Damak, Rong, and Yasumatsu 2003; Sclafani, Marambaud,
and Ackroff 2014) nor taste machinery (de Araujo et al. 2008) are required to form preferences
for sugar in long-term preference assays. Such preferences can also be observed in cats which
lack sweet receptors (Beauchamp, Maller, and Rogers 1977).
These results suggested the existence of a taste-independent mechanism for the detection
of sugar. One possibility is a post-oral pathway, by which sugars could directly signal their
presence in the GI tract. A number of groups have shown that flavor conditioning by associating
sugar infusion into the gut with oral intake of flavored water (like grape or cherry) can result in
the development of selective flavor preference (Sclafani and Glendinning 2003). However, none
of these studies defined a mechanism, or even a “neural model” to account for these results. In an
attempt to anatomically localize potential sugar sensors in the gut, one study performed glucose
infusions at various segments of the GI tract: proximal (duodenum), middle (jejunum), or distal
(ileum) (Ackroff, Yiin, and Sclafani 2010), and reported that glucose could only condition
preferences when infused into the first two sites (duodenum and jejunum), suggesting a location
for the putative sensing site.
If sugar indeed acts on additional sensors, what are they detecting? One intriguing
possibility, given the discovery of gut-localized T1R2/R3 (Dyer et al. 2005) was via the same
mechanisms present in the oral cavity. However, the observation that T1R2/3 receptor knockout
mice can also develop eliminates this hypothesis (Zhao et al. 2003; Sclafani, Marambaud, and
Ackroff 2014). Instead, the fact that glucose analogues like MDG can trigger preferences
(Zukerman, Ackroff, and Sclafani 2013) suggests a sugar-specific mechanism.
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1.1.6 The Gut-Brain Axis
Here I will show that sugar activates brain circuits independent of the taste pathway via a
direct neural link between the gut and the brain mediated by the vagus nerve. The vagus nerve
(CN X) is one of the twelve pairs of cranial nerves that emerges directly from the skull. Unlike
most of the other cranial nerves which serve sensory or motor functions in the head and neck, the
vagus broadly innervates the thoracic and abdominal viscera (esophagus, heart, lungs, liver, GI
tract, pancreas, and kidneys) (Berthoud and Neuhuber 2000; Martin 2003). Indeed, its name
comes from the Latin root “to wander” for its long and tortuous course (it is the longest of all
cranial nerves). The vagus is a mixed afferent/efferent nerve implicated in motor functions such
as heart rate and gastric emptying as well as sensation of arterial oxygen content and renal blood
pressure (Costanzo 2013). Importantly, studies of the fiber composition of the vagus suggests the
nerve is >75% sensory (Andrews 1986; Prechtl and Powley 1990).
Of particular interest are vagal fibers that innervate the GI tract, namely the small
intestine, where direct sugar infusions are capable of conditioning behavioral preference. Tracing
studies indicate that this region is innervated extensively by both the left and right branches of
the vagus (even though the left branch is known as the “Common Hepatic Nerve”) (Andrews
1986). The vagal nerve terminals in the GI tract were proposed to serve two main functions
based on their morphology: mechanosensation and chemosensation (Powley and Phillips 2002).
These hypotheses were confirmed by electrophysiological studies performed by isolating single
vagal nerve fibers.
The first attempts to decipher the information carried by vagal nerves innervating the GI
tract were carried out in the 1970’s and 1980’s (reviewed in Grundy and Scratcherd 1989). These
approaches included extracellular recordings from gut-innervating nerve fibers or single unit
18

recordings in the nodose ganglia of anesthetized cats. Mei and colleagues, who performed many
of these pioneering studies, delivered a wide range of stimuli to the gut, including: nutrients (Mei
1985), osmolytes (Mei and Garnier 1986), temperature (El Ouazzani and Mei 1982), and
mechanical stroking (Mei 1970). Several papers describe the presence of vagal glucose-sensitive
neurons (Mei 1978; El Ouazzani and Mei 1981), which respond to intestinal perfusions of sugar
but not to mechanical stimulation of the gut.
The topic of vagal interoception has received renewed attention in the past several years,
with the application of modern neuroscience techniques (genetic, viral, and imaging approaches)
to better dissect the cell types and functions of this nerve. Studies have identified the mechanism
by which vagal neurons innervating the aortic arch sense blood pressure and mediate the
baroreceptor reflex (mechano-sensitive Piezo channels) (Zeng et al. 2018). In the lung,
genetically-defined populations of vagal sensory neurons were recently found that mediate
respiration (Chang et al. 2015).
There has also been considerable interest in the so-called gut-brain-axis. One paper
employed calcium imaging and optogentics to genetically identify two cell types that sense
gastric stretch (GLP1-R cells); whereas they claim another population (GPR-65 cells) detect the
presence of luminal nutrients (Williams et al. 2016). If true, these findings would have
significant implications for the detection of sugar by the vagus nerve—indeed the authors’ exvivo imaging data show GPR65-neurons to respond to high concentrations of intestinallyperfused glucose, NaCl, sodium glutamate, and HCl. Work from other groups has also provided
evidence of a positive-valence pathway extending from the gut into the brainstem (Han et al.
2018). By stimulating the terminals of gut-projecting vagal neurons, the authors can elicit place-
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preference, flavor preference, and dopamine release (these results are discussed further in later
chapters).
A number of indirect tests of the role of the vagus nerve in sugar conditioning were
performed over the past few decades using vagotomy (i.e. surgical transection or chemical
ablation of the vagus nerve). The data from these studies have been mixed—with some evidence
suggesting vagotomy blocks sugar-conditioned preferences (Sclafani and Lucas 1996) and
carbohydrate consumption (Lucas and Sclafani 1996) and a larger body of evidence suggesting it
does not (Sclafani and Lucas 1996; Sclafani, Ackroff, and Schwartz 2003). These studies are
plagued by inconsistency in the stimuli used (pure sugar vs sugar polymers like polycose,
maltodextrin), methods (surgical pre-treatment), and idiosyncratic concepts (appetition vs
satiation)—often presenting contradictory findings within a single experiment, see Sclafani and
Lucas 1996 compare Experiment 1 to Experiment 2). A more fundamental flaw arises from the
fact that vagal fibers innervating the GI tract are of mixed sensory-motor composition; thus,
gross transection eliminates the crucial function of the vagus nerve in gastric emptying, resulting
in animals with massively distended stomachs (~2x normal volume) and issues of GI stasis.
1.1.7 Experimental Approach
Given sugar’s multi-faceted effects on the body and behavior, we set out to explore the
basis of our preference for sugar. We opted to study this phenomenon in mice, an experimental
model organism that provides many tools for genetic and physiological examination. We first
began by studying the nature of sugar preference behavior. Then, we sought to determine the
neural circuitry activated by sugar. Once we identified these cells and developed tools to access
this circuit, we mapped its inputs from the gut-brain axis and demonstrate the essential role these

20

neurons play in behavior. Finally, using a calcium imaging approach, we dissected the nature and
mechanism of sugar responses in the gut-brain axis. Taken together, our results identify a neural
circuit from the gut to the brain which operates independently from the taste system, responds
only to sugar and not artificial sweeteners, and drives our behavioral attraction to sugar.
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2 Sweet Versus Sugar Preference
2.1 Introduction
We first set out to experimentally measure sugar preference behavior, and elucidate if the
preference for sugar depends on its caloric value. In our experiments, we measured oral
consumption of sugar versus artificial sweeteners by implementing a modified 2-bottle
behavioral paradigm similar to that used in classic studies of taste preference (Nelson et al. 2001)
by allowing mice access to stimuli over extended periods of time (48 hours, as opposed to brief
access tests, see also Figure 1-4). We performed these experiments in wild-type and tasteknockout animals.
Next, we reasoned that if we could identify a population of neurons that respond
selectively to the consumption of sugar, but not to artificial sweeteners, it may provide an entry
point to uncover the neural control of sugar preference. To identify such brain regions, we
exposed mice to sugar and scanned their brains for expression of the immediate early gene Fos as
a proxy of neural activity (Sheng and Greenberg 1990). The Fos mapping studies were
conducted as part of a fruitful collaboration with another graduate student in the Zuker Lab,
Hwei Ee Tan.

2.2 Results
2.2.1 Development of Sugar Preference
When non-thirsty, wild-type mice are given a choice between a bottle containing water
and one containing sugar they drink almost exclusively from the sugar solution (Nelson et al.
2001). If instead, they are allowed to choose between a bottle containing an artificial sweetener
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(e.g. saccharin or Acesulfame K) and a bottle with sugar (glucose), using concentrations where
both are equally attractive, naive animals (i.e. never exposed to sweeteners or sugar) initially
drink from both bottles at a similar rate (Figure 2-1a). However, within 24 h of exposure to both
choices, the animals’ preference is dramatically altered, such that by the end of a 48 h period
they drink almost exclusively from the bottle containing sugar, with little if any interest in
sampling from the bottle containing the artificial sweetener, even though it is still as “sweet” as
the sugar bottle (Figure 2-1a-b; compare 15 h to 48 h).
We quantified their behavior by calculating a preference index at two timepoints: Pre =
the number of licks to glucose divided by the total number of licks during the first 100 trials of
baseline measurements (see Methods for details); Post = the number of licks to glucose divided
by the total number of licks during the last 100 trials of the behavioral session. While animals
could begin the behavioral preference test exhibiting no preference for sugar versus sweetener
(preference index ~0.5), some preference for sugar versus sweetener (preference index >0.5), or
with an initial preference for the artificial sweetener versus sugar (preference index <0.5)—in all
cases they switched (or dramatically increased) their preference to sugar.
Mice developed a robust preference for sucrose (N = 12 mice, Pre = 0.55, Post = 0.82, p
= 8*10-6, two-tailed paired t-test, data not shown) and glucose (N = 9 mice, Pre = 0.49, Post =
0.79 p = 2*10-6, see Figure 2-1b). As predicted from the previous studies, we also observed this
behavioral switch in complete sweet taste- receptor knockouts (T1R2/T1R3 double KO, (Nelson
et al. 2001), n = 5 mice, p < 0.004, Figure 2-1c), or knockouts that lack a component essential for
taste signal transduction (TRPM5 KO (Y. Zhang et al. 2003; C. A. Pérez et al. 2002); n = 7 mice,
p = 0.0001, Figure 2-1c). Thus, although taste knockout mutant animals cannot even taste the
sugar or the artificial sweetener, they still learn to recognize and choose the sugar-containing
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bottle over the 48hr session, most likely as a result of a strong positive post-ingestive effect of
sugar (Sclafani 2013; Zukerman, Ackroff, and Sclafani 2013a).
Notably, the preference for sugar does not rely on the sugar’s caloric content for
signaling preference (Zukerman, Ackroff, and Sclafani 2013b). For example, if sugar is
substituted for the non-metabolizable glucose analogue (methyl α-D-glucopyranoside, MDG)
animals still develop a strong preference for MDG, just like they do to glucose (Figure 2-1b, and
(Zukerman, Ackroff, and Sclafani 2013b), n = 5 mice, two-tailed paired t-test, p = 0.0024).
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Figure 2-1: The behavioral preference for sugar
a, Schematic diagram of behavioral arena. Mice are given a choice between 600 mM
glucose or 30 mM AceK (artificial sweetener). The animal’s preference is tracked by electronic
lick counters reading licks in each port. The upper left inset shows a lick raster for glucose (red)
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versus AceK (blue) from the first 2000 licks of the behavioral test, and the upper right inset
shows a raster of the last 2000 licks. Note that by 48 h the animals drink almost exclusively from
the sugar-containing bottle. b, The graphs show preference plots for glucose versus AceK (n = 9
mice, two-tailed paired t-test, p < 0.0001), and MDG versus AceK (n = 5 mice, two-tailed paired
t-test, p = 0.0024). c, Sugar preference plots for mice lacking the sweet taste receptor
(T1R2/T1R3-/-), n = 5 mice, two-tailed paired t-test, p < 0.004, and for mice lacking TRPM5, the
ion channel essential for sweet, bitter and umami taste (TRPM5-/-), n = 7 mice, two-tailed paired
t-test, p = 0.0001; these knock-out animals switched their preference to sugar even though they
cannot taste it.

2.2.2 Brain Neurons Activated by Sugar
In order to generate preference for sugar over artificial sweeteners, mice need to
distinguish between two innately attractive stimuli. We reasoned that such discrimination and
learning must activate brain circuits responsible for sugar preference behavior. To identify
candidate regions, we exposed separate cohorts of mice to either sugar, artificial sweeteners, or
water, and scanned their brains for induction of the immediate early gene Fos as a proxy for
neural activity (Sheng and Greenberg 1990). Glucose induced Fos expression in several brain
areas (Figure 2-2a) including subcortical areas involved in reward and feeding (the bed nucleus
of the stria terminalis (Betley et al. 2013), and paraventricular thalamus ((Ong et al. 2017; Otis et
al. 2019), Figure 2-2b-c) as well as brainstem areas involved in taste and nutrient homeostasis
(the parabrachial nucleus (Baird, Travers, and Travers 2001; De Araujo 2009), Figure 2-2c).
Notably, our results showed prominent bilateral labelling in the caudal Nucleus of the
Solitary Tract (cNST; Figure 2-2d and Figure 2-3a). The cNST is an area known to function as a
nexus of interoceptive signals conveying information from the body into the brain (Berthoud and
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Neuhuber 2000; Cutsforth-Gregory and Benarroch 2017). Specifically, it is the primary recipient
of the vagal afferent system and the first synapse in the central nervous system for information
traveling via the gut-brain axis. We obtained similar results in multiple animals for each
experiment (Figure 2-4) including to both sucrose and glucose. Importantly, the cNST was not
significantly labelled in in response to artificial sweeteners or water controls (Figure 2-3a-b and
Figure 2-4). Furthermore, if these cNST neurons are involved in sugar-preference behavior, they
must also be activated by MDG, and their activation by sugar should be independent of the taste
system. Indeed, Figure 2-3a-c show that both predictions are met.
How do sugar signals reach the cNST? The finding that creating a preference for sugar
does not require the taste system, strongly suggested post-ingestive, extra-oral recognition.
Therefore, we tested whether direct intragastric application of sugar was sufficient to activate the
cNST. As predicted, direct gut infusion of sugar (but not artificial sweetener) is sufficient to
activate the cNST as robustly as ingestion via the oral cavity (Figure 2-3d-e). These results also
substantiate previous behavioral studies showing that intragastric infusion of glucose is sufficient
to condition flavor preference (Anthony Sclafani and Glendinning 2003; Zukerman, Ackroff, and
Sclafani 2011).
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Figure 2-2: Glucose ingestion induces Fos in the brain
a-e, Mice were stimulated with 600 mM glucose for 90 min, whole brains sectioned
coronally, and then stained with Fos antibodies; a total of 102 brain sections were processed (n =
3 mice, see Methods). Shown are low magnification views (left panels) of several areas
exhibiting prominent bilateral Fos labelling. The right panels show a magnified view of yellow
boxes. Scale bars, 200 µm. b, Section at Bregma 0 mm showing the bed nucleus of the stria
terminalis (BST, yellow box). c, Section at Bregma -1.5 mm showing the periventricular
thalamus (PVT, yellow box). d, Section at Bregma -5 mm showing the parabrachial nucleus
(PBN, yellow box). e, Section at Bregma -7.5 mm showing the caudal nucleus of the solitary
tract (cNST, yellow box).
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Figure 2-3: Sugar activates the gut-brain axis
a, Schematic of sugar stimulation strategy for Fos induction. Strong Fos labelling is
observed in neurons of the caudal Nucleus of the Solitary Tract (cNST, highlighted in yellow).
Note Fos induction by glucose and MDG, but not by water or AceK artificial sweetener. Scale
bars, 100 µm. b, Quantitation of Fos positive neurons. The equivalent area of the cNST
(Bregma -7.5 mm; right side of the brain stem) was processed and counted for the different
stimuli. The signal present in water alone was subtracted prior to plotting; n = 6 mice for AceK
and n = 8 mice for glucose, one-way analysis of variance (ANOVA) followed by Tukey’s
HSD post hoc test, p < 0.0001. For MDG, n = 5 mice, vs AceK: p < 0.0005. Values are mean
± s.e.m. c, Glucose also stimulates cNST neurons in animals lacking the sweet taste receptor
(T1R2/T1R3-/-), n = 5 mice, p < 0.0001, or in animals lacking the TRPM5 ion channel
(TRPM5-/-), n = 7 mice, p < 0.0001. Values are mean ± s.e.m. Scale bar, 100 µm. d-e, Direct
intragastric infusion of glucose, but not AceK, robustly activates the cNST. Scale bar, 100 µm.
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Tan et al. Extended Data Figure 3
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The brain diagram illustrates the position of the NST and the plane of the sectioning.
Shown below are cNST sections stained with Fos antibodies after exposing the animals to 90
Coronal brain slice (cNST)
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min of 600 mM sucrose, 600 mM glucose or 30 mM AceK. Each panel is a confocal maximal
projection image from Bregma -7.5 mm consisting of 3 sections 15 µm apart. Each panel
(sucrose, glucose or AceK) represents a different animal. Note the robustness of the signals
across animals.
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2.3 Discussion
These results demonstrated that animals are able to develop an intense preference for
sugar over an artificial sweetener. Moreover, the attraction to sugar is independent of the sense
of taste and its nutritional content. The Fos mapping studies suggest that the cNST could be a
crucial brain region that represents information about ingested sugar. The intragastric infusions
show that sugar signals originate in the gut. The fact that MDG, which is poorly transported into
the blood stream and does not cause insulin release, is able to create a preference, further
suggests a detection system located in the gut, close to the site of sugar absorption.
The data presented in this chapter leave several important unanswered questions which
will we will address throughout the rest of this thesis, namely: How does the cNST receive
information about sugar? Does the cNST play a causal role in the development of sugar
preference? What are the mechanisms by which sugar signals the cNST?

2.4 Methods:
Animals
All procedures were carried out in accordance with the US National Institutes of Health
(NIH) guidelines for the care and use of laboratory animals, and were approved by the
Institutional Animal Care and Use Committee at Columbia University. Adult animals older than
6 weeks of age and from both genders were used in all experiments. C57BL/6J (JAX #000664),
TRPM5 KO (JAX #013068), T1R2/T1R3 double KO (generated in house, JAX
#013065/013066).
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2-bottle preference assays
The preference switch experiments were carried out in standard mouse cages holding a
custom designed 3D-printed scaffold for 2 bottles. Each bottle was outfitted with an electronic
licking sensor, and access to the licking spout was controlled by a mechanical shutter. Mice were
not water deprived before the experiment and had ad libitum access to food throughout. For
behavioral tests, mice were first tested for their initial preference by completing 100 drinking
trials. Each trial consisted of a choice between 600 mM glucose (or 600 mM MDG) and 30 mM
AceK. Trials lasted 5 s and were initiated after the first lick to either bottle; inter-trial intervals
were 40 s. To familiarize animals with the two choices, mice were required to complete 500 licks
to 600 mM glucose alone, and 30 mM AceK alone; this was repeated twice. Animals were tested
for their sugar (or MDG) versus sweetener preference over 36 h using 5-second trials. Preference
indexes were calculated for the first 100 trials (“Pre”) and for last 100 trials (“Post”). Preference
index = (total licks to glucose)/ (total licks both stimuli). Because T1R2/3 double knockouts
cannot taste sweet, they are often averse to the “bitter” in high concentrations of AceK (i.e. not
being countered by its high sweetness), therefore they were tested with 300 mM sucrose vs 5
mM AceK.

Fos stimulation and immunohistochemistry
Animals were water restricted for 23 hours, given access to 1ml of water for 1 hour, and
then water restricted again for another 23 hours. The stimulus consisted of 600 mM glucose, 600
mM MDG, 600 mM sucrose, 600 mM 3-OMG, 600 mM galactose, 30 mM AceK, or milliQ
water for a period of 90 min in the absence of food. For intra-gastric infusion experiments, food
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was removed from the cage 12 hours before stimulus infusion. A syringe pump microcontroller
(Harvard Apparatus) was used to deliver 1.5ml of the stimulus solution at 0.075ml/min. After 90
minutes, mice were perfused transcardially with PBS followed by 4% paraformaldehyde (PFA).
Brains were dissected, and fixed overnight in PFA at 4oC. The brains were sectioned coronally at
100 µm, and labelled with anti-c-Fos (Santa Cruz, sc-52 goat, 1:500; or SYSY, Cat. 226004
guinea pig, 1:5000) in 5% Normal Donkey Serum (EMD Millipore/ Jackson ImmunoResearch)
in 0.3% Triton-X100 in 1X PBS for 48 hours at 4oC with gentle shaking, and then Alexa 488-, or
568-, or 647-conjugated donkey anti-goat/ anti-guinea-pig (Jackson ImmunoResearch) in 5%
Normal Donkey Serum in 0.3% Triton-X100 in 1X PBS for 24 hours at 4oC with gentle shaking.
Images were acquired using an Olympus FluoView 1000 confocal microscope. Larger field-ofview images were acquired using a Nikon AZ100 Multizoom Slide Scanner. Quantification of
Fos-labelled neurons was done by manual counting in a 300 x 300 µm ROI in the right caudal
NST.
For intragastric stimulation, animals were anesthetized with ketamine and xylazine (100
mg/kg and 10 mg/kg, intraperitoneal). The stomach was exteriorized through an abdominal
incision, and a Silastic (Dow Corning) tubing was inserted into the forestomach region and
secured with silk sutures (Ueno et al. 2012). The other end was tunneled subcutaneously along
the left flank and exteriorized at the dorsal neck area. Mice were individually housed and
allowed to recover for at least 5 days before stimulus infusion.
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3 The Gut-Brain Axis
3.1 Introduction
What is the source of the sugar signal in the cNST? A number of recent studies have
implicated the vagus nerve as a key mechanism to transmit information from the gut to the brain
(Williams et al. 2016; Han et al. 2018; Kaelberer et al. 2018; Zimmerman et al. 2019). This socalled gut-brain axis is emerging as a fundamental conduit for the transfer of neural signals
informing the brain of the internal metabolic and physiologic state of the body. In mice, like in
humans, the vagal nerve richly innervates the gut and sends strong projections to the cNST
(Berthoud and Neuhuber 2000; Cutsforth-Gregory and Benarroch 2017).
In order to determine whether sugar signals the brain via the gut-brain axis, we sought to
probe the connectivity of this circuit with bulk and viral tracing using modified rabies. The rabies
tracing was performed by a post-doctoral fellow in the lab, Hao Jin. Next, we monitored realtime responses of the cNST to the presence of sugar in the gut, and established its dependence on
the vagal nerve. To demonstrate the functional relevance of this circuit to sugar preference
behavior, we developed a method to genetically target sugar-activated cNST cells and employed
a synaptic silencing approach (Yamamoto et al. 2003). The targeting and silencing experiments
were carried out by my collaborator, Hwei Ee Tan. His contribution to the design and execution
of many experiments in this section was indispensable.
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3.2 Results
3.2.1 Bulk Labeling of cNST Inputs
To identify the source of the sugar signal in the cNST, we performed bulk-labelling of its
inputs with fluorescent RetroBeads. While this brain region is known as the primary recipient of
vagal nerve terminals and a target of the gut-brain axis (Martin 2003), the GI tract is also
innervated by fibers of the splanchnic nerves which have also been hypothesized to function as
nutrient sensors (Perrin, Crousillat, and Mei 1981). We therefore examined two sets of peripheral
ganglia for retrogradely-labeled cells: the nodose (containing vagal cell bodies) and thoracic
dorsal root ganglia (containing cell bodies of gut-innervating splanchnic nerves). When
RetroBeads are injected into the cNST, we observed numerous labeled vagal ganglia neurons,
but none in the DRG (Figure 3-1a). These results confirm that the cNST primarily receives vagal
input. As a control, we also targeted the cuneate nucleus, which is known to receive sympathetic
innervation. In these animals, we observe robust labeling of thoracic DRG neurons, but none in
the nodose (Figure 3-1b).
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Figure 3-1: Retrograde Labelling of cNST Inputs
a, A fluorescent retrograde tracer (red RetroBeads, Lumafluor) was stereotaxically
injected into the cNST. The nodose ganglia and dorsal root ganglia were checked for transfer
of the fluorescent label after 6-7 days. The nodose ganglion (vagal neurons), but not the dorsal
root ganglion (splanchnic neurons), was robustly labelled. b, As a control, RetroBeads were
also injected into the Cuneate nucleus, a brainstem area near but distinct from the cNST. Vagal
neurons were not labelled. In contrast, note robust labelling of splanchnic neurons (n = 2).
DAPI nuclear counterstain is also shown (blue). Scale bars: 200 µm (Brainstem), 50 µm
(Nodose, DRG).
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3.2.2 Brainstem Sugar Signals are Vagal-Dependent
If information about sugar detection is being transferred from the gut to the brain via the
gut-brain vagal nerve axis, then it should be possible to directly monitor the activity of this
circuit in vivo by real-time recordings of cNST activation in response to synchronized gut
stimulation with sugar. Most importantly, this activity should be abolished following
experimental transection of the vagal nerve.
We thus turned to fiber photometry (Gunaydin et al. 2014) to record population-level,
sugar-evoked responses from the cNST of animals expressing the genetically encoded calcium
indicator GCaMP6s in excitatory neurons of the cNST (VGlut2-Cre;Ai96). This approach
provides real-time recording data as opposed to Fos-expression which takes 1-2 hrs. It also
allows us to expose a single animal to multiple repeats of a panel of stimuli. To deliver stimuli to
the gut (and bypass any contribution from oral receptors), we placed a catheter directly into the
duodenal bulb, and created an exit port by transecting the intestine ~12 cm distally (Figure 3-2a,
see Methods for details). As predicted, our results (Figure 3-2b-e) showed robust responses to
glucose and MDG. Most importantly, all activity was abolished after bilateral transection of the
vagal nerves (Figure 3-2b-f; compare Pre to Post-vagotomized). Together, these results validate
the gut-brain axis as the conduit for sugar-evoked activation of the cNST.
A priori, we expected that the sugar-evoked Fos signal in the cNST would be absent in
vagotomized animals; however, attempts to perform these experiments were uninformative. The
surgical procedure itself induces high levels of Fos expression both acutely (in anesthetized
mice) and even after extended periods of time (up to 2 weeks post-vagotomy); negative control
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animals (i.e. those vagotomized but not exposed to sugar) still retained high levels of Fos in the
cNST. These observations are consistent with earlier studies showing that sciatic nerve
transection produced high levels of Fos expression in the spinal cord, even weeks after the
procedure (Chi, Levine, and Basbaum 1993a). Following these reports, we also tried acute vagal
nerve blockade with lidocaine before vagotomy (Chi, Levine, and Basbaum 1993b), but were
still unsuccessful at reducing Fos in the cNST related to the surgery.
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Figure 3-2: Brainstem Sugar Responses are Vagal-Dependent
a, Schematic illustrating fiber photometry experiments to monitor glucose-evoked
responses of cNST neurons. The excitatory neurons in the cNST were targeted with GCaMP6s
by crossing to Vglut2-Cre animals (Vong et al. 2011). b, Sample photometry recordings from
a mouse exposed to alternating trials of glucose, AceK, and MDG before vagotomy (Pre, top
trace) and after vagotomy (Post, bottom trace). Colored bars represent administration of
stimuli. c-e, Shown are neural responses from 4 separate animals following intestinal delivery
of glucose, AceK and MDG. Note strong responses to sugar (panel b) and MDG (panel d). The
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light traces denote normalized 2-trial averages from individual animals, and the dark trace the
average of all trials (NR = Normalized Responses). Black bars below traces indicate the time
and duration of stimuli. In red are the average responses after bilateral vagotomy (Pre = before
vagotomy, Post = after vagotomy; see Methods for details). Stimuli, 500 mM glucose, 30 mM
AceK, 500 mM MDG; n = 4 animals, before and after vagotomy. f, Quantification of neural
responses after bilateral vagotomy. Traces were normalized and peak fluorescence during the
stimulus period was compared for two repeats of each stimulus before (empty bars) and after
vagotomy (red bars). Two-tailed paired t-test, p = 3 x 10-15 (glucose), p = 5 x 10-13 (MDG).

3.2.3 Obtaining Genetic Access to Brainstem Sugar Neurons
The cNST responds to a variety of homeostatic signals; in order to probe the connectivity
and function of the sugar-responsive population in particular, we needed to develop a way to
access those neurons. We used the TRAP system (Guenthner et al. 2013; Allen et al. 2017) to
target Cre-recombinase to sugar-activated cNST neurons. Essentially, the TRAP system relies on
an immediate early gene promoter (such as Fos, which is expressed in activated neurons) to drive
expression of Cre recombinase (which can be used to “turn-on” various effector genes like
reporters, tracers or silencers). Moreover, this system is tamoxifen-dependent. The idea is that by
administering a dose of tamoxifen roughly at the same time as our Fos-inducing stimulus (sugar),
we can genetically access the sugar-activated population (Figure 3-3a).
To confirm fidelity of TRAP labeling in the cNST, we need to validate that the sugaractivated cNST neurons (marked by the expression of Fos) are the same as the ones labelled by
Cre-recombinase in the genetic TRAPing experiments. Thus, we genetically labelled the sugarinduced TRAPed neurons with a Cre-dependent fluorescent reporter (Figure 3-3b, shown in red),
and then performed a second cycle of sugar stimulation followed by Fos antibody labelling
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(Figure 3-3b, shown in green). Our results confirmed that the majority (>80%) of the sugarTRAPed neurons in the cNST (i.e. labelled with the fluorescent marker) were indeed co-labelled
with the Fos antibodies in response to the second cycle of sugar stimulation (Figure 3-3b top
row). As anticipated, performing the TRAPing experiments with water did not label meaningful
numbers of sugar-activated cNST neurons (Figure 3-3b middle row). In contrast, MDG also
TRAPed large numbers of the sugar-activated Fos+ neurons (Figure 3-3b bottom row; see also
Figure 3-4). The TRAP system, therefore, provides us with a high-fidelity tool to genetically
access sugar-preference neurons in the cNST.
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Figure 3-3: Genetic Targeting of Sugar-Activated Brainstem Neurons
a, We used the Targeted Recombination in Active Populations method (Allen et al.
2017) (TRAP2) to access sugar-activated neurons; the diagram illustrates the strategy for
targeting a fluorescently labelled AAV reporter (red) to the sugar-activated cNST neurons
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using TRAP, and a second round of Fos induction to be detected by anti-Fos antibodies. b,
Top row, neurons labelled by the Cre-dependent reporter after sugar TRAPing (‘SugarTRAP’, pseudo-colored red) are the same as the ones labelled by Fos after a second cycle of
sugar stimulation (‘Sugar-Fos’, marked in green; see Methods and text for details), >80% of
Sugar-Fos are Sugar-TRAP (n = 7); middle row, note that the few neurons labelled after
Water-TRAP in response to water do not overlap with those labelled with Fos antibodies after
sugar stimulation; bottom row, the sugar-TRAP neurons are also activated by the non-caloric
sugar analogue MDG, >80% of MDG-Fos are Sugar-TRAP. Also see
Figure 3-4 for low-magnification views. Scale bar, 20 µm.
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Tan et al. Extended Data Figure 5
a

Sugar-TRAP | Sugar-Fos

b

Sugar-TRAP | MDG-Fos

c

Water-TRAP | Sugar-Fos

d

AceK-TRAP | Sugar-Fos

Figure 3-4: TRAPing in the cNST
We used the Targeted Recombination in Active Populations method (TRAP2)
(Guenthner et al. 2013) to access sugar-activated neurons in the cNST, and a second round of

46

Fos induction detected by anti-Fos antibodies. Left panels, low magnification images; white
boxes show sections expanded in the right panels. a, Sugar-TRAP effectively labels sugaractivated (Fos labelled) neurons in the cNST. Note the high degree of co-localization between
the TRAP signal (red) and the sugar-evoked Fos signal in a second round of stimulations
(green) (n = 7, 84.8 ± 1.1%). b, Sugar-TRAP neurons are also labelled by MDG.
Approximately 80% of the sugar-TRAP neurons (red) are co-labelled by Fos after a second
round with MDG stimulation (green) (80.5 ± 5.5%, n = 2). Values are mean ± s.e.m. c-d, Only
a small number of sugar-activated neurons (green) are TRAPed by water (red, panel c) or
AceK controls (red, panel d). n = 4, see also Figure 3-3. All sections were counterstained with
Nissl (blue, NeuroTrace) for anatomical reference. Scale bars, 200µm (left), 20µm (right).

3.2.4 Sugar-responding Neurons Receive Vagal Input
The fiber photometry and bulk-labeling studies show that the cNST as a whole receives
vagal input—but what about the sugar-responsive neurons themselves? With the ability to
genetically target these cells in the cNST, we could now ask whether they receive monosynaptic
vagal input. We therefore combined the TRAP strategy with a rabies tracing approach (Figure
3-5a) (Callaway and Luo 2015; Reardon et al. 2016). This viral toolkit relies on a modified
rabies virus that can be transported retrogradely one synapse from Cre-positive neurons (i.e.
sugar-TRAPped “starter cells”). In order for rabies to act in this manner, we first injected two
Cre-dependent “helper viruses”: one expressing a surface receptor (for uptake of rabies into
starter cells) and a green fluorophore and another virus expressing the rabies coat protein (for
retrograde transport). Animals were then subjected to TRAPing and injected with rabies (RABVdsRed, to mark input neurons). We then asked whether the sugar-activated cNST neurons receive
direct input from vagal ganglion neurons. As controls, we carried out similar experiments but
used water and artificial sweetener as the TRAPing stimulus.
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Our results (Figure 3-5c, top row) revealed large numbers of nodose ganglion neurons
labelled by the trans-synaptic tracing strategy, demonstrating that the sugar-activated cNST
neurons receive mono-synaptic input from the vagal ganglion. In contrast, when we used AceK
for TRAPing, only a small number of vagal neurons were labelled; we believe these may
represent activation in response to licking/drinking or ingestion. Indeed, equivalently small
numbers of neurons were labelled when control animals were TRAPed with water (Figure 3-5bc). Also note the lack of starter cells (green) in the ganglia, this indicates that rabies infection
was restricted to the cNST and all red cells in the ganglia were indeed labeled as a result of
retrograde transport.
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Figure 3-5: Sugar-Activated Vagal Neurons Receive Direct Vagal Inputs
a, The diagram illustrates the strategy for targeting a red-fluorescently labelled
retrograde transsynaptic rabies reporter (RABV-dsRed) (Guenthner et al. 2013; Reardon et al.
2016) to the cNST. Sugar-TRAP neurons in the cNST (defined as “starter”) (Callaway and
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Luo 2015; Reardon et al. 2016) were infected with AAV viruses carrying a Cre-dependent
membrane receptor and a Cre-dependent viral protein required for infection and transfer of the
transsynaptic RABV-dsRed reporter virus, respectively. After infection with RABV-dsRed,
the monosynaptic inputs of the sugar-activated cNST neurons are revealed by the retrogradely
transsynaptic transfer of the RABV-dsRed virus. b, Quantification of retrogradely labelled
RABV-dsRed neurons in the nodose ganglion. Sugar- versus AceK-TRAPing (n = 3),
ANOVA followed by Tukey’s HSD post hoc test, p < 0.05. We also performed control
TRAPing with water (n = 2); Sugar- versus water-TRAPing, ANOVA followed by Tukey’s
HSD post hoc test, p < 0.05; AceK versus water-TRAPing, p = 0.9. Values are mean ± s.e.m.
c, Sugar-TRAPed cNST neurons (“starter”, coloured green) receive mono-synaptic input from
vagal nodose neurons (RABV, red). Note the absence of starter cells in the nodose, confirming
that the RABV (red) cells represent retrogradely labelled neurons. Scale bars, 100 µm. No
significant numbers of neurons were labelled after stimulation with artificial sweetener (AceKTRAP) or water (Water-TRAP, see text for details).

3.2.5 Brainstem Sugar Neurons are Necessary for Sugar Preference
If this gut-to-brain neural circuit is essential for creating preference for sugar, then
silencing it, and therefore preventing its activation, should block the formation of sugar
preference. Therefore, we engineered mice where synaptic transmission in brainstem sugarpreference neurons was genetically silenced by targeted expression of Tetanus toxin light chain
(TetTox) (Yamamoto et al. 2003). Our strategy relied on the TRAP system (Guenthner et al.
2013; Allen et al. 2017) to express the inducible Cre-recombinase in the sugar-activated cNST
neurons, and bilaterally injecting the cNST with an AAV virus carrying the Cre-dependent
TetTox construct (Figure 3-6a, see Methods for details). Under this experimental regime, the
Sugar-TRAPed neurons would turn-on Cre-recombinase and enable expression of the Credependent TetTox, thus blocking synaptic transmission in those cells (Yamamoto et al. 2003).
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First, as an important control, we needed to ensure that silencing this circuit did not affect
the innate ability of the animals to be attracted to sweet stimuli, including sugar and artificial
sweeteners. Indeed, when the tetanus toxin targeted animals were tested to choose between
“sweet” versus water, the genetically silenced mice select the sweet tasting solutions (either
artificial sweetener or glucose; Figure 3-6b) and drink similar volumes to WT mice presented
with sweet (AceK) versus water (Figure 3-7, compare panels e-f to panel b).
But, can these animals develop preference for sugar? Remarkably, silencing the sugaractivated cNST neurons abolished the capacity of the animals to develop a preference for sugar
over artificial sweetener, with the mice not exhibiting a preference for either solution, even after
prolonged testing sessions (Figure 3-6c, see also Figure 3-7). These results illustrate the essential
role of the gut-brain circuit in driving behavioral preference for sugar.
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Figure 3-6: Silencing the sugar-activated circuit abolishes sugar preference
a, Schematic of silencing strategy. TRAP2 animals were stimulated with 600 mM
glucose to induce expression of Cre-recombinase in the cNST (see text for details). AAV-DIOTetTox (Yamamoto et al. 2003; A. J. Murray et al. 2011) was then targeted bilaterally to the
cNST for silencing. b, Silencing the sugar-preference neurons in the cNST does not impair the
innate attraction to sugar or artificial sweeteners. The graph shows preference for 600 mM
glucose versus water, and preference for 30 mM AceK versus water. Values are mean ± s.e.m. c,
Sugar-preference graphs (48 h tests) for Wild Type mice, demonstrating the robust development
of preference for sugar versus artificial sweetener (see also Figure 2-1). In contrast, silencing the
sugar-activated neurons in the cNST abolishes the development of sugar preference, n = 6 mice,
Mann-Whitney U-Test, p = 4 x 10-4; TetTox silenced animals consumed as much of the AceK
sweetener as they do sugar (see also Figure 3-7). Values are mean ± s.e.m.
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Figure 3-7: Animals with the sugar-preference circuit silenced behave as
normal mice drinking artificial sweeteners
a, A normal, non-thirsty mouse drinks ~5ml of water during a 24 h window. b, If
presented with a “sweet” option (but not sugar, so as to not create a preference) they show a
small but significant increase in total volume consumed, but now most of the total
consumption is from the sweet choice rather than water (n = 9, two-tailed paired t-test, p = 1 x
10-4). c, In contrast, if the options are water versus sugar, so that it creates a preference, they
massively increase total volume consumed, and nearly all is from the sugar solution (n = 9,
two-tailed paired t-test, p = 3 x 10-10). d, As expected, wild type controls develop strong
preference for sugar versus AceK (n = 9, two-tailed paired t-test, p = 3 x 10-8). e-f, Animals
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with the preference circuit silenced now behave as control animals presented with a sweet,
non-preference creating choice (compare panels e-f to panel b) (n = 6, two-tailed paired t-test,
p = 6 x 10-4 for AceK, p = 4 x 10-3 for glucose). g, Silenced animals consumed nearly equal
volumes of sugar and artificial sweetener (n = 6, two-tailed paired t-test, p = 0.1).

3.3 Discussion
In this chapter, we present several lines of evidence establishing a central role for the gutbrain axis in mediating sugar preference. Our neuroanatomical tracing studies show that sugaractivated cNST neurons receive direct, monosynaptic input from vagal ganglion neurons. The
bulk labeling studies further illustrate that the cNST does not receive innervation via splanchnic
nerves, substantiating the gut-brain axis as the key pathway from the GI tract. The photometry
experiments demonstrate that real-time sugar signals in the cNST are dependent on an intact
vagal pathway. Through our synaptic silencing, we show that the cNST activity is necessary for
sugar preference behavior but does not affect drinking or attraction to sweet.
A recent report relying on total sub-diaphragmatic vagotomy (Qu et al. 2019) showed no
effect of transecting the vagus nerve on conditioned sugar preferences. As mentioned previously,
such procedures disrupt both afferent and efferent fibers of the vagus nerve and drastically
impact GI motility. Our approach using genetically-targeted tetanus toxin does not suffer from
this confound since the TRAP procedure spares motor fibers (see Figure 3-4a, the vagal motor
nucleus is ventral to the cNST and is not labeled by the fluorescent marker). Moreover, our
behaviors were performed in freely-drinking mice in a home-cage setting over 48 hours, as
opposed to Qu’s use of the invasive intragastric conditioning paradigm. Using this more precise
targeting strategy and direct behavioral assay, we demonstrated that the activity of the sugar54

activated cNST neurons does indeed play a crucial role in the formation of sugar preference.
While we present numerous lines of evidence to demonstrate that these cNST neurons get sugar
input through the vagal nerve, ultimately our silencing was performed in the brainstem. As such,
future studies can deliver synaptic silencers to specific vagal populations to more directly test the
role of the vagus nerve in forming sugar preferences. In the absence of a marker gene or genetic
access to these cells, however, such experiments are not yet possible.
Since our TRAP-silenced animals had an intact GI tract, they were also able to fully
absorb the glucose, transport it into the bloodstream, and release hormones like insulin. In spite
of these additional physiological effects, we still observed a complete loss of preference for the
sugar. Our results indicate that post-absorptive mechanisms, such as those proposed by (Zhang et
al. 2018) who conditioned sugar preferences with intra-hepatic-vein infusions, are not sufficient
to create sugar preference by themselves. Indeed, the fact that this group failed to observe a
preference for intravenous MDG, further supports the importance of the gut-localized vagal
pathway targeted in our experiments.
Future studies will be able to build on the evidence presented above to further dissect the
numerous functions of the vagus nerve on behavior. First, population-level photometry can be
employed to monitor cNST responses to an array of stimuli that the vagus has been implicated to
encode: including respiratory gasses/ volume, humoral perturbations (blood pressure, dissolved
blood gasses), and other GI contents (distention, osmolarity, nutrients). This technique has the
advantage over Fos expression studies in that a given set of cells can be assayed for responses to
a number of conditions at once. The application of photometry would be greatly aided by the
discovery of genetic driver lines marking various functionally-defined cNST populations.
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Unpublished work by my colleagues in the Zuker lab has identified a putative marker gene for
the sugar-responding neurons and experiments are currently underway to record their activity.
In the absence of driver lines, our data show that TRAPing stands as a viable method for
targeting populations of activated neurons. For example, activity-dependent Cre-expression
could be used to drive opto- or chemo-genetic activators to perform behavioral gain-of-function
experiments. These experiments are currently underway. Moreover, it might be possible to use
TRAPping to target sugar-responsive cells in downstream brain regions (e.g. the PBN or
dopaminergic reward centers) to further understand the sugar-preference circuit.

3.4 Methods
Animals
All procedures were carried out in accordance with the US National Institutes of Health
(NIH) guidelines for the care and use of laboratory animals, and were approved by the
Institutional Animal Care and Use Committee at Columbia University. Adult animals older than
6 weeks of age and from both genders were used in all experiments. C57BL/6J (JAX #000664),
ArcCreER (TRAP, JAX #021881), TRAP2 (JAX #030323), Ai96 (JAX #028866), Vglut2-IRESCre (JAX #028863), Ai75D (JAX #025106).

Retrograde labelling of vagal neurons from brainstem
C57BL/6J mice were stereotaxically injected with 50 nl of red or green fluorescent
RetroBeads (Lumafluor) in the cNST or Cuneate nucleus (Paxinos stereotaxic coordinates
relative to Bregma and skull surface: caudal 7.5 mm, lateral 0.9 mm, ventral 3.6 – 3.9 mm). Mice
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were sacrificed 6-7 days after RetroBeads injection. Prior to analysis, the brainstem was sliced
coronally to confirm accurate targeting to the cNST and Cuneate. Nodose and dorsal root ganglia
(across the cervical, thoracic, and lumbar segments)(Sleigh, Weir, and Schiavo 2016) were
examined for fluorescent labelling.

Fiber photometry, gut stimulus delivery and vagotomy
VGlut2-Cre;Ai96 animals were placed in a stereotaxic frame and implanted with a 400
µm core, 0.48 NA optical fiber (Doric Lenses) 50-100 µm over the right cNST. Photometry
experiments were conducted a minimum of 13 days after fiber implantation surgery. Real-time
population-level GCaMP fluorescence was recorded using a RZ5P fiber photometry system with
Synapse software (Tucker Davis Technologies) as described previously(Lerner et al. 2015).
Briefly, sinusoidally modulated 465 nm and 405 nm light from light-emitting diodes (Doric
Lenses) were combined via a multi-port fluorescence mini-cube into a fibre patchcord connected
to the mouse, and real-time demodulated emission signals were saved offline for analysis.
Calcium-dependent signals F(465nm) were compared with calcium-independent GCaMP
fluorescence F(405nm) to control for movement and bleaching artefacts. The data was detrended by first applying a least-square linear fit to produce Ffitted(405nm), and dF/F was
calculated as (F(465nm)-Ffitted(405nm))/Ffitted(405nm) calculated (Gunaydin et al. 2014). Data
from each mouse was then normalized to peak fluorescence (calculated as a 10-second window
around the peak point), and presented as Normalized Responses (NR). For each stimulus, the
normalized two-trial average was plotted and smoothed over a moving average. To quantify
effects of vagotomy, we calculated the ratio of stimulus-related peak amplitude of the normalized
trace (within 120-seconds of stimulus onset) before and after the procedure.
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To deliver intestinal stimuli, all animals were anesthetized with ketamine and xylazine
(100 mg/kg and 10 mg/kg, intraperitoneal), re-dosing was performed as necessary with ketamine
only (33 mg/kg). Animals were immobilized as previously described (Barretto et al. 2015),
positioned in a supine position, and its head rigidly secured using the metal bar. To ensure a clear
airway, the mouse was tracheotomized. An incision was made into the greater curvature of the
stomach, the tip of the catheter was inserted past the pyloric sphincter and secured by a suture
into the duodenal bulb. Another suture was tied around the catheter and stomach to prevent
spillage of gastric contents. Upon implantation of the catheter, the intestines were filled with 1
ml of PBS and an exit port cut at the most distally-inflated intestinal segment, approximately 12
cm from the catheter. The intestines were flushed with PBS for 5 min at 150 µl/min before the
beginning of each experiment. Stimulus delivery was performed via a series of peristaltic pumps
(BioChem Fluidics) operated via custom Matlab software/ Arduino microcontroller. Stimuli and
washes were delivered through separate lines that converged on a common perfusion manifold
(Warner Instruments) connected to the duodenal catheter. All trials were 7-minutes long and
consisted of a 120-second baseline (PBS 150 µl/min), a 60 s stimulus (200 µl/min), and a 4 min
washout period (180 s 600 µl/min, and 60 s 150 µl/min). Stimuli were each presented twice in an
interleaved fashion. All chemicals were obtained from sigma and dissolved in 1xPBS at the
following concentrations: 30 mM AceK, 500 mM glucose, and 500 mM MDG.
The vagotomy procedure was carried out immediately after the first round of stimuli.
Salivary glands were cauterized and removed. Then, skin around the tracheotomy tube was
retracted to expose the cervical trunk of the vagus nerve running in close proximity to the carotid
artery. The nerve was carefully dissected from the underlying vessels using fine Dumont forceps
and fully transected by a pair of Vannas scissors (Cyphert 2013).
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Genetic access to sugar-preference neurons
The Targeted Recombination in Active Populations (TRAP) (Guenthner et al. 2013;
Allen et al. 2017; DeNardo et al. 2019) strategy was used in TRAP2 mice to gain genetic access
to sugar-activated neurons in the caudal NST. 4-hydroxytamoxifen (4OHT, Sigma H6278) was
prepared as previously described (DeNardo et al. 2019). AAV-injected TRAP2 mice were
singly-housed, water restricted for 23 hours, given access to 1 ml of water for 1 hour, water
restricted again for another 23 hours, and then presented with 600 mM glucose (or 30 mM
AceK) ad libitum, in the absence of food and nesting material. After 1 h, mice were injected
intraperitonially with 12.5 mg/kg 4OHT, and placed back to the same cage for an additional 3 h.
At the end of the 4 hr of sugar or AceK exposure, mice were returned to regular home-cage
conditions (group-caged, with nesting material, ad libitum food and water). Mice were used for
experiments a minimum of 7 days after this TRAP protocol.

Stereotaxic Surgery
For stereotaxic injections of reporter virus, mice were anesthetized with ketamine and
xylazine (100 mg/kg and 10 mg/kg, intraperitoneal), and placed into a stereotaxic frame with a
close-loop heating system to maintain body temperature. For retrograde monosynaptic tracing,
animals were unilaterally injected with 100 nl of a 1:1 mixture of AAVs carrying Cre-dependent
rabies TVA and glycoprotein G (AAV1 EF1a-FLEX-TVA-mCherry, UNC vector core, and
AAV1 FLEX-nGFP-2A-N2c(G) (a gift from Thomas Reardon)(Reardon et al. 2016), and a
pseudotyped rabies virus carrying dsRed (RABV N2C(Delta G)-dsRed-EnvA, (a gift from
Thomas Reardon)(Reardon et al. 2016). cNST coordinates (Paxinos stereotaxic
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coordinates(Paxinos and Franklin 2001)) used for injections are relative to Bregma and skull
surface: caudal 7.5 mm, lateral +/- 0.3 mm, ventral 3.7-4 mm.

Monosynaptic retrograde tracing and silencing experiments
For retrograde monosynaptic tracing, ArcCreER (TRAP)(Guenthner et al. 2013) mice
were allowed to recover 3 weeks after AAV injection, and the TRAP procedure was carried out
as described above, except that 4OHT was prepared in corn oil (Guenthner et al. 2013), and was
injected 1 hour before stimulus presentation. After 7 days, EnvA-RABV was injected into the
same site. Mice were sacrificed 2 weeks after the RABV injection and examined for expression
of starter cells (nGFP+dsRed) and their monosynaptic inputs (dsRed) (Reardon et al. 2016;
Callaway and Luo 2015).
For synaptic inhibition experiments, sugar-TRAP cNST neurons were bilaterally injected
with 300 nl of AAV carrying Cre-dependent Tetanus Toxin Light Chain (AAV9 CBA.FLEXTetTox) (A. J. Murray et al. 2011).

Synaptic silencing experiments
C57BL/6J and Trap2 (Allen et al. 2017; DeNardo et al. 2019) mice expressing TetTox in
the caudal NST were tested in the 2-bottle sugar versus sweetener preference assay for 48 h. For
the first day, animals were acclimatized by exposure to AceK versus water, the second they were
given glucose versus water, and the third and fourth days they were tested for their preference to
sugar versus sweetener. To ensure silencing did not impact “sweet taste” detection animals were
also examined for their attraction to sugar versus water (2nd day) as well as artificial sweetener
versus water (1st day). Fraction consumed for sugar versus AceK in Days 3-4 were calculated as
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(volume of glucose consumed)/(total volume consumed). Fraction consumed for AceK versus
water was calculated as (volume of AceK consumed)/(total volume consumed).
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4 Imaging the Gut-Brain Axis
4.1 Introduction
The results described in the previous chapters establish a fundamental role for the gutvagal-brain axis in developing the behavioral preference for sugar. The data, however, have not
addressed the nature or basis of the gut-brain sugar signals. We therefore sought to characterize
vagal glucose responses, distinguish them from generalized osmolarity signals, and identify a
mechanism for sugar-signaling in the gut-brain axis.
Electrophysiological recordings of the vagus nerve performed several decades ago have
provided some evidence of vagal sugar-responsive neurons (Mei 1978). More recently, the Zuker
lab has utilized optical calcium imaging methods to record activity from peripheral taste ganglia,
including 1- and 2-photon calcium imaging (Barretto et al. 2015; D. A. Yarmolinsky et al. 2016;
Lee et al. 2017; J. Zhang et al. 2019). This approach allows for simultaneous single-cell
recordings of numerous genetically-defined neurons and was the method of choice for the
current study.
We therefore implemented a vagal ganglion functional imaging platform (Figure 4-1a) by
targeting expression of the genetically encoded calcium indicator to all vagal sensory neurons
using a Cre-dependent GCaMP6s reporter line crossed to Vglut2-Cre animals (Vglut2 marks
vagal sensory neurons (Chang et al. 2015)). To visualize the neurons and measure calcium
dynamics, we surgically exposed the ganglion and used a 1-photon microscope equipped with an
emCCD camera for imaging (Lee et al. 2017). In contrast to previous ex-vivo imaging
approaches that severed vagal connections to the brainstem (Williams et al. 2016), we sought to
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preserve the integrity of the ganglion during the imaging session; all nerves going in and out
were left intact, and we avoided any direct manipulation of the ganglion or surrounding tissue
(see Methods for details). This preparation allowed us to simultaneously measure the real-time
activity of ~100 vagal sensory neurons per imaging session while we delivered stimuli directly
into the intestines. This regime was repeated multiple times for each imaging session, with
different stimuli presented in a panel of alternating trials. Neuronal signals were analyzed for
statistically significant stimulus-evoked increases in intracellular calcium over baseline (see
Methods for details), and a neuron was classified as a responder if it exhibited responses in more
than 60% of the trials (Barretto et al. 2015).

4.2 Results
4.2.1 Vagal Neurons Respond to Sugar
We know from our behavior, Fos mapping studies, and TRAP co-localization that
glucose, but not artificial sweetener, is able to generate preference and activate the cNST; we
therefore expected that a population of vagal neurons might respond to sugar (and the glucose
analogue MDG). Indeed, delivering glucose into the intestines elicited significant calcium
responses in subsets of ganglion neurons (Figure 4-1b-c); we analyzed the responses from the
vagal ganglia of 8 different animals to a 60 s stimulus of glucose or AceK, and identified ~200
neurons that displayed significant responses to glucose, but less than 1% of those also responded
to AceK (Figure 4-1b-d). These findings further demonstrate that artificial sweeteners do not act
via the gut-brain axis. As expected, intestinal delivery of the non-metabolizable glucose analogue
MDG also activated the majority of vagal neurons that responded to glucose (Figure 4-1b-d; see
also Figure 4-7c). These observations provide support to our previous results, which all indicate
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that MDG is effective at mimicking glucose’s effects even though it is not transported into the
blood and does not provide energy. Given MDG’s transport profile (see Figure 1-5) these results
further implicate SGLT-1 as a candidate sugar sensor—a hypothesis we further explore in
Section 4.2.4.
Recent findings (Han et al. 2018) have suggested that appetitive behavioral responses can
be elicited solely through vagal terminals originating from the right nodose ganglion. We
therefore compared imaging sessions with both the right and left nodose ganglia. Notably, we
were able to observe similar glucose responses from both ganglia (Figure 4-2, see discussion).
This observation is consistent with the fact that both branches of the vagal nerve innervate the
proximal intestines where the stimuli are being delivered and each vagal trunk bilaterally
projects to the cNST (Berthoud and Neuhuber 2000). The right-side effects described in that
study could be an artifact of the authors’ highly complex viral strategy (see Section 4.3 for
details).
To better characterize vagal glucose responses, we reduced the stimulus window from 60
s to 10 s (200 µL to 33 µL). Decreasing the stimulus volume helps us dissociate the specific
effects of sugar from osmolarity responses (for further discussion, see Section 4.2.2) and allowed
us to assess the reliability and temporal causality of the signals. Our results showed that the vagal
responses to intestinal glucose are robust and reliable (Figure 4-1c right trace; see also Figure
4-3a), and have activation latencies that match the stimulus delivery, with cells responding only
seconds after the small volume of glucose enters the intestines (Figure 4-3b). Overall, we
examined 51 ganglia and 4-5% of GCaMP expressing neurons (205/4803 neurons) selectively
responded to the 10 s glucose stimulus (see Figure 4-3c). Moreover, by recording simultaneously
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from large numbers of afferent vagal neurons, we now have an estimate of the size of the “true”
glucose-responsive population.

Figure 4-1: Vagal neurons respond to glucose and MDG, but not AceK
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a, Schematic of in vivo vagal imaging preparation. We imaged calcium responses in
vagal sensory neurons expressing the fluorescent calcium indicator GCaMP6s while
stimulating the intestines. b, Shown are 3-trial average maximum intensity plots during the
stimulus period and maximum fluorescence intensity (bottom right) of a typical ganglion
exposed to 60 s stimulation. Circled cells display activity to both glucose and MDG, note the
high degree of overlap. AceK fails to activate ganglion neurons (bottom left). c, Heat maps
depicting z-score normalized fluorescence traces (T. W. Chen et al. 2013; Peron, Chen, and
Svoboda 2015) from vagal neurons identified as glucose responders. Each row represents the
average activity of a single cell during 3 interspersed exposures to the stimulus. Stimulus
window is indicated by the dashed white lines. Shown on the left panels are responses of 206
vagal neurons to a 60 s intestinal infusion of 500 mM glucose; note that nearly all glucose
responders did not respond to a 60 s intestinal infusion of 30 mM AceK. The right heat map
depicts 133 vagal neurons that responded to an intestinal infusion of 60 s 500 mM glucose, and
tested for their responses to an intestinal infusion of 60 s of 500 mM MDG. In contrast to
AceK, the vast majority of glucose responders also responded to MDG. d, Sample traces of
vagal neuron responses to intestinal stimulation with 60 s pulses of 30 mM AceK and 500 mM
glucose from 3 mice (left traces), or to 10 s pulses of 500 mM glucose and 500 mM MDG
(middle and right traces). Stimulus onset is indicated by the dashed red lines. Note the
reliability and rapid onset of responses to the 10 s stimulus (see Figure 4-3). On the average,
when using a 10 s glucose stimulus, rather than a 60 s (so as to minimize potential osmolarity
responses, see Figure 4-4 and Figure 4-5), approximately 5% of the imaged neurons show
statistically significant responses to glucose (Figure 4-3c).

66

Figure 4-2: Glucose responses in left and right vagal ganglia
a-b, Shown are heat maps depicting z-score normalized average calcium responses of
individual ganglion neurons after a 60 second pulse of 500mM glucose. We observe no
differences in responses to intestinal glucose from either the left or right vagal ganglia. c-d,
Example traces from different neurons; red bars indicate location of the 60s stimulus; scale
bars indicate % maximal response.
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Figure 4-3: Vagal neuron responses to sugar are highly reproducible and
timed-locked to stimulus onset
a, Shown are vagal neuron responses to 5 consecutive 10 s intestinal stimuli with 500
mM glucose. Each of the sample traces depict the response from a different neuron. b,
Expanded time scale of responses to the 10 s 500 mM glucose stimulus from 10 s before to 10
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s after termination of the stimulus. The green dash lines indicate the initiation of the stimulus,
and the blue dash lines denote termination of the 10 s stimulus. Shown in solid black are the
calcium responses, and shown in red are exponential fits to the response latency and kinetics.
Note responses time-locked to stimulus delivery; top 2 traces depict 2 cells from 2 different
mice in response to glucose, and bottom 2 traces depict 2 cells from 2 different mice in
response to MDG; latencies varied between 3-6 s, and were within the 10 s stimulation
window. Some cells exhibited longer latencies (see for example heat maps in Figure 4-1 and
Figure 4-2). We believe the cells with longer response “latencies” may represent intestinal
glucose responders located farther down the intestinal segment, and thus would be expected to
demonstrate longer latencies. c, On the average, approximately 5% of vagal neurons respond
reliably to a 10s 500 mM glucose stimulus. The histogram shows the percentage of GCaMPexpressing vagal neurons responding to the 10s glucose stimulus. Average= 4.6 ± 0.05% (n=
4803 neurons from 51 ganglia, mean ± s.e.m.).

4.2.2 Sugar Versus Osmolarity
Recent reports, as well as older electrophysiological studies, have implicated the vagus
nerve in sensing the presence of dissolved solutes irrespective of nutritional content or chemical
structure (i.e. osmolarity) (Mei and Garnier 1986; Williams et al. 2016). Given that glucose and
MDG could also trigger osmotic responses, we sought to further determine whether vagal
responses were sugar-specific or generalized to all osmotic stimuli. As a purely osmotic
stimulus, we chose to use mannitol, a poorly-absorbed sugar alcohol. Since there are no
mechanisms for mannitol transport or uptake (i.e. it is not a SGLT or GLUT substrate), it
remains in the intestinal lumen where it can exert osmotic effects (Varzakas, Labropoulos, and
Anestis 2012). These properties make mannitol useful in clinical medicine as a diuretic or to
lower intracranial pressure (Shawkat, Westwood, and Mortimer 2012). We thus compared
responses to glucose to those elicited by mannitol.
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First, we tested equal amounts of glucose and mannitol (500 mM each) in 60 s doses. The
vast majority (~75%) of glucose-responding neurons were not activated by mannitol; yet a
smaller proportion of the cells (~25%) were activated by both stimuli—likely representing the
osmolarity responders (Figure 4-4a-c). Some overlap is to be expected, since glucose itself is
osmotically active. The 10 s stimulus pulse, in contrast, elicited robust glucose activity but failed
to elicit mannitol responses (Figure 4-4d compare traces to Figure 4-3a). This experiment
validates the 10 s stimulus pulse as exclusively activating glucose cells (“true glucose
responders”) and insufficient to evoke osmolarity responses. We therefore adopted this paradigm
for remaining experiments designed to elucidate the nature of glucose responses.
We also performed a confirmatory data analysis on 60 s glucose-mannitol data to ensure
that our findings were robust and not an artifact of our response criteria and classification
system. We averaged data from 3 trials each of glucose, MDG and mannitol from mice that were
exposed to all stimuli in interspersed trials (N = 8 mice, 878 cells). From these average
fluorescence traces, we then calculated a measure of stimulus-related activity (defined as median
fluorescence around the stimulus window – median baseline fluorescence) and asked whether
there was a correlation between the stimuli (see Figure 4-4e and Methods for details). While
glucose and MDG responses were highly correlated (R2 = 0.488, P = 1*10-129). There was a
much weaker relationship between glucose and mannitol (R2 = 0.014, P = 3*10-4) or MDG and
mannitol (R2 = 0.026, P = 1*10-6). This analysis, which takes all cells into account and is
agnostic to our response criteria, further substantiates the notion of sugar-specific vagal
responses (which are recapitulated by MDG).
To validate whether vagal neurons encode an osmolarity signal, we presented a panel of
stimuli all delivered at a high concentration: 1 M each of mannitol, mannose, fructose, and NaCl
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for 60s. Under these circumstances, most responding neurons were broadly tuned—with the
majority (~60%) responding to multiple stimuli (Figure 4-5a). These responses generalize across
stimuli with different nutritive properties (caloric and non-caloric) as well as chemical structure
(carbohydrate versus NaCl ions), suggesting that this population of vagal neurons encodes the
presence of a wide variety of dissolved particles in the intestinal lumen.
Recently Williams et al. (2016) suggested GPR65-expressing vagal neurons function as
gut nutrient sensors. This claim was based on experiments where neurons responded
indiscriminately to high concentrations of several stimuli, including 1 M glucose and 0.5 M salt,
all delivered in very large stimulus volumes for hundreds of seconds. To directly test whether
this population responded to glucose or osmolarity, we generated mice where GCaMP6s
expression was targeted to GPR65-expressing vagal neurons, and examined their responses to a
10s stimulus of 500 mM glucose or osmolarity signals (i.e. 1 M each of fructose, mannose, and
NaCl for 60 s). We found that while the 10 s glucose pulse did not activate any GPR65 neurons,
~80% of all neurons imaged (49/62 from 4 mice) responded to the osmotic stimuli. Of these
responders, almost all (~99%) showed responses to 1M NaCl and a vast majority were multituned to the other stimuli (Figure 4-5b-c). Our results have shown GPR65 neurons respond
largely independently of the quality of the stimulus, and are not glucose-sensing, but rather
represent a wide range of high osmolarity stimuli (Figure 4-5b-c).
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Figure 4-4: Glucose responses are independent of osmolarity
a, Shown are heat maps summarizing responses to interleaved 60 s stimuli of 500 mM
glucose and 500 mM mannitol. Each row represents 3-trial average z-score normalized
responses of a single cell. Of 134 neurons that responded to intestinal application of glucose,
101 did not exhibit statistically significant responses to mannitol (upper panel). However, 33
(~25%) showed responses to both stimuli (lower panel). N = 5 mice. b, Sample traces (3 trials
each) of a neuron responding to glucose (red) but not mannitol (blue). c, Sample traces of a
neuron responding to glucose and mannitol. Scale bars indicate % maximal response. d, When
delivering a short pulse (i.e. 10 s; 33 µl volume) of both stimuli, cells responded to glucose (24
cells from 3 mice, 5% of total), but no responses were detected to mannitol. e, Correlated
stimulus activity plots showing 3-trial average stimulus activity for glucose, MDG and
mannitol (N = 8 mice, 878 cells). Units are dF/F. There is a high correlation between glucose
and MDG stimulus activity (R2 = 0.488, P = 1*10-129, left plot). In contrast, glucose and
mannitol have a much weaker relationship (R2 = 0.014, P = 3*10-4, right plot).
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Figure 4-5: Vagal osmolarity responses
a, Heat maps showing responses to 60s each of 1 M mannitol, 1 M fructose, 1 M
mannose, and 1 M NaCl. Note that the same cells respond indiscriminately to the various
stimuli (n=4 mice). b, Traces from GPR-65-positive neurons challenged with the standard
glucose pulse (10 s 500 mM) and osmolarity stimuli. Shown are normalized responses (NR)
from 3 different mice to the 4 stimuli; each trace represents a different responding neuron.
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Note that 500 mM glucose for 10 s does not activate GPR65 neurons. In contrast, they are
activated by 60 s 1 M fructose, mannose and NaCl. c, Summary histogram of GPR65 tuning
profile of responding cells; n = 4 mice.

4.2.3 Sugar Signals Originate in the Gut
Previous sugar conditioning experiments have shown that glucose infused into the
proximal- or middle-segments of the intestines (but not the distal-segment or hepatic portal vein)
were able to condition flavor preferences in rats (Ackroff, Yiin, and Sclafani 2010). To directly
test the notion that glucose signals can originate from the proximal GI tract, and confirm the
existence of a “gut-brain” signal, we applied a retrograde tracer to vagal afferents in the gut to
anatomically label (“back-fill”) cell bodies in the nodose ganglion (Kaelberer et al. 2018). Thus,
we injected fluorescently-conjugated cholera toxin subunit B (CTB) (Conte, Kamishina, and
Reep 2009) into the duodenum (proximal 1-2 cm of the intestines) of GCaMP-expressing mice,
and then examined the labelled duodenal-innervating neurons for responses to intestinal delivery
of sugar. Indeed, our results (Figure 4-6) showed that ~20% of the duodenum back-filled vagal
sensory neurons robustly responded to glucose. These results further substantiate the direct link
between the gut and vagal sugar-sensing neurons and illustrate the enrichment in the number of
responders when pre-tagged by retrograde labelling (~20% in the duodenal tagged vs 4-5% in the
whole population; Figure 4-3c). We also note that back-filled neurons were observed in both
right- and left- ganglia and showed comparable rates of glucose responses (Right: 6/25 cells
responded to glucose, Left: 6/32 cells responded to glucose).
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Figure 4-6: Vagal neurons innervating duodenal segment sense sugar
a, Schematic of retrograde tracing experiment. Fluorescently-conjugated cholera toxin
subunit B (CTB)(Conte, Kamishina, and Reep 2009) was injected into the proximal duodenum
to back fill, and label, the cell bodies of duodenum-projecting vagal neurons (see Methods for
details). The two panels below show a sample retrogradely labelled ganglion with sensory
neurons (Vglut2-Cre driving the GCaMP reporter) marked in green (left) and those labelled by
CTB marked by red fluorescence (right). Double-positive neurons are highlighted by the white
circles. Scale bar, 100 µm. b, Representative field of a vagal imaging session showing the
overlay of CTB and GCaMP. The 2 yellow circled neurons (denoted as #1 and #2) were
labelled by retrogradely applied CTB in the duodenal segment, and exhibited strong responses
to glucose. Scale bar, 100 µm. A total of 12/55 double-positive neurons (22%) responded to
the 10 s glucose stimulus (see Figure 4-3c for a comparison with un-injected animals); n = 16
ganglia.
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4.2.4 SGLT-1 is required to signal sugar-sensing via the gut-brain axis
Finally, we sought to employ the calcium imaging platform to determine the basis of
vagal sugar responses (i.e. establish a mechanism for glucose detection). We reasoned that the
gut-to-brain signal may depend on known sugar sensors recruited into this role, perhaps in a
dedicated subpopulation of gut cells. While the sweet-taste receptor is known to be expressed in
subsets of intestinal enteroendocrine cells (Dyer et al. 2005), it is not involved in this process as
complete sweet taste receptor knockouts (T1R2/3-/-) still exhibited normal sugar preference
behavior (see Figure 2-1c).
We therefore turned to SGLT-1, the principal glucose transporter (and sensor) in the
intestines (SGLT-1) (Wright, Loo, and Hirayama 2011; Geillinger et al. 2014; Reimann et al.
2008). This transporter is expressed in enterocytes, the main intestinal cell type responsible for
most nutrient absorption, as well as in enteroendocrine cells which secrete a wide range of
hormones and bioactive molecules, and are thought to also function as a conduit between the gut
and the vagal nerve (Latorre et al. 2016; Chambers, Sandoval, and Seeley 2013). Moreover,
SGLT-1 transports MDG, which has featured prominently in our behavior, Fos, and imaging
experiments. This is the only MDG transporter as, GLUT-2 does not allow MDG into the
bloodstream. Therefore, we asked whether SGLT-1 is required to transmit the gut-to-brain sugar
signal by determining if other known substrates of SGLT-1, galactose and the glucose analogue
3-OMG (Wright, Loo, and Hirayama 2011), also activate the same vagal neurons as glucose.
Indeed, vagal neurons responding to the standard intestinal glucose pulse were also stimulated by
3-OMG, galactose, and MDG (Figure 4-7a-c). In contrast, the caloric sugars fructose and
mannose, that do not act on SGLT-1 (Wright, Loo, and Hirayama 2011; Wright et al. 2012), fail
to activate the glucose-responsive vagal neurons (Figure 4-7d-e). We did not observe significant
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number of vagal neurons activated by either of these stimuli alone (<1% of all neurons)—
substantiating the notion that a 10 s stimulus cannot trigger osmotic responses (see also Figure
4-4d). Moreover, these results show that vagal neurons are not responding to nutritious
carbohydrates as a whole (since they are not activated by fructose or mannose), but rather sense
SGLT-1 substrates irrespective of their caloric value.
Next, we assessed whether pharmacological inhibition of SGLT-1 abolishes the glucosedependent neuronal responses. We examined the responses to two consecutive 10 s stimuli of
intestinal glucose before and after a 5 min wash of the intestinal segment in the presence of
phlorizin, an SGLT-1 blocker (Wright, Loo, and Hirayama 2011). Our results (Figure 4-8),
demonstrated a dramatic loss of glucose responses following intestinal application of phlorizin.
In contrast, phlorizin has no effect on osmolarity signals generated by fructose (Figure 4-8b,d).
Together, these results place SGLT-1 as an as an important component of the sugar-preference
signaling circuit. In the future, it will be of interest to determine the identity of the intestinal cells
mediating these responses.
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Figure 4-7: Glucose neurons are activated by SGLT-1 substrates, but not other
caloric sugars
Vagal neuron responses to repeated 10-second exposures of SGLT-1 agonists 3-OMG,
galactose, and MDG. These agonists activate vagal neurons in a similar manner to glucose a,
Traces of vagal neurons responding to a 10 s pulse of 500 mM intestinal glucose, also
challenged with a 10 s pulse of 500 mM 3-OMG. Shown are sample neurons from 2 animals.
b, Traces of vagal neurons responding to a 10 s pulse of 500 mM intestinal glucose, also
challenged with a 10 s pulse of 500 mM galactose. Shown are sample neurons from 2 animals.
c, Traces of vagal neurons responding to a 10 s pulse of 500 mM intestinal glucose, also
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challenged with a 10 s pulse of 500 mM MDG. Shown are sample neurons from 2 animals. d,
The monosaccharides fructose and mannose, which are not substrates for SGLT-1, do not
activate glucose-responsive neurons. Traces of vagal neurons responding to a 10 s pulse of 500
mM intestinal glucose, also challenged with a 10s pulse of 500 mM fructose and 500 mM
mannose. Shown are sample neurons from 3 mice. e, Heat maps depicting 3-trial average
responses of 46 glucose-responding neurons to 500 mM fructose and 500 mM mannose (n = 5
ganglia). Fewer than 10% of glucose responders were activated by either fructose or mannose.
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Figure 4-8: Glucose responses require SGLT-1
a, Summary of SGLT-1 blocking experiment showing responses to a 10 s intestinal
stimulus of 500 mM glucose for 33 neurons before and after intestinal application 8 mM
Phlorizin for 5 min (n = 4 mice). Responses are severely diminished after the blocker. b, In
contrast to glucose, responses to an osmotic stimulus (1M fructose for 60 s) were unaffected
by the SGLT-1 blocker (n = 4 mice). c, Traces of vagal neurons responding to two consecutive
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10 s pulses of 500 mM glucose, before and after Phlorizin treatment. d, Because responses, in
general, show some decay during the time of the experiment (in part due to desensitizing and
bleaching of the fluorescent signals), we also analyzed the average decay of corresponding
glucose responses in the absence of any blocker. The graphs compare the loss of responses
during normal decay (left), in response to the blocker (middle), and for osmotic responses with
the blocker (right). Scale indicates average integral of the responses to the two trials before
and after inhibition (a.u. = arbitrary units).
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4.3 Discussion
The experiments described above provide a direct demonstration of the vagal response to
glucose; they establish the small intestine as one of the sources of this information; and they
validate the necessary and sufficient role that SGLT-1 plays in sugar sensation. In the broader
context of our brainstem recordings and loss-of-preference experiments, this work identifies a
cellular basis and molecular mechanism for the sensation of sugar by the gut-brain axis.
These studies also lay the groundwork for continued dissection of vagal sugar sensing.
One subject for future work will be to identify the cells expressing SGLT-1 that trigger vagal
activity. We hypothesize that SGLT-1 is located on enteroendocrine cells (EECs), which have a
well-established role as nutrient sensors lining the GI tract (Furness et al. 2013; Latorre et al.
2016). However, there are numerous types of enteroendocrine cells—so it will be important to
determine which of these is necessary for glucose responses and sugar preference behavior. Of
particular interest will be examining K- and L-cells, which secrete so-called incretin hormones.
These hormones, GIP and GLP-1, are released after oral (but not IV) glucose ingestion and
potentiate the release of insulin (the so-called “incretin effect”) (Baggio and Drucker 2007).
There is evidence that their effects depend on the vagus nerve (Rocca and Brubaker 1999;
Balkan and Li 2000; Krieger et al. 2016); and they are released in response to MDG (Moriya et
al. 2009). Indeed, a study in SGLT-1 knockout animals demonstrated that EEC cell release of
these hormones was dependent on expression of the transporter (Gorboulev et al. 2012). We note
that we attempted to deliver incretin hormones in pilot imaging experiments, but were not able to
elicit robust, repeatable responses. Future experiments could employ Cre-driver lines marking
different subsets of EECs and performing cell-type specific knockouts of SGLT-1. Our results
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predict that such animals will lose vagal glucose responses but should still respond to osmotic
stimuli.
We should note that we generated global SGLT-1 knockout mice and attempted to image
them to test this hypothesis. We faced a number of technical challenges stemming from the
delivery of the calcium reporter into the nodose ganglion. Our strategy relied on infecting the
cNST with a retrograde AAV expressing GCaMP (since generating a double-transgenic,
homozygous knockout genotype was not feasible). While we were able to observe fluorescent
retrogradely-labeled ganglion neurons in injected knockout and wild type mice (over a dozen
ganglia each), these cells did not exhibit normal spontaneous- or stimulus-evoked activity (even
when tested with 1M NaCl as a positive control). These neurons likely suffer from overexpression of the viral transgene, rendering them too unhealthy to image.
Another outstanding question from our work is the genetic identity of vagal glucoseresponding neurons. Based on our findings, we expect these neurons to be sensory (i.e. Vglut2positive), represent a relatively small subset of the ~10,000 nodose neurons, and project to the
proximal intestines. We performed pilot experiments in animals expressing GCaMP under the
control of various candidate marker genes known to be expressed in the nodose: TRPA1,
TRPV1, serotonin receptor 3a (5HT3rA) and GPR65, but none displayed an enrichment of
sugar-responding neurons. Two recent papers utilizing single-cell sequencing have generated
transcriptional atlases of mouse vagal neurons (Kupari et al. 2019; Bai et al. 2019). One
particularly interesting population identified by Bai et al are cells expressing VIP. This is a
population of sensory neurons with mucosal (i.e. chemo-sensitive) endings that preferentially
innervate the proximal and middle intestine. Moreover, the gene expression profile of the VIP
cells is distinct from that of the GPR65-positivie population, suggesting they are not osmolarity-
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sensitive. This is an exciting possibility because we could use a genetic driver to introduce
effectors (like activating opsins or inhibitory DREADDs) into these vagal neurons to directly test
their contribution to behavior. The gene expression datasets could also provide information about
receptors and signaling molecules present in these cells, which could be used to target them
pharmacologically and better understand the mechanisms of communication between EECs and
the gut-brain axis.
This vagal imaging platform has also enabled us to directly examine several claims that
have been made in recent years regarding the function and tuning properties of the vagus nerve.
The first were laid out by Williams et al who employed calcium imaging and optogentics to
claim that the GPR-65 positive population of vagal neurons detects the presence of luminal
nutrients (Williams et al. 2016). The authors, however, delivered stimuli in high concentrations
(500mM-1M) and in very large volumes (240s). The data presented in Figure 4-4 and Figure 4-5
help put these findings in context. We have been able to dissociate bona fide glucose responses
(i.e. those triggered by the 10 s glucose pulse) versus generic osmolarity signals. By showing that
GPR-65 neurons do not respond to 10 s glucose, we have demonstrated that they are not, in fact,
glucose sensors but instead encode osmolarity (as seen by their broad response profile to a wide
array of nutritive and non-nutritive stimuli). Indeed, single-cell sequencing atlases of the vagus
nerve indicates that the GPR65 neurons express mechanosensitive Piezo1 channels (Kupari et al.
2019) and are present in both the stomach and duodenum (Bai et al. 2019). These channels could
serve as a mechanistic basis for osmosensation, as they are poised to detect changes in intestinal
cell size that would accompany osmotic stimuli (i.e. cells shrinking or swelling in the presence of
high- or low-osmolarity gut contents). In fact, another recent paper has demonstrated that vagal
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Piezo channels seem to perform such a function to monitor blood pressure in the aorta (Zeng et
al. 2018).
A question raised by our osmolarity experiments is whether there are any NaCl-specific
cells or if all the cells are broadly-tuned. Across multiple experiments, we observed that the 60 s
1M NaCl stimulus robustly activated ~20% of all ganglion neurons, often with very high dF/F
values (exceeding 20%). While most of these neurons are broadly-tuned to osmolarity, ~30% of
the cells were specific to salt. One caveat is the exceedingly high osmolarity of a 1M NaCl
solution. Since salt dissociates into two ions in solution, the effective osmolarity of our stimulus
was over 2M. To better approximate the standard glucose pulse in osmolarity and volume, we
delivered a 10 s of 250 mM NaCl in a small cohort of animals (N = 3). This stimulus failed to
activate significant numbers of cells. Future experiments can employ a dose-response approach
to determine if bona fide salt-responders exist and whether they can be distinguished from the
osmolarity cells.
In another recent paper, Han et al provided evidence of a positive-valence pathway
extending from the gut into the brainstem (Han et al. 2018). Through a technically challenging
set of experiments requiring injections of multiple viruses into the gut and nodose ganglion and
fiber implantations into the cNST, these authors claim to elicit preference behaviors and
dopamine release via optogentic activation of gut-innervating vagal terminals in the brainstem
(analogous to those labeled by our retrograde tracing experiments in Figure 4-6). Although they
do not connect these findings with ingestion of nutrients, these data nonetheless suggest that the
vagus nerve is capable of generating signals that drive behavioral attraction. Surprisingly, these
authors claim that vagal preference behaviors only travel via the right branch (a.k.a. common
hepatic branch) of the vagus. Our observation of glucose-responding neurons in both the ganglia
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(Figure 4-2 and Figure 4-6) do not support the published reports. We believe the discrepancy
may be a result of the complicated viral strategy. Indeed, in our own preliminary experiments,
we have attempted Cre-dependent viral injections directly into the nodose ganglia and found
very low rates of recombination and viral expression. Moreover, targeting of gut-innervating
vagal terminals requires adequate coverage of the duodenum and it is possible that the authors’
viral injections did not fully target the area.

4.4 Methods
Animals
All procedures were carried out in accordance with the US National Institutes of Health
(NIH) guidelines for the care and use of laboratory animals, and were approved by the
Institutional Animal Care and Use Committee at Columbia University. Adult animals older than
6 weeks of age and from both genders were used in all experiments. C57BL/6J (JAX #000664),
Ai96 (JAX #028866), Vglut2-IRES-Cre (JAX #028863), Gpr65-IRES-Cre (JAX #029282).

Vagal calcium imaging
VGlut2-Cre;Ai96 or Gpr65-Cre;Ai96 animals were anesthetized, tracheotomized, and
positioned on a surgical platform (Thorlabs breadboard) was affixed to a set of manual
goniometric stages (Newport Instruments) allowing for angular rotation about the longitudinal
and lateral axes. The nodose ganglion was then exposed as described above, and optimally
positioned under the microscope. Imaging was as previously described(Lee et al. 2017). Imaging
data was obtained using an Evolve 512 EMCCD camera (Photometrics). Data was acquired at 10
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Hz. A single field of view was chosen for recording and analysis from each mouse, each
containing 80-150 segmented single neurons.
To deliver intestinal stimuli for nodose calcium imaging, the duodenum was also exposed
and catheterised as described above. A typical trial was 5 minutes long and consisted of a 60s
baseline (PBS 150 µl/min), a 10 s (or 60 s) stimulus (200 µl/min), and a 3 min washout period
(120 sec 600 µl/min, 30 sec 1,800 µl/min, and 30 sec 150 µl/min). Chemicals were dissolved in
PBS: AceK, 30mM; glucose, 500 mM, MDG, 500 mM; mannitol, 500 mM; galactose, 500 mM;
3-OMG, 500 mM. For SGLT-1 blocker experiments, 8 mM Phlorizin (Sigma) was dissolved
PBS with 3% w/v 1 M NaOH (0.03 M NaOH final)(Zukerman, Ackroff, and Sclafani 2013),
which was titrated back to pH 7.4. The blocker was used within 30 min of preparation. The
intestines were pre-washed with PBS + Phlorizin flowing at 150 µl/min for 5 min before
commencing the experiments, glucose 500 mM was diluted in PBS + 8 mM Phlorizin. The
amino acid cocktail consisted of 50mM each: glycine, glutamate, glutamic acid, serine and
histidine dissolved in 1x PBS.
For retrograde labelling of vagal neurons from the duodenum, recombinant Alexa 594
conjugated cholera toxin subunit B (CTB, Invitrogen C34777) was injected into the wall of the
intestines. A total of 3 µl of 10 mg/ml (1%) CTB was injected across 10 sites in the duodenum
(within 2 cm of the pylorus) using a 30˚ bevelled glass pipette connected to a Nanoliter 2010
microinjector (WPI). The pipette was inserted into the outer muscular layer of the intestines (i.e.
not luminally) at an acute angle. Mice were used for calcium imaging experiments 3-5 days after
CTB injection.

Calcium Imaging Data Collection and Analysis
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Calcium imaging data collected at 10 Hz was down-sampled by a factor of 3, and the
images stabilized using the NoRMCorre algorithm (“NoRMCorre: An Online Algorithm for
Piecewise Rigid Motion Correction of Calcium Imaging Data - ScienceDirect” n.d.). Motion
corrected movies were then manually segmented in ImageJ using the Cell Magic Wand plugin
(“Cell Magic Wand” n.d.). Only ROIs whose average fluorescence was greater than the
surrounding neuropil in more than 10% of frames were used for further analysis. Neuropil
fluorescence was subtracted from each ROI with the FISSA toolbox (Keemink et al. 2018), and
neural activity was denoised using the OASIS deconvolution algorithm (“Fast Online
Deconvolution of Calcium Imaging Data” n.d.).
Neuronal activity was analysed for significant stimulus-evoked responses, as described
by Barretto et al 2015, with the following modifications. To determine the baseline to calculate
z-scores, traces were smoothed over a 15 second moving window, and a baseline distribution of
deviations from the median for each cell over the entire experiment was calculated using periods
preceding the stimulus onset. This baseline was then used to calculate a modified z-score by
subtracting the median and dividing by the median absolute deviation. Trials with an average
modified z-score above 1.6 for the 90 seconds following presentation of the stimulus were
classified as responding trials, and a cell was required to respond in more than 60% of stimulus
trials to be classified as a responder. This criterion was validated against visual identification of
responses by independent investigators and accurately identified >90% of the same cells with
less than 5% false positive rate. Only cells that reached at least 2% dF/F for the first two trials of
glucose were included in heat maps. For the blocker and control data responses were filtered to
ensure reliable trials preceding blocker addition (i.e. the two responses prior to blocker addition
had to be within 70% of each other).
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For the correlation analysis, we averaged 3-single trial responses for each stimulus. For
each cell, we calculated a stimulus-related fluorescence value defined as the median during the
stimulus window (from the onset of the stimulus to 90 seconds following stimulus presentation)
and subtracted median baseline fluorescence (the first 2 minutes of the average trial trace). Cells
with negative stimulus fluorescence values across multiple stimuli were excluded from analysis
(10 cells across all mice). Then average stimulus fluorescence was plotted for each stimulus
against the others, a linear best fit obtained, and a Pearson’s R correlation was calculated.
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5 Conclusions
In this thesis we have taken a multi-faceted approach to understanding the neural basis of
sugar preference. Our behavioral studies demonstrate that the attraction to sugar is not dependent
on its sweet taste or nutritional content. We identified the cNST as a key brain area that responds
to sugar, but not artificial sweeteners. This sugar signal originates in the gut and our tracing data
revealed that the information is carried via the gut-vagal-brain pathway. Silencing synaptic
transmission through this neural circuit disrupts the ability to form preferences to sugar. Finally,
we demonstrated that individual vagal neurons respond to sugars and this activity requires
SGLT-1 as a sugar sensor in the gut. The neural circuit we described is specific for sugar and is
not activated by artificial sweeteners. The ability of these different compounds to stimulate the
gut-brain axis explain both the intense attraction to sugar, and the failure of artificial sweeteners
to mimic sugar’s effects.
There are also questions raised by our data which lie beyond the scope of the current
studies, but which could serve as a guide for future experiments. For example, how does
information carried by the gut-brain circuit interact with other brain regions—the taste system,
homeostatic mechanisms (i.e. hypothalamic), and reward pathways? Indeed, the data presented
in Figure 2-2 indicates that several other brain areas are activated by sugar—what role do they
play the attraction to sugar? Our data primarily concerns sugar, but animals can also develop
preferences for other macronutrient-rich foods (high-fat, high-protein) (Zukerman, Ackroff, and
Sclafani 2011). Do the mechanisms by which sugar creates attraction generalize to these other
stimuli?
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Finally, the results of our silencing experiments suggest that interventions targeting the
gut-brain axis could be utilized to curb the attraction to sugar in humans. Although it is unlikely
that we would attempt cNST silencing in human patients, our understanding of vagal response
properties and mechanisms of sugar sensation could be used to pharmacologically manipulate
this circuit. For example, a ligand that could activate both sweet taste receptors and SGLT-1
would represent a drastic improvement over current artificial sweeteners. Such a chemical could
be added to consumer products to substantially reduce their sugar content and hopefully help
combat the obesity epidemic. A difficulty with such an approach is that SGLT-1 is expressed
ubiquitously throughout the body, so developing a cell-type selective agonist would be required.
While MDG seems like an attractive candidate, the fact that it is not transported out of cells
means that it accumulates and is ultimately toxic after long periods of time.
Moreover, the vagus nerve represents a key link between the brain and the body that
could be targeted to address issues beyond food consumption. By combining an understanding of
vagal response properties provided by our imaging platform with data from single-cell
sequencing atlases, it might be possible to uncover the cell types behind a variety of homeostatic
functions including the regulation of heart rate, blood pressure, airway reactivity, and GI
motility. Developing therapies that could specifically target these vagal populations would open
up new avenues to treat a wide array of diseases affecting countless humans worldwide. The
vagus nerve also exerts profound effects on mood. Indeed, vagal nerve stimulation has been used
for over a decade to treat depression. While these interventions have proved clinically beneficial
to some patients, the stimulators non-specifically activate all fibers of the vagus nerve.
Understanding how mood disorders can be impacted by specific cells of the gut-brain axis could
allow for a new class of anti-depressants targeting the peripheral nervous system.
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Appendix of Preliminary Studies
Introduction
Mice can develop conditioned preferences to fats and protein which depend on an intact
vagus nerve (Pérez, Ackroff, and Sclafani 1996; Sclafani, Ackroff, and Abumrad 2007; Qu et al.
2019). Indeed, past evidence from vagal recordings in cats have identified macronutrientsensitive neurons (Mei 1985) and recent fiber photometry recordings of hypothalamic hunger
centers also seem to suggest that the vagus nerve carries information about protein and fat
(Beutler et al. 2017). We thus asked if these other nutrients might also activate the vagal nerve
like glucose does. A key question we sought to address in this series of experiments was whether
other nutrients would activate glucose neurons or if they stimulate unique classes of vagal cells.
These findings could help identify a “nutrient labeled line”—whereby individual vagal neurons
might be specifically tuned to a given macronutrient class. Alternatively, if vagal neurons
respond to more than one nutrient, selectivity might emerge at the receptor level—
enteroendocrine cells (the likely site of nutrient detection) could express different receptors and
converge onto nutrient-responsive vagal sensory neurons.

Results
Vagal Responses to Other Nutrients
To test responses to amino acids, we created a cocktail combining 5 amino acids each at
50mM: glycine, glutamate, glutamic acid, serine and histidine. These are all water soluble, and
contain a mixture of essential- and non-essential amino acids. When delivered for 60 s alongside
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the standard glucose pulse (10 s), we observed robust, repeatable responses to the stimulus (see
Figure A-1). Over 60% of the glucose responders also had significant amino acid responses
(17/27 glucose cells from 5 ganglia). Importantly, most of these cells were not activated by 1 M
NaCl (see Figure A-1a-b), suggesting that they are not osmolarity responders. Moreover, when
we performed the unbiased correlation analysis, we observed a strong relationship between
glucose and AAs (R2 = 0.33, P = 3*10-31) in contrast to the much weaker correlation between
glucose and NaCl (R2 = 0.08, P = 8*10-8). We attempted to reduce the AA stimulus to 10 s,
however this stimulus failed to activate any cells. This could be due to the fact that AAresponding cells are less sensitive than the glucose-responders or that the stimulus was not strong
enough to elicit a response (each AA was only at 50mM versus 500mM for glucose). Future
experiments can further dissect the selectivity of the vagal response to amino acids.
We also attempted to determine whether vagal neurons responded to fat. Unlike sugars
and amino acids, which are water-soluble small molecules, fat presented a number of challenges
in terms of stimulus identity and delivery. Fats, or triglycerides, are comprised of a glycerol
backbone and fatty acid tails which can vary in length (short- medium- or long-chain)—all of
which have different proposed receptors in the GI tract (Miyamoto et al. 2016). Moreover, these
molecules are hydrophobic making them difficult to perfuse into and wash out of the intestines.
Finally, dietary fat is subject to digestion by a number of enzymes (lipases) before entering the
gut, raising the question of what the “stimulus” might actually be. To address some of these
concerns, we attempted to use IntraLipid, an aqueous fat emulsion, treated with porcine lipase.
We observed responses in a small number of cells across several cohorts of mice; however, the
inconsistent and unpredictable nature of our results makes it difficult to make any definitive
conclusions.
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Discussion
Our attempts to dissect vagal responses to amino acids and fat are still in a preliminary
stage. These experiments suggest that AAs elicit nutrient responses (since the cells are not also
activated by NaCl) and that AAs activate a majority of the glucose-responding cells. However,
more work is required to determine the nature and mechanism of these responses and address the
nutrient-labelled line hypothesis. For example, which of the AAs in the cocktail are most
effective at eliciting vagal activity? Can a smaller stimulus volume (i.e. 30s) be used to trigger
more selective responses? In a larger dataset, what is the overlap between glucose and AAs and
how does this compare to osmolarity responses? Finally, what is the mechanism of AA
detection? Intriguingly, there are numerous co-transporters for amino acids which could serve as
sensors (Taylor 2014; Kandasamy et al. 2018) in a similar manner to SGLT-1. An important
prediction based on our findings with sugars, is that even though these two nutrients may activate
the same vagal neurons, the responses should depend on stimulus-specific receptors. That is,
amino acid responses should not be sensitive to the SGLT-1 inhibitor phlorizin.
With respect to fats, future experiments can be designed to optimize conditions for
stimulus delivery. The inconsistency of our IntraLipid responses are likely a result of the
complicated digestion process. One alternative would be to administer water-soluble agonists for
fatty acid receptors instead.
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Figure A-1: Vagal responses to glucose and amino acids
a, Shown are heat maps depicting normalized, 3-trial average responses to 10 s
Glucose, 60 s of an Amino Acid cocktail (see text for details), and 60 s of 1M NaCl. The
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majority of cells that responded to glucose also responded to the AA mixture, but not NaCl (n
= 5 ganglia). b-c, Example traces of cells that exhibited responses to nutrient stimuli (glucose
and AAs) but not osmolarity (NaCl). Contrast these to osmolarity cells in panel c from the
same mice. d, Correlated stimulus activity plots of 341 cells showing the relationship between
glucose and amino acids (R2 = 0.33, P = 3*10-31), versus glucose and NaCl (R2 = 0.08, P =
8*10-8).
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