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Abstract

The Neural Basis of Sugar and Fat Cravings
Hwei Ee Tan

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 #évey ldicka functional
sweet taste receptor, pointing to a detection mechanism indeperfdee sense of tastdere, |
demonstrate thatgpecificpopulationof neuronsgn thebrainstems activatedvia the vagus
nerveto create preference for sugar. These neurons are stimulated in response to sugar but not to
artificial sweeteners, andeaactivated by direct delivery of sugar to the @ytfunctional
imaging ofvagal neurons activated by intestinal delivery of glucesemolecularly identified
the glucosespecific transducer, SGLT1, in the ghiext, | engineered animals where synaptic
activity in this gutto-brain circuit was genetically silenced, and prevented the development of
behavioral preference for sughsoreover, | demonstrated that these sugar preference neurons
are genetically marked by enriched expression of the gene Pehthad hijacking this circuit
with a designer druganconditionpreferences tmitially non-preferredstimuli. These findings
uncoveragubr ain circuit mediating sugatdssoveted ghl y
that dietary fat is also Beed via g@ostingestivegut-to-brain pathway, and engages the same
preferencecreating brainstem circuit as sugar. My results unveil an elegant convergent system
where sugar and fat, which are likely sensed separately by specific gut transducers, share a
unified gutbrain preference circuit for reinforcing their consumptiorthe bigger picturany
findings suggest thatt may be possible to develop a new class of chemicalsafupgt the gut

brain preference axis taoderatehe cravings fosugar andat.
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Chapter 1: The innate preference for sugar

Macronutrients form the core of our diet and are essentigufwival (Beaton, 1964)it
is thus of no surprise thahimalshaveevolvedan innate preference to consume macronutrients
and carbohydrates in particul@bel, 1906; Yanovski, 2003However, in conditions where
food is abundant, this powerful prefereficesugarcanbecome maladaptive and lead to ever
eating, which has been linked to diabetes, obesity, heart diseaise plethora of health
problems(Hollingsworth & Greaves, 1967; Johnson Rachel K. et al., 2009; Prentice, 2001,
Swinburnetal.,2011) n t he 18000s t he avethaa0eouddna&r i c an
sugar per year, today, following the broad availability of refined sugar in consumer products, the
average consumption is over 100 pounds per (hott & Elliott, 1917; USDA ERS, 2019A
comprehensive understanding of the molecular and neural basis gqirsterencevill enable us

to effectively manage the unhealthy overconsumpticsugar

1.1Sugar in the taste system
Orosensry cuesplay a large role in driving thereference for essential macronutrients
When food enters the mouth, receptors on the tongue identify key classesvolatoe
chemicals via our taste pathw@gyarmolinsky et al., 2009)
In the last two decades, thetection of sweet, umami, bitter, sour and dajtyhe taste
systemhas been extensively charactetit€handrashekar et al., 2006; Yarmolinsky et al.,
2009) The genetic identity of thiaste recptor cells (TRCsjor each of the five tastes are
already known, and so are the dedicated receptors they express. The receptors for sweet, umami,
and bitter were the first to be discovered. They are two families of G pmgpled receptors

the heterodneric TLIRgHoon et al., 1999; Nelson et al., 2001, 2082) the T2R¢Adler et al.,
1

c



2000) Their role as taste receptors was established by knocking out each receptor in mice and
finding that both taste nerve responses and behavioral responses were elimitiegee mice
for only one tastéMueller et al., 2005; G. Q. Zhao et al., 20@\acC is thaeceptor for salt
(Chandrashekar et al., 201@hile OTOP1 is the sour taste receptiduang et al., 2006; Teng et
al., 2019; J. Zhang et al., 2019)

Simple sugas act onsweettaste receptors on the tongaed signavia peripheral taste
nerveso centraltaste circuits that are hardwired to produce behavioral attra®telaon et al.,
2001; Y. Zhang et al., 2003; Barretto et al., 2015; Peng et al.,.2D&6) attraction to sugas
mediated oly by the sweet taste circuthen conceptuallwe should be able toombat the
overconsumption of sugar by substitutsugar with a nosmtaloric chemical that binds to the
sweet taste receptoffor example, artificial sweetener3)he firstartificial sweetenersaccharin
(Sweet'N Low®), was discoveredhore thara century agavhen Fahlberg tastadh e fAsi ngul ar
uni ver sal sweet (Fehtberg 1886)5inde then, afwidearet of bthep
artificial sweeteners have been developed, such as aspartameR(Equatalose (Splendy,
and acesulfame K (Sweet G However, degite the introduction and development of
artificial sweetenerghe overconsumption of sugar remains unabg@teglire 1)(Guyenet, 2012;
Nordsiek, 1972)Furthermore, taidies in mice also demonstrate thdhough artificial
sweeteners activate the same sweet taste receptor as sugars, and they may do so with vastly
higher affinities(Nelson et al., 2001}hey fail to substitute for sugar in generating a behavioural

preferenc€ Anthony Sclafani et al., 2015)
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Figure 1. Sugar consumption in the US from 1822055

Sugar consumption has continued to increase despite the development and
commercialization of artificial sweeteners over the last century. Data points are
compiled from US Departments of Commerce and Agriculturertef@raph

from Guyenet, 2012)



1.2 Tasteindependent preferenceor sugar

A few studies have hinted that in the absence of a functional $astetsignalling
pathway, animals can still acquire a preference for quaigeAraujo et al., 2008; Nelson et al.,
2001; Anthony Sclafani et al., 201&ugar has been found to induce dopamine release in the
ventral striatum even in animals which lack the cellular machinery required for sweet taste
transductior{de Araujo et al., 2008)ndicatingthatsugar acts on dopaminergic brain reward
circuitsin a tasteindependent manner. Additionally, sugar can be used to condition flavour
preferences even in sweet taste knockout iiic¢hony Sclafani et al., 2010, 2014)Jggesting
that aside from immediate sweet taste attraction, sugar also induces learned behavioural
preferencedn Appendix C (Prevailing Hypotheseson Sugar Preference)a more thorough
overview of the existing literature is presented, along with a discussion of the prevailing
hypotheses and controversies.

To rigorously characterize the preference for sugar in,raiogodel ideally suited for
physiological and genetic dissection of motivated behavistgsievelopea lickometer(a
device that measures the number of licksaccurately measure sugansumption behavion
t he mi c e 6 dnalhightheougbpatganrser(Section 1.2.1), and tharsing that)

assessed whethsugar preference depends on taste or calories (S&cBdh

1.21 Engineering a scalabledual-port lickometer with programmable shutter
Behavioural preferencean be assessed in micgingatwo-bottle assay(Tordoff &

Bachmanov, 2001)n its simplest formthe twobottle preference assawolvesplacing?2

standard mouse water bottles into the cage (Figuleft), and assessing on the next day how

muchvolumehas been consumed from each bdterchov et al., 2016However, to be able to



carry out closedoop conditioning paradigmandto detect and record the licks on a-sézond
timescalethe simple twebottle assay does not suffice. While comptexnmercial systems

(Figure2,righ) (Ret r act abl e Sipper w/ Lixit for, Wide M
n.d.)exist,they areunreliablefor scaling up Furthermore, theglsoinvolve testing mice out of

their home cagenly for limited durationswhichma kes it di fficult to stu

behaviourin a minimally disruptive way over several days.

| =

Figure 2: Methods for conducting 2-bottle preferenceassays

Left: A simpletwo-bottle assaydoneby placing two bottlesh a standard mouse
overnight, has poor temporal resoluti@gmage from Serchov et al, 201®jight:
Commercialick-counting retractable sipper systearenot scalabl¢image from
Med Associates, n.d.)



Therefore, lengineered customMATLAB -interfacedmicrocontroller(Arduino Mega)
that enables continuous measurement of licks, on-aetindimescale, over the course of days
from up to24 behavioural arenagmultaneouslyFigure 3, top)The lickometers ar8D-printed
devices thatfit inside a standard mouse cagad holdthe bottles attached to capacitive touch
sensos (MPR121) A mini sevo-motorized shuttefSG90)next to the bottlewhich can be

controlledelectronically is able to restri¢tenableaccess to the bottl€sigure 3, bottom)
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Figure 3: Custom device for sensitivehigh-throughout 2-bottle preference assay

Top: Schematic showing the wiring and soldering configuratiomayoflesigned
printed circuit board (PCB) with an Arduino Me@ade microcontrollePCB was
sketched on fritzing and manufactured by OSH PBoktom: Orthogonal
wireframeprojections+ shade®D view of thelickometermodule that fits inside
a mouse cage. In tl#hadedsiew, the3D-printed frame is in white, the motorized
shutter component is in red, atie bottle 8 BD Falcor® centrifuge tubditted
withan A n ¢ spouki€represented in bluBrojections are generated by
Blender software, and the lickometer is FEpMinted with ZULTRATmaterial.



1.22 Sugar preference is tasteand calorie- independent

When nonthirsty wild-type mice are gen a choice between a bottle containing water
and one containing sugar they drink almost exclusively from the sugar s¢Nétson et al.,
2001) What happend instead, they are allowed to choose between a bottle containing an
artificial sweetener (e.gascharin olcesulfame K) and a bottle with sugar (glucosé)en both
are equally sweet?

| performed a ottle preference assay with my engineered lickometer, and gave the
mice a bottle of acesulfame K (AceK) and a bottle of glucoseg eencentrations where both
are equally attractiveMy results showdthat, as expectedaive animals (i.e. never exposed to
artificial sweeteners before) initially drink from both bottles at a similar Fatgi(e 43
However, within 24 h of exposuretoi h choi ces, the ani mal so pref
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
sweetenergven though it is still as sweet as the sugar bdttipife 4ab; compare 15 h to 48 h).

This behavioural switch also happens in complete sweetrptor knockouts
(T1IR2/T1R3 double K@Nelson et al., 2001 Figure4c), or knockouts that lack a compaone
essential for taste signal transduction (TRPM5 (R@rez et al., 2002; Y. Zhang et al., 2003)
Figure4c). Similar observations have been made by several groups, primarily by using flavour
conditioning assay&le Araujo et al., 2008; Antimy Sclafani et al., 2010, 2014)

Thus, although taste knockout mutant animals cannot even taste the sugar or the artificial
sweetener, they still learn to recognize and choose the-saggining bottle over the 48hr
session, most likely asrasult of a strong positive pestgestive effect of suggAnthony

Sclafani, 2013)



Notably, the preference for sugar does
signalling preferenc€Zukerman et al., 2013afFor exampleif sugar is substituted for the non
metabolizable glucose analogue (metinD-glucopyranoside, MDGsee Figure 5(Wright et
al., 2011apnimals still develop a strong preference for MDG, just like thejodglucose
(Figure 4. Thus, the signalling system is recognizing the sugar molecule itself rather than its

caloric content or metabolic products.

not
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(continued fronfigure onprevious page)

Figure 4: The development of sugar preference

a: Schematic diagram of behavioural arena. Mice are given a choice between 60
mM glucose or 30 mMcesulfame KAceK, anartificial sweetener). The

a n i maefeerce iptracked by electronic lick counters reading licks in each
port(see Methods)The upper left inset shows a lick raster for glucose (red)
versus AceK (blue) from the first 2000 licks of the behavioural test, and the uppe
right inset shows a reex of the last 2000 licks. Note that by 48 h the animals

drink almost exclusively from the sugeontaining bottleb, The graphs show
preference plots for sugar versus AceK (n = 9 mice;tailed paired-test, p <
0.0001), and MDG versus AceK (n = bamj twotailed paired-test, p = 0.0024).
Preference index, Pre = the number of licks to glucose divided by the total
number of licks during the first 100 trials of baseline measurements (see Method
for details); Post = the number of licks to glucosed#id by the total number of

licks during the last 100 trials of the behavioural session. Note that animals may
begin the behavioural preference test exhibiting no preference for sugar versus
sweetener (preference index ~0.5), some preference for sugas sessetener
(preference index >0.5), or with an initial preference for the artificial sweetener
versus sugar (preference index <0.5). However, in all cases they switched (or
dramatically increased) their preference to sugaBugar preference plots for

mice lacking the sweet taste receptor (T1R2/TDRA = 5 mice, twetailed

paired ttest, p < 0.004, and for mice lacking TRPM5, the ion channel essential
for sweet, bitter and umami taste (TRP#)5n = 7 mice, twetailed paired-test,

p = 0.0001; thee knockout animals switched their preference to sugar even
though they cannot taste it.
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Figure 5: MDG is a noncaloric glucose analog

a: MDG s structurally similar to glucose, but thdification with a methyl
grouprenders MDG nommetaboliable.b: Although the norcaloric sugar

analogue MDG is very effective in causing a preference switch, it does not cause
increases in plasma glucoserelease of insulin. Mice were gavaged with glucose
or MDG, and plasma glucose and i nsul
at 15 min aft e ;alsotsdedetigodsvon detailblft pahed:s t 0
plasma glucose after glucose gavage (red bars 7, twetailed paired-test, p =

4 x 10°. Plasma glucose after MDG gavage (blue bars), n = 6taileml paired-t

test, p = 0.36Right panelplasma insulin levels after glucose gavage (red bars), n
= 7, twotailed paired-test, p = 7 x 18. Plasma insulin levels after MDG gavage
(blue), n = 6, twetailed paired-test, p = 0.94.
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Chapter 2: A gut-vagalbrainstem circuit sensesugar

For an animal to develop a sugar versus sweetener preference, it must recognize and
distinguish between twimnately attractive stimuli. We reasoned that if we could identify a
population of neurons that resparsglectively to the consumption of sugar (or MDG), but not to
artificial sweeteners, it may provide an entry point to uncover the neural control of suga

preference, and the basis of sugar craving.

2.1 Brainstem cNST neurons areactivated by specifically by sugar

We exposed separate cohorts of mice to either sugar, artificial sweeteners, or water, and
scanned their brains for induction of the immediaidyegene Fos as a proxy for neural activity
(Sheng & Greenberg, 199®@ur results showed prominent bilateral labelling in the caudal
Nucleus of the Solitary TractNST;Figures 6-8), an area known to function as a nexus of
interoceptive signals conveying information from the body into the Barthoud & Neuhuber,
2000; CutsforthiGregory & Benarroch, 2017)

Importantly, the cNST was not significantly labelled in response to artificial sweeteners
or water controls (Figres7-8). Furthermore, if these ctNST neurons are involved in sugar
preference behaviour, they must also be activated by MDG, and their activation by sugar should

be independent of the taste system. Indeed, Figshew that both predictions are met.
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(continual fromFigure onprevious page)

Figure 6: 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 ofdif2 b
sections were processed (n = 3 mice, see Methods). Shown are low magnificatic
views (left panels) of several areas exhibiting prominent bilateral Fos labelling.
See also Fig. 2 and Extended Data Fig. 3. The right panels show a magnified vie
of yellow boxes. Scale bars, 200 ph).Section at Bregma 0 mm showing the bed
nucleus of the stria terminalis (BST, yellow box)Section at Bregm&l.5 mm
showing the periventricular thalamus (PVT, yellow bak)Section at Bregmeb

mm showing the parabraethinucleus (PBN, yellow boxg, Section at Bregma

7.5 mm showing the caudal nucleus of the solitary tract (cNST, yellow box).
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(continued fronfigure onprevious page)

Figure 7: cNST neurons specificallyactivated by sugar

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 @milar results were obtained in
multiple animals for each experimeflucose also stimulates cNST neurons in
animals lacking the sweet taste receptor (T1IR2/TIR3 =5 mice, ANOVA

foll owed HSD postihde eest, s 0.000dr in animals lacking the
TRPMS5 ion channel (TRPM§ n = 7 mice, ANOVA fo
post hoc test, p < 0.0001. Values are mean + s.e.m. Scale bar, 100 um.
Quantitation of Fos positive neurons. The equivadeea of the cNST (Bregma

7.5 mm; right side of the brain stem) was processed and counted for the differen
stimuli. The signal present in water alone was subtracted prior to plottng;

mice for AceK and n = 8 mice for glucose, emay analysis of vaance

( ANOVA) foll owed by Tukeyods HSD post
N s.e.m. For MDG, n = 5 mice, ANOVA
p < 0.0005.
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(continued fronfigure onprevious page)

Figure 8. Fos responses the cNST are robust and reliable

The brain diagram illustrates the position of the NST and the plane of the
sectioning. Shown are cNST sections stained with Fos antibodies after exposing
the animals to 90 min &00 mM sucrose, 600 mM glucose or 30 mM AceK.

Each panel is a confocal maximal projection image from Bregndamm

consisting of 3 sections 15 pum apart. Each panel (sucrose, glucose or AceK)
represents a different animal. Note the robustness of the sigralss animals.

See Methods for details. Scale bars, 100 pm.
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The finding that creating a preference for sugar does not require the taste system, strongly
suggested posihgestive, extraral recognition. Therefor@ a cohort of mice, dlsotested
whether direct intragastric application of sugar was sufficieattivate 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 (kig9). These results also substantiate previous
behavioural studieshowing that intragastric infusion of glucose is sufficient to condition flavour
preferencéAnthony Sclafani eal., 2010; Anthony Sclafani & Glendinning, 2003; Zukerman et

al., 2011)
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Intragastric Infusion

Figure 9: Glucosein the gutis sufficient to activate the cNST

Direct intragastric infusion of glucogB = 4 animals)but notartificial sweetener
AceK (N = 6 animals)robustly activates the cNS$ee Methods for details.

Scal e bar, 100 & m.
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2.2 The vagus nerve connects the gut to the cNST
My findings above demonstrate that delivery of sugar into the gastrointestinal tract is
sufficient to activate the cNSTh the following sections, | will investigateotv sugar signals

reach the cNST

2.2.1 Vagal terminals innervate the cNST

The va@l and spinal nervedirectly connect theiscerawith the brainstem, and thus are
potential pathways for guab-brain signalingBrowning & Travagli, 2014; Grundy, 2002;
Martin, 20(). To determine whether the cN%the specific region in the brainstemhich is
activated by sugareceives input from vagal or spinal afferemts, performedanatomical
tracing from theeNST, using a fluorescent tracer that can be taken up by axoimaés and
retrogradely transported to the so(@attrochi et al., 1989; Riddle et al., 1996r retrograde
tracing results clearly demonstrate that¢N&ST receives vagal, but not spinal inputs (Figure
10a). Of note, when we injected the same fluorescent tracer into an adjacent brainstem nucleus
(cuneate nucleus, which is not activated by sugar), we observed robust and specific labelling of
dorsal root gnglia (spinal) neurons, but not vagal neurons (FigQibg. These retrograde tracing
results agree with earlier observations of vagal projections in the (fRN@ire 11).

Thus, it is evident that vagal and spinal inputs into the brainstem are topoghgphic

segregated, and that the cNST receives input from the vagal but not the spinal nerves.
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(continued fronfigure onprevious page)

Figure 10: Retrograde labelling of peripheral nervesfrom the cNST

a, A fluorescent retrograde tracer (red RetroBeads, Lumafluor) was
stereotaxically injected into the cNST to label its inputs. The nodose ganglia and
dorsal root ganglia were checked for transfer of the fluorescent label -after 6
days. The nodose gangliovagal neurons), but not the dorsal root ganglion

(spinal neurons), was robustibelled(Martin, 2003) b, RetroBeads were also
injected into the Cuneate nucleus, a brainstem area near but distinct from the
cNST. Vagal neuronseave not labelled. In contrast, note robust labelling of spinal
neurons (n = 2). DAPI nuclear counterstain is also shown (blue). Scale bars: 20C
pm (Brainstem), 50 um (Nodose, DRG).
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Nucleus of the
Solitary Tract (NST)

Nodose ganglion
(gastrointestinal vagal afferents)

Figure 11: Autoradiographic tracing reveals vagal projectionsgn the cNST

Left: Photomicrograph showing lalieg in the cNST after an injection of
[*H]Leucineinto the ipsilateravagal ganglia. Calibration mark0.5 mm.

(Image is taken fror@ontreras, Beckstead, & Norgren, 1982gyht: Schematic
showing the visceral organs, including the intestines as highlighted in red, being
innervated by vagal afferents which terminate in the cNBilawing is adapted

from Williams et al., 2016)
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2.2.2 Sugar-activated cNST neurons receive direct vagal input
To further substantiate the vagalST connectioywe also ugdarabies mediated
retrograde tracing method thatows selective mapping of firsirder presynaptic neurons
(Callaway & Luo, 2015; Reardon et al., 2016; Wickersham et al., 2008t usedrecombinat
rabies virus to infect cNST neurofsee Methods for detailsand then allowed the rabies virus
encoding a fluorescent label to travel transsynaptically across a single synapse to the presynaptic
neuron Not surprisingly, distinct labelling is observiecthe vagal gangligFigure 12)
In addition | workedwith a postdog in the lab to selectively infect only the sugar
activated neurons in the cNST with the recombinant rabies (@wenthner et al., 2013a;
Reardon et al., 20163ee Method for more detaiJgindagain,our resultconfirmedthat sugar

activated neurons of the cNST receive monosynaptic inputs from the vagus nerve (Figure 13).
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(continued fronfigure onprevious page)

Figure 12 ctNSTVCLUT2 neurons are activated by sugar and receive vagal input

a-c: To find out of sugaactivated neurons are within the part of the excitatory
neurons in the cNST, | labelled thecgatory (VGLUTZ2) neurons in the cNST by
virally delivering Credependent fluoszent reporter (red) in a VGLUT®&iven

Cre mouse. Sugaactivated neurons (green) are then marked by the Fos
stimulation and immunostaining paradigm mentioned above. Representative
images from 2 mice are shown ircpdemonstrating that VGLUT2 marks many
sugarneuronsd: In another cohort of mice, we performgdnssynaptic rabies

virus tracingas outlined in the schematef: VGLUT2 cNST neurons (green
starter cells) are infected by rabies virues (red), which travels transsynaptically tc
the inputneuron. The vagal ganglia is labelled red, but not green, indicating that i
contains presynaptic neurons to the cN&¥™ neurons.
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(continued fronfigure onprevious page)

Figure 13: cNSTSU9%8" neurons receive monosynaptic vagal input

a: The diagram illustrates the strategy for targeting elretescently labelled
retrograde transsynaptic rabies reporter (RABRed)}o the cNST Sugar
activatedneurons in the cNSare accessed by an ABreERT2-based strategy

(see Methods for detailendwere infected with AAV viruses carrying a Cre
dependent membrane receptor and adeqgendent viral protein required for
infection and transfer of the transsynaptic RABSRed reporter virus,

respectively. Affer infection with RAB\tdsRed, the monosynaptic inputs of the
sugaractivated cNST neurons are revealed by the retrogradely transsynaptic
transfer of the RABWsRed virusb: Targeted sgaractivatedcNST neurons
(Astarter o, col ousynapticirgputfoeivdgal modosee i v e
neurons (RABYV, red). Note the absence of starter cells in the nodose, confirminc
that the RABV (red) cells represent retrogradely labelled neurons. Scale bars, 1(
pum. No significant numbers of neurons were labelled after stimulation with
artificial sweetener (AceKargeted in AreCreERTZ or water (Watetargeted in
Arc-CreERT2. c: Quantification of retrogradely labelled RAB¥sRed neurons

in the nodose ganglion. Valsi@re mean + s.e.m.
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2.3 Neurons in the vagal gangh respondspecifically to gut sugarin vivo

The results above suggest that sugar sigaratsansferred from the gut to the brain by
the vagus nervelherefore, to test this hypothedispllaboratedvith a fellow graduate student,
Alexander Sisti, tairectly monitor the activity of this circuih vivo by reattime calcium
imaging of vagal naron activation in response to gut stimulation with sugar.

We implemented a vagal ganglion functional imaging platfdfigure 143 by targeting
expression of the genetically encoded calcium indicator GGA@M®/. Chen et al., 2013
vagal neurons using a Gdependent GCaMP6s reporter line crossed to Vglut2animals
(Vglut2 isexpressed in all vagal sensory neurq@)ang et al., 2015 o visualize the neurons
and measure calaiudynamics, we exposed a 1 cm x 1 cm ventral window into the ganglion and
used a dphoton microscope equipped with an emCCD camera for imggeeget al., 2017)To
preserve the integrity of the ganglion during the imagingisesall nerves going in and out
were left intact, and we avoided any direct manipulation of the ganglion or surrounding tissue by
using a goniometric stage to expose the animal during imaging; this preparation allowed us to
simultaneously measure the [ane activity of ~100 vagal sensory neurons per imaging
session. For most imaging sessions, the intestinal segment was exposedstinaujue
application of PBS, then a 10 s (33 pl) or a 60 s (200 pl) exposure to the test stimulus, and a 3
min poststimulus wash (see Methods for details). This regime was repeated multiple times for
each imaging session, with different stimuli presented in interspersed trials. Neuronal signals
were analysed for statistically significant stimuwoked increases in iaicellular 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 tr{8arretto et al., 2015)
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First, we exammned how vagal neurons respond to intestinal delivery of glucose versus
artificial sweetener. Delivering glucose into the intestines elicited significant calcium responses
in subsets of ganglion neuroriddure 14bc); we analysed the responses from thealggnglia
of 8 different animals to a 60 s stimulus of glucose or AceK, and identified ~200 neurons that
displayed statistically significant responses to gluctmaportantly,less than 1% of those
neurondisplayed stimuluslependent activity in respongeAceK (Figure 14b, indicating that
they are sugaspecific responsefndeed intestinal delivery o§lucose analogylDG, also
activated the neurons that responded to gludeiseiie 14).

Next, we reasoned that the guakbrain signal may depend ondwn sugar sensors
recruited into this role, perhaps in a dedicated subpopulation of gut cells. While theesteet
receptor is known to be expressed in subsets of intestinal enteroendocri(ieyezlist al.,

2005) it is not involvedn this process as complete sweet taste receptor knockouts (T)R2/3
still exhibited normal sugar preference behaviaee(Figure 4 in Chapte).1

The principal glucose transporter (and sensor) in the intestines is the sydagse
linked transportefl (SGLT1)(Geillinger et al., 2014; Reimann et al., 2008; Witigt al.,
2011a) 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 thawaghiso function as a conduit between the gut
and the vagal nery&€hambers et al., 2013; Latorre et al., 2016)

Therefore we assessed wther pharmacological inhibition of SGLEbolishes the
glucosedependent neuronal responsethe vagal ganglia (see Methods for detail®)r results
(Figure 1449, demonstrated a dramatic loss of glucose responses following intestinal application

of phlorizin, an SGLT1 blockefWright et al., 2011a)
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Together, these resulibow that sugar is sensed by thewagatbrain axisvia an
SGLT1mechanismin the future, it will be of interest to determine the identity of the intestinal

cells mediating these responses.
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(continued fronfigure onprevious page)

Figure 14: Sugar responses in vagaieurons

a: Schematic oin vivovagal imaging preparation. We imaged calci@sponses

in vagal sensory neurons expressing the fluorescent calcium indicator GCaMP6¢
while stimulating the intestineb: Heat map depicting-gcore normalized
fluorescence traces 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 theedashite

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 dic
not respond to a 60 s intestinal infusion of 30 mM AaekSample traces of

vagal newon responses to intestinal stimulation with 10 s pulses of 500 mM
glucose and 500 mM MDG. Stimulus onset is indicated by the dashed red lines.
Note the reliability and rapid onset of responses to the 10 s stidtulus
Representative trace of a glucasgmnding neuron in &GLT1 blocking
experimentshowing responses ftrials of10 s intestinal stimulus of 500 mM
glucosebefore and after intestinal application 8 mM Phlorizin for 5 min (n = 4
mice). Responses are severely diminished after applicatitwe diocker
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Chapter 3: Silencingthe gut-brain axis abolishes sugapreference

3.1 Transection of the vagus nerve ablates gut to cNST sugar responsegivo

In the previous chapter, we have established that the vagus nerve connects the gut and the
cNST, and that the vagus nerve responds specifically to sugar gut stiemriext hypotheses
then are that, iif shouldalsobe possible to directly monitor the activitytbfs gutbrain circuit
in vivo by realtime recordings of cNST activation in response to synchronized gut stimulation
with sugar and ii)importantly,this activity should be abolished following experimental
transection of the vagal nerntbereby demonstrating the necessity of the vagus nerve.

We performed fibre photomet(unaydin et al., 2014;erner et al., 2015p record
populationlevel, sugatrevoked responses from the cNST of animals expressing the genetically
encoded calcium indicator GCaMP6s in excitatory neurons (VE&ue2Ai96). To deliver
stimuli to the gut, we placed a catheteedily into the duodenal bulb, and created an exit port
by transecting the intestine ~12 cm distally (Fe&y15asee Methods for details). As predicted
(from Fos activity labelling in Figures®), thein vivorecordings of the cNSihdeedshowed
robust esponses to glucosedaglucose analog MDG, but not to artificial sweetener AdeK
addition,all gut-evokedactivity was abolished after bilateral transection of the vagal nerves
(Figure 15bd; compare Pre to Pesaigotomized). Together, these resultédede the guvagus

nervebrain axis as thessentiatonduit for sugaevoked activation of the cNST.
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(continued fronfigure onprevious page)

Figure 15: The vagus nerve is necessary for g@NST signals

a, Schematic illustrating fibre photometry experiments to monitor gluewvsked
responses of ctNST neurons. The excitatory neurons in the cNST were targeted
with GCaMP6s by crossing to Vglut2re animalgVong et al., 2011)o-d,

Shown are fibre photometry recordings illustrating neural responses from 4
separate animals following intestinal delivery of glucose, AceK and MDG. Note
strong responses to sugpanel b) and MDG (panel d). The light traces denote
normalized 2trial 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 #re 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 vagotomneyQuantification of neural responses after
bilateral vagotomy. Twaailed paired-test, p = 3 x 18° (glucose), p = 5 x 18
(MDG).
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3.2 Specific silencing of cNS¥49%" neurons blocks sugar preference development

If this gutto-brain neural circuit is essential for creatpgference for sugar, then
silencing it, and therefore preventing its activation, should block the formation of sugar
preferenceln thissection | will describe the TRAP systeand demonstrate its fidelitgndthen
apply this system to selectively silence sugetivated cNST neurons, and demonstrate the
requirement of these neurofos the development of sugar preferen€ally, | will also discuss
a potential modificatiomo improve the specificitpf TRAP, as wédl as a strategy for inducible
and reversible neural silencing on longer timesc#hed,might be useful to the scientific

community.

3.2.1Targeted Recombination in Active Populations (TRAP)

Since sugaactivated cNST neurorgtimulateFosin responsed sugar signajsve
should be able to achieve specfii;e-dependent expression of any gene of interestigar
respondingieurons bygenetically targetingre recombinasw® Fos-positive neurong a
transgenic mouse. Therefore, | used the FmiCreFR™ (hereafter simply referred to ARAP2)
mouse, generated by the Liqun Luo (Alien et al., 2017; DeNardo et al., 2018) theTRAP2
mouse, CreERT ultimatelyexpressed under the controltbé Fospromoter through aelf
cleaving 2A linkage with the Fos coding sequence. TBusERT?2 will be expressed only when
the neuron is activéut in the absence offydroxy-tamoxifen (4OHT) stays out of the nucleus
andthus is unable triggerrecombination. 40HT can be deliveratra-peritoneallyto allow,
for a short window of timeCreERT2 taranslocate into the nucleus amtombine th€re-
dependentassette (e.g. floxed, DIO, etc). Altogether, this means that@redependent gene

of interest will become expressed only in activated neurons in a chosen time wiydow.
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carefully timing the delivery of 4OHT with the sugar stimulus presentatiercan inject a Cre
dependent AAV carrying a neural silencer into¢hNST and achieve targeted silencing of cNST
sugar neurons.

First, to monitor the fidelity of the TRAP strategy we confirmed that the sagjevated
cNST neurons marked by the expression of Fos are the same as the ones labelled by Cre
recombinase in the getic TRAPiIng experiments. We genetically labelled the sughrced
TRAPed neurons with a Gaependent fluorescent reporteuo et al., 2008)and then
performed a second cycle of sugar stimulation followed by Fos antibody lab&liuyg169).
Our results confirmed that the majority (>80%) of the stigaAPed neurons in the cNST (i.e.
labelled with the fluorescent marker) were indeediat®led with theinduction of endogenous
Fos in response to the second cycle of sugar stimulation. As anticipated, performing the
TRAPIng experiments with water did not label meaningful numbers of sugi@ated cNST
neurons. In contrast, MDG also TRAPed large numbers of the-aafjeated cFs+ neurons

(Figure 16b, and also zoomed out view of brainstem in Figure 17
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(continued fronfigure onprevious page)

Figure 16: High fidelity genetic access into sugaactivated neurons

a: We used the Targeted Recombination otive Populations method (TRAP2)

to access sugactivated neurons; the diagram illustrates the strategy for targeting
a fluorescently labelled AAV reporter (red) to the sugetivated cNST neurons
using TRAP, and a second round of Fos induction to ezt by antFos
antibodiesb: Top row, neurons labelled by the @tependent reporter after
sugar TRAPTRAP§ 6 Splamdrddyare the same as the ones

|l abell ed by Fos after a se€fosd, cyyal &
green; see Methodbor detailg, >80% of Sugafos are SugafRAP (n = 7);

middle row, note that the few neurons labelled after WBRAP in response to
water do not overlap with those labelled with Fos antibodies after sugar
stimulation; bottom row, the sugdRAP neurons are also activated by the-non
caloric sugar analogue MDG, >80% of MEK&s are SugafRAP. Scale bar, 20

pm.
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(continued fronfigure onprevious page)

Figure 17: TRAPIng in the cNST

Left panels, low magnification images; white boxes show sections expanded in
the right panelsa, SugarTRAP effectively labels sugactivated (Fos labelled)
neurons in the cNST. Note the high degree elbcalization between the TRAP
signal (red) and #hsugatevoked Fos signal in a second round of stimulations
(green) éfficiency =84.8 + 1.1%fidelity = 84.5+ 1.6%, n = 7 anima)sb,
SugarTRAP neurons are also labelled by MDG. Approximately 80% of the
sugarTRAP neurons (red) are dabelled by Fosfter a second round with MDG
stimulation (green)dfficiency =80.5 £ 5.5%fidelity = 69+ 13%, n = 2

animalg. Values are mean * s.e.md, Only a small number of sugactivated
neurons (green) are TRAPed by water (red, panel c) or AceK controlpdresd,
d). n = 4, see also Fig. 4. All sections were counterstained with Nissl (blue,
NeuroTrace) for anatomical reference. Scale bars, 200um (left), 20pum (right).
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3.2.2Sugar-TRAPed cNST neuronsare necessary foisugar preference

Having found the experimental conditiofsee Figure 16dpr efficientandhigh fidelity
(>84%)of TRAPIng, | proceedeavith silencing the sugeactivated neurons in the cNST and
assessing their role in sugar preference behavioesnce, nstead of delivering a Gre
dependent fluorescent reporter, | now delaeAAV carrying Credependent TetTokilaterally
into thecNST. Under this experimental regime, the Sug&APed neurons would twon Cre
recombinase and enable expressiothefCredependent TetTox, thus blocking synaptic
transmission in those cellSchiavo et al., 1992)

First, as an important contrélneeded to ensure that silencing this circuit did not affect
the nnate 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
Asweet 0 versus water, the ¢e niegtsolutiang (éither si | ence
artificial sweetener or glucosEigure 18 and 19b)

But, can these animals develop preference for sugar? Remarkably, silencing the sugar
activated 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 sessiorfadure 19. These results illustrate the essential role of this circuit in

driving behavioural preference for sugar.
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Figure 18 Sugar-TetTox animalsbehave as normal mice drinking artificial
sweeteners

a, A normal, northirsty mouse drinks ~5ml of water during a 24 h windbwif
presented with a fAsweet 0 o phutisignificaitb ut
increase in total volume consumed, but now most of the total consumption is fror
the sweet choice rather than water (n = 9 -taited paired-test, p = 1 x 10). c,

In contrast, if the options are water versus sugar, so that it ceepteterence,

they massively increase total volume consumed, and nearly all is from the sugar
solution (n = 9, twetailed paired-test, p = 3 x 18°). d, As expected, wild type
controls develop strong preference for sugar versus AceK (n = 9ailwd

paired ttest, p = 3 x 16). e-f, Animals with the preference circuit silenced now
behave as control animals presented with a sweetprefarence creating choice
(compare panels-&to panel b) (n = 6, twaailed paired-test, p = 6 x 10 for

AceK, p =4 x 108 for glucose)g, Silenced animals consumed nearly equal
volumes of sugar and artificial sweetener (n = 6-taited paired-test, p = 0.1).
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Figure 19: TetTox silencing of the sugar cNST neurons abolishes preference

a, Schematic of silencing strategy. TRAP2 anin{alken et al., 2017were
stimulated with 60 mM glucose to induce expression of @eeombinase in the
cNST (see text for details). AADIO-TetTox(Murray et al., 2011yvas then

targeted bilaterally to the cNST for silencig Silencing the sugapreference
neurons in the cNST does not impair the in@dieaction to sugar or artificial
sweeteners. The graph shows preference for 600 mM glucose versus water, anc
preference for 30 mM AceK versus water. Values are mean * g,eSugaf
preference graphs (48 h tests) for Wild Type mice, demonstrating thet rob
development of preference for sugar versus artificial sweetener (see also Fig. 1).
In contrast, silencing the sugactivated neurons in the cNST abolishes the
development of sugar preference, n = 6 mice, Mafnitney U-Test, p =4 x 10%
TetTox silerred animals consumed as much of the AceK sweetener as they do
sugar. Values are mean + s.e.m.
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3.3 Engineering an RNAitool to TRAP a sub-population of activated neurons

The Ati me windowo of & bdursAléntetyal., ZOR7DENama i s
et al., 2019; Guenthner et al., 2013a)e reason is th&osis a regulagéd genavith an enduring
expression, so although it is known to peak at about 90 min after stimulation, Fos and CreERT2
still continues to b@reseneven up to about 4durs after the stimulatiofdata not shown)
Thus, even in the control conditions where the mouse is given AceK or water (Figwd} Wéc
observe a low number of cells that are TRAPed. This is not surprising, given that even though
there are nexternalsalient stimuli, the cNST is obviously still receiving sensory inputs from the
vagus nerve about the visceral orgartse heart, lungs, liver, stomach, etc. However, it would
be ideal to be able to filter out such stimuli in the TRAP genetic access method

| reasoned that we should be able to create an RiNknockdownCre, and place its
expression under a Goependent cassette, so that Cre expression and recombination will

essentially result in seffilencing. For example, we should be able to give 40HT in the water

ak

TRAP paradigm, and sil encteeritagsoespendfodieca c k gr ound o

ingestion or stomach stretch. Thereafter, we can deliver an AAV carryindependent
fluorescent reporter (or any effector of interest) into the cNST, and perform theTsR@Br
paradigm. Now, only the cellighly specific tosugar stimulugi.e. Gugarbut not vate
express the effector, because Cre indthe a tteflsrhés been constitutively silend@&dgure 20)
Note that in the sugar specific cells, recombination of thed@€pendent effector/ fluorophore
and of the RNAicassette willikely both occur, but reasoned thahe eventual expression of

RNAI will not affect the expression of the already recombined effector cassette.
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Using Cre-RNAI helper virus

Sugar neurons Water neurons Sugar but not water neurons

O O
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Figure 20: RNAI filtering of background stimuli can improve TRAP specificity
Left: ConventionabugarTRAP (colored red)ncludes neurons that respond to all
events coincident with the sugar stimulationaddition to a direct gtlirain
sensing mechanism, it also includes forregbe fluid ingestion and stomach
stretch, increase in blood glucose, energy (caloric) gain, etc. In my work, these
confounding factors were clarified using control experiments with AceK and
MDG (described in earlier chapter sectiomdiddle: My new stratgy to filter
nonspecific responder®.g. responders to fluid ingestidngm TRAP involves
silencing the expression of Cre first in those cells, by TRAPingspewific cells

to express RNAIRight: Next, sugaiTRAP can be performed. As the ron
specificcells are constitutively silenced, only the sugpecific neuronsvill be
TRAPed (red).
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| chose a micrdRNA (miRNA) based desigfRos & Gu, 2016as it is compatible with
the commonly used RNA polymerase Il viral vector systems and thus offers more flexibility in
expression patternsi a 6 mi n i malg. CMVpoomatetrfar gesedichigh expression,
GFAP for glial specific expression, hSyn1l for neuronal expregBienner et al., 1994;
Shevtsova et al., 2005)hus, Idesigneda shorthairpin RNA (shRNA) targeted against Gre
an miRNAcarriedint h e 3 6 nEG@HRcorstfuctlBigure 2R). For the preliminary proef
of-concept experiment, | chose a constitutive-@wa-dependent configuration to minimize

confounding variables (Figure 21b).
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CMV (promoter) D D YW 210-1ue 493 Q Q

PAAV CMV eGFP-mirl55(shRNA-Cre)

5011 bp

Figure 21: Design of the CreRNAI helper virus

a To achksiidwencfisngglof of Cre expressio
knockdown Cre is embedded in mirl55
reverse between loxP and loxH sequences in the double inverted orrentatio
(DIO). b: For the preliminary proof of concept, a direct e&FRNA(Cre)
expression vector is used to produce an AAat will constitutively knockdown
Cre.

n
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The effectiveness of this strategy is highly dependent on how complete the knockdown of
Creis, especially since Cre is a recombinase enzyme, and its recombination activity on lox
motifs is permanent a-dedendentepaterwill bé¢conedullybo unl ocked
expressed even if Cre is no longer expressed). As such, a prelimindvgsmlscreening assay
was performed talentify the shRNA sequence with the meffiectiveknockdown activity
(Figure 22).The screening process was outsourced to Vector Biolabs (Malvern, PA).
First, 5candidate shRNA sequences against CreERT2 were genieratkcb with a
predictive algorithm. The search parameters were limited to base postlO28 lwhich
corresponds to the 6Cred segment and not the
Then we clonal 5 predicted shRNA sequenagargeted to CreERT2) as well as a
scrambled shRNA sequence (randomly rearrangéal shRNA expression vectonzgAAYV -
EF1laGFRshRNAmMIrl55.These6 shRNA vectorsas well as an empty vectavere then
separately transfected indocell line (A549) foiin vitro testing.A CreERT2 expression plasmid
(pPAAV -CMV-LuciferaseCreERT2)was also cdransfected into the cell line in all casse that
all the cells will express CreERT2. In this regime, would expect to observe the maximal
CreERT2 transcript levels in the condition where CreERT2-sartsfected with empty vector
control,for an expecte@®% knockdown. Thus, we performedantitative reatime PCR (QRT
PCR) to determine CreERT?2 trangtrievels and measured the knockdown efficiency (%
knockdown) of CreERT2 by comparing them to the empty vector control condi@lanin vitro
testing results reveal thehRNAmir#2 Eigure 22, highlighted rgdas the best knockdown

efficiency (90% knocklown).
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shRNAmir Vector KD % shRNAmir sequence

Empty Vector control 0%

Scramble shRNA 10% GCT GAAATGTACTGCGCGTGGAGACGTTTTGGCCACTGACTGACGTCTCCACGCAGTACATTT
shmir#l 79% GCTGAACCATTTCCGGTTATTCAACGTTTTGGCCACTGACTGACGTTGAATACGGAAATGGTT CAG
shmir#f2 ** 90% GCTGTAATCGCGAACATCTTCAGGTGTTTTGGCCACTGACTGACACCTGAAGGTTCGCGATTA CAG
shmir#3 34% GCTGGTAACAGGGTGTTATAAGCAAGTTTTGGCCACTGACTGACTTGCTTATCACCCTGTTAC CAG
shmir#4 31% GCTGTTAACCCTGATCCTGGCAATTGTTTTGGCCACTGACTGACAATTGCCAATCAGGGTTAA CAG
shmir#5 64% GCTGTTAACATTCTCCCACCGTCAGGTTTTGGCCACTGACTGACCTGACGGTGAGAATGTTAA CAG

Figure 22 shRNA validation in vitro

The top 5 shRNA candidategerived computationallywere screened in a cell
based assay on its knockdown efficiency. The most potent sShRNA (shmir#2, as

indicated in red) was used in the pAAV cloning and AAV virus generaien.
Methods for more detalils.

53



Next, | wanted to test whether this virally delivered RNAI can suppressrediated
recombinatiorin vivo. Usinga double transgeni€re reporteanimal where CreERT2 is
expressed in the hippocampus and-@pendent tdTomato is present in every tatljected
AAV1-CMV-eGFRshRNA (producedn-house by th&uckerman Institute Viral Facilityip the
right hippocampus, and allowed 2 weeks for knockdown of CreERi&éh, linjected4OHT to
allow the cells that still have CreERT2 expressioaridergo recombinatioto express
tdTomato(see Methods for detailsandperformed histologwt least 7 days after 4OHT
induction Remarkably, in this preliminary te@tigure 23) | found that>75% ofeGFRSshRNA
neurons (greenhdeedhada lack ofCremediated activity (whih would result in red labelling)

Due to technical issues possibly with the virus titer or purity, the number of infected
(green) neurons are always very few despiterg high injection volumes, and this impeded
followup experiments beyond the proofafncept shown in Figure 2Bhus, we are exploring
the possibility ofobtaining higher purity/ lower toxicity AAVs for future applications of this

experimental tool.
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(continued fronfigure onprevious page)

Figure 23: shRNA knockdown of CreERT2is effective in vivo

a: AAV1-CMV-eGFRshRNAIs injected into the hippocampus of a
ArcCreERTZ2;Ai9 double transgenic mouse. ShRNA expressing cells are green.
Cre expressing cells, revealed after 4QHRj&ction, are red. DAPI counterstain is
shown for neuroanatomical reference. See Method for more d8tzlle bar =
200um. b: Magnifiedmontagemages of the boxed areaote the absence of red
labelling in the green shRNA expressing cells, indicat@ug bf functional Cre
recombinationFrom top to bottom: Merged image, shRNA (green) only, Cre
reporter (red) only. Scale bar = 200.
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3.4 Innovation of an inducible and reversible synapticsilencingtool

Although there are many approaches available for specific reversible neural silencing,
none are suitable for sustained inhibition over longer timescales of days or(Waegert et al.,
2017) The two widely used methods in neuroscience compnisbkitory opsinsandinhibitory
DREADDs (Boyden, 2011; Roth, 201&jlowever,while they have good temporal control (on
the order of millisecondseconds fooptogenetics and minuté®urs for chemogenetics), both
are not suited for sustain@thibition thatlastsfor an entire day or for multiple days.

Since the development of sugar preference takes betwe&® [&irsin our
experimental protocol opted br permanent silencing with the genetically encoded light chain
of tetanus toxin (TetTox)l'he light chain of tetanus toxin is a protease that efficiently cleaves
synaptobrevifVAMPZ2), an essential component for neurotransmitter release by vesicle, fusion
and consequently prevents synaptic transmigditinray et al., P11; Schiavo et al., 1992;

Sidhof, 1995)

Logically, if I can somehowrevent the continuegxpression of tetanus toxin,
synaptobrevin levels should gradually recover, and neurotransmitter release can occur again. |
reasoned that if | puketToxin a Doxycycline inducible casseff€igure 2) instead of a
constitutively expressing promoter, laahd be able control the synaptic silencing on the
timescale of days by switching the mice between doxycyclomaining chow, and normal
chow.In support of this, a Biransgenic mouse model demonstrated that the effects of TetTox

can be reversed whenetlexpression is turned gffamamoto et al., 2003)
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Switch on expression with DOX diet

in Cre+ cells in neurons

TRE3G PEST TeTxLC 3xHA SVAOpA o PAUSE o hSyn Tet-0n-3G SV40pA

Figure 24: Compact viral cassette for inducible and reversible TetTox expression

In here, a neurespecific synapga (hSyn)promoter constitutively expresses the
Tet-On-3G transactivator proteir{Clontech, 8 gen) TetTox isunder the control

of the inducible TRE promoter, so that only in the presence of Doxycycline, the
TetOn-3G transactivator will express thisavnstream cassette. To make it Cre
dependent,| cloned theTetToxgenein reverse orientatioand flankedit with

double inverted loxP. Since tetanus toxin is known to be highly effective, | added
a PEST sequence to speed up the degradation of tetarmysstoinat in the

absence of DOX, its levels will fall off more quickly.
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To validate the inducible expression, | injected VG@&ile mice with my inducible
tetanus toxin AAV.TetTox expression is observed via HA tag immunostainivigh regular
chow, there is no expression of tetanus tokigre 5, note the absence of greedlls). After 2
days of doxycycline chow consumptianmodest number dfetToxexpressing neurons are
observed in the injection si{€igure 5, middle panel)After 4 days of doxycycline exposure,

many more TetToxexpressing neurorege now observediemastratinginducible expression of

TetTox
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AAV i-DIO-TetTox 1

Regular chow DOX  SAC
| S
A >8 days 0, 2 or4 days
AAV
2 days of DOX 4 days of DOX

Anti-HA (iTeTx) Anti-HA (iTeTx) Anti-HA (iTeTx)

Figure 25: In vivo expressionby virally delivered AAV9-i-DIO-TetTox

VGAT-Cre mice are injected with AAVVhducibleDIO-TetTox (see Figuref

for full cassette details). The mice are maintained on regular LabDiet chow only
at first, and then at least 8 days after AAV injection, they mice were divided into
3 cohortsLeft: Representative image of a mouse kept on regular LabDiet chow
only. Middle: Representative image of a mouse switched to DOX Diet $Biw)

for 2 days before sacrificRight: Representative image of a mouse switched to
DOX Diet for 4 days before sacrificall images are Nissl stained (NeuroTrace)

in blue for neuroanatomicalfexence.
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Next, | conducted a set of experiments to ask: a) can the expression of iheliloxa
behavioral loss of function with DOX, afx) can | reversibly restore nornfahction by
removng DOX from the diet?

To do this,| used an experinmtal model that can easily give me the readout of the state
of silencing:l injectedan AAV 1-inducible DIO-TetTox into nerons necessary for sweet taste
(see Figure 26a, and Methods for detaifgg know fromprior results irourlab that when these
neurors are silenced (by DREADD or by DTA), mice lose the abilittagiesweet(unpublished
data) | then tested these mice in-da@ttle assaysing sweet versus water stimuli

First, as a control, | confirmed that thes&V1-inducible DIO-TetTox injected Sweet
Cre micebehave normally, and indeed prefer the sweet bottle with an average preference index
of 0.92during the 2 days of testin§igure 26b)

Next, | swapped out the regular chow with a DOX chow, and in thisnpnary set of
experimers, | also gave the mice an IP injection of DOX to rapidly raise systemic levels of
DOX. In doing so, | predicted that DOXediated silencing of the sweet sensing circuit in the
brain will now result in reduced sweet taste prefeeehobservethatunder DOX, their average
preference index drops down+0.7 (Figure 26b, pink shaded region, note that a preference of
0.5 indicates a lack of preference for either bptti¢hile this is only a 280% drop in the
preference index, gtrongly suggests that it may be possible to optimize this strategy.

Finally, | switched the mice back to regular chow, and they recovered their attraction to
sweet over the next 4 dagwith a sweet preference 60.9in the last 2 dayspas TetTox should
no longer be expressed and neurotransmitter release may occur again.

Why did we not observe a complete loss of attraction (i.e. a preference of 0.5) to sweet in

all the animals? | examined the animals gust, and dund thathe AAV injection coverage of
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the sweet taste neurons in the brain was incomplete in a fewThisemight explairthe
reduced but not complete loss of sweet attracasrthe remaining sweet taste neurons not

infected by the AAV might alreadye sufficient for the animal to recognize and be attracted to

sweet stimuli
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Figure 26: Reversible silencing of sweedttraction in vivo as proof of concept

a: AAV1-inducibleDIO-TetToxwas injectednto apreviously characterized
(unpublishednternal correspondent€re driver line in the lab that marks

neurons necessary for sweet taste behaVloe.mice were then tested for sweet
(AceK) attraction in a bottle assay. At the end of the experiment, brams

mice (in the DOXON state) were sectioned to verify the AAV injection site and
TetTox expression, and a representative image is shovwnpreference index of

1 indicates extreme attraction to sweet AceK, while 0.5 indicates no preference
for eitherbottle. The bars represent the average preference index across 11 days
of experiments: days-2 (regular chow), 3t (DOX chow + IP), 57 (DOX chow

+ IP), 89 (regular chow), 1401 (regular chow)see Methods for details.
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| have sincgproducedoothrecombinanfAAV2/9 and AAV2/1 serotypethducibleDIO-
TetTox systers, and amworking with other lab members for more rigorous testifgis is the
first knowniteration of an inducible and reversible silencer taatsustain inhibition ogr
several days or morand it is compaetd into an AAV (<5kb size) for convenient targeted

delivery into the nervous system.
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Chapter 4: Hijacking the gut-brain axis to create novel preferences

4.1 Genetic identification of sugarpreference cNST neurons

The resultsn Chapters 43 uncovered a specifigut-vagatbraincircuit critical for
driving the development of preference for su@ext, | devised an experiment to determine
whether the selective activation of this circuit carrécruited to create a preference to a
previously urpreferred stimuludrirst, it was imperative tmentify a genetic driver that marks
sugarpreference neurons in the cNSTisedparallel and complementaapproaches) using
MRNA in situ hybridizatin of candidate marker genes and steyarked Fos, ii) pulling down
the ribosomal translating mRNA from suggativated neurons, and iii) obtaining and generating
transgenic Cre driver mice and assessing if that giably marks sugar cNST neurorhes
will be detailed in the next 3 stdections (4.1.1 to 4.1.3), and the successful discovery of a

specific genetic marker for sugar is summarized insadiion 4.1.4.

4.1.1Approach A: Double staining with Allen geneatlas candidates

| postulated that genetic marker for sugar cNST neurons might show regional
specificity in the cNST, as this has been the case for many functionally defined marker genes in
other brain area@hung et al., 2017; Henry et al., 2015; Kim et al., 2017; Tan et al., 2016;
Wang et al., 2019We examined th Allen Brain AtlagLein et al., 2007jor candidate genes
with enriched expression in subsets of cNST neurons, and then tested candidaigarfor
inducedFos labelling using our standard gluces®ked Fos induction assay

Given that antibody staining for Fos in response to sugar stiombatirks robustlysee
Chapter 2)I first attempted the straightforward method of applying antibodies against the

candidate genetic markers, and then quantifying which onkxcabize well with sugafFos
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neurons by doublenmunohistochemistrySpecificaly, in most caseghis involvesstaining the
brain of a stimulated mouse with rabbit aGandidateMarker and goat antos, developing

them differentially with donkey antiabbit red fluorophore and donkey agtat green
fluorophore, and then comparitige red and green overlap (yellow). However, after extensive
efforts with optimizing the antibody staining conditions, including performing antigen retrieval
steps, | could not achieve satisfactory and clear labelling of the candidate gene pliédiycts

a result of the poor quality of the antibodies for Iftlata not shown)

Thus, | switched to mRNA fluorescence in situ hybridization technitpukebel the
Acandi date geneo expressing neur on &Konatsuwet c o mp a
al., 2005; Schaerewiemers & GerfinMoser, 1993)While this approach sometimes is
successful for the highly expressed genes (high copy number), it is unable to clearly label the
lower expressing genebhe mRNA labelling sensitivity can be meased but at the expense of
the subsequent step fotein immunolabellingalso commented on later in Figure 4iMave
found thatskippingthe paraformaldehydixation stepandalsoapplying protease to expose the
MRNA for binding improves the mRNAelling significantly, but results in loss of Fos
immunolabelling presumably because Fos proteinpa@ody labelled if not properly fixed
(Newton et al., 2002; Schaergiemers & GerfiAMoser, 1993; Tautz & Pfeifle, 1989)

Finally, | decided that ivasbest tostain for both the candidate gene and also the sugar
activated neurons by-situ hybridization simply using the most optimal conditions for RNA
accessibility The candidate marker gene will be labelled using &Riboprobe(see Figur7
for streamlinedsynthesis strategyand the activated neurons will be labelled with a DIG probe.

They will then be amplified by a secondary layer of binding with-BRtC-POD and antDIG-
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AP, and then have the speciflooresence develogd enzymaticallyith TSA-FITC and

HNPP/Fast Redystems respective()Komatsu et al., 2005; Vosshall et al., 1999)
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Figure 27: Rapid generation of riboprobes to any target by PCR+IVT

RNA was extracted from a mouse brainstem by TRiided sepation, and

then used to make a cDNA library by figtand synthesis. PCR primers can then
be designed to copy a 5A000 bp region of the mRNA target, with the T7
promoter site included as a 19 bp overhang via oligo synthesis (such as
ABA_Fwd and ABA_RewT7 shown above)n this manner, plasmid cloning,
linearization and additional purification steps are not necessary, and the riboprok
to the target can ba vitro transcribed (IVTpy T7 DIG or FITC systems

(Roche).
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Thetemporalprofile of FoOsmRNA levels after stimulation are different from thataofs
protein level{Greenberg & Ziff, 1984; Guzowski et al., 1999; Lyford et al., 1995; Numan et al.,
1998; Row & Martin, 2017; Q. Zhang et al., 2018) find the optimal time point of peak
MRNA levels, | performed a timecourse experim@igure B). In this experiment, | stimulated
3 cohorts of mice at 15 min, 30 min, or 45 min prior to sacrifice (longer inseofaip to 120
min were also tested, but showed minimal labelling). Brains were rapidly dissected and frozen in

OCT moulds for cryosectioning and-situ hybridization for Fos mRNA (shown in red).
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(continued fronfigure onprevious page)

Figure 28 Timecourse of stimulusevoked Fos mRNA expression
Representative images of the cNST of mice giweed stimulations at 15, 30 or
45 min prior to sacrifice (see Methods for details). Fos mRNA, revealed by
targeting a DIGabelled riboprobe onto 16um cryosections of the fifesken
brains, and then developing it via additional amplification with Alkaline
Phosphatase conjugated abtG antibody and HNPP/Fa&ed substrates. The
highest amount of stimulesvwoked labelling was most reliably seen in the 45 min
timepoint sample.
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In addition, | also tested other IEGs that are correlates of neural activation: Arc, Egrl,
and Npas4Greenberg & Ziff, 1984; Lyford &dl., 1995; Numan et al., 1998; Sun & Lin, 2016)
Therefore, on the A45 mino sampl es, I perform
Npas4 separately (Figur®)2 Egrl showed high degree of stimukgoked labelling, while Arc
and Npas4 are nagably weaker even though they still label neurons in a stirsplesific
manner (compared to control unstimulated mib&ving forward, in subsequent experiments |
decided to use a mix of the 4 IEG riboprobes e n ¢ e f anrRtNMA abeEtle stimulus

activated neuronghereby effectively broadening the mRNA targets and amplifying the signal.
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Figure 29: Arc, Egrl, and Npas4 mRNA as correlates of activation in cNST

Representative images showing mRNAsitu hybridization labéng in the
cNST with riboprobes targeted to Arc, Egrl and Np&s4 this control
experimento evaluate the optimal conditiorestimed stimulus injection
paradigm was used (see Method for more details).



In summary, my control experiments have shown that the optimal conditionsdtwr2
in-situ hybridization are: IEGNRNA with DIG-AP-HNPP/FR, and candidate marker gene
MRNA with FITGPOD-TSA-FITC. Notably, for low expressing candidate marker gene targets,
the FITC procedure can be amplified iteratively, as theRIC POD antibody can be used
again on the TSAITC substratéRow & Martin, 2017)

| searched the Allen Brain Institute ISH data for genes that are enriched in the cNST, and
decided to screen this list of marker genes to see if the neurons that express the markes gene
also activated by sugar. As an example, the gene Baiap $tighly enriched expression in the
cNST, and not in other parts of the brains{&gure30a, extracted fronhein et al., 2007)
then presented mice with thegar stimulus, and dissected the brains fesiin hybridization
after 45 min. Representative images from a mouse is shown in Biguréhe topleft panel
shows, firstly, that the Baiap3 (red) staining pattern in the brainstem is comparable to timat show
from the Allen I nstituteds staining. The boxe
Baiap3 (red) and sugactivated (green) overlay in the toght panel. The percentage of Baiap3
cells in the cNST that are also sugativated is then qntified (yellow cells / total number of

red cells, see Methods for details)
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(continued fronfigure onprevious page)

Figure 30: Comparison of Baiap3 neurons with sugaactivated neurons

a: Baiap3 gene expression pattern in the brainstem. Coronal ISH image from
http://mouse.braimap.org/Lein et al., 2007)b: Top-left, representative image
of the ctNST showing Baiap3 (red) and sugetivated (green) neurons. DAPI
counterstain (blue) is shown for neuroanatomiciresce. The white boxed
region is enlarged in the other 3 panels, and the fraction of-aotjaated Baiap3
neurons (yellow/reds quantified (see Methoder detailed procedurgs
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In addition to Baiap3, | also repeated this process and diddb@fluorescent in situ
hybridization and quantifications for 17 other candidate marker genes (FlDuF®Ba
particular gene to be a specific marker of sugar neurons, | expectdhnge @roportion (>80%)
of the candidate gerexpressing neurons to be also labelled with sili§&. Disappointingly,
despite the immense experimental time and effort, none of the 18 candidate gemesutak

activated neurons satisfactorily.
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Gene Name Baiap3 1d4 Zcchel2  Adcyapl DIkl Uspll
Sugar-activated (%) 33 28 38 0 20 13

Gene Name Ly6h Zkscanl6 Camkv Tpbg CBLN2 Lppr3
Sugar-activated (%) 37 37 30 5 25 25

Gene Name Nnat Ctxnl Ngef Grial Fxyd6 Hpca
Sugar-activated (%) 25 40 35 24 23 11

Figure 31: Quantification of Baiap3 as well asl7 other candidate marker genes

Using the 2color fluorescent in situ hybridization approach illustrated in Figure

29, a set of 18 genes (including Baiap3 as shown in Figure 29ewaieated as

potential marker genes forsugarc t i vat ed

activated ( %) ocag thafradtionfoficandidate marker géena d i

expressing neurons that are activated by sugar.
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4.12 Approach B: Generation andscreeningof Cre driver lines

In parallel with thedualFISH in approach A, | also directly obtained or generated
candidate Cralriver mouse lingsard quantified the colocalization between the Quoesitive
neurons and the sugkos neuronsThese candidate Cre driver mouse lines were chosen because
the driver genés enriched irsubsets of cNST neuronssing a similar search criteria as
described in approach Rigure 2 lists the 17 candidate Cre driver mouse lines used for
screening: 8 are available from JAX, 9 are novel mouse lines generated by either TRISPR

or BAC transgenesis.
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Obtained from Generatedby
commercial sources molecular genetics

1. Calbl 9. Baiap3

2. Pdyn 10.Ly6h

3. Phox2b 11.Zcchcl2

4. Adcyap 12.Gal

5. Cartpt 13.1tih3

6. Penk 14. Agt

7. Bdnf 15.Ntrk2

8. Th 16.Nucb2
17.Shox2

D' e ¢ —
\/'x The Jackson "\
Laboratory

Figure 32 Screeningof 17 cNST Cre driver mice (including 9 novel lines)

A gene list of the 17 Cre driver linéBhe 8 commercially available mouse lines
were obtained from JAX (see Method for catalog numbers). Of other 9 mouse
lines,Baiap3Cre and Ly6hCrewere generated by BAC recombineering &l
remaining7 were generatkastargetedknockins byEastCRISPR, an optimized
CRISPRCas9donormodification(see text for details)mages from
fiRoscoejacksan u rICERNSA4.0(WikimediaCommons)
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Baiap3 is a gene with enriched expression in the c($8& #9 on the list in Figur)3
As suchjt might represent a distinct population of neurons in the cNST that are activated by
sugar and drive behavioral prefereneeen though it only marks a small subset of the sugar
activatedneuronsn Fos celabdling experiments (FigurgQ).

To gain genetic accegsovided by the extensive CGt®x toolkit, | engineered mice
whereCrerecombinasés selectively expressed in Baiappressing neurons. Conceptually,

BAC recombineeringSchmidt et al., 2013; Sharan et al., 2009; Ting & Feng, 2014; X. W. Yang
et al., 1997; Y. Zhao et al., 201i8)simply replacing the Baiapgenewith Cre recombinase
transgene in hacterialartificial chromosome contaimg many 10s of kilobases surrounding the
Baiap3gene (so as to included regulatory sequenees) inserting that into the mouse by
pronuclear microinjection, so that the mutants will now haxeexpressed under the regulatory
control of Baiap3.

First, the BAC RP24169D17 CHORI) obtained contains a ~160kb insert that has the
start codon of Bap3 located at base 110531. Based on this, the 500 bp upstream of the ATG
was designated as the 56 homology arm, whil e
was designated as the 36 homology ar m.

Then, wing isothermal assembly 4fPCR fragment6 OR1 , 5 6WP&REKm n RCr e3 0
arm), a complete iCre (codon optimized Cre) plasmid was constructed and cloned as the Baiap3
targeting vector (Figure3d). Kanamycin antibiotic selection, crefsgment colony PCR, and
sequencing confirmed integrity ofrtgeting vector.

Subsequently, the BAC clone and the-jmmearized targeting vector were electroporated
into EL250 cells. Colonies were then screen for integration of targeting cassette into the BAC

clone, and subsequently, FFKBNR-FRT was removed by draose induction. The final Cte
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KanR BAC was linearized with an excess of Nagétriction enzymeWith the assistance of a
skilled technician in the lab, the DNA was thaicroinjeced into65 fertilized oocytes
Thereafterd founder pups were born,c&hgenotypedhem byPCRand electrophoresigigure

33b), and found 3 positives.

Ly6h-iCre was made in a similar manreer describedbove, but instead BAC Clone
RP24314A9was used, and the targeting vector was

around the Ly6h start codon.
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(continued fronfigure onprevious page)

Figure 33: Generation of Baiap3-Cre mice by BAC transgenesis

a: The targeting vector was made via isothermal assembly (NEB HiFi) of 4 high
fidelity PCR fragmentRP24169D17@aiadpIdBAG)0 ma
sequence, ii) a NL-Ere-HA-WPREpolyA-FRT-KanR-FRT fragment produced

by gene synthesis (Genscript), @) 30 h o mo | &®B2¢4162Dd 7nandfiv) o r
an ORI for bacterial amplification. Note that Ndel and EcoRI sites were slotted in
by oligo synthesis (PCR primers), to facilitate restriction enzyme mediated
linearization prior to recombineerink. Baiap3iCre vector and founder

genotyping, samples # represent the toe biopsies from the 8 founder pups,
BAC denotes the final Ct&kanR linearized BAC used for microinjection, WT
samples ar€57BL/6J(left) andB6CBAF1/J(right), and NTC isano-template
control. Thusfounders#5, #7 and #8 are transgepeasitive.
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Besides generating mice by BAC transgenesis, | alsofitssiCRISPR), which isa
CRISPRCas9 mediated knoek strategyutilizing long single strand donots insert Cre into
the genoméLi et al., 2019; Miura et 312015; Quadros et al., 2017; H. Yang et al., 20A3)
precise insertion of Cre into the endogenous allele of the target gene is likely to result in
Acl eaner 0 ompanedteosventianaBAC tcangenesis which has the undesirable
side effects boverexpression of unwanted extra genes and the consequent behavioral/
biochemical/ physiological confound&olisnyk et al., 2013; Ting & Feng, 2014)o further
mi ni mize disruptions even to the target gene,
strategy for almy generated CRISPR lines, and appended Cre by using either a-2keaeifg
peptide linker, or internal ribosomal entry site (IRES) to initiate translation.

Frommy prior experiments in the lab, the gene Zcchcl2 is one of the candidate marker
genes for sugar preference neurons in the cNST, but a Cre driver for Zcchctlavailable.
Therefore, | generated Zcche2A-iCre by EasiCRISPR (Figure 8). Unlike the BAC method,
EastCRISPR requires 3 components to be injected into the oocyte: i) Cas9, ii) guide RNA, and
iii) single-stranded DNA transgene donor templ@tier rounds of optimization based on the
original protocoldqLi et al., 2019; Quaus et al., 2017)l found that directly using Cas9 enzyme
instead of MRNA was much more effective, and | also derived a new cifsamgrocedure to
streamline the synthesis of guide RNA and sirggianded DNA (see Method for details).

With assistance from an experienced technician in the lab, we injected tinep®nent
mixture into 142 fertilized oocytes, and 30 live pups were born. Based on my genotyping, |
found2 founder pups with successful insert integration (Figda.3\Noting hat successful
expression of Cre requiresframe insertion of the 2A linker, | also carefully verifidnd 2

positive mice by amplifying, extracting and sequencing the mutant fragfigate 3ib).
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Founder #24 had no errors, and was used for experinkenisder #16 was found with an indel
near the stop codon of Zcchcl12, resulting in a deletion of 3 amino acid residbeCterminal
of Zcchcl2and addition of iewresidues, but miraculously without shifting the reading frame.
As anticipatedfounder#16 (which | kept out of curiosity), indeed showed functional and similar
expression with a Crdependent reporter &sunder #24.

The other 6 mice (Gal, Itih3, Agt, Ntrk2, Nucb2, Shox2) were made in a similar manner.
For 1tih3, Nucb2 and Shox2, | optéaluse an IRE®asedlesign (see Method fonoredetails)

instead othe 2A linker designo relax the requirement of aligning the codon reading feame
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(continued fronfigure onprevious page)

Figure 34: Generation of Zcchc122A-iCre mice using EastCRISPR

a: PCR and agarose gel electrophoresis of the 30 pups from ZeZAdC2e

mi croinjection. Primers were design
Cr e (1 ingertion jumcion (8i)0and the entire insert (i()-(iii) were done
using Tag, to identify samples that show the expected band in all 3 regions as
candidates for sequencing, note that the full 1.6kb band could not be copied fron
#3 and #10, suggesgn t h a {i) atn [ @ii)3j@ations might not be in cis
(Quadros et al., 201.7(iv) was done on the candidates using a high fid€ly
polymeraseand could give a wildtype 0.5kb band and/ or a mutant 1.6kh band
The founder pup numbers are shown above positive bartisotes theDNA
sizeladder(GeneRuler 1k#lug, with the expected fragment sizes shown on the
right. The lanes from left are: L, 1, L;20. b: The mutant bands of #16 and #24
were extracted from the gel and sequenced across multiple ragidading the
5and 36 homol ogy a ermors asuwhe ieraphate s msertef viao r
homologydirected repairTh e al i gnments in the 506 I
The first line is the template sequerar®l the second line is the actual sequence
from the PCR fragnm from the founder mouse. Other than the indel found in
#16, no other errors were found for #16 and #24 in all sequenced regions.
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| examinedhe candidatenarker gene expression in each line by crossingthénesto
a Credependent genetic reporter such as Ai9 or AifBRigle et al., 2018)or by injectingnto
the ctNSTan AAV virus carrying a Crelependent fluorescent reporfeuo et al., 2008]Figure
35). These CreReporter candidate gene mice were then stimulatedswghr andantibody

labellingwasperformed to compare the colocalization of kath marker gene
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Baiap3 NLS-tdTomato | Neurons

Itih3 tdTomato | Neurons

BAC—ATG insertion

CRISPR —targeted IRES-Cre insertion

Calb1 NLS-tdTomato | Neurons Gal NLS-tdTomato | Neurons

From JAX CRISPR — stop codon P2A-Cre insertion

BDNF eGFPAAV) | Neurons Penkl NLS-tdTomato | Neurons

From JAX From JAX
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(continued fronfigure onprevious page)

Figure 35 Representative images of marke«Cre expression from the 17 lines
Baiap3, Itih3 and Gal are representative examples of my generated mouse lines
while Calbl, BDNF and Penk are representative examples of lines obtained
commercially. Mice generated using the 3 different configurations are also
indicated: Baiap3 was made placement of Cre at the start codon in a BAC,
Itih3 was made by placement of IRE3e after the stop codon by E&3RISPR,
and Gal was made by-fnrame insertion of 2ACre at the stop codon by Easi
CRISPR.mages from ariousCre-reporterschemes are alshown: Ai75D
(mouse with Cre dependent nuckaealized tdTomato), Ai9 (mouse with Cre
dependent tdTomato), AAV (injection of Cre dependent GFP virus). Nissl
counterstain (NeuroTrace, blue) is shdanall imagedor neuroanatomical
reference.
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4.13 Penk neurons in the cNST are sugaactivated neurons

My results demonstrated that Proenkephalin (RerRyessing neurons in the cNST
respond strongly to sugar stimufiigure Haillustrates the experiment paradigm: | engineered
mice where nuclear localized tdTomato is expressed in Penk nébremieCre;Ai75D, Figure
36b), and presented them with sugar stimuli. Sugar ingestion then induces robust Fos expression
(also nuclear enthed) which is revealed by immunostainingophoximately 85% of the sugar
induced Fodabeled neurons in the cNST are Pgasitive, and over 80% of the Pepé&sitive

neurons were labelled by Fos after sugar ingegk@ure 36c¢).
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(continued fronfigure onprevious page)

Figure 36: Penk marker gene identifies sugafactivated cNST neurons

a-c. Experimental paradigm used to identify sugar preference neurons in the
cNST. PenkCre mice were stimulated with 600 mM glucose, and brain slices
were analysed for Fos and Penk labelling. Penk neurons were marked by
expression of a nucle#wcalized tdTomto reporter (Ai75D. b: Low-
magnification tissue section of the brainstem (Bregffa mm) showing Penk
expression (red); tissue was counterstained with DAPI (blue). Scale bar, 500 um
cNST, highlighted in yellowC: Sugarpreference neurons are Pesdpressing.
Shown is a section of the cNST (from Pamabove) with Penk neurons labelled
with tdTomato and glucosactivated neurons (Fdabelled) marked green. Note
the high degree of overlap in the merged image. Approximately 85% of sugar
activated neuroni® the cNST are marked by Penk, and ~90% of cNST Penk
neurons have sug#&ios labelling (n = 3 mice). Scale bar, 20 pm.
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4.1.4 Approach C: RNAseq of PhosphoTRAP cNST neurons

Although my experiments in section 4.1.2 and 4.1.3 already led to the discovery of Penk
as a marker gene for sugaativated neurons, | will describe in this section another approach that
| have also attemptetadopted a targeted RNAseq discovery mettadtbd PhosphoTRAP to
attempt to extract a marker gene. A recent péoeight et al., 2012flemonstrated that specific
phosphorylation of a ribosomal protein can be utilized as a molecular tag of activated neurons,
and immunoprecipitation of the phosphorylated ribosomes will allow the retrieval of mMRNA
being actively translate(@nd thus enriched marker genes) selectively from activated neurons.
Worth mentioning is that unlikepproache# and Bwhich assum&that the marker gene shows
selective regional expression in the cNST but not the surrounding area, this RNAseq method
pemits discovery of genes that might have a distributed expression pattern, but when examined
within the cNST, specifically mark sugactivated neurons. Such a genetic marker will still
provide us with specific genetic access to investigate and manifhgagedar preference circuit.
The concept of how phosphoTRAP can be applied to discover a genetic marker for sugar

activated cNST neurons is summarized in Fi@gdife
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Figure 37: Outline of phosphoTRAP-RNAseq marker discovery strategy

This flowchart(adapted from the origih@amage inKnight et al., 20125hows

how phosphoTRAP + RNAseq can be used to find a genetic marker. As neurong
activation results in ribosomal phosphorylation, an antibody against the
phosphorylation site can be used to pull down the ribosomes gelgdétom

activated neurons in a brain tissue. By RNAseq analysis, genes that are found
enriched in the pulledown sample can be uncovered, and might represent a
unique genetic marker of the activated neurons.
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S6 is a component of the ribosomkich hadive evolutionarily conserved serine
residuegFigure 3Ba) that gets phosphorylated in response to a wide variety of stimuli, including
neuronal activityMeyuhas, 2008)Prior experimentéKnight et al., 2012have suggested that
these sites are phosphorylated in ascending order of their residue number, \28b Hezly to
be phosphorylated in most neurons ebgriransient basal activity, whereas-247 is likely to
be phosphorylated only when there is a bout of intense activation. In agreement, my preliminary
tests with the antibodies targeted te@tsphorylation at the various residues confirmed that
immundabelling with the antibody that recognizes the-2&r (and SeR44) phosphorylation
epitopes (as illustrated in in Figur8a3 results in the most distinct labelling, i.e. high signal to
noise in the cNST of a stimulated versus unstimulated mouse (athawn).

Having found the conditions for optimal phospB6°¢"244/5¢247 (PS6) signal to noise
labelling in the cNST, | then asked if the PS6 neurons are also the Fos neurons in the cNST of a
mouse stimulated with sugar. If PS6 and Fos both meaniyngdbkl the sugaactivated
population in the cNST, we would expect that there would be a high degreéochimation.

Thus, | stimulated a mouse with the sugar solution, and then performed double
immunohistochemistry to reveal PS6 neurons in redFaischeurons in green (overview in
Figure Bb, magnified view in Figure&). As expected, most of the R8&rked sugaactivated
neurons were also robustly marked by Fos (>90%, almost all red neurons are also green).

Conversely, however, not more thanfladlthe sugai-os neurons were dabelled by
PS6 (Figure 8c, many green neurons are not also red). It is possible that PS6 labels only a
subset of Fos neurons because its induction threshold for complete phosphorylation up to the
serine247 residue isignificantly higher than the threshold for detectable Fos expression. In

other words, Fos might label neurons with medium to high neuronal activation, but PS6 might

97



label neurons only with high neuronal activation. Nonetheless, the goal of these exeriment
with PS6 is to ultimately discover genes that are particularly enriched inacigated neurons,
from which we can find a marker gene that identifies sugar cNST neurons. Thus, this apparent

enhanced specificity of PS6 is actually ideal for downstrie&lAsegbased discovery.
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(continued fronfigure onprevious page)

Figure 38 PhosphoS6 labelling captures sugaFos neurons with high specificity

a: The diagram, adapted from Knight et al., 2012, illustrates the 5 serine residue:
of S6 that undergo activitlglependent phosphorylation (see text for detdils).
Widefield view of a representative coronal brainstem slice from a sugar
stimulated mouse. B8phoS6 (PS6) is labelled using an antibody specific for the
244/247 phosphorylation epitopes, and is shown in red. Fos neurons are markec
greenc: Magnified view of the white box in (b). Note that >90% of red PS6 cells
are also cdabelled by Fos in gree
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The experiments shown in Figur8 @emonstrate an optimized experimental condition
for PS6 immunolabelling, and confirm that PS6 colocalizes with segsuneurons in a specific
manner. To discover genes enriched in the sagivated PS6 neurons, | extracted RNA from
the cNST from a cohlrbof sugarstimulated mice and performed btRNAseq and differential
expression analysis.

Specifically, mice were separated into 3 groups of 3. Each group is a biological replicate
sample, and consisted of cNSTs pooled from 3 mice for sufficient amafUrRI$A per sample.
All 3 groups were stimulated with sugar solution, and the brains were rapidly dissected and
~50Qum thick brainstem slices were obtained by vibratome sectioning (in chilled, Ridase
conditions), the cNST was microdissected and theogssed according to the published
protocol(Knight et al., 2012]Figure39a). 2% volume of thbomogenized brain supernatant
wask e pt a qrepfesentipgutdtabRNAWhile the rest was used for immunoprecipitation
with PS6-Ser244/24&dsorbed oynabeadgrepresenting RNA from sugarctivated neurons)
Next, | purified # samplegRNeasy Micro Ki}, and resultant Nanodrop RNA and Agilent
Bioanalyzer RNA picochip analyses indicated an averagengfRNA yield and a range of 8.7
9.4 RIN quality (Figure 9b). Library construction and sequencing steps were outsourced, and |
analyzed the data using the Kallisto (alignment) and Sleuth (differential expre§sioahtel et
al., 2017) Of note, processing the sequencing data via a HIS#ingTie DESeq?2 pipeline also

yielded similar results (data not showhpve et al., 2014; Pertea et al., 2016)
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2.350067 fosl2 fos-like antigen 2 IEG
2.094571 dbp D site albumin promoter binding protein
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2.037561 msx1 homeo box, msh-like 1
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1.763305 ppplrlb protein phosphatase 1, regulatory (inhibitor) subunit 1B
1.648999 so0x9 SRY-box containing gene 9
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(continued fronfigure onprevious page)

Figure 39: Enriched genes insugar-stimulated phosphoTRAP neurons:

a: For a biological replicate sample, 3 mice were stimulated with sugar, and the
cNST of each mouse was obtained by crude microdissection (avoiding the Area
Postrema nucleus and ventral motor nuclei) as outlined. litaldgical sample

was then divided into 2 tubes: one that represents total RNA, and the other
represents immunoprecipitated RNA from PS6 neutonBioanalyzer peaks are
shown, along with the Agilent RIN quality score, and the yield of RiNAist of
geres, sorted in decreasing order of fold change in the PS6 sample versus the tc
RNA control, among other criteria (see text). Activiligluced immediate early
genes (IEGs) are among the top transcripts in the PS6 sample, as detfintged in
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| reasoned that a marker gene that identifies the sugar activated neurons was likely to be
enriched in the immunoprecipitated PS6 sample versus the total RNA of the cNST, thus | sorted
the list of genes by their foldhange, and adjusted for the fatbscovery rate (see Methods for
details). In addition, neuronal identities are typically well defined by transcription factors or
neuropeptidegKanamori et al., 2004; Kodama et al., 2012; Yap & Greenberg, 2018)I also
filtered the list by that criteria (Figuré8).

As anticipated, th activityrelated genes/ immediate early genes were particularly
enriched at the top of the list: e.g. Fosb, Jun, Fosl2. This confirmed that we have indeed pulled
down the translatingranscriptome of the activated neurons by phosphoTRA&estingly,
although Penkvas found to baspecificmarker of sugaactivated neuron@-igure 36) Penk is
only mildly enriched (log2 FC = 0.5) by phosphoTRAP. One possible reason is that the Penk
transcript is not actively translated in ribosomes, and thus sveetepresented in the pulldown

of mRNA from the ribosomes of sugactivated neurons.
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4.2 Driving behavioral preference

In section 4.1after an extensive thrggonged effort, | found that Penk specifically
labels sugar cNST neurons. My nexédictionwasthatdirectactivation of these neurons
(without sugaryhould be sufficient to condition behavioral preference. In essexperimental
activationaloneshould recapitulate the behavioral preference resulting from-sugyzced

activation(which was demonstrated by my experiments in Chapter 1).

4.21 Activation of sugar Penk neurons is sufficientd create new flavor preferences
To find out if stimulation of sugaactivated cNST neurons can condition behavioral
preference, | designed ergple yet powerful behavioral preference paradigfirst injected a
Cre-dependent AAV virus encoding the engineered excitatory designer receptor hM3Dq
(Armbruster et al., 2007hto the cNST of PenkCre mice, so that Penk cNST neurons could be
experimentally activated by the hM3Dq agonists Clozapi@xidle or Clozapin¢Armbruster
et al., 2007; Gomez et al., 20(8ge Methods for details)fter 8 days allowing for recepto
expression, mice were exposed tbdttle preference assays using artificisdlyeetened grape
flavoured versus chernfyavoured solutionsKigure 40 Under this experimental paradigm, the
cherry solution was significantly sweeter than grape (see Metod figure legend for details),
so that the animals would be significantly more attracted to the cherry flavourgHigh see
Pre). Next, we introduced Clozapine into thepwaferred grape flavour, and asked whether
Clozapinemediated activation dhe Penk cNST neurons (much ligegarwould do) can create
a new preference (i.e. by associating consumption of the grape flavour with clexeguizted
activation of the sugagpreference circuit). Indeed, after 48 hours of exposure to the grape plus

Clozapine bottle, mice completely switched their preference, even though the grape solution was
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still far less sweet than cherry @feire 40 purple lines). To demonstrate that the preference
switch is independent of the nature of the initiallypreferred smuli, we flipped the starting
flavours so that cherry was now the less preferred, and obtained an equivalent switch in
preference (Fjure 40bhred lines).

As anticipated, wildtype mice without the designer receptor are indifferent to Clozapine
and contiue to prefer the sweeter solutiongiiie 40¢. These results demonstrate that artificial
activation of the sugar preference circuit is sufficient to drive the development of a novel

preference to an otherwise npreferred stimulus.
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(continued fronfigure onprevious page)

Figure 40: Activation of sugar cNST neurons confers novel flavour preference

a: Chemogenetic flavour conditioning paradigm. The activating DREADD
receptor AAVDIO-hM3Dq was targeted bilatally to the cNST of Penrkre

animals. Mice were then tested for their preference between two flavours using &
2-bottle preference assay for 48 h (PRE). The diagram shows an example using
cherry (containing 2 mM AceK) versus grape (with 1 mM AceK). To erarthe
effect of activating the sugdqreference circuit in association with consumption

of the unpreferred solutions, animals were conditioned and tested using-the un
preferred flavoured solution plus the DREADD agonist Clozapine (POST; see
Methods for étails).b: PenkhM3Dq animals initially prefer the sweeter

solution. Remarkably, after associating Clozapine -anagliated activation of

Penk cNST neurons with the qmeferred flavour, all the PestkM3Dq mice
significantly switched their preference (PRE = 18.14%, POST = 61.1 +5.5

%; n = 8 mice, MartWhitney U-Test, p = 1 x 10). The experiment was carried

out using grape (purple lines) or cherry (red lines) as the initially less preferred
stimuli. c: Mice that do not express the DREADD receptor are unaffdngehe
presence of the DREADD agonist Clozapine in thereferred solution (PRE =

19.0 £ 3.0 %, POST = 21.4 £ 4.0 %, n = 8 mice); control animals were subjected
to the same conditioning and testing as the experimental cohort. Values are mea
t+s.e.m.
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4.3 Defined geneticaccess into thesgar circuit

My discovery of Penk enables, for the first time, defined molecular access in the sugar
gut-brain preference circuit. As such, | have started new prdggesher withother members in
the lab to further map out the sugar circuit in the bilamesthis sugar axis mediate mood via
dopaminergic or serotonergic systerissesit interact with our internal states of hunger and
satiety? How arsugar signals from the gutegrated and modulated wisliveet taste attraction
signals?

Although acomplete detailediscussion of each of those new projects is beyond the
scope of this thesig, is worth briefly mentioning thato supporone branch othese efforts, |
engineered battery obptogenetic behavioral systems (Figdde see figure legenand
Methodsfor detailg. | reasoned that an optogenetic apprd@sisseroth, 2015; Luo et al.,

2008) unlike the chemogenetic method, is better suitefufotionalcircuit mapping because it
allows for more precise positional and temporal control oCthig2stimulation(or recording

with GCaMP) These cosiderations are relevant and cruciabagaractivates numerousrain
region(Figure 6) and the activity spans several timescales (gut sugar activates the vagus nerve

within seconds, but development of behavioral preference takes more than a day).
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Figure 41: Construction of 4 behavioralsystemsfor downstream projects

a: A setup for lick triggeredstimulation A PenkChR2 mouse with an optical

fiber implanted over the cNST is trained to lick water from a spoutladee is
triggered by contadicking, hence the animal has control of its own stimulation
during the &serontrials. If stimulation of Penk triggers an immediate appetitive
response, the mouse would continusdtFstimulae (lick more) in the randomly
presented laseon trials.This preciseassay would inform whether stimulation of
Penk cNST is immediately attracti(iee. within seconds of a trial, as opposed to

a positive valence that builds up over longer timescdle$jeattime place
preferenceA PenkChR2 mouse with an optical fiber implanted over the cNST is
placed in a 40 cm by 20 cm rectangldax with 2 chambers for 30 min. A video
object detection scrigPeng et al., 2015% used to track the mouse in r&ahe,

and the laser will be triggered whenever the mouse is within the striped chamber
Therefore, if laser stimulation is rewarding (also within a short timeschate), t
mouse will spend much more time in the chamber that triggers the laser. This
behavioral paradigm, unlike (a), testbether effects of Penk activation evoked
preference can be generalized spatially (as opposed to being restricted to a
contextspecific ngestive or consummatory behaviar)A conditioned place
preference assay will also assess development of decontextualized preference
(e.g. spatial) like (b), but allows associations to be made over a longer timescale
d: An optogenetic flavor prefereacsetup, similar to the chemogenetic flavor
preference saip in Figure 40. In here, licking of a particular flavor electronically
triggers photoactivation of cNST Penk neur@res. closedoop stimulation)
Importantly, by programming the laser,wecan dul at e t he neur
pattern and duration, and by choosing the fiber implantation site, we can
selectivelystimulatein specific target sites trexon terminals of Penk ChR2
neuronsoriginating from the cNST
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4.4 Conclusion

Sugar is aressential energy source across all animal species, and it is therefore expected
that selective circuits be dedicated to seek, recognize and motivate its consumption. The
discovery of this guto-brain circuit provides a powerful pathway to help meet thesels.

In this study, we showed that glucose acts in the/iguBGLT1to activate a neural
circuit that communicates to the brain the presence of $gggohically summarized in Figure
42).

Why a gutto-brain sugar detection system in addition to tiséetaystem? A post
ingestive sensing system in the gut assures that signalling only occurs after the sugar molecules
reached their desired target for effective absorption and metabolic consumption. The association
between the activation of this glatbrain circuit paired with the recognition of sugar by the taste
system affords animals the fundamental capacity to identify, develop and reinforce a strong and
durable preference for sugach food sources. We suggest that the evolutionary association of
thes two separate circuits brilliantly combines nutrition with our basic sense of taste.

Notably, artificial sweeteners were introduced in consumer products over four decades
ago, however, their overall impact in decreasing sugar consumption, preferenoe@vamgl has
been negligible. This may now be understood at the circuit level (i.e. since unlike sugar, they do
not activate the preference circuit), and implies that it may be possible to develop a new class of
sweeteners that activate both the sweee testeptor in the tongue and the-grain axis, and
consequently help moderate the strong preference and drive to consume sugar.

Lastly, itwill alsobe interesting to determine whether our strong attraction to other
critical nutrientsparticularlyfat, use common brain circuits to create preference. Indeed, while

it is clear that glucose uses its own specific sensor in the gut forgejarence, there is no
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reason why other nutrient may not converge on the same prefereatieg circuit in the bra.
| will attempt to elucidate the neural basis for fat preference in the next and final chapter

(Chapter 5).
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Figure 42: Sugar preferenceis mediated bythe gut-brain axis

Summary of my findings in Chapters41Glucose acts in the gut, via an SGLT1
mechanism, and signals onto vagal and brainstem neurons. Vagal neurons
synapse directly onto sugar brainstem neurons, and are essential for transmitting
the gut sugar signals tbe brainstem. Finally, sugactivated neurons arke
necessary for development of sugar prefereijcgenetically defined by

expression oPenk, andii) sufficient forrobustlydriving behavioural preferences

in the absence of sugar stimuli.
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Chapter 5: A unified brain circuit for fat preference

Thepreference for higiiat food is innatéDrewnowski & AlmironRoig, 2010) which is
not surprisingsincefat isalso anessential macronutriefr all animals In humans, the
recruitment of these circuits for reward and pleasure, rather than nutritional needs, is thought to
be an importantontributor to the overconsumptionfat (Bray et al., 2004; Drewnowski &
Greenwood, 1983; Prentice, 2001; Swinburn et al., 2011)

Our chemical sensegystationandolfaction) guide our éod preferences. Indeed, in most
animals, the sense of taste is essential for the immediate attraction to sweets, and aversion to
bitters(Y. Zhang et al., 2003However, the taste of fat is noicludedamong the Hasictaste

modalitiesidentifiedto date(Yarmolinsky et al., 2009)

5.1 Fat in the taste system

Is fat alsosensed by the taste systentfsThypothesidias beenproposed byeveral
groups, along with reports ofindidatdat-binding receptors such as CD36 and GPR40 being
found ontastereceptor cell§Cartoni et al., 2010; Galindo et al., 2012; Godinot et al., 2013;
Keast & Costanzo, 2(5; Pepino et al., 2012)reasoned that if fat is sensed by the taste system,
then a) its detection on the tongue should trigger neural activity in the taste nerves, and b) fat
should no longer be behaviorally preferred in t&steckout animals.

First, | investigated whether orally applied fat evokes responsasarof the principal
nerves innervatintpste receptor celia the tongudYarmolinsky et al., 2009thechorda
tympaninerve was exposed using a lateral approach for recording in an anesthetized and trachea
cannulatedC57BL/6Jwildtype mouse as previously descrili@ahl et al., 1997; Nelson et al.,

2002) In this preparation, when tagtemuli for the 5 basic taste qualitiegereinfused
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lingually, strongnerve responses were observed. We then infused Intralipid (a fat emulsion
cocktail) onto the tongue, but failed to sebustresponses to faF{gure 48), indicating that the
taste nerve isat activated by lingual fat stimulation.

In addition we also performed in vivo activity imaging on the cell bodies of the taste
nerves (geniculate gangliexpressingsCaMP6s, a fluorescent calcium reporter of neural
activity. In contrast to bulk recomljs from the chorda tympani nerves, this geniculate ganglia
imaging approach enables us to observe neural activity at the individual neuron level. Even with
this far more specific andensitive method, we have also failed to find significant responses to
fat stimuli (data not shownJ.aken together, thedmdingsindicate that fat is not detected via an
oral tastenechanismin this regard it is worth noting that the "sense" of fat in the oral cavity is
likely to be via mechanosensatifRolls et al., 1999; Verhagen et al., 20083t like the sense
of "spidness'whichis not a "tastébut rather a somatosensory respofssbury, 1989; Caterina

et al., 1997)
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Figure 43: No fat-evoked responses in taste nerve

Left: In vivo extracellulanerve recording was performed in the chorda tympani
nerve, whiletastants were applied to the tip of the tongue in sequential trials. Right:
A representative trace, showing clear responses to classical taste ligands of salty
(NacCl), sour (Citric acid), and sweet (Acesulfalfje but no significant response to
fat (Intralpid).
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5.2 Development of fat preference

To gain a deeper insight into the behavioral preference for fat, | decided to examine the
time-course of fat preferenck essence, | wondered whether immediate orosensory circuits
govern fat preference, or whether posjestive cues direct the preference for ffahe results
demonstrate that fat preference develops over the cour2e diours, it might suggean
intriguing possibilitythat fat preference occurs pastlly asit is the casdor sugar preference
perhaps alswia the gutbrain axis

First, | needed to design a behavioral system that can measure the immediate preference
for fat. Thus, | constructed atary gustometer system by interfacing custom components with
Arduino microcontrollers and MATLAB software (Figure 44, also see figure legend for details).
In my custom gustometer, up to 8 different solutions can be randomly presented to the mouse in
abrief-access (10 s) triddased assay, which eliminates the contributions fronmipgsstive
effects. Therefore, the immediate behavioral responses of the mice to up to 8 different solutions

can be quantified, by using the lick rate as a measure of thigreee.
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(continued fronfigure onprevious page)

Figure 44: Engineering a gustometer to measure immediate preferences

a: For scalability, the complete circuity for the gustometer was compacted onto
an Arduinecompatible microcontroller shield. The PCB design was made using
Fritzing software, and circuit components (voltage regulators, licking contact
sensors, valve contradpoutpositioning servos, etc) were connected by direct
soldering or dupont pins, and detailed in Methods. The spouts were machined
from steel rods, and other parts were Fphhted (ZULTRAT in Zortrax M200).

b: As drawn (in 1 of the 8 channels, for simefil), each test solution is

connected by silicone tubing to a spout of the gustometer, and the flow of the
solution out of the spout is regulated by a programmablédriiggered valve.
Importantly, given the viscous nature of fat solutions, the vapam duration can

be calibrated to ensure that each lick releases an equivalent volume across all
spouts. Up to 8 different test solutions can be presented, and in this design, the
channels kept separated, so the previous test solution will not come itdotcon
with the next and confound the results, which is a critical consideration especiall
for greasy fat solutions. The servo (shaded dark gray in bottom left 3D rendering
can be controlled by the Arduino microcontroller to rotate, and thus position a
spaut of choice to the mouse to lick (bottom right photo). After animals are
trained to use the gustometer, they will be presented with a random spout (test
solution) in each trial, and their lick rate during that brief access is a measure of
their immediatereference.
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Next, | tested mice for their immediate preference to a range of fat concentrations (0.25
1% Intralipid emulsions), as well as a sweet chemical (3mM AceK) as an internal reference
control (see Methods for details). As anticipafgdZhang et al., 2003)nice prefethe sweet
control, evident from the nearly double lick rate in comparison to water (Figure 45a, compare the
blue bar with the gray baryhe results also suggest that mice do have immediate preference for
fat, as the lick rate increases as the concéorraf fat increases. Howeveas discussed earlier,
this might represent the somatosensory prefer

| hypothesized that the preference dataryfat might predominantly come from pest
oral pathways and thus might takema time to develop. Therefore, | also tested mice for their
fat preference in a-Bottle preference assay, where the mice had 24 hours of exposure to the
bottles. Remarkably, the mice now consumed 3 times more of 0.25% Intralipid than water, and
nearly 20times 1% Intralipid to water (Figure 45b), whereas they showed no initial preference to
0.25% Intralipid compared to water (Figure 45a). This convincingly demonstrates that fat
preference is developed over time. Furthermore, | also tested mice forrdferepce when
given a choice between 1% Intralipid and 3mM Ac@K.shown inFigure 46a, 3mM AceK is
significantly preferred over 1% Intralipid initially. However, after 24 hours of exposure to both
bottles, the mice dramatically switched their preferéacE% Intralipid.

Taken together, these results suggest that fat is sensed in a timeframe that is consistent
with a postoral mechanism, and this pathway is powerful enough even to override the innate

immediate attraction to swestimuli from artificid sweeteners
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Number of licks

Water 0.25% 0.5% 1% 3mM
Fat (Intralipid) (AceK)
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