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Abstract
Diet Palatability and Body Weight Regulation
Molly Rachel Gallop

Body weight in mammals is defended so that small changes in weight evoke neuroendocrine and
metabolic responses that encourage a return to one’s previous weight. While these homeostatic responses
have been more commonly studied in the case of weight loss, our lab has developed a mouse model of
overfeeding to study the physiology of defense against weight gain. In response to overfeeding-induced
weight gain, the return to previous body weight is mediated primarily by a striking reduction in food intake,
which persists until pre-overfeeding body weight is restored. However, preliminary data do not suggest
activation of anorectic POMC neurons which reduce food intake or inhibition of the appetite stimulating
AgRP or NPY neurons in the arcuate nucleus of the hypothalamus. Furthermore, we found that adipose
tissue from overfed mice does not show the same inflammatory response as mice that have become obese
slowly due to ad libitum high-fat diet (HFD) consumption.
Paradoxically, despite the existence of mammalian systems that defend against weight gain,
average body weight in humans has been on the rise over the last half century. Concomitant with the rise
in obesity rates, has been increasing availability and consumption of processed and fast foods which are
generally high in sugar, salt, and fat making them extremely palatable and calorically dense. Both the
caloric density and enticing taste of the foods have been implicated in causing overconsumption and
contributing to a rise in average body weight and prevalence of obesity. Thus, while controlling for caloric
density we have investigated whether diet palatability can increase body weight and suppress defense
against weight gain in mice.
We designed our studies so that all diets were of the same caloric density and therefore varied only
proportion of calories derived from fats, carbohydrates, and protein. Palatability is the relative subjective
preference of one food over another; in our mouse studies we equated preference, when given, a choice
with palatability. We confirmed that liquid diets sweetened with sucrose or the non-nutritive sweeteners

sucralose and saccharin were preferred over non-sweetened diets. In 12 day feeding studies, although we
found that sweetened diets were more palatable than unsweetened diets, they did not increase caloric
intake or body weight. Next, we tested whether increasing percent calories from fat leads to increases in
palatability or caloric intake. In a similar 12 day feeding preference study, we found diets higher in percent
calories from fat (high-fat diet = HFD) were preferred to diets with a lower percent calories from fat (low-fat
diet = LFD) and that the access to a HFD increased caloric intake and body weight. Employing a four-week
single diet feeding study, we also found a linear relationship between percent calories from fat and caloric
intake consistent with our hypothesis that percent calories from fat is sensed and modulates caloric intake.
To test whether HFD can suppress defense of body weight, we used an overfeeding paradigm
which I help develop, to test whether ad libitum access to a HFD prevented a return to the original body
weight following overfeeding. HFD did attenuate the hypophagic response to overfeeding and prevented a
return to each mouse’s initial weight with the mice having access to the HFD mice stabilizing at a higher
body weight.

Palatability has traditionally been ascribed to sensing of smell and taste, however,

macronutrients can also be sensed within intestinal tract. To determine whether the effects of percent
calories from fat require naso-oral sensing to modulate feeding behavior, we used an intragastric feeding
system to bypass taste and smell and deliver HFD directly into the stomach of mice. Even in the absence
of oropharyngeal sensing, HFD in the gut was sufficient to increase ad libitum caloric intake of a low-fat diet
and increase body weight. Finally, based on our findings of post-oral fat sensing driving caloric intake, we
tested whether post-oral sensing of percent calories from fat was sufficient to condition a flavor preference.
However, we found that when caloric density was controlled, a high percent calories from fat was not
sufficient to condition a flavor preference.
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Chapter 1: Background

1.1 Body weight regulation
Body weight is determined by a balance between energy intake and energy expenditure [1-4].
While expressed as a simple equation of energy balance, regulation of body weight is quite complex relying
on both internal and external factors, metabolic functions, and neuroendocrine signaling [3, 5, 6]. It has
long been known that mammalian physiology seeks to defend or maintain a certain body weight– often
referred to as the body weight set point [7-10]. Studies in humans have found that increases and decreases
in body weight elicit measurable responses in hunger and energy expenditure that favor return to starting
weight [8, 9, 11-14]. These homeostatic responses to increases or decreases in body weight and underlie
the difficulty in maintaining a new, lower weight following weight loss. Although much less well studied, the
converse is also true in that weight gain triggers responses favoring weight loss and reduced energy intake
thereby promoting a return to the previous body weight [15-17].
While mechanisms are built into the mammalian physiology to maintain a body weight set point,
there is also abundant evidence that such a set point can be modified. This is the case in a number of
different medical and genetic conditions, such as the weight loss observed with cancer cachexia and weight
gain associated with the Prader Willi Syndrome, hypothyroidism, obesity, and brain tumors or lesions in key
hypothalamic regions.

1.2 Obesity
Obesity, defined as a body mass index of greater than 30, is present in roughly one third of
American adults [18, 19]. Severe obesity was relatively rare before the 1970s, however its incidence has
been on the rise over the past several decades [20]. It is a major health concern due to its association with
the development of metabolic syndrome in addition to many chronic conditions and diseases [19, 21].
Although obesity now affects a large proportion of the population, successful weight loss interventions are
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lacking [22] likely due to physiologic resistance to weight loss and a lack of understanding of factors that
allow sustained increases in weight to occur.
Caloric intake is a tightly regulated process such that the etiology of obesity is likely more complex
than the hyperphagia that is often portrayed in the media. In fact, the companies that sell weight loss
products and programs are a multibillion dollar industry bringing the obesity and weight stigma to the
forefront of society and healthcare [23, 24]. The majority of weight loss treatments approach weight loss
with the idea that caloric intake must be reduced [25, 26]. Lifestyle interventions are often the first line of
treatment for obesity, yet weight regain is common [21, 25]. Although not often addressed, dieting may
trigger disordered eating or eating disorders as people attempt to lose weight [23, 25]. Until recently,
pharmacotherapy has mainly utilized medications such as centrally acting appetite suppressants, that
induce modest weight loss of roughly 5% yet, this weight loss is not maintained following the cease of
treatment [21, 27].
The best results for maintenance of weight loss are achieved with surgical interventions, with Rouxen-y gastric bypass (RYGB) considered to be the most successful intervention [28-33]. Although RYGB is
an extremely successful obesity and type 2 diabetes treatment, it is not without risk of mortality and surgical
complications including postoperative hemorrhage, and lifelong nutritional deficiencies [33-36]. Newer antidiabetic therapies, including glucagon like peptide 1 (GLP-1) receptor agonists and sodium-glucose
cotransporter-2 (SGLT2), have now been shown to lead to significant weight loss and reduced
cardiovascular and renal morbidity and mortality [37-39]. However, gastrointestinal side effects have been
reported with more nausea and vomiting correlating with greater weight loss in some studies bringing quality
of life during treatment into question [37, 38, 40]. Additionally, weight regain following cessation of treatment
is still an issue [41, 42].
While it is clear that people with obesity develop type 2 diabetes, heart disease, and multiple cancer
at higher rates than the non-obese population, the efforts to treat this disease are often unsuccessful and
could lead to development of other physiologic or psychologic symptoms [43, 44]. In addition to increased
disease risk, people with obesity often face discrimination even in healthcare settings which could prevent
them from receiving appropriate care [23, 43, 45]. Moreover, people with obesity are at high risk for mental
health disorders, such as depression and eating disorders, as well as facing judgement of their own
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personal traits and characteristics [18, 25, 43]. The pathophysiology of obesity and factors that allow the
body to override its set point or to create a new, higher set point have not been elucidated. Thus, research
into factors that cause weight gain will be necessary to understand and treat this disease.

1.3 Defense of body weight
Pivotal studies performed during the last century have shaped our understanding of body weight
maintenance. A key 1945 study conducted at the University of Minnesota investigated the state of semistarvation in WWII conscientious objectors. The men were forced into a state described by study leader
Ancel Keys as experimental starvation by cutting their caloric intake in half, to roughly 1700kcal/ day and
were monitored both during and after this reduced intake phase [46].

The study was performed to

understand the physiology of starvation in anticipation of mass starvation that would occur during the end
of World War II. During what has subsequently been described as semi-starvation (the men were not
permitted to develop severe symptoms of kwashiorkor or marasmus), the men suffered from extreme cold
and fatigue, mood swings, low libido, and pre-occupation with food [46, 47]. These symptoms suggest
reduced energy expenditure and increased drive to find food which would encourage a return to their prestarvation weight.
Accordingly, following this period of semi-starvation, the men underwent a refeeding phase where
their caloric intake was increased in phases until they were allowed ad libitum intake. During this ad libitum
period, the men experienced extreme hyperphagia where they ate up to 11,000 kilocalories per day [48].
Interestingly, this hyperphagia lasted until the original body fat percentage was reached at which point ad
libitum intake decreased [48]. This study proved crucial in our understanding of the physiology of starvation,
refeeding after starvation or in individuals with eating disorders such as Anorexia Nervosa, and in our
understanding of body weight defense. It clearly demonstrated a profound effect of weight loss in reducing
energy expenditure and increasing a drive to eat. It clearly demonstrated a profound effect of weight loss
in reducing energy expenditure and increasing a drive to eat. In addition to the Minnesota starvation
experiment, a number of other studies have shown that mammals resist weight loss with adaptations in
energy intake and energy expenditure that have been shown to occur in both lean and obese humans [13,
49, 50]. One study which gained popular media attention was a six year follow-up of contestants on the TV
3

show “Biggest Loser,” where contestants would compete to lose the most weight over a period of 30 weeks
[51]. This study found that after six years participants on average regained about 2/3 of the weight that
they had lost but despite the significant regain, the reductions in the metabolism that favor further weight
gain remained virtually unchanged demonstrating the persistent nature of metabolic adaptation to weight
loss [51].
While less widely studied, human, rodent, and other mammalian models have shown resistance to
weight gain resulting from overfeeding. In one study, twins were overfed for 8 weeks, and while all pairs
gained weight, genetically similar individuals showed the most similar changes in body weight [52] showing
that 1) people respond differently to the same diets, and 2) that there is a strong genetic component to body
weight regulation. Furthermore, following the cease of overfeeding, all subjects lost weight in the absence
of caloric intake controls furthering support for a mechanism that defends against weight gain. Studies in
rodents and non-human primates also found that ad libitum intake was greatly reduced or absent during
and immediately following overfeeding and remaining low as the gained weight was lost [15, 53]. Our lab
developed a paradigm to study overfeeding in mice and observed similar findings in that mice became
aphagic during and immediately following overfeeding and remained in a period of hypophagia which
decreased in severity as fat mass was lost [54]. While the physiology of weight defense has been shown
to be conserved among mammals, the exact mechanisms that allow this to occur are unclear especially in
the case of weight defense against overfeeding.

1.4 Homeostatic control of caloric intake
As body weight is determined by a balance between energy intake and energy expenditure, regulation of
food intake plays a crucial role in determining and defending body weight. Both neuronal and hormonal
signals originating in the brain and the periphery serve to regulate food intake and energy expenditure (Fig
1.1). A key center of food intake regulation is in the hypothalamus, which contains leptin regulated neurons
that both promote and reduce caloric intake and energy expenditure. This next section will cover known
neuronal and hormonal signals that serve to regulate food intake.
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Figure 1.1 Food intake is regulated by peripheral and central signals.
Secreted hormones from the gut and adipose tissues regulate food intake
on both acute and long-term time scale. Food intake in the brain is regulated
by communication networks throughout the brain with the hypothalamus
considered the center of regulation. The taste and nutrients in food have
also been shown to affect food intake and food preference. Figure made
using BioRender.

1.4a Leptin
Another key advance in our understanding of body weight regulation came with the identification of
the fat-derived hormone leptin. In the 1950s Kennedy postulated the existence of a circulating signal whose
concentration circulates in proportional fat mass and is sensed by the hypothalamus which then responds
to changes in concentrations to regulated energy intake [55]. While a signal had yet to be discovered, a key
set of experiments using rodent models in the late 1960s supported the existence of such a circulating
signal. In these studies, healthy wild type animals were parabiosed with either genetically obese or
genetically diabetic mice.

The mutations underly the obese and diabetes phenotypes had arisen

spontaneously at the Jackson Laboratory, and where both characterized by early and severe obesity [56].
Doug Coleman had demonstrated the phenotype differences between the diabetes and obese mutation
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were due to differences in the background strains on which the mutations first arose, and that on the same
background mice homozygous for the obese or diabetes mutations were indistinguishable. The phenotypic
similarity of the mutant mice led Coleman to study them together and to look for evidence of Kennedy’s
proposed “satiety” factor.
In his parabiosis studies, Coleman found that the healthy, wild-type animals responded to being
parabiosed with diabetes mice with a striking reduction in food intake [57, 58]. In contrast, when wild-type
mice were parabiosed with genetically obese mice also lost weight, it was the obese mice that lost weight
[57, 58]. Finally, when obese and diabetes mice were parabiosed, the obese mice lost weight and in fact
died, Coleman surmised from starvation. Coleman concluded from his studies that there is a factor that
regulates adiposity and food intake which was not produced by the genetically obese mice but is not sensed
by the diabetes mice [12]. Thus, these studies supported the existence of a factor that was secreted
proportionally to fat mass which served to regulate food intake [12, 55, 57, 58]. Coleman’s conclusions
appeared to be correct. In the mid-1990’s the obese mutation was found to reside with the circulating
hormone leptin, and the several diabetes alleles were all found to reside in the receptor of leptin [56, 59].
The cloning of leptin was greeted with great fanfare in both the scientific community and lay press. Among
metabolic researchers, it provided a molecular validation of the Kennedy lipostatic model and among the
general public it promised a treatment that would cure obesity; indeed, the name leptin was derived from
the Greek word for thin [56, 60].
However, in human clinical trials leptin treatment did not induce significant weight loss as had been
hoped [61]. Even at circulating concentrations that were supraphysiologic, there was little effect on weight.
While it has not proven to be a powerful anorectic factor as predicted, its role in weight regulation has been
revealed in the effects in people who have lost weight [62]. In these people and in animal studies leptin
replacement therapy (restoring circulating leptin concentrations to pre-weight loss levels) prevented many
of the adaptations that occur with weight loss which encourage weight regain [61, 63, 64]. Thus, some
have hypothesized that leptin is responsible for preventing weight loss and maintaining fat mass, and
another, yet-to-be discovered signal suppresses weight gain. In 2018, our lab published a study which
showed that defense against weight gain is independent of leptin concentration furthering support for the
existence of a second secreted factor that contributes to fat mass homeostasis. In the years since its initial
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discovery, leptin has been found to bind to receptors in multiple brain regions to affect food intake and
metabolism [60, 62]. Rather than being an acute signal to halt feeding, leptin acts as a long-term regulator
of fat mass and caloric intake that some hypothesize prevents starvation [11, 60, 65].

1.4b Key brain regions involved in regulation of caloric intake
While regions spanning the hindbrain to the frontal lobe have been implicated in the regulation of
food intake, the hypothalamus has proven to be a key regulator of food intake and long-term energy
balance, Lesions within different areas of the hypothalamus have opposite effects on feeding [66]. For
example, damage to the ventromedial (VMH), dorsomedial (DMH), or paraventricular nuclei (PVN) of the
hypothalamus resulted in extreme hyperphagia, while lesions to the lateral hypothalamus (LHA) led to
starvation [66-69]. This opposing regulation is explained by the presence of multiple nuclei with the
hypothalamus containing heterogeneous populations of neurons. High levels of leptin receptors are found
in the ventromedial and lateral hypothalamus supporting the role of these two regions in the regulation of
food intake [70]. Leptin acts on its receptors in the dorsomedial, ventromedial and premammillary, and
arcuate nuclei to either activate or suppress neuronal responses that regulate feeding and metabolism [71].
Pro-opiomelanocortin neurons, located mainly in the lateral aspect of the arcuate nucleus (ARC), project to
the PVN and LHA where their activation inhibits food intake [72].
Among other first order leptin activated neurons are the agouti related peptide (AgRP) and
neuropeptide Y (NPY) neurons located in the ARC. The AgRP and NPY neurons drive food intake, and
ablation of AgRP in adult mice has been shown to lead to starvation making AgRP neurons crucial for
promoting food intake [73]. AgRP activity is suppressed by leptin [72] and activated by fasting. Conversely,
fasting leads to suppression of POMC activity thereby further encouraging food intake when the body’s
energy supply is low[74]. Although both POMC and AgRP neurons project to melanocortin 4 receptor
(MC4R)-expressing neurons in the PVN and LHA, they exert opposite effects as AgRP is an inverse agonist
of MC4R. Thus, leptin binding in the ARC activates MC4R neurons in the PVN both by increasing POMC
activation and reducing the inhibitory effects of AgRP on MC4R neurons.
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In addition to circuits within the hypothalamus, the hypothalamus also receives inputs from other
brain regions including projections traveling from the hindbrain. One such region is the nucleus of the
solitary tract (NTS), which acts as a relay station for intake related signals coming from the periphery in
both the form of peptide messengers and autonomic signals [75]. The vagus nerve relays visceroceptive
information from the gastrointestinal (GI) tract to the NTS allowing information about nutrients sensed in
the GI tract to be transmitted to the brain [76-78]. In addition to acting as a relay station for peripheral
information, the NTS is also a locus of autonomic control and is implicated in controlling vomiting reflex
along with the adjacent area postrema [76, 79]. Consistent with its role as a site of integration of peripheral
signals that modulate feeding behavior, the NTS also receives inputs from the cranial nerves which transmit
information from the mouth including the taste and texture of foods. The NTS sends projections to other
hindbrain regions in addition to the hypothalamus to further regulate food intake and to relay peripheral
signals to other centers involved in the control appetite and metabolism.
The parabrachial nucleus (PBN) is one such hindbrain region receiving inputs from the NTS. It is
situated superiorly to the NTS, and activation of its calcitonin gene related peptide (CGRP) neurons induces
strong anorexia [80, 81]. CGRP neurons are inhibited by AgRP signaling [82], but unlike the POMC neurons
of the hypothalamus, the CGRP neurons can reduce food intake in the absence of leptin signaling [83, 84].
Ablation of hypothalamic AgRP neurons has been shown to result in CGRP hyperactivity implicating AgRP
neurons in tonic suppression of CPRP neurons of the PBN and providing a mechanism by which AgRP
ablation in adult mice results in starvation [85]. CGRP neurons have also been implicated in controlling
meal termination offering an explanation as to why these neurons can suppress food intake in the absence
of leptin signaling [82]. PBN CGRP neurons through their projections to the amygdala and bed nucleus
stria terminals are necessary for the development of a conditioned taste aversion– an aversive response
to foods whose novel consumption leads to gastric malaise [83, 84]. Finally, CGRP neurons are
hypothesized to become activated in response to danger and send projections to the hypothalamus as well
as to the amygdala to relay signals regarding fear [85, 86]. Thus, CGRP neurons respond to both peripheral
and central signals to regulate food intake both under normal circumstances but also under harmful or
dangerous conditions.
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Finally, dopamine signaling, which has been especially well studied in relation to reward and
motivated behavior, has also been shown to play a role in regulation of food intake. While dopamine
deficient mice starve and die, the exact role of dopamine signaling in food intake is not entirely clear [72].
It has been hypothesized that dopaminergic signaling is required for food seeking as a motivated or goal
directed behavior [87]. As food or predictors of food can be salient environmental stimuli, increases in
dopamine release in response to these cues are hypothesized to be important in the representation of food
related cues and motivation for food seeking [87-89]. In addition to goal directed behavior, dopaminergic
signaling has long been studied for its role in reward and drug addiction. The dopamine neurons most
commonly associated with reward signaling project from the ventral tegmental area (VTA) to the nucleus
accumbens (NAcc) [90]. These midbrain dopamine neurons are also hypothesized to be activated in
response to palatable food, cues predicting food, and the presence of food which, as a basic need, is a
rewarding substance [87, 90]. In addition to this VTA dopamine release signaling reward, it can also
motivate food seeking as well as train neurons to fire for cues that predict food [87, 90] More recent work
has suggested that midbrain dopamine signaling can also be modulated by homeostatic responses
including hormonal and neural inputs [87]. In the postnatal period, AgRP neurons have also been shown to
project to the VTA and reduce dopamine signaling via GABA release [86, 91] suggesting that VTA
dopamine signaling is inversely related to AgRP neuron activity at least during development.

1.4c Vagal signaling
The gut-brain axis, the bidirectional neuronal, endocrine, and immune signaling between the
gastrointestinal tract and the central nervous system plays a large role in regulating food intake and
digestive processes [92]. The vagus nerve, cranial nerve 10, is a major component of the parasympathetic
nervous system and is crucial for carrying information to and from the gastrointestinal (GI) tract [78, 92].
The vagus nerve along with sympathetic and hormonal inputs regulates the rate of nutrient absorption,
gastric motility, and mobilization of fuel stores [78]. The afferent fibers of the vagus nerve relay sensory
information pertaining to nutrients in and distention of the GI tract. A special type of epithelial cell, known
as a neuropod, has been discovered to transmit sensory signals and synapse directly onto the vagus nerve
[93]. Afferent fibers of the vagus nerve also contain chemoreceptors allowing the sensing of the GI
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hormones ghrelin as well as cholecystokinin (CCK), leptin, gastric inhibitory polypeptide (GIP) and nutrients
in the GI tract [78, 92]. Mechanoreceptors also help to relay signals of fullness and distention [92]. The
vagus nerve carries this sensory information to the NTS which then signals to other regions of the brain
[92] offering one way for gastrointestinal (GI) and other peripheral signals to modulate feeding.
While the vagus nerve plays a crucial role in relaying post-ingestive signals to the brain, the
signaling pathways that are activated may depend on the type of nutrient that is sensed. Post-ingestive fat
sensing by AgRP neurons requires vagal signaling, yet a distinct non-vagal pathway is used to relay
sucrose sensing to the AgRP neurons [94]. This finding agrees with previous results showing that vagotomy
suppresses a forebrain response to intragastric glucose but not to l-glutamate in rats [95]. GI nutrient
sensing has been shown to modulate both behavior and physiologic responses via vagal pathways. Recent
work has shown that post-ingestive modulation of food seeking behavior is dependent on the hepatic branch
of the vagus nerve [96]. Glucose production has also been observed to be modulated by intraduodenal
lipid sensing, and sensing of IG glucose and subsequent changes in glucose production have been shown
to require intact vagal pathways [95].

The vagus nerve receives and transmits neuroendocrine signals

from the gut to the brain where they enter the NTS which serves as an integration and relay center in the
control of food intake. Through many projection networks and crosstalk between different regions, this GI
information can then affect nutrient absorption, mobilization, and gastric motility via efferent pathways of
the vagus nerve as well as alterations in appetite and metabolism.

1.4d GI peptides regulating food intake
Ghrelin
In addition to leptin, other molecules known to regulate food intake include GI-derived hormones
secreted from the stomach, pancreas, and intestinal tract. Hormonal release in these different tissues is
prompted by detection of nutrients in the GI tract, and gastric distention. The majority of these GI hormones
promote satiety and increase digestion, except for ghrelin which is the only known hormone to induce food
intake [97, 98]. Ghrelin is secreted from oxyntic glands of the stomach in response to fasting, weight loss,
hypoglycemia, and is also regulated by diurnal rhythms. Like leptin, ghrelin acts on the hypothalamus,
however its binding to ghrelin receptors leads to activation of AgRP and NPY neurons to promote rather
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than reduce food intake [99]. Little is known about the ghrelin receptors expressed by the vagus nerve,
although it has been speculated that some of ghrelin’s actions may be mediated by the NTS [100].
Surprisingly, ghrelin deficient mice are lean with modest resistance to diet induced obesity, suggesting that
ghrelin contribution to the regulation of body weight [66, 100]. is complex and does not simply serve as an
orexigenic signal [66, 98, 100] .

Cholecystokinin
Cholecystokinin (CCK), the first gut hormone found to affect appetite, is a satiety signal secreted
from enteroendocrine cells predominantly located in the duodenum and jejunum [66, 98, 100]. It is released
in response to detection of fatty acids and binds to receptors on vagal afferents [101]. CCK is also
expressed in the CNS and appears to act on appetite centers in the brain via interaction with MC4R
receptors in addition to its actions on the vagus nerve and NTS [100]. CCK stimulates release of digestive
enzymes, inhibits gastric emptying and increases GI motility while also promoting meal termination [100].
However, the effects of CCK are mainly short lived due its short half-life and, repeated CCK administration
does not seem to affect body weight because its actions to reduce meal size are compensated for by
increased meal frequency [100].

Peptide tyrosine tyrosine and glucagon like peptide 1
The L cells are enteroendocrine cells which secrete a number of satiety promoting hormones in
response to food intake [102]. Peptide tyrosine tyrosine (PYY) and glucagon like peptide 1 (GLP-1) are two
such hormones and are found in more distal segments of the GI tract [100]. They are released in a biphasic
fashion with the first release likely a neural response to nutrient sensing in the proximal GI tract and
occurring within minutes of ingestion [103]. The second phase of release occurs in response to nutrient
detection occurring 30-60 minutes after the initial release phase to induce satiety and reduce food intake
[103]. This mechanism is known as the ileal break and serves to slow motility in the upper GI tract in
response to the detection of unabsorbed nutrients [102]. To this end, PYY reduces food intake, delays
gastric emptying and gastric secretions and increases ileal absorption of fluids and is also able to traverse
the blood brain barrier where it inhibits NPY neurons while increasing activation of POMC neurons [100].
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GLP-1 also acts on the CNS through action on the vagus nerve and also by activating neurons directly in
the brainstem, and hypothalamus [104]. Notably, GLP-1 is an incretin which binds to receptors in beta cells
of the pancreas leading to insulin release. It also acts to delay gastric emptying and gut motility and increase
gastric volume to slow digestion [103, 105]. Release of these hormones seems to be nutrient dependent
with high protein meals increasing PYY releases while sensing sugars promotes GLP-1 release [102-104].
Both PYY and GLP-1 are secreted in response to detection of fatty acids of different lengths [103]. Finally,
increased levels of post-prandial PYY and GLP-1 have been implicated in mediating some of the
improvements in body weight and type 2 diabetes following Roux-en-Y gastric bypass making these
hormones a target for pharmacologic therapies for metabolic syndrome [102, 103]. GLP-1 receptor agonists
have recently been approved as weight loss therapies, leading to greater than 5% weight loss in the majority
of patients taking these drugs [37, 40, 42, 105].

Pancreatic hormones
In addition to the gastric and intestinal hormones, the pancreas also secretes hormones that affect
appetite regulation.

In addition to its role in lowering blood glucose concentrations, insulin is an

anorexigenic hormone with receptors located throughout the body and the central nervous system including
within the ARC and olfactory bulbs [106, 107]. Its secretion rises rapidly following food intake, and it binds
to central receptors leading to reduction of food intake in mice [106, 107]. Consequently, neuron specific
disruption of insulin binding results in mice with increased food intake and obesity [107]. Insulin
concentrations decrease in organisms that are food deprived, and in Drosophila starvation induced feeding
is reported to be dependent on insulin signaling [108]. In addition to insulin secretion from pancreatic beta
cells, glucagon, which is secreted from alpha cells, has also been reported to inhibit food intake. Unlike
GLP-1, glucagon both inhibits food intake and increases energy expenditure [109]. However, its actions in
the CNS are not well understood, Paradoxically, its concentration is elevated in all forms of diabetes yet is
seen as a potential obesity treatment because of its appetite reducing and energy expenditure increasing
effects [110].
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Summary of neural and hormonal control of feeding
The hypothalamus acts as a central regulator of food intake where activation of its AgRP and NPY
neurons increases food intake while activation of its POMC neurons reduces food intake. The hypothalamic
circuits are directly connected to other regions of the brain including the NTS, PBN, and VTA dopamine
neurons allowing communication within the brain to be integrated to regulate food intake and metabolism.
In addition to communication within the brain, GI peptides and the circulating hormones like leptin further
affect food intake and metabolism either by directly binding to receptors in the brain or the vagus nerve.
The vagus nerve is a key link between the gut and the brain. It contains afferent and efferent fibers allowing
it to transmit sensory information as well as mediate changes in metabolism and digestion. The afferent
fibers of the vagus nerve bring signals to the NTS which then sends signals to the hypothalamus and other
regions of the brain to affect food intake. GI peptides are released in response to chemical and mechanical
stimuli, and, to our knowledge, all GI hormones aside from ghrelin suppress food intake. In addition to the
homeostatic signals that modulate food intake, hedonic signals such as taste have also been suggested to
regulate caloric intake.

1.5 Taste, palatability, and food preference and their influence on food intake
1.5a Palatability and increased intake
In addition to the internal signals that regulate food intake, environmental and food cues can also
affect feeding behavior. Palatability, or the relative pleasure of a food’s taste has been implicated in the rise
in obesity as the availability of calorically dense and highly palatable food has increased substantially for
most populations in the world [111, 112]. Sugar, salt, and fat are innately pleasing tastes. For example,
both human infants and animals have an innate preference for sweet foods and drinks [113-115].
Experiments in both human and rodents have demonstrated that palatable foods can increase food intake
and lead to weight gain [68, 116-119]. One key study in rats found that even rats which are phenotypically
resistant to weight gain on a high-fat diet gain weight when offered a palatable chocolate shake with a
typical rodent high-fat diet [119].

In this same study, rats that are especially susceptible to weight gain,

gained even more weight when offered the same chocolate shake, such that there were three body weight
curves of rats consuming chow (lowest weight), high energy diet (medium weight), and high energy diet
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plus palatable diet at the highest weight [119]. Other research showed that rats consumed more of and
gained weight when offered a high-fat diet versus their normal chow. Adding a non-digestible lipid (mineral
oil) to a low-fat diet increased caloric intake and body weight [68], suggesting that oral sensation of the
food affects intake.
High-fat foods in particular have been suggested to cause weight gain due to their palatability and
high caloric density. In support of this, a clinical study using controlled feeding with high-fat, fast foods led
found increases in fat mass [120] Another controlled inpatient study found that human subjects consumed
ad libitum about 700 kilocalories more per day when offered an animal based high-fat diet versus a plant
based low-fat diet [121]. In many mouse and rat strains offering animals ad libitum access to high-fat,
energy dense diets induces weight gain leading to what has been termed diet induced obesity (DIO). In
the most commonly used model, C57BL/6 mice (typically male) are offered ad libitum access to a high-fat
diet which leads to weight gain and development of insulin resistance [122].
Observational studies in humans have also found a similar association. A Japanese study found
that preference for rich, high-fat and sweet food was associated with weight gain [113], and a study in
Luxembourg showed that, consumption of ready-made meals was associated with increased risk of
abdominal obesity [111]. A similar trend was observed in Spain with higher consumption of processed food
increasing the risk for developing obesity [117]. Furthermore, in the United States, restaurant spending has
also increased over the past several decades along with obesity rates such that annual consumer spending
at restaurants is now over $400 billion [123] implicating the increased consumption of these prepared and
palatable foods with the rise in obesity. These studies suggest that increased intake of palatable processed
foods is associated with increased body weight. Furthermore, controlled inpatient studies found that ultraprocessed foods increased ad libitum caloric intake and caused weight gain even when macronutrient and
calorically matched to an unprocessed diet [124]. More evidence that palatable foods may lead to weight
gain and overeating comes from observations of food preference following gastric bypass surgery. In fact,
one possible explanation for the success of RYGB comes from the observation that following surgery, food
preferences shift away from favoring calorically dense foods while increasing consumption of fresh produce
and lower fat food [22, 27, 30, 125].
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1.5b Tasting palatability
While there is no standardized, quantifiable definition of palatability, palatability is regularly defined
as the perception of pleasant taste. Taste is described as the chemosensory evaluation of food via
activation of taste receptor cells in the oropharynx [126]. Taste is used to guide organisms to consume
edible substances while preventing the consumption of toxins [114]. In mammals, there are five known
tastes- sweet, salty, sour, umami, and bitter which are all sensed by unique taste receptors on the tongue
[114, 127]. Taste receptors are found in taste buds located on the circumvallate, foliate, and fungiform
epithelia of the tongue and mouth [126]. Cranial nerves carry taste information from the mouth to the NTS
where it is then transmitted to the PBN, thalamus, and primary gustatory cortex located in the insula [126,
128]. Sweet and umami are innately pleasing tastes that are sought out by infants and rodents while bitter
and sour serve as signals to suggest toxins or spoiled food to avoid [126]; salt can be palatable or aversive
depending on the concentration [126, 128].
While taste is generally considered the most dominant aspect of food when determining its
palatability, flavor and texture also play a role. Flavor is sensed through integration of taste and olfaction
meaning that it is determined by both taste and smell. Thus, smell may play a role in determining food
preference. However, it was recently found that olfactory cues are not required for sustained increases in
HFD intake in mice [129] confirming that taste is a stronger determinant of palatability. Interestingly, the
exact method of fat sensing is currently undefined with texture hypothesized to play a role as there is no
identified taste receptor for fat [126]. There is evidence of post oral sensing of fat. Conditioning a flavor
preference using fat demonstrates that some of its palatability may come from effects that are sensed in
the GI tract [130]. While there is no identified taste receptor for fat, and consequently no “taste” of fat, the
cluster of differentiation marker 36 (CD36) has been implicated in fat sensing [130-134]. CD36 is a cell
surface protein that is involved in fatty acid transport and has been found in both the mouth and the intestine
implicating it in both the oral and post-oral detection of fat [134]. However, CD36 null mice develop a
preference for fat and also become fat on a HFD suggesting the involvement of multiple receptors in
detection of fat [135, 136].
In addition to the taste cells of the mouth, taste cells have also been detected in the GI tract [128].
GI taste receptors are thought to play an important role in metabolism such as aiding in blood glucose
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control in the case of the sweet taste receptor. For example, mice lacking T1R3, one of the heterodimeric
proteins of the sweet taste receptor, show impaired glucose homeostasis [137] indicating that
gastrointestinal “taste” or sugar sensing is important for maintaining glucose homeostasis. Additionally,
humans with type 2 diabetes show abnormal regulation of intestinal T1R2 expression, the other half to the
heterodimeric sweet taste receptor with T1R3 [138]. This suggests that sweet taste receptors in the
mammalian gut mediate detection and the subsequent homeostatic responses to detection of sugar. Bitter
taste receptors, of the T2R family have also been detected in mammalian GI epithelia tissue and are thought
to detect ingestion of toxic or harmful substances [139].

There is even a well-defined response, a

conditioned taste aversion (CTA), which occurs to prevent re-ingestion of illness inducing substances. CTA
occurs when consumption of new foods coincides with GI malaise leading to dislike or aversion of specific
food in the future [83]. The development of CTA suggests that sensory cues from the gut are important
signal which inform future or long-term food choice and intake. Finally, taste sensing in the gut may also
play a role in increasing hedonic value of food.

1.5c Post-oral sensing of palatability
Post-oral describes processes that occur beyond the mouth and include nutrient and caloric
sensing in the GI tract beyond the oropharynx. For example, AgRP neurons rapidly respond to calories in
the gut by sustaining a decrease in firing rate in response to ingestion of calories [140]. However, upon
ingestion of a calorie free food, AgRP activation returned almost immediately following ingestion suggesting
that the mice could detect the presence or absence of calories in the stomach [140]. Since AgRP neurons
have been shown to activate food seeking [141] it follows that there is a built-in feedback mechanism to
allow organisms to determine whether continued intake of the food is calorically beneficial.
Post-oral sensing has also been shown to play a role in conditioning a taste preference as well as
in aversion learning. A body of literature has shown that mice prefer sucrose over non-nutritive sweeteners
even in the absence of sweet taste receptors [142-147] suggesting a characteristic of sucrose beyond sweet
taste plays a role in determining preference.

Interestingly, post oral flavor preference conditioning

comparing sugar to non-nutritive sweeteners does not require T1R3 sweet taste receptor signaling [148]
suggesting that post-oral sensing of sucrose depends on metabolism and may provide a signal for “safe to
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eat.” A body of research suggests that preference for sugar is at least partially determined by GI detection
of glucose rather than calories. Studies in both rats and mice have shown glucose but not fructose
conditions a flavor preference even though both sugars are preferred to water [145, 149]. Moreover, new
research has revealed that neurons in the NTS are responsive to glucose in the gut with signals mediated
by the vagus nerve allowing animals to differentiate sucrose from non-nutritive sweeteners [150]. The
authors hypothesize that integration of taste signals with post-oral sensing of nutrients creates a system
allowing animals to develop a preference for sugar containing foods [150]. Sucrose and sweetness are the
most well studied in terms of post-oral signaling, but it is likely that other nutrients exert post-oral effect that
can affect preference and regulate intake.
While the effects of fat on gut motility have been well demonstrated, with high-fat content slowing
gut motility, there are not many studies that provide evidence that post-oral fat can affect feeding behavior
as sucrose does. Post-oral sensing of fat has also been shown to condition a flavor preference in mice
[130, 133, 151]. Even in the absence of clear evidence of gustatory tasting of fat, post-oral sensing of fat
has been demonstrated in studies using post-oral fat to condition a preference [133]. These authors suggest
that this preference developed as a result of post-oral actions of fat given that intragastric infusions of
soybean oil could conditions a flavor preference [133]. The authors carried out their studies in mice that
lack or have the CD36 receptor and found that the post-oral conditioned preference did not require CD36
leading the authors to conclude that oral and post-oral sensing of fat utilize different mechanisms. They
suggest that fat sensing in the gut relies on redundant mechanisms that encourage intake of nutrient dense
foods. Another study found that mice preferred and would repeatedly lick dry sipper spouts to receive
intragastric infusions of fat emulsions [152] revealing post-orally driven motivation to consume fat
suggesting that post-oral fat is pleasurable or at least promotes food seeking.

1.6 Project goals
The overarching goal of this project is to understand how palatability affect food intake in mice and
specifically whether palatable foods can attenuate anorectic signal important to maintain long-term energy
homeostasis and body weight stability. This project was driven by the hypothesis that the availability of
highly palatable diets leads to overeating and suppresses defense against weight gain. The major questions
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of this project asked: 1) Is increased palatability of a diet sufficient to increase caloric intake and body
weight in mice? 2) Can a palatable diet suppress mechanisms that limit and defend against weight gain?
3) Is oral taste sensing required for a palatable diet to increase caloric intake?
To answer these questions, we started out by creating a model of weight defense against
overfeeding in mice using an intragastric infusion system to induce rapid weight gain. We used this model
to investigate phenotypic differences between rapid (two week) and long term weight gain and also to test
how a palatable diet affects defense against weight gain. To further investigate how a palatable diet
modulates food intake, we used a series of feeding studies as well as an intragastric feeding model to
disentangle oral taste sensing from post-oral sensing. We created a simple model whereby a number of
internal and external signals acting on different time scales are integrated to motivate or inhibit food intake
(Fig 1.2). In this model, we hypothesized that diet palatability could overcome or suppress signals that
inhibit food intake leading to long-term increases in intake.

Figure 1.2. Caloric intake is regulated by both short-term and long-term signals.
Signals coming from the food like taste and macronutrient content in addition to signaling related to fat depot
size, hunger and satiety are integrated to make decisions of whether or not to eat. This project will investigate
whether palatable taste is sufficient to increase caloric intake and body weight.
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Chapter 2. Methods and Materials
2.1 Designing systems for measuring food intake
Accurately measuring food intake in mice presents many challenges due to the small number of
calories they consume, their sensitivity to environmental stressors and changes, and their own behaviors
that harm the integrity of the diet. Thus, when planning our studies we needed to develop a system that
would allow us to accurately and precisely measure food intake. In our studies, mice consumed an average
of 11-14kcals per day which is expected for male C57bl6J mice at 6-12 weeks of age [153]. As previous
researchers have pointed, small errors in measurement can have large impacts on the final results due to
the small quantities being measured [154, 155]. Additionally, we observed that mice play with pelleted diets
or diets that are given to them in an open container. As we and others have noted, mice playing with or
grinding the food leads to unaccounted food as it gets lost in the bedding [156]. Furthermore, the mice
would often climb on different structures such as liquid feeder bottles leading them to spill the diets or to
leave feces or urine in the food leading to inaccurate measurements. Mice are easily stressed by many
factors such as noise, cage changes, investigator handling, odors and social isolation which could lead to
increases or decreases in intake [157]. Additionally, seasonal and environmental changes could cause the
mice to be stressed or behave differently and change their eating patterns [157].
To account for these stressors and behaviors, we decided to deliver liquid diets in serological
pipettes as other researchers have previously reported [158]. We used 25mL serological pipettes with .2mL
gradations and a silicon earplug to plug the top of the pipette to hold the liquid inside. This system allowed
us measurement precision to the nearest 0.1mL. As the vast majority of diets we used were 1kcal/mL we
could measure changes in intake up to 0.1kcal. This system minimized diet leakage and also kept diets
enclosed to prevent mice from playing with the diets or dropping excrement or bedding into their food. We
also prepared our own diets so that we could control the caloric density, macronutrient content, and any
additives in the diet. Additionally, our studies required daily intragastric infusions of up to 20 hours long, so
making our own diets allowed some control of the viscosity to ensure compatibility with our infusion system.
Another troubleshooting piece regarding the diets came from differences in tolerance and
absorption in ad libitum per os feeding versus intragastric infusions. Thus, some of the diets were tolerated
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orally, but were not well tolerated when infused. This was particularly an issue using the low-fat diary diets
made from skim milk powder which we hypothesized was a result of some sort of lactose intolerance.
Additionally, when doing larger volume and longer infusions containing Intralipid, the mice did not tolerate
our normal 1-1.5 kcal/ hour infusion rate, so studies using intralipid infusions had a maximal infusion rate
of 0.65ml/hr.
We modified regular shoebox cages to be able to accommodate infusion tethers as well as liquid
diet feeding. Furthermore, our tether system gives mice full access to the cage, so we could not use any
feeding system that could become tangled with the tether or spilled by it getting caught on the tether as a
mouse moves around. Furthermore, use of the serological pipettes for feeding extended the footprint of the
cages as the pipettes extended over the cages. Cages needed to be positioned with pipettes facing inward
to avoid risks of bumping or spilling the diet. Pictures A and B below show the feeding setup with one liquid
diet. The rubber stopper in part A is where the infusion tether connects. Picture C is a modified setup and
can be used with or without the infusion system. Using the vented cage tops, a small could be poked
through the white material just big enough to fit the tether while the swivel remains on the outside of the
cage. Pictures D-F show the setup for two-choice preference tests.
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Figure 2.1 Cage setup.
Mice were single housed during food intake measurements and had continuous access to water
and food unless noted. A-B) Cage setup used during intragastric infusions and single diet feeding.
C) Single diet feeding setup which could be used with or without the infusion system. This setup
requires less space to that pictured in A and B. D-F)Caging and pipette placement during two
choice tests.
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2.2 Methods used throughout the thesis
2.2a Mice:
For all experiments, wild-type were C57Bl/6J male mice from The Jackson Laboratory (Bar Harbor, ME)
were used. Upon arrival, mice were placed on a chow diet (PicoLab Rodent Diet 20) and housed in nonbarrier satellite facility maintained at 22–24C with a 12:12-h dark-light cycle (lights on at 0700 h).. Mice
arrived to our facility at 5 weeks of age and were acclimated to facilities for at least one week before
experiments so that they were six to eight weeks old at the beginning of experiments or at the time of
surgery. For all studies, mice were individually housed with 24-hour ad-libitum access to food and water.
All experimental diets were liquid diets at a density of 1kcal/mL except where noted and were delivered in
25mL serological pipettes (Fisher scientific, 13-676-10M). Water was provided in BioServ 50mL liquid
feeder bottles (VWR international, 89067-822).

2.2b Caging and diet delivery:
Mice were singly housed in plastic shoebox cages with wood chip bedding. For preference tests, cages had
a metal grid and filter top with space for a water bottle. During preference tests, a small incision was made
in the filter top, and two serological pipettes were places through the incision side by side with their tips
sticking through spaces in the metal grid top. During infusion, no metal grid was used, and filter tops were
fitted with a rubber stopper in the middle to hold the infusion swivel and tether which connected to the button
on the mouse allowing the mouse a complete range of motion. As no metal grid was available to hold the
feeding pipettes, pipettes were placed through the back of the cage. In the back of the cage, the screw and
bolt which allow connection to a watering system were removed creating a hole in the back of the cage for
the serological pipette to fit into. Sanding blocks (KingOrigin Sanding Sponge 4” x 2-5/8” x 1”) were cut to
size and affixed to the back of the cage to support and hold the pipette in place. A silicon ear plug was
used at the top of the pipette to create a seal and hold to the liquid in the pipette. New diets and pipettes
were prepared daily, and diets were stored at 4 degrees until time of use. Photos of caging are shown in
chapter 2.
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2.2c Preference Testing:
Mice were given concurrent, ad libitum access to two liquid diets of the same caloric density. Diets were
positioned next to each other with the tip of the pipette sticking through the metal wire cage top (See figure
2.1). Positions of diets were switched every other day to control for place preference. Preference tests
lasted eight to 12 days as stated in each experiment.

2.2d Intragastric Infusions:
Catheter:
To make the catheters, a 10cm length of Micro-Renathane® .037" x .023" per ft. Braintree Scientific MRE
037 100FT is pushed through a hole in the center of a square of Bard Mesh Flat Sheet 10”x14” (112660
eSutures) and held in place with Krazy glue.

Surgery:
Mice were anesthetized with isoflurane using a SomnoSuite (Kent Scientific, Torrington, CT) and the
surgical area was shaved and prepared using alternating betadine and alcohol. Mice were treated with the
analgesics Buprenorphine (.05mg/kg) and carprofen (5mg/kg). A lubricant (Puralube Vet Ointment) was
applied to the eyes immediately upon anesthetization.

To begin, a small 0.5cm incision was made on the back of the mouse just below the skull. Using curved
forceps, a tunnel running from the incision on the back to the midline on the front was created. Next a 3cm
incision was made on the abdomen beginning just below the xyphoid process and extending down the
midline. The peritoneum was opened, and the stomach was gently withdrawn and stabilized with sterile
gauze moistened with sterile 0.9% saline. An 18g needle (BD 305185) was used to make a small puncture
hole in the stomach to hold the catheter. The tip of the catheter was then pushed inside the hole while the
mesh of the catheter remained on the outside. One suture (5-0 Surgipro blue 36" CV-23 taper, double
armed, eSutures VP556X-SD) was placed in each corner of the mesh to affix the mesh to the walls of the
stomach to hold the catheter in place. The stomach was then returned to the abdominal cavity, and the
end of the catheter was pushed through the tunnel that was made at the beginning of surgery so that the
23

catheter exits via the incision on the back. The peritoneum was then sutured closed (5-0 Polysorb undyed
18" P-12 cutting, eSutures SL5636) and the abdominal skin was closed with wound clips. The mouse was
then flipped over to allow access to the intrascapular region and the end of the catheter. The catheter was
cut to size to remove excess length and then attached to 22g Button (Mouse VAB button Instech
VAB62BS/22 Mouse) and small amount of Krazy Glue was applied to reinforce the attachment between
the catheter and button. Finally, the button was sutured into the intrascapular muscle and the skin is closed
around the button (5-0 Monosof black 18" P-12 cutting, eSutures SN5666). Following surgery, mice were
returned to their home cages and kept on a hot water circulator until normal ambulation is observed.

2.2e Overfeeding infusions:
Infusions lasted 14 hours beginning one hour after onset of the dark cycle at 20:00. Infusions started at
12mL of Ensure and increased in volume as described previously (Ravussin et al., 2018). The mice are
individually housed in their home cages and the buttons on the mouse are attached to a swivel and tether
system that allows free movement throughout the cage. Mice are allowed to recover for one week before
being attached to the tethers. Harvard Apparatus Infusion pump and BD sterile syringes are were used for
the infusions

2.2f Post-ingestive effects infusions:
Mice were weighed and fed at the onset of the light cycle. Diet infusions began immediately after. Infusions
terminated before the dark cycle and were done at a rate of 1ml/ hr. When Intralipid was used as the fat
source infusions lasted 20 hours with a maximum infusion rate of 0.65ml/hour as mice developed GI issues
when a faster infusion rate was used. When dairy or formula diets were used, infusions were given over 810 hour period during the light cycle at rate of 1-1.5mL/hr. In all cases, infusions began immediately after
body weight and food intake measurements were taken. Food intake and body weight measures were
taken beginning around 0700h, so infusions began by 1100h.
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2.2g Diets
Experiment

Diet Base

Additives

Initial
sucralose
and sucrose
preference
testing
Fig 3.1 and
3.3

Osmolite (Abbott
Nutrition)

Sucralose (Sigma
Aldrich, 69293-100G),

Caloric
Density
1.0kcal/mL

Sucrose (Sigma
Aldrich, 573113-5KG),

Macronutrient Content
Osmolite: 29.3% kcals
fat, 16.9%kcals protein,
53.8% kcals carb
Osmolite 30% kcals
from sucrose: 20.5%
kcals fat, 11.8% kcals
protein, 67.7% carb

Saccharin (Sigma
Aldrich 240931),
Splenda (Tate &
Lyle),
Sweet & Low
(Cumberland
Packing Corp.),

Initial
sucralose
and sucrose
preference
testing
Fig. 3.3

Fine Filtered 2%
milk (Natrel)

Initial
sucralose
and sucrose
preference
testing
Fig. 3.3

Nido Fortificada
(Nestle)

Initial
sucralose
and sucrose
preference
testing
Fig. 3.3

Evaporated Milk
(Krasdale Food inc.
Bronx, NY)

Initial high-fat
and low-fat
preference

Village Farm Instant
non-fat milk
Powder, Land

Vanilla Extract
(McCormick
Extracts)
Same as previous

Same as previous

Same as previous

0.5416
kcals/mL

1.0kcal/mL

1.0kcal/mL

Natrel 2% milk: 34.9%
kcals fat, 27.9% kcals
protein, 37.2% kcals
carb
Natrel 2% milk with
30% kals from
sucrose: 24.4% kcals
fat, 19.5% kcals protein,
56.1% carb (30% kcals
sucrose)
Nido: 50% kcals fat,
20% kcals protein, 30%
kcals carbohydrate
Nido 30% kcals
sucrose: 35% kcals fat,
14% kcals protein, 51%
kcals carb
:
Evaporated milk: 50%
kcals fat, 20% kcals
protein, 30% kcals
carbohydrate
Evap milk 30% kcals
sucrose: 35% kcals fat,
14% kcals protein, 51%
kcals carb

Sucralose and
sucrose (Sigma
Aldrich)
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1kcal/mL

LFD (10% kcals fat):
10.5% kcals fat, 38.5%

testing with
sweeteners,
ad lib diets
during
overfeeding,
and diets for
first postingestive
effects
experiment
Chapters 35, and Fig.
5.2, and 6.1

O’Lakes Half and
Half
Half and Half and
Skim milk powders
Combined in
different amounts to
create diets with
10% or 60% kcals
from fat

Postingestive
effects of a
HFD
(infusion and
ad-lib diets)
Fig 4.1g, 6.2
and 6.3
Protein
matched
diets using
half and half
as fat source
Fig. 4.4 and
6.5

Similac
Alimentum (Abbott
Nutrition),

Diets using
Intralipid as
the fat
source
Fig. 4.4h,
6.4 and
Chapter 7

kcals protein, 51% kcals
carb
LFD + 30% kcals from
sucrose: 10.5% kcals
fat, 23.4% kcals protein,
66.1% kcals carbs (30%
from sucrose)
HFD (60%kcals from
fat): 65.3% kcals fat,
14.7% kcals protein,
20% carbs, 5% kcals
fat: 5.4% kcals fat,
40.7% kcals protein,
53.9% kcals carb
20% kcals from fat:
20.8% kcals fat, 34%
kcals protein, 45.2%
kcals carb
40%kcals from fat:
42.3% kcals fat, 24.7%
kcals protein, 33% kcals
carb

Maltodextrin (Sigma
Aldrich, 419699) used
in LFD

1kcal/mL

LFD: 10% kcals from
fat, 2.5% kcals protein,
87.5% kcals carbs
HFD: 50% kcals from
fat, 11% kcals protein,
39% kcals carb

Half and Half
(Land O’Lakes),
Whey Protein
Powder (GNC Pro
Performance®
100% Whey,
369951),
Maltodextrin
(Sigma Aldrich,
419699)
Whey Protein
Powder (GNC Pro
Performance®
100% Whey,
369951),
Intralipid 20%
(Sigma Aldrich,
I141-100ML),
Maltodextrin
(Sigma Aldrich,
419699)

AIN 93 vitamin mix
(DYETS #310025)

1kcal/ ml

LFD:10% kcals from fat,
10% kcals protein, 80%
kcals carb
HFD: 60% kcals fat,
10% kcals protein, 30%
kcals carb

AIN 93 vitamin mix
(DYETS, 310025)

1kcal/mL

LFD:10% kcals from fat,
10% kcals protein, 80%
kcals carb
HFD: 60% kcals fat,
10% kcals protein, 30%
kcals carb

Mineral oil
(Walgreen’s, NDC
0363-0831-43)

Mineral oil diet: same
absorbable nutrients
as LFD + 28.2g mineral
oil/ 1L diet
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Overfeeding
Infusion
Chapter 1
and 5
Surgery
recovery diet

Ensure Original
Vanilla Powder

0.875kcals
/mL

32.4% kcals fat, 14.4%
kcals protein, 54.2%
kcals carb

PicoLab rodent diet
20 #5053

3.07 kcal/g

13.205% kcals fat,
24.651% kcals protein,
62.144% kcals carb

Table 2.1 Diets and macronutrient content.
The above table shows ingredients and composition of the different diets used in the experiments.

2.2h RNA extraction:
RNA was extracted using Trizol and chloroform with Qiagen RNEasy mini kit. RNA concentration was
measured with the BioDrop uLite.

2.2i qPCR:
1000 nanograms of RNA were used for reverse transcription with the Roche Transcriptor First Strand cDNA
Synthesis Kit (Roche, 04897030001). cDNA was diluted 1:10 with water, and 1ul of cDNA was used for
qPCR with Roche LightCycler® 480 SYBR Green I Master and Roche LightCycler 480 as per kit instructions
(Roche, Basel, Switzerland) with white 384 well plates (Roche, Basel, Switzerland). 18S was used as the
housekeeping gene and expression was analyzed using the standard curve method.

Gene
18S
AgRP
NPY
POMC
CD36
CNR1
MGLL
DAGL alpha
CCK
PYY
PPAR alpha
CNR2
FATP4
Trh
RPS3
CD11c
CCL3
CCR3

Forward (5’-3’)
TAAGTCCCTGCCCTTGGTACACA
GGCCTCAAGAAGACAACTGC
AGAAAACGCCCCCAGAAC
AGTGCCAGGACCTCACCA
GATGACGTGGCAAAGAACAG
AAGTCGATCTTAGACGGCCTT
AGGCGAACTCCACAGAATGTT
GTCCTGCCAGCTATCTTCCTC
AAGAGCGGCGTATGTCTGTG
ACGGTCGCAATGCTGCTAAT
CTTCCCAAAGCTCCTTCAAAAA
ACGGTGGCTTGGAGTTCAAC
AAAAGGAGCTGCCTCTG
CAGGGACCTTGGCTGATGATG
ATCAGAGAGTTGACCGCAGTTG
CTGGATAGCCTTTCTTCTGCTG
TTCTCTGTACCATGACACTCTGC
TCAACTTGGCAATTTCTGACCT

Reverse (5’-3’)
GATCCGAGGGCCTCACTAAAC
TGCGACTACAGAGGTTCGTG
GATGAGGGTGGAAACTTGGA
CAGCGAGAGGTCGAGTTTG
TCCTCGGGGTCCTGAGTTAT
TCCTAATTTGGATGCCATGTCTC
ACAAAAGAGGTACTGTCCGTCT
CGTGTGGGTTATAGACCAAGC
CATCCAGCCCATGTAGTCCC
GACATCTCTTTTTCCATACCGCT
CTGCGCATGCTCCGTG
GCCGGGAGGACAGGATAAT
AAGGAGCCTATCAGAAACC
CCGGACCTGGACTTTCTCC
AATGAACCGAGCACACCATAG
GCACACTGTGTCCGAACTCA
CGTGGAATCTTCCGGCTGTAG
CAGCATGGACGATAGCCAGG

CTSS

CCATTGGGATCTCTGGAAGAAAA

TCATGCCCACTTGGTAGGTAT
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IL1rn
GCTCATTGCTGGGTACTTACAA
CCAGACTTGGCACAAGACAGG
GPR40
TGTGCTATCTGCATTTGGAGG
TGTGCTATCTGCATTTGGAGG
LFABP
TCACCATCACCTATGGACCCA
TCCAGTTCGCACTCCTCCC
Table 2.2 qPCR Primers.
The above table shows DNA oligos used as qPCR primers. 18S was successfully used as the
housekeeping gene in all tissues.

2.3 Chapter 8 Specific Methods:
2.3a Mice:
C57BL/6J male mice from The Jackson Laboratory (Bar Harbor, ME) were used in all experiments. Mice,
seven weeks old upon arrival, were housed in a non-barrier facility maintained at 22–24C with a 12:12-h
dark-light cycle (lights on at 0700 h). Mice were given ad libitum access to water and a chow diet (PicoLab
Rodent Diet 20) and had been acclimated to the facility for one week at the time of surgery, i.e. mice were
eight weeks old at the time of surgery. Following catheter implantation, mice were individually housed and
allowed to recover for two weeks before being food restricted. During food restriction, mice were given 24g/ chow per day to maintain their body weight at ~90% of their original weight. Experiments began after
the 90% body weight was stable for at least 3 days; food restriction was maintained throughout the
experiment. Water was provided in 25mL serological pipettes (Fisher scientific, 13-676-10M) to acclimate
the mice to drinking from pipettes.

2.3b Caging and flavor solution delivery:
Mice were singly housed in plastic shoebox cages with wood chip bedding. For preference tests, cages had
a metal grid and filter top with space for a water bottle. During preference tests, a small incision was made
in the filter top, and two serological pipettes were places through the incision side by side with their tips
sticking through spaces in the metal grid top. During infusions, no metal grid was used in the cage. Filter
tops were fitted to hold an infusion swivel and tether which connected to the button on the mouse allowing
the mouse a complete range of motion. As no metal grid was available to hold the feeding pipettes, pipettes
were placed through the normal water bottle hole on the top of the cage. back of the cage. A silicon ear
plug was used at the top of the pipette to create a seal and hold to the liquid in the pipette. New diets and
pipettes were prepared daily, and diets were stored at 4 degrees until time of use.
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2.3c Preference Testing and flavor solutions:
Mice were given concurrent, ad libitum access to grape or cherry Kool-aid in distilled water sweetened with
saccharin (0.05% w/v Kool-Aid; pre-test: 0.025% w/v saccharin; post-test: 0.2% w/v saccharin) (Kool-Aid,
Kraft Foods; Saccharin, Sigma Aldrich 240931). Flavors were positioned next to each other with both
pipette tips sticking through the metal grid. The pre-test lasted 1 hour and was less sweet than the KoolAid used during conditioning and the post-test so that the flavors would be as novel as possible during
conditioning. The pre-test preference test lasted 60 minutes, and the conditioning sessions and post-test
preference tests lasted six hours.

2.3d Infused Diets:
Infusions diets were made with whey protein powder (GNC Pro Performance® 100% Whey, 369951),
Intralipid 20% soybean oil e (Sigma Aldrich, I141-100ML), Maltodextrin (Sigma Aldrich, 419699). LFD:
1kcal/mL; Intralipid 5.24% v/v (%kcals fat:10%, protein: 10%, carbohydrate: 80%). HFD: 1kcal/mL; Intralipid
31% v/v (%kcals fat:60%, protein: 10%, carbohydrate: 30%). Intralipid only: 1/3kcal/mL; Intralipid 16.6% v/v
(100% kcals/fat). Distilled water was used to make the diets and for the water infusions.

2.3e Conditioning:
Mice were randomly assigned to groups based on their intake during the pre-test. Within each group half
of the mice received cherry with infusion A and grape with the infusion B; the other half of the group received
flavors with reversed pairing. Conditioning sessions were six hours during the light cycle with each session
occurring on a consecutive day. In conditioning sessions 1,3,and 5 mice received cherry Kool-Aid ad libitum
while receiving an intragastric infusion of the paired flavor (0.5mL/hr). On days 2,4,and 6, mice had access
to the sweetened grape Kool-aid while receiving an infusion with the paired flavor. Mice were food restricted
during this time, and water was removed from their cages before conditioning. At the end of the six hour
session, access to the Kool-aid was removed, and their water was returned to the cage. Mice were also
given their allotted chow following conditioning.

29

2.4 All studies data and software:
2.4a Quantification and statistical analyses
Data are displayed as mean ± SD. T tests were performed in Excel and ANOVAs and regression analysis
were performed using R. Post-hoc analyses were performed as a T-test with a Benjamini-Hochberg
correction. Mixed model analyses were performed in Graphpad Prism 8. Statistical significance was
prospectively defined as α < 0.05.

2.4b Data and software availability
R Project for Statistical Computing : https://cran.r-project.org/ (RRID:SCR_001905)
GraphPad Prism: https://www.graphpad.com/scientific-software/prism/ (RRID:SCR_002798)
Excel: https://www.microsoft.com/en-us/microsoft-365/excel
Figures: experimental schematics and diagrams were created using BioRender. (BioRender.com)
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Chapter 3: Body weight is defended against overfeeding
3.1 Introduction
Approximately one third of adults in the United States are obese and therefore, are at greater risk
than lean individuals to develop a large number of diseases including certain cancers, hypertension,
autoimmune disorders, pulmonary disease, dyslipidemia, type 2 diabetes, and heart disease [19, 21]. While
the mean body weight and prevalence of obesity of obesity among Americans have been on the rise for the
past several decades, it has long been observed that mammals resist large, rapid changes in body weight
[15, 46, 49, 50, 53, 159, 160]. In fact, studies dating back to at least the early 20th century found that forced
increases or decreases in body weight elicit neuroendocrine responses that favor restoration of the initial
body mass [15, 46, 51]. Later, the identification of leptin as an afferent signal from adipose tissue, offered
hope as a direct therapy for obesity. However, clinical studies found little effect of leptin on body weight,
even at pharmacologic doses [61] leading many to hypothesize that obesity was due to “leptin resistance”
making leptin unable to reduce food intake and body weight [161, 162]. Others hypothesize that there are
two distinct systems that defend body weight – one that defends against reduce mass and is activated by
low concentrations of circulating leptin, and a separate non-leptin system that defends against weight gain
[12, 60, 163].
The figures in this next chapter were modified from the paper “Evidence for a Non-leptin System
that Defends against Weight Gain in Overfeeding,” which our lab published in 2018 [54]. For my role in this
paper, I performed the gene expression studies from figures 3.2 and 3.3 and assisted with the leptin
experiment (Fig 3.4)

3.2 Body weight is defended following overfeeding
To test this hypothesis on the existence of a non-leptin system to defend against weight gain, we
created a mouse model of defense against weight gain, which was published in a 2018 Cell Metabolism
paper [54]. In this model, we employed an intragastric infusion system to induce rapid and drastic weight
gain. Mice were surgically implanted with an intragastric catheter and allowed to recover for one week
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(Section 2.2d). Following recovery, mice were progressively overfed through the gastric tube with a liquid
diet (Ensure, Abbott Inc) for 12 or 16 days. Overfeeding infusion lasted 14 hours each day, from 20:00 until
10:00 infusions mimicking the nocturnal feeding behavior of mice, with most of the calories infused during
the dark cycle (12hr 19:00-7:00) (Methods 2.2e-g and [54]). During the 12 or 16 days of overfeeding the
body mass of mice increased. At all times during the experiment mice had ad libitum access to a typical
low-fat chow diet.
As the overfed mice progressively increased their body mass, they reduced their ad libitum food
intake until they were anorectic at ~ day 5. Infusion of the liquid diet and overfeeding was stopped at either
day 12 or 16. Consistent with the overfeeding literature studies in humans and rats, once overfeeding was
stopped, mice returned to their previous body weight trajectory following overfeeding (Fig 3.1A) [54]. This
return to original body weight was mainly mediated by a reduction in ad libitum caloric intake as during
overfeeding, mice reduced their food intake until it reached zero (Fig 3.1B) [54]. Ad libitum food intake
ceased until 24-48 hours after the end of overfeeding at which point animals went through a hypophagic
period that lasted until body weight returned to control levels (Fig 3.1C). Moreover, this paper demonstrated
that defense against overfeeding does not depend on increased leptin concentration. We investigated the
role of leptin by artificially fixing its concentration.
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A

Saline infused

B

C

Figure 3.1. Body weight is defended against overfeeding.
Figure modified from Ravussin et al. 2018. A) Mice overfed for 13 days (S-OIO) or 16 days (L-OIO) all
returned back to their original body weight trajectory following the cease of overfeeding. B) Overfeeding
suppresses ad libitum food intake. C) Ad libitum food intake remains at zero for ~48 hours following
overfeeding and slowly returns to normal levels as body weight also returns. A and C) n=4 OIO groups,
n=6 lean. B) n=9
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3.3 Adipose tissue inflammation is reduced in rapid versus slow onset obesity
In this study we tested whether expression of inflammatory markers was different between
overfeeding induced obese (OIO) mice compared to ad libitum diet induced obese mice (ALO). Mice were
overfed and made obese as described above or provided ad libitum access the Ensure liquid diet for a
prolonged period (ad libitum obese, ALO) until the body mass and adiposity of the OIO and ALO mice were
the same. Mice were also aged matched. Adipose tissue was collected 24 hours after overfeeding ceased
from OIO mice, from ALO after a 24 hour fast, and from lean saline infused ad libitum fed lean mice. We
measured the expression of key inflammatory genes in epidydimal adipose tissue RNAseq data showed
were upregulated in ALO but not OIO mice, so we used qPCR to further validate these findings (methods
in 2.2h-I and [54]). CD11c, which is a cell surface marker of macrophages found in adipose tissue was
tested and found to be expressed at much higher levels in ALO versus OIO and lean mice (Fig 3.2). CCL3
and CCR3 which both play roles in attracting immune cells were also upregulated in ALO mice but not OIO
mice (Fig 2.2). IL1rn, an anti-inflammatory cytokine which has been found to be upregulated regulated in
the serum of obese humans [164] was also upregulated in the obese ALO but not OIO mice.
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Figure 3.2 Immune signatures differ between forced, rapid overfeeding and slow ad
libitum overfeeding.
Relative gene expression from qPCR data and normalized to lean expression. Different
letters represent significant differences. One way ANOVA and post-hoc student’s T tests
were used for statistical testing. Figure modified from Ravussin et al 2018.
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3.4 Increased expression of POMC is not observed during anorectic period
following overfeeding
As mice become anorectic during and immediately following overfeeding, we wanted to test
whether this anorexia was mediated by the classical leptin regulated pathways in the hypothalamus. As a
proxy for activation of circuits, we measured expression of the neuropeptides POMC, AgRP, and NPY
whose expression is altered by changes in metabolic state. In this study, the hypothalamus was harvested
from overfed mice 24 hours after or immediately following overfeeding (OIOneg and OIO, respectively).
The hypothalamus was also harvested from fasted and fed diet induced obese mice (ALO neg and ALO).
We hypothesized that POMC expression would be low in the OIOneg and ALOneg groups and AgRP and
NPY would be high since mice would not have eaten for 24 hours. However, we did not find any difference
in gene expression across any condition in whole hypothalamus or when the hypothalamus was split into
rostral and caudal sections (Fig 3.3).
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LepR

Figure 3.3.
Hypothalamic response
to overfeeding.
There are no detected
differences in
hypothalamic
neuropeptide expression
between forced
overfeeding and ad
libitum overfeeding 24
hours after the cease of
overfeeding. OIO:
overfed; OIO neg: 24
hours after overfeeding
where there is no ad
libitum intake. ALO: ad
libitum fed diet induced
obese mice; ALO neg: ad
libitum fed diet induced
obese mice after a 24
hour fast. LepR: leptin
receptor. Figures show
qPCR expression data
normalized to ALO using
RPS3 as the
housekeeping gene. A)
whole hypothalamus
(modified from Ravussin
et al., 2018), B) caudal
hypothalamus, C) rostral
hypothalamus. n=4-6/
group.

3.5 A non-leptin system that defends against weight gain
We wanted to test whether the increasing leptin concentration that accompanies weight gain is
required for the hypophagic response to overfeeding. To do this, we used leptin deficient C57bl6j Lep

ob/ob

mice and put them through our overfeeding regimen. However, as leptin deficient mice have poor wound
healing, we fitted them with leptin secreting minipumps (1.5 ng/hr) so that the mice could undergo gastric
catheter implantation. The minipumps remained in place during overfeeding and allowed us to artificially
fix leptin levels (1.8 ± 1.4 ng/mL) to avoid the expected rise in leptin that is seen with wild-type (WT) mice.
We found that following overfeeding, the Lep

ob/ob

returned to their original body weight trajectory following

overfeeding (Fig 3.4A). Again, we found this return to original weight trajectory was mediated a hypophagic
response to overfeeding (Fig 3.4B). This study showed that an increase in circulating leptin levels is not
the signal that defends against weight and suggests that another non-leptin system protects against weight
gain.
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Figure 3.4. Leptin is not required for defense against overfeeding.
Figure modified from Ravussin et al., 2018. A) Body weight and B) caloric intake during and following
overfeeding. n=6/group Data are displayed as mean ± SD. Lep OIO are the overfed leptin deficient
mice, and Lep + CON are control mice that were infused with saline. Infused indicates the number of
calories infused. *p<0.05 using a student’s T test.
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After these initial findings that leptin was not required for defense against weight gain, we
hypothesized that another circulating factor was responsible for the reduction of food intake in response to
overfeeding. To that end, we did a series of experiments where C57bl6J WT mice were overfed for two
weeks so that the unidentified circulating factor would be in the blood. 24 hours after the cease of
overfeeding, blood, plasma, or serum was harvested to test whether it could reduce food intake in fasted
mice. Fasted mice were treated using intraperitoneal, intravenous bolus injection, and another iteration of
the experiment used a jugular vein infusion where serum was infused for a period of twelve hours. Results
were variable and inconclusive during these experiments, but this could be more to do with the experimental
design rather than the physiology.
Designing these experiments posed a challenge because we did not know anything about the
potential signaling molecule. This made it difficult to decide which fraction of the blood to use as we did not
know whether it would be in the serum or the plasma. Furthermore, we did not know the half-life of the
molecule or how it is broken down. If highly sensitive, it is possible that the molecule was degraded before
fasted animals could be treated with the blood or blood product.

3.6 Conclusion
Mice that are made obese rapidly through overfeeding defend their body weight by reducing their
ad libitum intake. Roughly 6 days after the onset of overfeeding, ad libitum intake reaches zero and remains
at zero until 24 to 48 hours following the cessation of overfeeding. Food intake remains low until body
weight returns to pre-infusion levels. This defense of body weight mediated by changes in food intake also
occurs when leptin is clamped to a low concentration indicating that this defense of body weight is
independent of leptin. While, it has previously been shown in mice that deletion of leptin receptors on
GABAergic neurons results in weight gain– as is observed in leptin deficient Lepob/ob mice [165], it is possible
that there is a non-leptin molecule that may still act on leptin receptors to prevent weight gain. In this
scenario, leptin itself would on leptin receptors to prevent weight loss while a second molecule could act to
prevent weight gain by binding with lower affinity or by inducing a conformational change upon binding that
triggers a different intracellular cascade.

Based on our findings, we, and previously others, have

hypothesized the existence of a distinct system that suppresses food intake to defend against weight gain
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[12, 60]. However, when we tested this hypothesis by treating fasted mice with the blood, serum, or plasma
from overfed, anorectic mice, the resulting effects on food intake were mixed necessitating more
exploration.
To try to understand mechanisms that prevent weight gain from occurring, we compared the
adipose tissue from overfed mice to the adipose tissue from ad libitum diet induced obese mice. We found
that overfed mice show reduced expression of inflammatory markers in the adipose tissue as compared to
ad libitum fed obese mice. The cause of adipose tissue inflammation is unknown, but hypoxia from rapid
adipose tissue expansions has been suggested as a cause [166, 167]. Interestingly, our results suggests
that adipose tissue inflammation does not develop immediately but becomes apparent after time rather
than a result of adipose tissue reaching a certain size.

This finding goes against the theory that

inflammation occurs before adipocyte hypertrophy [168]. It is possible that our overfeeding model which
does not rely on a HFD results in a different inflammatory profile as most mouse studies on diet induced
obesity utilize a HFD to make mice obese over a long period of time. Thus, more investigation is necessary
to understand why overfeeding does not induce adipose tissue inflammation. Different experimental
timelines such as gradual infusions that induce weight gain at the same rate as ad libitum obesity or
maintaining the high body weight after rapid overfeeding through continuation of infusions will be useful in
parsing out the differences in adipose tissue phenotype that may prevent or promote defense of body
weight.
In the hypothalamus, we were surprised that overfeeding did not alter neuropeptide expression.
Indeed, there was large variation of expression within groups, so assessing subpopulations of neurons may
have revealed differences that were obscured when neurons were analyzed in toto. Indeed, it has
previously been reported that AgRP and NPY neurons become ghrelin resistant in obesity [169]. We too
observed a lack of response to ghrelin in overfed mice, but our gene expression studies do not allow us to
assess the activity or actual response to stimulation in these neurons. Furthermore, these gene expression
studies do not show the actual activation of specific neurons or circuits and are merely a proxy for activation.
More subtle differences could be better observed using a more sensitive technique such as calcium imaging
or by targeting specific neurons using a Cre-Lox system.
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Chapter 4: Sweetening diets increases palatability but not
caloric intake
4.1 Introduction
Mirroring the increase in average body weight of Americans that has occurred over the past several
decades, has been increased availability of and access to low-cost, calorically dense, highly palatable food
[116, 123]. Epidemiological studies have shown an association between the development of obesity and
consumption of processed foods [111, 117]. Many processed and fast foods are generally high in fat, sugar,
and salt content making them both highly palatable and calorically dense [117, 170]. Controlled clinical
feeding studies have shown that foods with a high-fat content and processed foods led to increased food
intake and weight gain [121, 124]. Palatable diets have also been observed to induce or increase short
term caloric intake in animal models [68, 119, 171, 172].

One study found that rats who were resistant to

weight gain on a calorically dense diet gained weight when they were offered a more palatable and preferred
diet [119]. Altering oral sensation of a food, such as changing the texture, also alters food intake and body
weight gain with rats preferring high-fat food and food with a fatty texture leading to an increase in intake
and weight gain [68].
As mice have been shown to like sweet tastes [115] we began by testing whether sweetening diets
could increase caloric intake and body weight In this section we studied the preference of mice provided
ad libitum access to sweetened and unsweetened diets. We tested both nutritive simple sugars and nonnutritive sweeteners We also paired sucrose with additional flavors to assess whether sweetening increases
preference and food intake with only certain diets/flavors.

4.2 Preliminary studies to identify palatable sweeteners
Clinical studies have shown that people find sweet, high carbohydrate foods more palatable than
foods with a lower carbohydrate content [173-175]. Similarly, mice of most strains prefer sweetened
substances to unsweetened substances [115, 144, 176, 177].

Before testing whether a more palatable

diet would increase caloric intake and body weight compared to a less palatable one, we needed to
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determine the concentration of sweeteners that mice preferred and assess how they affected the palatability
of diets. We first conducted preliminary experiments to determine the concentration and type of sweetener
that was most preferred. To do this, mice were given ad libitum access to liquid diets (Osmolite, Abbott
Nutrition) sweetened with sucrose, sucralose, or saccharin or their commercial variants Splenda (sucralose)
and Sweet & Low (saccharin). All diets were made with a base of Osmolite, a complete liquid diet used for
enteral feeding in humans meaning that it was not manufactured with taste in mind. All diets were 1kcal/
mL and were offered to the mice for 4-8 days with food intake and body weight measures taken daily
(Relevant methods: 2.1, 2.2a-b, 2.2g (diet table)). We tested sweetener concentrations ranging from
0.1mM to 30mM. To our surprise we found the addition of sweeteners was not sufficient to increase caloric
intake (Fig 4.1).
This is in contrast to studies with C57Bl6J mice in which sweetening water increases its intake
substantially. We hypothesized that the flavor combination of Osmolite + sweetener was unpalatable, so
we wanted to test whether changing the flavor in addition to sweetening the diet could increase intake. We
added vanilla extract to sweetened diets at 1.7% w/v or 4mL/ 237mL diet which translates to 0.8 teaspoons
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per cup (Section 2.2g). However, the addition of vanilla extract did not change overall intake (Fig 4.1C).
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Figure 4.1 The addition of non-nutritive does not increase intake of an unflavored diet.
Osmolite, a complete liquid diet used for enteral feeding in humans, was sweetened saccharin or
commercial non-nutritive sweeteners with or without the addition of vanilla and was given to mice
with ad libitum access for 4 days. Data are presented as mean ± SD. N=5/ group. B) 0.04%
sucralose in Splenda condition (1mM; 4% Splenda w/v) and 0.12% saccharin in Sweet & Low
condition (6.6mM; 4% Sweet & Low). C) The vanilla conditions contained 1.7% vanilla (v/v) and
had a molarity of 0.5mM sucralose or 5mM saccharin.
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To confirm that the concentration of sweeteners we used were not aversive to the mice and we
offered mice water sweetened with each of the non-nutritive sweeteners at concentrations used to sweeten
the Osmolite diet. Consistent with previous reports, we found that adding Splenda or Sweet & Low to water
led to roughly double the intake of unsweetened water (Fig 4.2). This result showed us that the sweeteners
themselves were not aversive as they did not reduce water intake.

Figure 4.2 Non-nutritive sweeteners
increase water intake.
Water + Splenda is 0.6mM sucralose
(0.006% w/v sucralose; 2% Splenda)
and Water +Sweet & Low is 3.9mM
saccharin (0.018% w/v; 2% Sweet &
Low).
n=3/group and mice had
continuous ad libitum access to the
water for 4 days. Data are presented as
mean ± SD. *p<0.05 using student’s Ttest.

4.3 Preference testing for palatability
Palatability is the relative preference of one food over another.

To measure palatability of

sweetened compared to unsweetened diets, mice were concurrently offered two base diets sweetened or
unsweetened. Two choice tests have long been employed to determine food preference as they allow direct
comparison of intake between two different substances [178, 179]. In our preference tests, mice were given
concurrent ad libitum access to sweetened and unsweetened diets for 12 days (Methods: 2.2a-c, 2.2g).
Intake of each diet was measured daily, and positions of the diets were switched every two days to control
for place preference. We also tested different base diet and sweetener combinations using both complete
liquid diets (Osmolite and Nestle Nido) and dairy based diets (2% milk and evaporated milk). All diets were
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prepared to 1kcal/mL by mixing with water. The exception was the 2% milk-based diet which had a caloric
density of 0.54kcals/ mL (Section 2.2g).
In these studies, sucralose was used as the non-nutritive sweetener of choice so that it could be in
a pure form versus the Splenda which contains additives to add bulk to the powder. Sucralose was chosen
over saccharin because saccharin has an acidic pKa which caused some diets to congeal after it was
added. Diets containing 30% kcals from sucrose were also used to see whether sucrose sweetened diets
increased total caloric intake. In this next set of preference tests, we used sucralose concentrations ranging
from 0.1mM to 30mM. Based on these preliminary studies, we found 3mM sucralose to be the most
palatable non-nutritive sweetener concentration as it was preferred to the unsweetened diet in 2 out of the
4 diets tested (Fig 4.3). We also noted that the base diet and sweetener pairing greatly affected palatability
as preferences differed across conditions so that the addition of sucralose may have been aversive in the
evaporated milk condition (Fig 4.3).

Unlike sucralose, the nutritive sweetener sucrose increased

preference in all cases regardless of the base diet (Fig 4.3). Although, sweeteners increased preference,
ie palatability of diets, in our 12 day tests, there were no significant differences in caloric intake between
the different groups (Fig 4.3).
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4.4 Adding sweetener increases palatability but not caloric intake
To test whether the most palatable sweetened diets affect food intake and body weight we feed
mice diary base diet sweetened with either 3mM sucralose and 30% kcals sucrose. A dairy-based diet
permitted us to control not only sweetness but percent calories from fat and caloric density. In addition,
this diet gave us more control over the viscosity so that we could make the diets compatible with our
infusions system in future studies. Sucralose and sucrose sweetened diets were preferred to unsweetened
diets but did not increase total caloric intake during our 12-day feeding study in either a two-choice
experiment (mice having access to both sweetened and unsweetened diets) and single choice experiments
(mice having access to either sweetened or unsweetened diet (Fig 4.4) (Methods 2.2a-c, g). In examining
all preference tests from Figures 4.3 and 4.4 sucrose (30% kcals) increased the palatability of every diet
tested. However, sucralose only increased the palatability of some diets and never as much as sucrose
sweetened diets. In panels 4.4 D-F, we observed a trend of increased intake and body weight of the mice
consuming sucrose sweetened diet, however this did not reach significance at any point in our 12-day
studies. In addition, we found that a sucrose sweetened diet was more palatable than a sucralose
sweetened diet (Fig 4.4G) which is in agreement with other published work [145].

45

B

10

6
3

Unsweetened

0
0

30% kcals
from sucrose

E

15

Intake (kcal/ 24hr)

Intake (kcal/ 24hr)

+ 3mM
Sucralose

5

10

5
P=0.056

3

6

9

Day

25

F

20
15
10
5

25
20
15
10
5
0
0

12

Body weight (g)

9

0

D

Body weight (g)

12

C

15

Intake (kcal/ 24hr)

15

Intake (kcal/ 24hr)

A

+ 3mM Sucralose
Unsweetened

30% kcals sucrose
Unsweetened

0
0

3

6

Day

9

12

6

9

12

25
20
15
10
5
0
0

Unsweetened /Unsweetened
+ 3mM Sucralose / Unsweetened
30% kcals sucrose / Unsweetened
3

6

9

12

Day

15

Intake (kcal/ 24hr)

G

Unsweetened
Unsweetened

3

Day

#

0

Unsweetened
+ 3mM Sucralose
30% kcals from sucrose

10

5
#
0
30%kcals sucrose
Unsweetened

#
30%kcals sucrose
+3mM sucralose

Figure 4.4. Sweetened diets are more palatable than unsweetened diet but do not increase caloric
intake or body weight.
A-B) Mean and daily caloric intake of mice provided sweetened and unsweetened dairy-based diets ad
libitum. C) Body weight of mice in A-B. D) Mean caloric intake broken down by diet of mice simultaneously
provided both sweetened and unsweetened diets ad libitum. Mice offered only unsweetened diet via two
feeders served as controls. E-F) Daily total caloric intake and body weight of mice in D. G) Mean caloric
intake of mice simultaneously provided an unsweetened and sucrose sweetened diet and mean caloric
intake of mice simultaneously provided diets sweetened with sucrose or the non-nutritive sweetener
sucralose. Data are means ± standard deviation. # p<0.05 comparing intake during the two-choice test. A
paired t-test was used for within group analyses while ANOVA was used for comparisons among groups.
n=5/group.
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4.5 Conclusions
Using a series of preference tests and measurements of caloric intake, we found supplementing
most diets with either 3mM sucralose or 30% kcals sucrose increased palatability. However, even though
sweetened diets were generally preferred to unsweetened diets, and therefore more palatable, increasing
the palatability by sweetening is not sufficient to increase long-term caloric intake. This is in contrast to the
ability of non-nutritive sweeteners or sucrose to increase water intake as we and others have shown [115,
146]. Our differing results likely stem from the use of nutritive versus non-nutritive vehicles (water versus
diet) and suggest that the caloric content may influence preference or provide signal that limits intake which
sweetness cannot overcome. Although we tested sweetener concentrations ranging from 0.1mM to 30mM,
the preferences that we observed for sucralose sweetened diet were very mild compared to the 10:1
preferences that have been reported when testing sucralose in water [146, 178] further supporting the role
of calories in modulating intake and preference.
Interestingly, as we would expect in humans, preference varies based on sweetener and diet
combination so that 3mM sucralose increased preference in 3 out 5 diets tested and was aversive in one
condition. Additionally, some researchers have argued that sucralose increases caloric intake due to a
mismatch between sweet taste and expected energy [180, 181]. While, data in flies support this hypothesis
we did not observe an increase in intake when mice were offered sucralose sweetened diet. These
differences can likely be explained by the use of different species in our two studies. Moreover, we used a
much lower sucralose concentration as we found that the diet seemed to become aversive when sucralose
concentration was increased.
Finally, our finding that sucrose sweetened diet was preferred to sucralose sweetened diet could
be explained by the discovery of a specific hindbrain sensor for sucrose that drives its intake [150]. This
finding supports a role for dietary factors beyond taste to influence preference explaining why sucrose
sweetened diet was preferred to sucralose sweetened diet even though both diets were sweet and
contained the same caloric density. In our studies, we did not detect an increase in food intake or body
weight on sucrose sweetened diet, but perhaps a longer study using a much larger sample size could
uncover small differences.
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Chapter 5: High fat content rather than palatability increases
caloric intake and body weight

5.1 Introduction
In addition to sweetness, foods high in fat content are frequently palatable to humans and rodents
alike. In addition to any hedonic value, fats are energy dense macronutrient, making it easy to ingest a
large number of calories from a small amount of high-fat food [5]. In short-term controlled feeding
experiments people consume significantly more calories when offered a high-fat diet compared to a low-fat
diet [182]. Observational studies also implicate high-fat foods in causing weight gain and have uncovered
associations between obesity and preference for foods high in fat [113, 183]. In fact, this is also true in mice
as a 2018 study showed that high fat content, but not protein or carbohydrate density led to increased intake
and weight gain in mice across several mouse strains [184]. Many studies have found that compared to
low-fat diets, high-fat food leads to increased food intake and body weight in mice and that fat content
modulates diet palatability [68, 130, 132, 185, 186]. However, the majority of investigations into high-fat
diet in mice have not controlled for caloric density using high-fat foods that are more calorically dense than
low-fat foods [122, 187]. Thus, it is impossible to distinguish as to whether the increase calorie intake of
mice offered a high-fat diet arises from simply eating a similar volume but consuming more calories or
whether some intrinsic characteristic of fat drives increase food intake compared to low-fat foods
While increasing sweetness did not increase caloric intake, we next wanted to test whether
increasing the percent calories from fat would increase caloric intake. We employed preference testing
with high-fat and low-fat diets with and without sweeteners to assess the palatability and ability of a highfat diet to induce increased caloric intake weight gain. In all preference tests, liquid diets had a caloric
density of 1kcal/mL (Section 2.2g) and were given to mice with ad libitum access for 12 days. Food intake
and body weight measures were taken daily, and positions of the diets were rotated every two days to
control for place preferences. In this set of experiments, diets were dairy based made from skim milk powder
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and half and half which allowed us to control percent calories from fat while maintaining caloric density at
1kcal/mL (Methods: 2.1, 2,2a-c, g).

5.2 High-fat diets are preferred to low-fat diets and increase caloric intake
In this first study, we tested whether a high-fat diet could increase caloric intake and body weight
(Methods section 21, 2.2a-c, g). The low-fat diet (LFD) contained 10% kcals from fat (LFD) as 10% kcals
from fat is a standard low-fat diet for mice [187]. The high-fat diet (HFD) derived 60% of calories from fat,
a proportion typical of HFD murine diets, and previous study of fat content in which total density was not
kept constant and has shown that intake plateaus calories from fat are greater than 55-60% [187, 188]. In
the HFD versus LFD preference test, mice significantly preferred the HFD to the LFD (Fig 5.1A-B, 12.5±
0.8kcals v 1.6 0.9kcals, p<0.0001). Moreover, mice in the HFD/ LFD group consumed significantly more
total calories than mice in the LFD/LFD group (HFD/LFD: 14.2± 1.9kcals v LFD/LFD 9.9 ±1.9kcals,
p<0.0001). Moreover, when mice were only offered a HFD or LFD, mice on HFD consumed roughly 49%
more than mice fed LFD (14.6± 1.0kcals versus 9.8± 1.0kcals, p-value <0.0001) (Fig 5.1D-E). This increase
intake led to a 16% increase in body weights of the mice on HFD compared to mice fed a LFD (24.1± 1.6g
versus 20.8± 1.6g, p-value <0.05) (Fig 5.1,F). An increase in body weight was also observed following
preference testing (HFD/LFD: 24.4± 1.3g v LFD/LFD:22.1± 1.4g, p<0.05). Of note, mice that had access to
both HFD and LFD ate the same total calories and gained the same amount of weight as those that only
access to HFD (Fig 5.1G). This argues that the HFD drive the total caloric intake.
When total caloric density is fixed, increasing the percent calories from fat, consequently, reduces
the density of the carbohydrates and or protein (Diet composition in section 2.2g). The HFD used in 5A-F
had a lower protein density than the LFD, so we next wanted to test whether mice still consumed more of
the HFD when protein density was matched between the HFD and LFD as well as when protein density is
greater in the HFD than the LFD. Even when protein density was fixed at 10% of total caloric density, mice
still preferred HFD over LFD in a six-day long feeding study (Fig 5.1G HFD v LFD: 13.7± 3.5 kcals v
4.4±2.9kcals, p=0.012). In the protein matched condition, average intake of the HFD was significantly
higher than average intake of the LFD (HFD/LFD: 17.4± 2.4kcals v LFD/LFD: 13.5 ±1.9kcals, p<0.05).
Based on these findings, low protein was not the driving factor for the increased intake or preference of the
HFD. In a four-day long preference test using a HFD with more protein than the LFD (HFD: 50% kcals fat,
49

11% kcals protein, LFD: 10% kcals fat, 2.5% kcals protein) mice preferred and consumed more of the HFD
than LFD (Preference test intake HFD:13.3. ±2.9 v. LFD: 3.4± 1.6kcals, p<0.001). Regardless of protein
content, mice offered a HFD consumed significantly more calories than mice only offered access to LFD
and looking at total intake from this last preference test, mice consumed significantly more when they had
one choice of a HFD (HFD/LFD:16.6 ±2.5kcals v. LFD/LFD 14.4± 1.2kcals, p<0.05).
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Figure 5.1. Increasing the percent calories from fat increases palatability and intake independent
of protein or carbohydrate density. A-B) Mean and daily caloric intake of mice offered either a lowfat (LFD, 10% of calories from fat) or a high-fat (HFD, 60% of calories from fat) diet. C) Daily body
weight of mice offered either a low-fat (10% of calories from fat) or a high-fat (60% of calories from fat)
diet D-E) Mean and daily caloric intake of mice offered both a low-fat and high-fat diet or low-fat diet.
F) Daily body weight of mice offered both a low-fat and high-fat diet or only low-fat diet. G) Caloric
intake of mice offered either a LFD, HFD or both HFD and LFD in which protein density was greater in
the HFD. H) Caloric intake of mice offered both a HFD and LFD or just a LFD in which protein content
was equal. *p<0.05 between groups using Student’s T test, # p<0.05 for diet within group analyses
using a paired T-test. Different letters represent significant differences calculated using ANOVA to
compare three groups. All data are presented as mean ± standard deviation. n=5/group

5.3 Adding a sweetener to HFD increases preference but not total caloric intake
We next tested whether increasing the palatability of a HFD could further increase caloric intake.
To do this, we conducted 12-day long preference tests to assess preference, body weight, and total caloric
intake of low-fat and high-fat diets with and without the addition of 3mM sucralose. The preference tests
were conducted with group sizes of 5 mice each, and all mice had concurrent ad libitum access to two diets
as well as 24-hour access to water (Methods 2.1, 2.2 a-c, g). All diets had a density of 1kcal/mL and were
made from dairy sources (half and half and skim milk powder) (Diet compositions in section 2.2g). Our
results showed that sucralose sweetened HFD was preferred to an unsweetened high-fat diet (8.8±0.44 v
4.1±0.62 kcal/day, p=0.022), but total caloric intake was not increased in comparison to mice that only had
access to unsweetened HFD (Fig 5.2A). Moreover, we observed that all groups offered at least one choice
of a HFD consumed significantly more calories than mice only offered access to the LFD choices (Fig 5.2A)
and all mice with access to a HFD consumed a similar number of calories and significantly more than the
LFD only group (ANOVA of average intake p<0.0005) (Fig 5 A, C). Consistent with increased caloric intake,
all groups offered at least one choice of a HFD weighed more than mice that only had access to low-fat
diets (Fig 5.2 B, D).
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Figure 5.2. Percent calories from fat rather than taste preference regulates caloric intake.
Mice were given a 12 day preference test with concurrent ad libitum access to two diets. A) Average caloric
intake B) body weight on day 12. C and D) daily intake and daily body weight respectively. Data are
presented as mean ± standard deviations which are represented by the bars or shaded regions. Different
letters represent significant differences between groups. ANOVA with post-hoc t-tests using BenjaminiHochberg correction was used for between group statistical testing. # p<0.05 for within group diet
preference by paired t-test. n=5 per group.

Since we found that sucrose was preferred to sucralose we also wanted to test whether a HFD was
preferred to a sucrose sweetened diet. We did another 12-day preference test where mice had access to
unsweetened HFD with either 3mM sucralose sweetened LFD or LFD with 30% kcals from sucrose
(Methods 2.2c, diet composition in section 2.2g). In agreement with our other findings HFD was
significantly preferred to the sweetened LFD in both cases (HFD/LFD + 3mM sucralose 11.1 ± 0.6kcals v.
1.5 ±1.0kcals p<0.0005; HFD/ LFD+ 3mM 10.1±0.4kcals v 2.8 ± 0.6kcals, p<0.0005) (Fig 5.3). However,
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HFD preference was stronger in the sucralose condition compared to the sucrose condition with mice in
the sucralose condition consuming 88.7 ±6.7% kcals from HFD versus the sucrose condition where mice
consumed 78.6 ±4.0% kcals from HFD (p=0.02) (Fig 5.3). This further confirms that sucrose is more
palatable than sucralose but also that HFD is preferred to LFD even if the LFD is made more palatable.

Figure 5.3. HFD is preferred to
palatable LFD.
Average intake following 12-day
preference tests. Black bar is HFD
intake, gray solid bar is LFD
30%kcals sucrose, and light gray
striped bar is intake of LFD + 3mM
sucralose. Data are represented
mean ± SD. #p<0.0005 using a
paired
T-test
to
compare
preference within a group. * p<0.05
using a student’s T-test to compare
intake between groups. n=5/ group

In the preliminary sucrose studies from section 4.3 using the Nido and Evaporated milk diets with
30% kcals from sucrose, the addition of sucrose consequently led to reductions in both protein and fat
content so that caloric density could be maintained (Nido/ Evaporated milk: 50% kcals fat, 20% kcals
protein, 30% kcals carb, Nido/ Evaporated milk 30% kcals sucrose: 35% kcals fat, 14% kcals protein, 51%
kcals carb). Although percent calories from fat is still relatively high in the sucrose sweetened diet (30%
kcals fat), this lower fat, high-sucrose diet was preferred to the higher fat unsweetened diet, suggesting that
sucrose and fat combined create an extremely palatable food (Fig 4.4 C, D). Interestingly, total intake was
not different between the groups supporting the hypothesis that percent calories from fat regulates caloric
intake.
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5.4 Digestible percent calories from fat is linearly associated with intake
As high fat content rather than preference seemed to be the factor modulating caloric intake, we
next tested whether there was a relationship between percent calories from fat and caloric intake. We
conducted a 4-week-long study where mice were offered diets ranging from 10% to 60% kcals from fat. All
diets were liquid diets with matched caloric density of 1kcal/mL (Methods 2.1, 2.2a-b, diet composition in
section 2.2g). We found that average caloric intake was positively and linearly associated with percent
calories from fat of the diets (Intake= 0.049*percent kcals from fat + 10.5kcals, p<0.001, R=0.78) (Fig 5.4A).
Body weight also increased with density with the percent increase in body weight being positively
associated with percent calories from fat (Percent change in body weight= 2.89% + 0.169% x %kcals from
fat, R=0.519, p<0.05) (Fig. 5.4B).
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5.4 The percent calories from fat is linearly related to caloric intake.
Mice were given ad libitum access to diets of differing percent calories from fat for 4 weeks. A) caloric
intake B) Percent change in body weight, and C) body weight on the final day. Data are presented as
mean ± standard deviation. Different letters represent significant differences between groups. ANOVA with
post-hoc t-tests using Benjamini-Hochberg correction was for between group statistical testing. # p<0.05
for within group diet preference by paired t-test. n=4 per group.
We next wanted to understand what aspect of the fat led to increased intake. Was it the mouth feel
or taste? The detection of lipid? Or the breakdown of lipid such as detection of fatty acid versus triglyceride?
To begin to unravel this question we asked whether a high-fat diet containing a non-absorbable lipid could
also increase caloric intake. Mineral oil was chosen as the non-absorbable lipid as it has previously been
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fed to rodents to assess oral sensation of dietary fat [68]. As mineral oil is known to cause GI upset, we
first did preliminary tests to make sure the mice could tolerate the oil and determined it did not cause GI
upset in the concentrations we would be using. To test whether digestible fat needs to be sensed to increase
caloric intake, we prepared a LFD, a HFD, or a high-fat mineral oil diet. The mineral oil diet was matched
to the LFD in terms of caloric density and digestible macronutrient content, but contained the same total
amount of lipid as the HFD and was made by replacing some of the water in the LFD with enough mineral
to match the lipid density of the HFD (Methods 2.1, 2.2a-b, diet composition in section 2.2g). Mice were
split into groups of n=5 and were given ad libitum access to one of the three diets for six days. At the end
of the six-day trial, only the HFD (all digestible lipid) increased caloric intake, while mice consumed equal
amounts of the LFD and (HFD: 17.8± 1.17, LFD: 15.7± 1.23 Mineral oil:15.1± 1.52, ANOVA, P<0.01, Fig
5.5).
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Figure 5.5. Non-digestible source of
fat does not increase caloric intake.
Mice were given ad libitum access to
LFD, HFD, or a mineral oil diet (same
absorbable makeup up to LFD but fat
content was made equal to that of the
HFD by substituting some of the water in
the diet with mineral oil). Different letters
represent
significant
differences
between groups p<0.05 using ANOVA
with post-hoc T-test. N=5/group
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As we found that non-digestible fat did not increase intake we wondered whether a high-fat content
needs to be sensed post-orally or in a non-acute manner to lead to noticeable increases in intake. To assess
the latency of the response to percent calories from fat we performed acute 30-minute feeding studies. To
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do this, 30-minute consumption of diets with 5.4%, 10.5%, or 65.3% kcals derived from dairy fat (all 1
kcal/ml) was measured. Mice were split into three groups with each group receiving the three diets in
different orders, on consecutive days. The three-diet sequence was repeated two times making the total
length of the experiment six days long. Offering two rounds with each diet allowed us to assess both acute
and learned intake. In a mixed model, both fat content and first round versus second round were significant
predictors of intake (p<0.0001) (Fig 5.6). On the first introduction, mice consumed significantly more of the
HFD as compared to the two LFDs (65.3%: 1.42±0.52kcals, 10.5%: 0.84±0.31kcals p<0.0005, 5.4%:
0.64±0.33kcals, p<0.0001 using Tukey HSD test). However, when mice were given the diets a second
time, caloric intake of each of the diets was increased from first to second introduction suggesting a learned
aspect to feeding the behavior (5.4 kcals fat%: 1st 0.64. ±0.33 vs. 2nd 0.99 ±0.43 kcals, p<0.05; 10.5% 1st
0.84 ±0.31 kcals vs. 2nd 1.33 ±0.26 kcals, p=0.001; 65.3% 1st 1.42 ±0.52 kcals vs 2nd 2.20 ±0.33,
p<0.000001) (Fig 5.6).
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Intake (kcal)

B

*

B

2

A
A

*
1

0

*

5.4%

10.5% 65.3%

5.4%

10.5% 65.3%

Percent kcals from fat
Figure 5.6 Mice consume more HFD 30-minute tests.
Mice were given 30-minute access to diet of differing fat contents for 30 minutes in different orders.
Mice had two periods with each diet creating a total of 6 trials. On trial 2 intake of all diets increased,
and in both trials intake increased with percent calories from fat. Data are presented as mean ± SD. *
p<0.05 using a paired T-test to compare intake between trial 1 and trial 2. ANOVA with post-hoc ttests using Benjamini-Hochberg correction was used for between group statistical testing; different
letters represent significant differences within a trial. n= 15
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5.5 Conclusion
Based on these experiments we found that a high-fat diet is palatable and also increases caloric
intake and body weight as compared to a LFD. This was true regardless of the protein density of the HFD
as compared to the LFD. Increasing the palatability of the HFD increased preference but did not further
increase caloric intake. Furthermore, percent calories from fat was positively associated with caloric intake,
but high-percent calories from fat needed to be from a digestible lipid source to increase intake. Our work
also showed that increased intake of HFD is independent of caloric density as most mouse models of diet
induced obesity use a HFD of greater caloric density than the typically used chow or LFD [122].
Our finding– that HFD increases intake is supported by previously reported findings showing that
fat but not protein or carbohydrates influences caloric intake [184]. Furthermore, this study showed that
body weight and caloric intake both increase with percent calories from fat but do not increase past 60%
calories from fat [184]. Although this study, which used a solid diet, and our work, which used a liquid diet,
share similar findings, it is possible that our use of liquid diet could explain why there was no increased
intake of the mineral oil diet. In the 1960s a study in rats showed that altering the mouthfeel or texture of
diet to mimic that of a HFD using mineral oil led to increased intake even though there was no increase in
absorbable fat content [68]. While this study and our work are comparing two different species, it is also
possible that the effects of mineral oil on texture or mouthfeel were less noticeable in our liquid diet as
compared to adding mineral oil to a solid diet. To better understand the effects of HFD on food intake, our
studies could be repeated using isocaloric solid diets to investigate whether the form and mouthfeel of the
diet affect its consumption.
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Chapter 6: High-fat diet attenuates defense of body weight
against weight gain

6.1 Introduction
Numerous studies have shown that mammals defend or maintain a certain body weight through
alterations in food intake and metabolism that are brought about by small alterations in body weight [1, 12,
14, 49, 50, 62]. This holds true both in the context of weight loss [46, 49-51] and in the context of weight
gain [16, 50, 52] where changes in caloric intake or energy expenditure encourage a return back to the
previous weight. However, the rise in obesity prevalence that has been observed over the past several
decades provides strong evidence that body weight set-point or defense of bodyweight can be overridden.
While palatable foods have long been implicated in the rise in obesity rates [111], our previous results
suggest high-percent calories from fat rather than palatability increases caloric intake and body weight.
This hypothesis, that high-percent calories from fat leads to weight gain, is supported by a number of studies
in both human and rodent models [185, 187, 189]. Indeed, other work suggests that a HFD can modulate
neuronal signals related to food seeking, hedonic behavior, and appetite [190-193] further supporting our
hypothesis that high-fat foods can override or suppress defense against weight gain. Thus, we wanted to
test whether a HFD can suppress defense of body weight. Using our intragastric overfeeding system from
chapter 3, we tested whether the availability of a HFD or palatable, sucrose sweetened LFD is sufficient to
suppress defense against weight gain and prevent a return to the original weight following overfeeding.

6.2 HFD suppresses defense of body weight
This first set of experiments offered mice a palatable HFD during and after overfeeding them with
infusion of a liquid diet and assessed caloric intake and body weight during and following overfeeding. In
this experiment, we used three groups of overfed mice + ad libitum LFD (1 kcal/mL; 10% kcals from fat,
dairy based), overfed + ad libitum HFD (1 kcal/mL, 60% kcals from fat; dairy based), and a control group of
mice infused with saline + ad libitum LFD group. The liquid diet used was a complete liquid diet (Ensure,
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Abbott) that is used in humans to encourage weight gain or maintenance (0.875kcals/mL, 32.4% kcals fat,
14.4% kcals protein, 54.2% kcals carb) (Diet composition section 2.2g).
Following recovery from gastric catheter implantation, mice were all put on ad libitum liquid LFD
and food intake was allowed to stabilize.

Following stabilization, all mice received three 30-minute

introductions to 1mL of HFD to control for novelty. Mice were all kept on LFD until infusions began so that
the starting weights would be the same between groups. After this introduction period, mice were split into
the three groups (HFD, LFD, non-overfed), and overfeeding or volume matched saline infusions began.
Infusions were started one hour after the onset of the light cycle and lasted 14 hours. Mice had continuous
ad libitum access to water and their respective diet, and food intake and body weight measures were taken
daily following infusions. Infusions began with a volume of 14mL and increased in a stepwise fashion with
the final infusion on day 13 with a volume of 21mL. After the infusions ceased, mice still had ad libitum
access to food and water with intake and body weight measurements taken daily (Methods 2.1, 2.2a-b, de, g).
Mice with access to ad libitum HFD (oHFD) consumed more calories during week one of
overfeeding than the overfed mice with ad libitum access to LFD (oLFD) (oHFD 8.1± 5.8kcals v. LFD 3.8±
1.6, p<0.001) (Fig 6.1B,D). All overfed mice slowly reduced their food intake until becoming anorectic on
day 8 of overfeeding and remaining anorectic until roughly 24 hours following the cease of overfeeding (Fig
6.1 B, D). In fact, oHFD mice consumed significantly more than oLFD mice during all time periods (day 17, 14-21, 22-26, and 27-30) except for days 8-13 when all mice were anorectic (Fig 6.1 C, D). Following the
infusion and anorectic period, mice that were offered ad libitum access to a LFD underwent a hypophagic
period that lasted until their body weight decreased to that of the control mice (control: 24.0  2.9 grams
versus 23.4 ±2.4 grams) (Fig. 6.1E). For the oLFD fed mice, this return to original body weight corresponded
to a return back to original levels of caloric intake (Fig 6.1 B, E). In contrast, oHFD mice did not return to
their original body weight trajectory but instead maintained a new higher body weight (26.1 ± 2.0 grams) as
compared to control and oLFD fed mice (p<0.04 one-tailed) (Fig 6.1E). As caloric intake stabilized, mice
on the oHFD consumed significantly more than the oLFD mice (oHFD 14.0± 0.8kcals v. oLFD 10.5
±0.8kcals, p<0.05) but there was no difference in intake between oLFD and the non-overfed group
(11±0.6kcals).
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Figure 6.1. Access to a HFD attenuates defense of body weight.
A) Experimental design showing the three groups and their ad lib and infused diets. B) Ad libitum
caloric intake of overfed and control mice. C) Total ad libitum caloric intake is greater in mice offered
oHFD than mice offered oLFD as measured as area under the curves. D) Ad libitum caloric intake
during different time periods of the experiment. E) Daily body weight of control, oLFD and oHFD during
and following overfeeding experiment. Data are presented as mean ± standard deviation shown by
either error bars of the shaded regions in the line graphs. * p<0.05 comparing the LFD and HFD overfed
groups using a student’s t-test.
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6.3 Palatable sucrose sweetened diet does not attenuate defense against gain
While we found that a sucrose sweetened diet did not significantly increase caloric intake or body
weight during our preference tests in Chapter 3, we wanted to test whether a palatable sucrose sweetened
diet could suppress defense of body weight as oHFD does. This experiment followed the same general
protocol as the previous study, but the mice had ad libitum access to either a low sucrose/ unsweetened
diet (oLSD) or the more palatable high sucrose diet (oHSD) which derived 30% of its calories from sucrose
during and following overfeeding (Methods 2.1, 2.2a-b, d-e, g). The overfeeding was stopped at 10 days
because of clogging in the infusion system, so the weight gain was less in this experiment than the previous.
In contrast to the study with oHFD, oHSD did not lead to higher caloric intake at any point during the study
(Fig 6.2A). Body weights were also the same between the two groups during the entire course of the
experiment (Fig. 6.2B).
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Figure 6.2. A palatable sucrose sweetened diet does not suppress defense against weight gain.
A) Ad libitum caloric intake and B) body weight of mice that were overfed and had ad libitum oral access
to low sweetness diet (oLSD) or ad libitum access to an oral high sweetness diet (oHSD). Data are
presented as mean ± standard deviation shown by the shaded regions in the line graphs. n=4/group
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6.4 Conclusion
Mice offered a palatable oHFD consumed more ad libitum calories both during and following
overfeeding as compared to offered oLFD. This increased intake prevented a return back to the original
body weight and led to mice stabilizing out at a higher body weight. In contrast, the sucrose did not suppress
defense of body weight, and mice consumed the same amount of the sucrose sweetened diet as compared
to the unsweetened diet. Thus, from our results, palatability alone does not attenuate defense of body
weight, but access to a HFD attenuates the hypophagic response to overfeeding.
These results are similar to our lab’s 2018 paper, but the time to reach anorexia and length of
anorexia after cessation of overfeeding differ by a few days [54]. This difference could be explained by the
use of solid versus liquid ad libitum diets where the use of liquid diets provides more accuracy in
measurement. Second, the mice used in this overfeeding study were younger than mice used in the 2018
paper meaning that they also weighed less, which could again account for differences in intake at different
time periods [54].
Our finding that HFD but not HSD led to weight gain has also been observed in rats where a HFD
diet increased caloric intake and body weight whereas a HSD mirrored intake and body weight of animals
on a low-fat, low-sucrose diet [194]. Furthermore, it has been shown that hypothalamic sensing of sugar
and fat in the gastrointestinal tract are processed by different signaling pathways [94] which could also
explain the divergent responses to both palatable diets. Nonetheless, while it has been suggested that
western diets attenuate defense of body weight [195], our results suggest that it is the fat content rather
than the sucrose content suppressing regulation of body weight.
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Chapter 7: Post-oral sensing of high fat content is sufficient
to increase caloric intake and body weight

7.1 Introduction
In addition to the taste and smell of food, studies have demonstrated post-oral sensing of nutrients that can
alter behavior. Post-oral refers to processes that occur beyond the oropharynx. One example of post-oral
sensing is the conditioned taste aversion which occurs when consumption of a new food aligns with the
onset gastric malaise and leads to the development of a food aversion [196]. In addition to detecting danger,
post-oral sensing of nutrients can promote short-term satiety [140, 197-199], modulate nutrient uptake and
metabolism, and affect rate of digestion [138, 200, 201]. In addition to its role in regulating food intake and
digestion, post-oral sensing has also been shown to determine taste preference [142, 143, 170]. For
example, post-oral sensing of sucrose has been shown to condition a flavor preference in a concentration
dependent manner that does not occur with non-nutritive sweeteners [146, 151, 202, 203]. In addition to
conditioning a flavor preference, sucrose sensing in the gut was recently shown to increase dopamine
signaling in the VTA and drive acute food seeking behavior [96].
As we found that fat, but not sucrose, led to increased food intake and that percent calories from
fat was associated with food intake, we hypothesized that post-oral sensing of fat would increase caloric
intake. This would be in contrast to short-term infusion studies in which gastric infusion of fat, protein or
carbohydrates can acutely suppress food intake. Using our intragastric infusion system, we tested whether
oral taste sensing of a HFD was required to increase intake or whether post-oral sensing of high-fat content
was sufficient to increase caloric intake and body weight.
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7.2 Infusion of HFD increases caloric intake of LFD
We first set up a pilot study to test whether post-oral sensing of a HFD is sufficient to increase
caloric intake. For this study, we employed our intragastric infusion system to bypass oral taste sensing
and deliver the diet directly to the stomach. Mice were fitted with an intragastric catheter and allowed to
recover for one week. After recovery from the procedure, mice were placed on an ad libitum liquid LFD
and food intake and body weight were allowed to stabilize (Methods 2.1, 2.2a-b, d, f). This experiment
used dairy diets made from half and half and skim milk powder; LFD contained 10.5% kcals fat, 38.5%
kcals protein, 51% kcals carbohydrates, and the HFD contained 65.3% kcals fat, 14.7% kcals protein, 20%
carbohydrates (Diet composition in 2.2g). A small “I” in front of the diet indicates infused (iLFD or iHFD),
and a small “o” indicates oral ad libitum (oLFD).
Following stabilization, intragastric iLFD infusions began with a total infusion of 5kcals given at a
rate of 1kcal/hr, and infusion volumes were increased by two kcals per day until ad libitum intake was close
to zero on day 4 (Fig 7.1 A, B). As infused kcals increased, ad libitum caloric intake decreased until they it
was almost zero on day four, at a time when 11 kcal were infused by IG tube (Fig. 7.1 A,B). At this point,
infusions were held at 11kcals for another day to maintain the low intake. Then, on day 6, the iLFD was
switched to an infused high-fat diet (iHFD) of the same caloric density and volume (Fig 7.1 A,B). Following
the switch to iHFD, mice increased in ad libitum intake of the oLFD within 24 hours (Fig 7.1B). The infusion
of the iHFD was continued for another week. Average ad libitum intake of the oLFD during iHFD infusion
was greater than during the iLFD infusion (Fig 7.1C).
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Figure 7.1. Post-oral sensing of a HFD increases ad libitum caloric intake in the absence of
oral taste sensing. A) Design of the experiment for data (n=6). B) Infused and ad lib caloric intake
of oLFD C) average intake of days 4-5 during iLFD compared with days 6-14 during iHFD. Data
are displayed as mean ± standard deviation or as individual data points in C. * p<0.05 comparing
iLFD diet group to iHFD using a paired t-test.

7.3 Infusion of HFD increase caloric intake and body weight
We next tested whether infusion of a iHFD could lead to increases in body weight. We also added
in multiple control groups to control for random effects and to ensure the iHFD did not contain fewer calories
than the iLFD. This study used Similac Alimentum as the base diet, a nutritionally complete baby formula
for the iHFD and diluted this with maltodextrin for the iLFD. Similac Alimentum was chosen because some
of the mice became sick when large amounts of skim milk powder that were used in the previous study and
therefore required more mice to be studied, and as Similac Alimentum is manufactured to be high in fat,
the high-fat diet did not separate. The caloric density used in this study was 1 kcal/mL in both diets and
macronutrient breakdown was as follows: iLFD 10% kcals from fat, 2.5% kcals protein, 87.5% kcals carbs,
and iHFD: 50% kcals from fat, 11% kcals protein, 39% kcals carb (Diet composition in 2.2g). For this study,
mice were fitted with an intragastric catheter, allowed to recover. Ad libitum food intake of the LFD was

65

measured for each mouse (Methods 2.1, 2.2 a, b, d, f). Following this stabilization period, mice were
stratified into three groups based on how many calories they ate. Our infusion system cannot infuse mice
at individual rates and hence we grouped animals into low middle and high intake so that intragastric
infusions could be delivered at three different rate that most precisely matched each animal’s natural ad
libitum intake.
Intragastric infusions with LFD (iLFD) began at 50% of expected ad libitum intake and were
increased by 10-20% each day until ad libitum of oLFD intake was roughly 15% of the previously stabilized
amount, and this infusion was held constant for four days (days 6-9, Fig 7.2 A, B). Half of the mice were
then switched from iLFD to iHFD, so day 10 was the first day following iHFD (Fig 7.2A). The iHFD and
iLFD were held at 12kcals for the rest of the experiment.
We found that mice switched from iLFD to iHFD they consumed significantly more ad libitum
calories while receiving iHFD (LFD infusion: 1.7 ±1.0kcals/day versus HFD infusion: 2.3 ±1.3kcals/day, pvalue <0.05) while there was no change in ad libitum intake for mice that only received LFD infusions (Fig
7.3C). Interestingly, changes in ad libitum intake occurred beginning on the second day of iHFD infusions
suggesting some latency in response to iHFD. The increased ad libitum intake that we observed for the
iHFD mice was sufficient to increase body weight (Day 15: iLFD: 21.8± 1.2g versus iHFD: 24.0±0.9g,
p<0.05) (Fig. 7.3 D).
Furthermore, we confirmed that increased caloric intake during iHFD gastric infusion was not due
to lower caloric density of the iHFD than the iLFD. We used bomb calorimetry to measure caloric density
of the dietary components and also tested whether iHFD was hypocaloric compared to the iLFD using two
control groups that did not have ad libitum access to food. These control groups followed the same
experimental paradigm as the other groups shown in the diagram of Fig 7.2A, but on day 10 we removed
their ad libitum access to food to test the effects of just the infusions on body weight. We found that iHFD
infused mice actually gained weight compared to iLFD mice (Fig 7.2E), suggesting an additive effect of
percent calories from fat on energy expenditure and absorption. Thus, increased ad libitum intake by mice
receiving iHFD infusions was not due to reduced caloric density of iHFD compared to iLFD leading to
increased ad libitum intake.
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Figure 7.2 Post-oral sensing of a HFD leads to increased body weight in the absence of oral taste
sensing. A) Design of the experiment for data in B-E where all animals are given ad lib access to oLFD.
n=5-6/group. B) Infused kcals and ad lib kcals consumed C) average ad lib intake during 11kcals
infusions with LFD or HFD. D) body weight during infusions. E) Two extra control groups whose ad lib
access to food was removed following measurements on day 9 to test whether the iHFD contained
sufficient calories and did not induce weight loss. * p<0.05 comparing iLFD diet group to iHFD using a
student’s t-test except in panels C where paired t-tests were used for within group comparison.

We also measured gene expression in the hypothalamus and the jejunum following 4 hours infusion
of either iLFD or iHFD (Methods: 2.2h-i). In the hypothalamus, we found no differences in expression of
the classic hunger regulating peptides AgRP or POMC, or in fatty acid metabolism genes between iLFD
and iHFD mice (7.3A-D). Interestingly, NPY expression trended to lower in the iHFD mice compared to the
iLFD group even though intake was greater in iHFD mice (Fig 7.3A). Although the difference in NPY
expression did not reach significance, hypothalamic NPY expression in rodents on a HFD has been
previously shown to be reduced [204, 205]. It is thought that reduced NPY expression on HFD is an attempt
to counter HFD induced hypophagia [205].
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Additionally, as increased cannabinoid signaling has been implicated in the ability of HFD to
increase food intake we measured expression of cannabinoid receptor 1 (CNR1) in the hypothalamus as
expression of cannabinoid metabolism genes in the hypothalamus. We found no difference in cannabinoid
receptor 1 expression in the hypothalamus (7.3H) nor any differences in diacyglycerol lipase alpha (DAGLA)
, which is required for synthesis of the endocannabinoid 2-arachidonoyl glycerol and is upregulated
following a HFD tasting [206, 207]. No differences were found in hypothalamic monacylglycerol lipase
(MGLL) expression. MGLL catalyzes 2-AG breakdown and is found to have higher expression levels in the
gut in obesity [208, 209]. Interestingly, in the jejunum of iHFD mice we found a reduction in MGLL
expression which is in line with increased cannabinoid signaling with HFD consumption (7.3J).
In the jejunum, we saw increased expression of the fatty acid transporter scavenger receptor CD36.
As Cd36 is expressed along the digestive tract and is involved lipid uptake the gut [134], the increased
expression of CD36 we saw in the iHFD model helps to confirm that higher fat content is sensed in the
iHFD as compared to iLFD. We hypothesized that CD36 expression in the tongue may increase in mice
on a HFD causing them to be more sensitive to fat taste as a way to explain increased intake of a LFD
while being infused with a HFD. However, there were no difference in CD36 expression in the tongue (Fig
7.3G).
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Figure 7.3. Relative gene expression following infusion of HFD or LFD.
qPCR using trizol extracted RNA was performed on the hypothalamus of
jejunum. RPS3 was used as the housekeeping gene. n=9-10/group A-E) Gene
expression in the hypothalamus. F) Gene expression in jejunum and G) tongue.
Expression is normalized to iLFD group, and data are presented as mean ± SD.
* indicates p<0.05 using a student’s T-test.
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7.4 Switching from a HFD infusion to a LFD infusion reduces ad lib intake
Because protein density was not matched in the previous two experiments (HFD contained less
protein in experiment 7.2 and more protein in 7.3 as compared to LFD), we next tested whether a protein
matched iHFD could still increase caloric intake (Methods 2.2d, f, g). We also tested whether switching
from iHFD to ILFD infusion could reduce ad libitum caloric intake. Diets used were made from maltodextrin,
whey, and Intralipid so that we could control the macronutrient content (HFD: 60% kcals fat, 10% kcals
protein, 30% kcals carb; LFD: 10% kcals fat, 10% kcals protein, 80%kcals carb) (Diet composition in 2.2g).
Using Intralipid, the mice did not tolerate infusions rates greater than 0.65kcals/ hr, so a 13mL infusions
over 20 hours was the maximum infusion possible. This study contained 4 different infusions phases as
shown in the experimental schematic (Fig. 7.4A). In phase one, mice were infused with 10kcals of iLFD or
10kcals of iHFD for 4 days. In phase two, infusions increased by 1kcal/ day until they reached 13kcals and
were held at 13kcals for 4 days during phase three. Finally, in phase four, half of the iLFD mice switched
to receiving iHFD while all of the iHFD mice were switched to iLFD (Fig 7.4A).
Consistent with our previous results, during phases one and two mice infused with iHFD ate 21 ±
6.1% more calories than iLFD animals (7.4B). Even when infusions were increased to 13 kcal/day in phase
three, we observed iHFD led to increased ad libitum intake of oLFD (Fig 7.4B). Although body weight was
not different between iLFD and iHFD groups, during this short experiment, perigonadal (PG WAT) and
subcutaneous (SC WAT) fat pad were larger in mice that received the iHFD for the first 10 days of the
experiment (PG WAT: iLFD 27.1 ±5.1 mg/g body weight versus: iHFD 37.1 ±9.3mg/g body weight, p-value
<0.05; SC WAT: iLFD 17.5± 2.4mg/g body weight versus: iHFD 24.1 ±3.6mg/g body weight, p-value <
0.005) (Fig 7.4C,G).. Additionally, we found no difference in serum non-esterified fatty acid levels between
the two groups (Fig 7.4D).
In phase four, when diets were switched from iLFD to iHFD or iHFD to iLFD, we again observed
changes in ad libitum intake. Consistent with previous observations, when mice were switched from iLFD
to iHFD, their oral ad libitum caloric intake of oLFD increased significantly (2.67± 0.73 to 3.35±0.89
kcals/day; p-value < 0.05) (Fig 7.4E). Conversely, switching from iHFD to iLFD reduced the oral ad libitum
caloric intake (3.16±1.15 to 2.70± 0.81kcals; p-value < 0.05) (Fig 7.4E) again suggesting post-oral fat
sensing led to changes in feeding behavior. We also measured blood glucose concentration on days 10
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and 13 to test whether low blood glucose concentration resulting from fewer carbohydrates in iHFD than
iLFD could explain the increased ad libitum intake. However, we found that mice receiving iHFD had higher
rather than lower blood glucose concentration as compared to when receiving iLFD (7.4F).

Phase one

Phase two

Phase three

Phase four

Figure 7.4 Ad libitum caloric intake is regulated by the percent calories from fat of food in the
gastrointestinal tract
A) Experimental design (n=10-19/group in B-E, and E-G, n=9-10/group). Animals were infused with
10 kcals on days 1-4, and this amount was gradually increased to 13 kcals/day at which it remained
for the rest of the experiment. On day 11, infused diets were switched from infused LFD (iLFD) to
infused HFD (iHFD) or iHFD to iLFD, and the control group remained on iLFD. B) Daily ad libitum
intake over days 1-10. C) Epididymal fat mass as a fraction of total body weight and D) serum nonesterified fatty acid levels. C-D) groups based on the infusion mice had for days 1-10. E) Mean ad
libitum intake days 8-10 compared to intake on days 11-13. F) Blood glucose on day 10 or 13 taken
in the morning immediately following the 20-hour infusion. G) There is no difference in body weight
between groups although we observed a difference in fat pad weight. * p<0.05 as calculated by
student’s t-test or paired t-test in E-F.
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We next performed a similar study using a crossover design so that we could test whether switching
from iLFD to iHFD and back to iLFD modulated ad libitum food intake in the same group of mice (Methods
2.2d, f, g). The iLFD and iHFD diets were isocaloric (1kcal/mL) and were made using maltodextrin, whey
protein, and half and half as the fat source (HFD: 60% kcals fat, 10% kcals protein, 30% kcals carb; LFD:
10% kcals fat, 10% kcals protein, 80%kcals carb) (Diet composition 2.2g). Throughout the study, mice were
infused with 10kcals/day- an amount that is lower than their normal ad libitum intake. Infusions began with
iLFD (10% of calories from fat), and once ad libitum and total caloric intake stabilized for several days, the
infused diet was switched to iHFD (60% calories from fat) and then back to iLFD (Fig 7.5A). Since we had
previously noticed a latent response to iHFD, or to infusions in general (delayed compensation for infused
calories) we compared ad libitum intake of oLFD from the second day of each infusion onwards. Consistent

Figure 7.5. A crossover design reveals that post-oral percent calories from fat modulates
caloric intake.
A) Experimental design for data shown in (n=14). B) Daily ad libitum and infused caloric intake, and
total caloric intake. Vertical lines indicate when the infusion diets were switched. C) Mean caloric
intake during each infusion period excluding the first day of each period to allow for acclimation.
Columns represent group averages and open shapes are individual data points. Data are displayed
as mean ± standard deviation. Different letters represent significantly different means (p<0.05) as
calculated with ANOVA and post-hoc paired T-tests using a Benjamini-Hochberg correction.
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with post-oral sensing of fat, ad libitum intake was highest when mice received the iHFD infusions as
compare to the iLFD infusions (Fig 7.5 B, C).

7.5 Conclusion
Even when oral sensing is bypassed by delivering a diet directly to the stomach, mice consume
more calories of a LFD when delivered a HFD. Moreover, mice reduce their ad libitum intake in response
to switching from iHFD to iLFD suggesting that percent calories from fat is sensed post-orally to regulate
food intake. It is unclear what the exact signal or mechanism of sensing percent calories from fat in the gut
is, but it is clear ad libitum intake is modulated by post-orally sensed percent calories from fat. These results
also show that oral taste or texture of a HFD diet is not necessary to induce caloric intake especially as the
ad libitum diet was LFD in all cases. Moreover, as fat is generally considered satiating, we have uncovered
a new mechanism for HFD diet to increase caloric intake and body weight that goes beyond its palatable
taste. We also found that the effects of HFD are independent of protein density, as iHFD increased ad
libitum intake when it contained more, less, or equal protein to the iLFD.
An interesting observation was that changes in ad libitum food intake did not occur immediately
after switching the infused diet. Perhaps this delay in altered food intake could be explained by the diet
shaping neural responsivity to food. HFD consumption has been shown to reduce neuronal responses to
other food cues [191, 210]. AgRP activity in response to food has been shown to be reduced in mice that
have been made obese using a HFD [191] further suggesting that we may see differences in neuronal
activation that were not detectable in our preliminary qPCR studies. Other recent work has shown that
there is a reduction in sucrose preference in HFD fed mice with preliminary results suggesting a reduction
in dopaminergic VTA activation [210]. In our model, it is possible that a washout period or habituation period
to the new diet is required for neural responsivity to adjust or that the previous diet needs to be removed
from the GI tract for changes in feeding behavior to occur.
Conversely, other work has suggested that intragastric sensing of macronutrients promotes satiety
rather than increasing intake as we observed [211].

However, we hypothesize that there is a time

dependent response to high fat content and that in an acute setting GI detection of fat is satiating. Although,
the effects of fat in the gut on long-term food intake do not appear to be immediate, it is unclear why and
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how HFD induces caloric intake. First, it is likely that fat is satiating in an acute setting to signal meal
termination. However, in the long-term we hypothesize that repeated or continuous post-oral sensing of
HFD suggests an abundance of safe, palatable, and energy dense foods leading to increases in food intake.
While there is evidence that fat is sensed through separate neuronal pathways than other macronutrients
[94] it is unclear whether the mechanisms leading to increased intake are mediated by a neuronal response.
As it has been shown that GI peptides promoting satiety can lead to reductions in AgRP activation [140],
examining hormones in circulation is an important future study.
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Chapter 8: Preference for and intake of HFD is dependent on
both oral and post-oral sensing of fat

8.1 Introduction
Post-oral infusions of both sugars and fat solutions have been shown to condition a flavor
preference in rodents [143, 148, 151, 203]. Previous work has shown that preference for flavors paired
with an intragastric glucose infusion develop as a is a result of glucose sensing rather than caloric density
[145]. In fact, new research provides a mechanism to support this finding showing the a population of
neurons in the NTS is responsive to sugar and drives sugar preference over non-nutritive sweeteners [150].
As we have found that post-oral HFD infusions can increase ad libitum intake, we wondered whether a
sustained preference for a HFD was driven or conditioned by post-oral sensing of high fat content.
While there is no known “taste” for fat- only sweet, salty, sour, umami, or bitter [114, 212], CD36
has been suggested to be a possible receptor for fat taste in the mouth and fat sensing in the gut [114, 130134]. Our previous observation of increased intestinal CD36 expression in iHFD mice, led us to hypothesize
that oral preference for high-fat foods is derived from “taste” in the gut. This hypothesis was further
supported by the lack of hyperphagic response to mineral oil HFD which suggested that digestible fat
content needed to be sensed. Moving forward, we wanted to test whether a flavor preference can be
conditioned by intragastric infusions of a high-fat diet when controlling for caloric content. Previous work in
both rats and mice has found that intragastric infusions of pure fat condition a flavor preference compared
to water [135, 151, 213, 214]. To our knowledge this has not been tested using complete diets or when
controlling for caloric density. In this next set of studies, we also created a novel conditioning paradigm for
this study that can be employed without the use of lickometers.
In addition to what is described in this section, more detailed methods used in this chapter can be
found in More detailed methods can be found in sections 2.1, 2.2g, and 2.3.
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8.2 Post-oral sensing of HFD conditions a flavor preference as compared to water
In the first study we wanted to test that our conditioning paradigm and our use of a HFD could
condition a flavor preference as compared to water infusions. Our goal was to replicate results in the
literature showing that fat infusions condition a flavor preference compared to water infusions [135, 151,
186, 213, 214]. The HFD was made out of Intralipid, maltodextrin, and whey as previous conditioning
studies have used fat emulsions (60% kcals from fat, 10%kcals protein, 30% kcals carbohydrate; 31.4%
Intralipid v/v). Following a baseline preference test, mice underwent flavor conditioning where they received
ad libitum access to grape or cherry flavored saccharin solutions (0.2%) with concurrent intragastric
infusions of HFD or water. A post-training preference test was used to investigate whether the mice
developed a preference to the solution paired with the iHFD. Pre-tests found no initial preference for cherry
or grape.
Mice were implanted with an intragastric catheter and allowed to recover for two weeks before
being food restricted to 90% body weight as following previously published protocols. Mice were then given
a 1-hour preference test with the cherry and grape saccharin solutions (0.025% saccharin) to allow the
animals to taste the flavors (0.025%) but still keep the taste of the much sweeter conditioning solutions
novel. Mice were randomly assigned to conditioning groups based on their intake during the pre-test. The
conditioning flavors were cherry or grape sweetened with 0.2% saccharin. Within each group half of the
mice received cherry paired with iHFD and the other half received grape paired with iHFD Conditioning
sessions were six hours during the light cycle with each session occurring on a consecutive day (Fig 8.1A).
In conditioning sessions 1,3,and 5 mice received cherry ad libitum while receiving an intragastric infusion
of the paired flavor (0.5mL/hr). On days 2,4, and 6, mice had access to the sweetened grape while receiving
an infusion with the paired flavor (Fig 8.1A).
During the pre-test we did not observe an overall flavor preference as expected (Fig 8.1B).
However, following conditioning in the post-test, we found a strong preference for the flavor that had been
paired with the iHFD compared to the flavor paired with water infusions (HFD: 8.0 ± 4.2mL versus water:
1.6 ± 0.8mL, p< 0.05) (Fig 8.1B).
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B

Figure 8.1. IG HFD conditions a flavor preference versus water infusions.
A) Experimental schematic of conditioning paradigm. Half of the mice received cherry paired iHfD
while the other half of the mice received grape paired with iHFD. B) There was no flavor preference
observed during the pre-test which lasted 60 minutes and used diets sweetened with 0.025%
saccharin. In the post-test following the six days of conditioning, mice were conditioned to prefer the
flavor paired with iHFD. The trainings and post-test lasted 6 hours and used flavors sweetened with
0.2% saccharin. n=6. Data are displayed as individual data points with bars showing the mean. A
paired T-test was used to test for preference. **p<0.005. Figure made using BioRender

8.3 When controlling for caloric density, high fat content is not sufficient to
condition a flavor preference
We next wanted to test whether a LFD infusion (10%kcals from fat, 10% kcals protein, 80% kcals
carb; 5.24% Intralipid v/v) could condition a flavor preference. The same study design as shown in Fig 8.1A
was followed except iLFD was used instead of iHFD. We found that iLFD strongly conditioned a flavor
preference as mice consumed almost four times the amount of the LFD paired flavor as compared to the
water paired flavor (LFD: 3.7 ± 1.5mL versus water: 1.0 ± 0.4mL, p< 0.005, Fig 8.2A). We noticed that mice
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consumed much less of the flavor solutions overall as compared to the previous experiment but attributed
that to cohort differences.
We next wanted to test whether increasing percent calories from fat of the infusate was sufficient
to condition a flavor preference. In this experiment, the infusions were either the LFD (1kcal/mL, 10% kcals
from fat, 5.24% Intralipid v/v) or an Intralipid solution (100% kcals fat, 16.5% Intralipid v/v), where the fat
content was 3x higher in the Intralipid solution than the LFD but the caloric density was 3x higher in the
LFD and the Intralipid solution. We found that the LFD with greater caloric density conditioned a flavor
preference as compared to the higher fat but calorically lower Intralipid solution (LFD: 3.4 ± 1.5mL, Intralipid
1/3kcal: 0.6 ± 0.4mL, p<0.001, Fig 8.2B). In these two studies, there was no preference for either cherry
or grape following before or after conditioning confirming that the preferences we observed were a result
of the conditioning.
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Figure 8.2. LFD conditions a flavor preference versus water and Intralipid solution.
A-B) No initial flavor preference was observed was observed in either group.
A) Following conditioning, mice developed a flavor preference for the flavor paired with
iLFD versus the flavored paired with iwater. B) Mice developed a flavor preference for the
flavor paired with iLFD (10% kcals fat; 1kcal/mL) versus the flavor paired with Intralipid
(100% kcals fat; 1/3kcal/mL). n=6. Data are displayed as individual data points with bars
showing the mean. A paired T-test was used to test for preference. **p<0.001.
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Finally, we wanted to assess whether iHFD could condition a flavor preference as compared to
iLFD. We felt this experiment was important as previous investigations into post-oral conditioning have not
controlled for caloric density. At the same time, we realize that not everything can be controlled as the
percent calories from carbohydrates is inversely related to percent calories from fat in the diets we have
chosen. We followed the same experimental design used in the rest of this section (Fig 8.1A), but used
isocaloric iHFD and iLFD as the infusions. Following conditioning, no preference was observed (Fig. 8.3)
showing that fat content on its own is not sufficient to condition a flavor preference when infusions are
isocaloric.

Intake (mL)
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Flavor paired with LFD infusion
Flavor paired with HFD infusion

10

5

0

Pre- Test

Post-Test

Figure 8.3. High fat content does not condition a flavor preference when tested against an
isocaloric substance.
There was no initial preference for either flavor. After conditioning, no flavor preference was observed
suggesting that a high fat content on its own is not sufficient to condition a flavor preference when paired
against an isocaloric infusion. n=14
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8.5 Conclusion
Previously, it was reported that intragastric infusions of fat could condition a flavor preference [130,
151]. Our data agree that high fat solutions compared to water infusions condition a flavor preference, but
it is unclear in the previous studies whether it is the calories in the HF solution as compared to the actual
fat content of the solution that conditions a flavor preference. In our studies, we found that when controlling
for caloric density, it is not fat per se that conditions a flavor preference as we did not observe a conditioned
preference when HFD was compared to isocaloric LFD (Fig 8.3). One key difference between our work
and the previous work is that the earlier studies used a pure fat source (Intralipid) as compared to a
complete liquid diet which we used. While this design prevented us from isolating one macronutrient, it
allowed us to control for caloric density by testing the ability of isocaloric substances of differing fat content
to condition a flavor preference.
Other research suggests that the structural properties of fat, such as fatty acid chain length, rather
than the caloric value determine its reward value [215]. As we only test intact Intralipid in our studies, it is
unclear from our work whether the structural properties of fat contribute to the flavor preference
conditioning. Moreover, we assessed the hedonic value of the solution by the ability of and intragastric
infusions to condition a flavor preference whereas the aforementioned study used amount consumed during
intragastric infusions [215], The difference in methodologies used in both cases likely influences how the
data can be interpreted. In opposition to the hypothesis that structure rather than caloric value influences
reward value, our studies found that a preference was conditioned for the flavor paired with the more
calorically dense solution in Fig 8.2 even though both solutions used the same fat source.
Finally, we created a new paradigm for conditioning a flavor preference in mice that does not rely
on the use of a lickometer. Our paradigm required longer conditioning sessions, 6 hours versus 1 hour
used previously [130, 151].
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Chapter 9: Discussion, conclusion, and future Directions

9.1 Summary of Results
Using diets matched for caloric density, we found that, palatability as determined by preference
was not sufficient to increase caloric intake or body weight as previously thought. HFD, on the other hand,
was both palatable and increased caloric intake and body weight. While the addition of sweetener to a LFD
or a HFD increased the palatability, it was not sufficient to increase, or in the case of the HFD further
increase, caloric intake. Indeed, we found a positive linear association between percent calories from fat
and ad libitum caloric intake suggesting that percent calories from fat rather than palatability is a stronger
regulator of caloric intake. Moreover, we found that ad libitum HFD attenuated defense of body weight
following overfeeding and led mice to maintain a new higher body weight. Finally, we found that post-oral
sensing of high-percent calories from fat is sufficient to increase caloric intake and body weight by inducing
or increasing ad libitum intake of a LFD. However, when controlling for caloric density, post-oral iHFD did
not condition a flavor preference suggesting that both oral and post-oral factors influence HFD preference.
While we had originally hypothesized that palatability increases caloric intake and, in turn, body weight, we
found that high-percent calories from fat is sensed post-orally to increase caloric intake (Fig 9.1).
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Figure 9.1 High fat content increases caloric intake.
Both short-term and long-term signals regulate caloric intake. Over-time, these signals can
lead to changes in overall caloric intake. We initially hypothesized that diet palatability can
increase caloric intake and, thus, body weight, however, our data suggest that percent calories
from fat rather than diet palatability plays a stronger role in regulating intake.

9.2 Discussion
9.2a Understanding defense against weight gain
Although our studies and the literature show that defense against weight gain occurs, it is also clear
that animals have the capacity to increase their adipose tissue stores, and there are a number of theories
as to why fat storage occurs in humans. Some suggest that storing fat is an evolutionary response to famine
where individuals with larger fat stores faced lower mortality during periods of starvation and thus were
selected for their “thrifty” phenotype [216-219].

However, this thrifty hypothesis is at odds with the

heterogeneity of body size present within and among populations [217, 219]. Other hypotheses suggest
that energy storage evolved to allow our brains to grow larger in proportion to our bodies [220] or that
storage of fat allows reproduction to not be dependent on environmental food supplies [219]. Moreover, as
humans evolved to be an apex species the need to outrun or escape predation diminished possibly
removing selection pressure to remain lean and fast [217]. Another theory is that fat storage allows better
survival from disease as having energy stores removes the need to forage for food and risk predation in a
weakened state [219].
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Perhaps the ability to easily store fat could be explained by a lack of negative selection pressures
on modern society removing, or at least raising, the upper bound of naturally selected body weight [221].
Energetically, consuming enough food to maintain a high body weight could be costly explaining why our
overfed mice offered oHFD lose some but not all of their weight. One hypothesis for why overfed mice
defend their body weight by becoming anorectic is that length of time to weight gain affects whether weight
can be easily gained or lost where a long overfeeding suggests long-term nutrient availability making it less
costly to maintain high caloric intake. If this were the case, it would suggest central regulation of food intake
in response to overfeeding as it requires integration of internal and external information. As we did not
observe a difference in hypothalamic signaling between ad libitum and forced overfed mice, I would
hypothesize that differential signaling in the dopaminergic circuits of the midbrain and frontal cortex would
be implicated in this drastic reduction in food intake that we see after forced overfeeding. However, we
cannot rule out a role of the hypothalamus in the response to overfeeding as the gene expression does not
capture the acute responses or account for heterogeneous responses within the hypothalamus.
Nevertheless, the reduction in food intake is similar to that which is seen in dopamine deficient animals
minus differences in mobility [222]. As dopamine signaling is imperative for controlling motivated behavior,
it would follow that motivation to work for food or seek food would be reduced. Furthermore, in mice, VTA
dopaminergic activity has been shown to modulate food seeking behavior [223]. Food seeking motivation
could also be tested with our overfeeding paradigm by putting mice through behavioral assays such as a
progressive ratio test.
The CGRP neurons of the PBN can induce strong anorexia in the absence of leptin signaling
making them a strong candidate as increases in leptin are not required for the defense of body weight that
we see following overfeeding. However, the PBN CGRP neurons are also implicated in playing a large role
as a signal of danger [85], and the mice do not seem to show any type of food aversion in response to
overfeeding as they play with chow throughout and following overfeeding. Furthermore, we found that HFD
suppresses overfeeding induced hypophagia and is consumed in greater amounts than the LFD both during
and following overfeeding suggesting that the ad libitum intake is diet dependent rather than an aversive
response to the infusions. To test whether CGRP neurons are required to mediate the hypophagic
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response to overfeeding, we could ablate CGRP neurons in the PBN and test whether mice still become
anorectic following overfeeding.
Finally, as we observed transcriptional differences in the adipose tissue phenotypes between
forced overfed and ad lib overfed mice suggesting that there may be differences in factors secreted by the
adipose tissue. One way to assess whether an anorectic factor from the adipose tissue reduces food intake
would be to perform an adipose tissue transplant immediately following overfeeding to test whether overfed
adipose tissue reduces caloric intake. This could also be tested using parabiosis experiments similar to
the Coleman studies where one parabiont is overfed. If the anorectic signal is short-lived or easily broken
down, this would also be a more sensitive assay than our treatments using serum, plasma, or whole blood
from overfed animals. The mixed results from those studies also make it very possible that this signal is all
neuronal and does not depend on a circulating factor.

9.2b Understanding why HFD induces weight gain
This work uncovers a physiologic system that promotes intake of high-fat food. Contrary to the lay
concepts that weight gain and hyperphagia are a result of “loss of control” in the presence of good tasting
food, we show that even in the absence of taste a subconscious system exerts drives eating of relatively
unpalatable food and thus increasing body weight. Although it is unclear why detection of high-percent
calories from fat increases intake, previous work in mice has revealed high content of fat rather than other
macronutrients in a diet leads to weight gain [184], and lesser suppression of post-meal food intake [189].
If there is an evolutionary benefit to increasing fat stores in humans, it would follow that there is physiologic
control that encourages intake of the most energy dense macronutrient. However, some have argued that
increased intake of HFD is a result of lack of exposure to high levels of dietary fat in early human diets
allowing genes responsible for metabolizing fat to succumb to mutation and drift in the absence of negative
consequences as a result of low availability of fat [224]. However, this theory does not seem likely as many
species from yeast to insects to mammals have evolved to store fat [221]. While the evolutionary reasons
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that humans gain weight are unclear, our findings show that increased intake of a HFD seems to be driven
by physiologic mechanisms rather than conscious control.
In addition to showing that HFD induced hyperphagia occurs in the absence of oral sensing, our
work also disproves the notion that high-fat foods are consumed in excess because of their caloric density
[225]. Indeed, we found that even when matched for caloric density, foods with higher percent calories from
fat were preferred and led to greater caloric intake. Even by volume, mice consumed more of the HFD than
the LFD showing that ease of intake is not a factor driving overconsumption of high-fat foods. The increase
in LFD intake by post-oral iHFD also suggests that mice sense fractional caloric content and are driven to
eat fat by this signal rather than being driven to eat by palatable taste. Moreover, in their 1995 paper,
Warwick and Weingarten propose that a high-fat diet attenuates suppression of post-meal intake as
compared to a high carbohydrate diet and offer this as an explanation for high-fat diet hyperphagia seen in
rats [189]. While the reasons that humans gain weight are unclear, increased intake of a HFD seems to
be driven by a physiologic mechanism that does not involve conscious control.
In agreement with our findings, Zachary Knight’s lab found that fat but not protein or carbohydrates
dysregulates AgRP signaling [191] offering a partial explanation as to why fat, but not palatable sucrose
increased intake and body weight. Furthermore, hypothalamic nutrient detection utilizes different pathways
for different nutrients with the vagus nerve for intestinal fat detection but not for sucrose sensing [94].
Differential routes of detection would allow different macronutrients to differentially affect central control of
food intake. To further study how iHFD increases caloric intake, I propose a series of studies using
vagotomized animals to test whether the vagus nerve is required for HFD induced increases in intake.
While not studied in humans, the translational applications of our findings are many. First, our
finding that enteral feeding can increase caloric intake and lead to weight gain may have practical
applications to encourage food intake in people undergoing enteral feeding or suffering from other feeding
and eating disorders. Moreover, for people afflicted by cachexia or other illnesses that reduce the drive to
eat, a diet which increases percent calories from fat could potentially be used to increase body weight and
drive to eat. Second, our findings suggest that access to food and the food environment are strong
determinants of caloric intake and body weight. Our results suggest that increased food intake and obesity
are byproducts of excess availability of HF foods and/or inadequate access to lower fat healthy foods by
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displaying that when a HFD is available caloric intake increases and defense against weight gain is
attenuated. Furthermore, as mammals resist large changes in body weight, I would argue that obesity is
at least partially an issue of access and that public health reforms focused on early dietary interventions
would be more beneficial to the population’s health than traditional weight loss treatments using caloric
restriction. As others have pointed out, treating obesity as a systemic issue rather than as a personal failure
to regulate caloric intake may help mitigate the social and psychological side effects of obesity in addition
to the stigma faced in society and when seeking healthcare [44, 226].

9.2c The role of palatability
While it has previously been hypothesized that palatability leads to hyperphagia and weight gain,
our results would suggest that for fat-induced hyperphagia this is not the case. Instead palatability may be
more of a signal that characterizes the safety to eat. Palatability can be colloquially defined as pleasurable
taste. Taste, in the scientific sense, refers strictly to the five basic tastes of sweet, salty, sour, bitter, and
umami. However, palatability in the qualitative sense likely is also concerned with the flavor and texture of
the food involving in addition to taste the senses of touch and olfaction. Thus, the pleasure derived from
food is likely an integrated evaluation of multiple sensory perceptions with taste being the major driver or
most prominent sensory aspect. I would offer that taste signals safety and nutrient availability to promote
physiologically necessary intake and that palatability is an acute driver of food intake in the context of
discovery of safe foods.
Sugar and sweet tastes are palatable across human and animal species [174]. This preference for
sweetness is innate and is found to occur even in infants [126, 227]. Sweetness is hypothesized to convey
the availability of nutrients in the form of carbohydrates, which are a safe and easily digestible source of
energy [227, 228]. Conversely, bitter and tastes- hypothesized to signal poison or spoiled food, are innately
aversive [126]. Bitter taste preference can become acquired or learned such as in the case of coffee or
alcohol, but this process may be unique to humans who use higher level thinking to rationalize consumption
of these seemingly aversive tastes [126]. Salty taste can be pleasing or aversive depending on the
concentration where too much salt becomes aversive [229]. In terms of a safety hypothesis, this makes
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sense as salt, or sodium is a necessary electrolyte, however, too much salt in the body can throw off fluid
balance and pose a danger to the organism.
The first line of defense against ingestion of harmful components is in preventing their consumption.
The act of having a substance on the tongue can transmit a message about its safety and nutrition without
even chewing or mechanically breaking down the substance. This would explain why specialized receptors
are present in the epithelia of the tongue. Taste helps to recognizes whether a substance is safe to eat. As
a substance is broken down and moved about the mouth to coat more of the lingual epithelia, more surface
area becomes available for taste sensing and can further be used to sense impurities or danger in the
substance. As mastication continues, food is broken down, and its odorants are transmitted to the olfactory
bulb building a larger picture about the food’s flavor and offering further information on its safety. At this
point, much of the food would still be in the animal’s mouth allowing it to spit out the food before swallowing
if the smell or texture sensed danger. If the smell, taste, and texture are in agreement that foods are safe,
then this could augment the food’s palatability beyond just its initial taste perception.
In addition to the acutely detected palatability, preference and safety can also be learned through
post-oral. For example, in our 30-minute tests we saw that intake of all substances increased in the second
introduction suggesting that animals had learned that the foods were safe. Then, in our flavor conditioning
paradigm, we found that post-oral detection of nutrients can teach animals to find something more
palatable. This is in agreement with numerous other studies showing that learning and conditioning can be
used to alter taste preference [142, 151, 152, 230]. These learned and conditioned responses likely include
integration of gut sensing, as a conditioned taste aversion can develop if ingestion of a food becomes
associated with GI illness [84]. Thus, integration of gut signals can be further used to determine the safety
and nutrient availability of the food affecting its palatability and continued intake.
It is possible that palatability signals to increase intake in the availability of food to promote survival
in a feast and famine environment. However, based on our findings that palatability alone does not increase
food intake, it is likely that in times of plenty, systems that defend or maintain body weight play a larger role
in maintaining food intake. Finally, many studies examining the role of palatability in food intake are acute
studies. Thus, if palatability serves as an acute regulator of food intake, these studies do not capture the
long-term effects of the interaction between palatability and systems that regulate food intake.
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9.2d Gut sensing
Sensing macronutrients in the gut allows regulation of digestion and metabolism to occur even
before nutrients are detected in the bloodstream. Taste receptors, which are specialized chemical sensors,
appear in the gut allowing detection of macronutrients before they are absorbed and transported across the
gut lumen.

For example, T1R3, part of the heterodimeric sweet taste receptor, is expressed in

enteroendocrine cells and has been shown to regulate expression of sodium-dependent glucose
transporter isoform 1 in the gut and therefore control the rate of glucose absorption [231]. Furthermore, the
umami taste receptor formed by the T1R1 T1R3 complex has been shown to be important for L-amino acid
stimulated CCK release [201]. Although there is no identified taste receptor for fat, CD36 has been
implicated in both oral detection as well as in fat absorption and processing in the gut. This is supported
by the observation that some individuals with CD36 deficiency have post-prandial lipemia [134]. It is clear
that the gut plays a key role in recognizing and responding to different substrates. Thus, it is possible that
signals from the gut serve to increase or decrease caloric intake.
In addition to nutrient sensing, signals from the gut provide information on the safety of food, and
this information can be integrated into food intake regulation. For example, if GI illness occurs soon after
ingestion, future encounters with this food will result in its avoidance. [84, 232]. Furthermore, following
Roux-en-Y gastric bypass (RYGB) both reductions in food intake and changes in food preference suggests
a role for the gut in modulating food intake. In mice, increased CGRP activation in the PBN, a population
of neurons that control aversive anorexia, has been observed after food intake in animals that have
undergone a RYGB. Although molecular mechanisms and neuronal circuits are not known, these findings
argue that the gut sensing of nutrients communicates with feeding centers in the brain to modulate feeding
responses [233]. Other studies have found that post-RYGB, preferences shift away from favoring calorically
dense foods, resulting in decreased consumption of fatty and sweet foods and increased consumption of
fresh produce [22, 27, 30, 125, 234]. This evidence suggests a key role of the gut in relaying nutrient status
and in reducing food intake in response to unfavorable conditions. Thus, it would follow that signals to
increase or maintain increased food intake are determined by the safety and nutrient content of the food
rather than just the taste.
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Gut-brain nutrient signaling has been shown to positively modulate food intake by inducing dietary
preference, or prolonged increases in intake in the case of fat as was observed when rats were allowed to
self-infuse a HFD versus a high carbohydrate diet [189]. While it has been shown that infusions of fat,
carbohydrates, or protein all increase satiety [140, 199], it seems that different nutrients exert different postoral effects [94, 202, 230]. For example, sugar as opposed to non-nutritive sweeteners, has been shown to
potently modulate intake and condition flavor preferences suggesting that something beyond just sweet
taste is detected in the sugar [142, 148, 170, 202, 230]. In fact, a specialized population of neurons in the
NTS was identified as responsive to intragastric glucose infusion [150]. While, sugar has been shown to
condition flavor preferences, high-fat diets, as opposed to high carbohydrate diets have been shown to
increase caloric intake in mammals [121, 188, 193] and also post-orally condition a flavor preferences [151,
230]. As we observed that HFD and sucrose sweetened diets were both palatable to mice but only HFD
increased caloric intake, there must be a difference in the way these nutrients are detected and signaled to
the brain. Indeed, it has been shown that glucose and fat activate different signaling networks [94, 235]
which could explain how or why detection of fat induces lasting increases in intake unlike the transient
increases seen when a sweetened palatable diet is offered.
Taken together, the gut is responsible for informing the rest of the body about safety and nutrient
availability of food. It would follow that these aspects are taken into account when food intake is being
increased, as it could be a costly mistake to consume large amounts of a dangerous food or large amounts
of a sweet but non-caloric substance.

9.2e The role of calories in preference and palatability
A key piece of this work was focused on investigating the role of caloric density on food intake and
preference. We first wanted to test whether HFD induced hyperphagia was driven by increased caloric
density of the HFD as compared to the LFD. To test this, we made all of our HFDs and LFDs isocaloric.
We found that even when HFD and LFD were isocaloric, HFD hyperphagia was still present suggesting
that the percent calories from fat rather than the caloric density is sensed to increase intake. However, our
results still suggest that caloric density plays a role in modulating preference and intake as, we observed
that non-nutritive sweetener could increase intake of water but not food. Moreover, in our experiments in
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Chapter 6, we found that mice compensate reasonably well to caloric infusions by reducing their own ad
libitum intake suggesting that mice are in tune with the amount of calories that they are ingesting. We
hypothesize that the effects of palatability are second to sensing caloric density or perhaps overridden by
mechanisms that regulate caloric intake.
Indeed, it has previously been reported that animals detect the presence of calories. In a study on
the response of AgRP neurons to food, it was observed that AgRP neuron activity rapidly decreased in
response to food intake [140]. However, almost immediately after ingestion, AgRP neurons would resume
firing in response to ingestion of non-caloric food suggesting a role for calorie sensing in modulating the
central response to food intake [140]. In further support of this hypothesis, work in drosophila has shown
that caloric density affects food preference. In this study, it was observed that drosophila were initially
drawn to substances based on their sweet taste learned to prefer solutions with higher caloric density [236].
This result is at odds with a study in mice which, concluded that glucose sensing rather than calories control
sugar reward [145]. In this paper, the authors showed that in two-day-long studies, mice preferred glucose
and sucrose but not fructose to sucralose and concluded that sugar specific post-oral actions rather than
calories control the sweetener preference [145]. However, few possibilities besides organism differences
can explain the differing results between the drosophila and mouse studies. First as glucose was shown to
activate specific neurons in the NTS [150], it is actually possible that glucose containing solutions are
preferred to other sugars due this central response. Indeed, previous results from the same author suggest
that glucose much more strongly reinforces conditioned flavor preference than fructose [237] which further
suggests differential activation of this gut-brain axis. Second, while it is not mentioned in the paper, it is
possible that fructose which is slightly aversive which could mitigate the post-oral effects of calories.
Regardless of the differences in fructose and glucose conditioning, our results highlight a need to address
caloric density in studies of preference and food intake.
In addition to the compensation for infused calories, our results also suggest that caloric density
can modulate conditioned preference. In chapter 8, we found that post-oral infusions of both HFD and LFD
can condition flavor preferences as compared to water, but we were unable to condition a flavor preference
when flavor were paired with only caloric infusions of HFD or LFD. Furthermore, mice preferred the flavor
that was paired with a more calorically dense LFD (10% kcals fat, 1kcal/mL) versus a less calorically dense
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pure fat diet (100% kcals fat, 1/3kcal/mL). While we cannot rule out the possibility that another factor such
as maltodextrin/ carbohydrate density exerts post-oral effects that explain our results, I hypothesize that
caloric density is at least partially responsible for development of learned preferences.
Our findings that percent calories from fat alone does not condition a flavor preference are at odds
with previously published conclusions that fat conditions a flavor preference more strongly as amount of fat
increases [151]. While we are in agreement that a high-fat infusion conditions a flavor preference compared
to water, based on our findings, I would argue that differences in caloric density should be addressed, as it
is possible that their results showing that higher fat infusions condition a flavor preference more strongly
than lower fat infusions are the result of increasing caloric density rather than percent calories from fat [133,
151]. The role of calories could also explain why we and others have seen that nutritive sweeteners are
preferred to non-nutritive sweeteners [146, 148, 202, 230]. While it is impossible to control for everything
especially as matching caloric density adds more variables/ macronutrients to the experiment, caloric
density should be addressed in the context of drawing conclusions about the effects of diet on preference
and intake.

9.3 Limitations of the study
The experiments of this study rely on interpreting qualitative data– the palatability or pleasure of
mice in a quantitative way. Furthermore, there is no standard definition or threshold for palatability making
it more difficult to quantify. While preference tests were used as a proxy to correlate dietary preference with
increased palatability, there is no way to assess the mouse’s perceived palatability as is done in human
studies with rating scales. These studies were also all conducted using young, male C57bl6 mice. Thus,
we do not know whether our results would differ in females or other strains of mice or if there would be any
age effects.
Another limitation of the study is the timescale of experiments.

The multi-week infusion and

palatability studies are, to our knowledge, longer than have previously been reported, the studies are short
compared to a multi-year lifespan, so we do not know if our results will persist if our studies had continued.
In this regard, we were also bound by the limitations of our infusion system which dictated which diets could
be infused as the tubing is extremely thin and easily clogs. Furthermore, some infusions were not well
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tolerated or were only tolerated at a maximum rate which also limited the number of calories that could be
infused.
Finally, by keeping all diets to the same caloric density, changing the amount of any macronutrient
would invariably change the concentrations of the others. Thus, while diets were matched by caloric
density, and protein content when feasible, there is the slim chance differences in carbohydrate
concentrations could be playing a larger role than we imagined. However, data in both human and rodent
models agree with our findings that fat rather than carbohydrates increases intake [121, 182, 184].

9.4 Future Directions
The first studies we propose would be designed to find a mechanism or a signaling pathway that
explained how IG HFD is sensed and promotes food intake. While we tried looking at cfos staining to probe
neural activation, the stimulus of slow intragastric infusion was not strong enough. Moreover, the signal
does not seem to be acute as we did not see an increase in intake until 24 hours after the infusion of HFD
in some cases. We would propose using TRAP2 mice where following tamoxifen injection, cre recombinase
can be expressed from the Fos promoter so that we can have a better chance of capturing this non-acute
signal. To further probe the neuronal signaling that induces food intake following GI at sensing, we would
like to repeat experiments from section 7 that compare infusions of HFD or LFD in vagotomized animals to
test whether the vagus nerve is part of the signaling pathway that leads to increased intake from HFD
infusion.
Second, we would like to test how preference changes over the course of overfeeding. To do this,
I propose doing overfeeding studies while giving the mice ad libitum access to two different diets. This
would allow us to obtain measurements throughout the whole experiment rather than doing a series of
acute preference tests during overfeeding. Additionally, I would like to test whether giving the HFD
throughout overfeeding versus just at the cease and after the overfeeding would alter the suppression in
hyperphagia that we see with overfed mice offered HFD.
Third, I would like to further study how macronutrient differences can change caloric intake and
body weight by investigating how different types of fat and fat+ carbohydrate concentrations affect intake.
These studies were attempted with infusions using mineral oil, Intralipid, and half and half to test different
92

types of fat but were unable to be completed. I found that ad libitum mice seemed to find a high-fat low
carbohydrate (HFLC) (60%kcals fat, 30% kcals protein, 10% kcals carb) aversive, but it was unclear
whether this was due to taste, discomfort from the high protein content, or appetite suppressive effects of
the diet as the studies using infusions of the HFLC diet could not be completed (explained in Appendix II).

9.5 Conclusion
Body weight in mammals is generally defended to maintain a set point regardless of initial fat mass.
However, high-percent calories from fat, but not palatability can suppress this weight defense and increase
body weight. While increased consumption of fat has predominantly been attributed to its pleasant taste
and texture, we have found that this oropharyngeal sensing is not required for it to increase intake. As
periods of feast and famine are a well documented part of mammalian history, it follows that there is a
subconscious mechanism of control to encourage overconsumption of fat during periods when this easily
stored energy is available.
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Figure 9.2. Regulation of caloric intake requires sensory integration.
The brain receives and integrates sensory information, including signals from the adipose tissue,
pertaining to energy homeostasis. Information about the food is gathered from mouth and tongue
and further integrated with post-oral information to determine its palatability. The gut brain axis
further relays sensory information about macronutrients and the safety of the food to further inform
decisions of intake. In the case of HFD, signals coming from the gut increase caloric intake. Over
time, these collective decisions of when and how much to eat can lead to changes in body weight.
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Appendix I: Diets and Additives tested
Prepared Liquid diets:
•

Osmolite: A complete liquid diet which comes in multiple caloric densities. Great for ad lib
feeding with a medium fat content and not as palatable as Ensure. Does not work for infusions
(clogs tubing)

•

Nestle Nido: Only used for ad lib feeding. Not a neutral flavor. Does not work for infusions.

•

Boost Breeze: Tested as a fat free diet containing protein. Does not work for infusions.
Hypothesized that molarity is too high. Intestines were filled throughout the entire GI tract with
unabsorbed diet (not compatible with mice)

•

Vivonex T.E.M: A free amino acid diet made for enteral feeding. Was tested because it was a
very low-fat but complete diet, so we could modulate the fat source and amounts. Mice did not
seem to absorb all of the calories and continued to eat ad lib when upwards of 25kcals were
infused. Due to the elemental nature of the amino acids, we hypothesize that the infusions rate
was too fast for absorption.

•

Pulmocare: High-fat, complete diet. Clogged infusion tubing.

•

Similac Alimentum: Complete diet well tolerated by mice. Used as a hypoallergenic baby
formula. Was mixed with maltodextrin to make a LFD. pH needed to be increased to 11 to
prevent clogging of the infusion system in the low-fat version.

•

Nutren: Complete liquid diet.(clogs Tubing)

•

Ensure: Good for overfeeding, but too palatable as an ad lib diet. (too palatable)

•

Bioserv Liquid HFD: Not compatible with tubing

•

Enfamil: Clogs infusions system

Dairy products:
2% milk: Caloric density is too low, so mice sometimes consume all of the diet.
Powdered skim milk: Works for ad lib feeding and makes an emulsion with the half and half.
Use was discontinued because the animals became sick when it was infused possibly as a result
109

of lactose intolerance. After an extended period on the ad libitum diets (4 weeks +, some mice
became sick as well), so whey protein and maltodextrin are now used instead.
Evaporated milk:
Fat-free evaporated milk

Fats
•

Mayonnaise to add fat: Difficult to blend. Emulsion was not as stable as hypothesized.

•

Half and half: Well tolerated and stays in solution decently well. It is better for shorter infusions
because diets seem to separate faster in the infusion syringes that when not under pressure.
Easiest fat source to work with. Used USDA data for calculations on calories and macronutrients.

•

Cream: Does not stay in solution.

•

Oils: Would not stay in solution for long enough.

•

Intralipid: Requires very low infusion rate with a maximum of 0.65ml/ hr (0.5mL/hr is better). Made
mice sick at faster infusions rates possibly because of the long chain fatty acids.

•

Mineral Oil: Tolerated as a mix in for 3 days, by day 4 the mice were becoming ill. Non-absorbable
lipid. Must be mixed with half and half before mixing in with the rest of the diet.

Carbohydrates
Maltodextrin: easy to dissolve and well tolerated.
Sucrose: palatable to mice. Only used as sweetener
Cornstarch: made diets too thick

Protein
Whey: easy to dissolve and well tolerated by mice. Used as protein of choice.
Casein Sigma Aldrich: Hard to get into solution even with pH manipulations.
Casein Promix: Extremely Palatable to mice, Do not believe it was pure.
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Tastants and Flavorants
Sucralose: easy to dissolve
Saccharin: acidic pKa so does not mix well with more basic diets
Vanilla: did not improve palatability
Sugar-free Hershey’s syrup: did not improve palatability
Kool-Aid: acidic ingredient but worked well in flavor conditioning
Splenda: Easy to use but not pure
Sweet & Low: easy to use but not pure

Stabilizers and Emulsifiers
Lecithin: Made diet too thick and did not stay in solution
Mono and diglycerides: needs to be very hot to work and added too many calories in amounts
needed to use.
Xanthan Gum: makes diet too thick, but works to make a separate mineral mix
Agar: made diets too thick at amounts needed to use. Did not make mineral mix easier to give to
mice. Was used to suspend mineral mix.
Gelatin: difficult to work with. Did not make mineral mix easier to give to mice. Was used to suspend
mineral mix.
NaOH: good for changing pH. Many diets needed to be made more basic to stay in solution.

Nutrients
Aim 93 vitamin: contains sucrose but no one would sell pure vitamin mix. Removed maltodextrin
to add to diets
Ain 93 mineral mixes: Both the formulations for solid and liquid diets were too thick and clogged
tubing and buttons. Was given separately to mice as available in the cage.
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Appendix II. Liquid diet preparations and calculations
Protein Matched Half and Half Diet

kcals per
100g
maltodextrin
whey
half and half

grams fat per 100g

383.728
344.8
123
kcal factors from USDA

grams protein per 100g

fat
protein

8.79 kcals/g
4.27kcals/g

8.79
4.27

carb

3.87 kcals/g

3.87

10kcals of fat
from half and
half=
10kcals/8.79kca
ls/g
1.137656428

1.137g fat
of
10.39/100g
serving
0.10943215
.1094 * 100g
10.94
10.94mL half and half

grams carbs 100g
100 carb
protein
4.73 fat

86.2
3.13

10.39

kcalsin half and
10% kcals from fat half needed for
(1kcal/mL)
10kcals of fat
80kcals
10kcals
10kcals
kcals

2
1.46
10
13.4562

grams needed
kcals needed from from maltodextrin
grams in 10.94mL maltodextrin and and whey (for
half and half
whey
100kcals/100mL)
0.517
0.342
1.14

78
8.54

whey: 29g of
powder
=100kcal=25g
protein

60% kcals
from fat

20.32689822 carb
2.476798144 protein
10.94 fat

30kcals
10kcals
60 kcals

10kcals of fat from
half and half=
6.825g fat of
60kcals/8.79kcals/ 10.39/100g
g
serving
6.825938567

.1094* 4.73g carbd in 100
0.517462
kcals from carbs 0.517462*3.87
2.00257794

0.656881617
.6569 * 100g
grams needed
65.69

kcalsin half
and half
needed for
10kcals of
fat
12.02
8.77912
60

grams in
10.94mL
half and
half
3.107
3.13
6.825

.6569*
4.73g carbs
in 100
3.107137
kcals from carbs 3.107*3.87
12.0246202

10.94mL half and half
.6569*3.13gprotein/ 100g
2.056097
.2.056g*4.27kcals/g protein
8.77912

.1094*3.13gprotein/ 100g
0.342422
.342422g*4.27kcals/g protein
1.46214194

grams
(or mL)
of
diet prep
compone
10%
nt
kcals
needed/
from fat 100mL
diet
(100mL)
Maltodextrin 20.33
whey 2.48
half and half 10.94
kcals
100

200mL
40.65
4.95
21.88

300mL
60.98
7.43
32.82

400mL
81.31
9.91
43.76

500mL
101.63
12.38
54.70

600mL
121.96
14.86
65.64

700mL
142.29
17.34
76.58

800mL
162.62
19.81
87.52

900mL
182.94
22.29
98.46

WITH VITAMIN MIX used at 10g/L
diet. Adds 9.6723g sucrose, so
remove 9.6723g maltodextrin.
DYET# 310025 AIN-93G vitamin
1000mL
mix
203.27
193.60
24.77
24.77
109.40
109.40
10g vitamin mix

grams
(or mL)
of
diet prep
compone
10%
nt
kcals
needed/
from fat 100mL
diet
(100mL)
Maltodextrin 4.69
whey 0.35
half and half 65.69
kcals
100

200mL
9.37
0.71
131.38

300mL
14.06
1.06
197.07

kcals
needed
from
maltodextri
n and whey

400mL
18.74
1.42
262.76

500mL
23.43
1.77
328.45

600mL
28.11
2.12
394.14

700mL
32.80
2.48
459.83

800mL
37.48
2.83
525.52
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900mL
42.17
3.19
591.21

WITH VITAMIN MIX used at 10g/L
diet. Adds 9.6723g sucrose, so
remove 9.6723g maltodextrin.
DYET# 310025 AIN-93G vitamin
1000mL
mix
46.86
37.18
3.54
3.54
656.90
656.90
10g vitamin mix

grams
needed
from
maltodextri
n and whey

17.98 4.68561064
1.22088 0.35408353
65.69

WITH VITAMIN MIX used at
10g/L diet. Adds 9.6723g
sucrose, so remove 9.6723g
maltodextrin. DYET# 310025

Diets with Intralipid
HFD and LFD made with 20% Intralipid, whey, and Maltodextrin

Diets
should be
1kcal/mL

10%kcals fat
diet: kcals
from each
kcals/g (or mL)
nutrients/ g component
Maltodextrin
3.83728 1g carb
79.5
whey
3.448 .862 g protein
10.0
Intralipid
2 .212g fat/mL
10.5
Fat content
Protein content
carbohydrate content

9
4
from glycerin and
3.83728 maltodextrin

kcals from
grams of fat
mLs of intralipid intralipid=
for 10%kcals
needed for
5.56mL
from fat diet
1.11g fat
intralipid x
=10kcal/
=1.111g
2kcal/mL
9kcal/g
fat/.212gfat/mL intralipid
1.111111111
5.2411
10.4822

diet prep
grams (or mL)
10% kcals
of component
from fat
needed/ 100mL
diet
(100mL)
Maltodextrin
20.72
whey
2.90
Intralipid
5.24
kcals
100

diet prep
grams (or mL)
60% kcals
of component
from fat
needed/ 100mL
diet
(100mL)
Maltodextrin
7.06
whey
2.90
Intralipid
31.45
kcals
100

200mL
41.44
5.80
10.48

200mL
14.13
5.80
62.89

300mL
62.17
8.70
15.72

300mL
21.19
8.70
94.34

60% kcals
from fat
diet: kcals
from each
component
27.1
10.0
62.9

10.0
10.0

60.0
10.0

80.0

30.0

grams of fat
for 6)5 kcals
from fat
=60kcal. 9kcal/g
6.666666667

400mL
82.89
11.60
20.96

400mL
28.26
11.60
125.79

500mL
103.61
14.50
26.21

500mL
35.32
14.50
157.23

intralipd

https://www.accessd
ata.fda.gov/drugsatf
da_docs/label/2007/
017643s072,018449s
039lbl.pdf
20g soybean oil

20% soybean oil + phospholipids and egg yolks

1.2g phospholipid, 2.25g glycerin

kcals= 2kcal/g, so phspholipids and glycerin add .2kcal/mL

kcals from
mLs of intralipid intralipid=
needed
5.56mL
for6.67g fat
intralipid x
=6.67g
2kcal/mL
fat/.212gfat/mL intralipid
31.44654088
62.89308176

600mL
124.33
17.40
31.45

600mL
42.38
17.40
188.68

700mL
145.06
20.30
36.69

700mL
49.45
20.30
220.13
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whey: 29g
of powder
=100kcal=25
g protein

800mL
165.78
23.20
41.93

800mL
56.51
23.20
251.57

900mL
186.50
26.10
47.17

900mL
63.58
26.10
283.02

1000mL
207.22
29.00
52.41

1000mL
70.64
29.00
314.47

WITH VITAMIN MIX used at 10g/L
diet. Adds 9.6723g sucrose, so
remove 9.6723g maltodextrin.
DYET# 310025 AIN-93G vitamin
mix
197.55
29.00
52.41
10g vitamin mix

1000mL
with just
vitamin
mix added
60.97
29.00
314.47
10g vitamin mix

Appendix III. Interrupted experiments
A number of factors hampered our experimental progress in the year 2020-2021 which included the
Covid19 pandemic, disruptions to our satellite facility, and a mouse illness/ potential pathogen.

Experiment attempted

Conditions

Infusion of LFD and HFD with
matched protein content and
non-infused controls
-Intralipid as fat source
To test whether intake and body
weight respond differently to
different fats
-Intralipid and Half and Half as
fat sources

All ad-lib LFD
Infusions
LFD → LFD
LFD → HFD
HFD → LFD
All ad-lib LFD
Infusions
Intralipid
LFD → LFD
LFD → HFD

Same as above

Half and Half
LFD → LFD
LFD → HFD
““

To control for the previous lack of
food intake stability, we would
repeat infusions of LFD versus
HFD using a cohort selected for
stable food intake. We then
planned to treat mice with Orlistat
and Rimonabant to test whether
we could block the increases in
intake observed on a HFD
To test whether non-absorbable
lipid increased intake. To test
whether a HFD Keto/ Low carb
diet altered intake

Reasons for
discontinuation
Covid 19 shut-down
Able to be repeated in June
2020
Light Cycle was disrupted
multiple nights and
temperature was 5-10
degrees cooler than normal.
Food intake never stabilized,
differences in intake were not
observed after switching diets

All ad-lib LFD
LFD → LFD
LFD → HFD
Ad lib fed only HFD and LFD
groups.
After observing changes in intake,
groups were to be further split for
drug treatment
All ad-lib LFD
LFD → LFD→ Ketogenic HFD (Low
Carb)
LFD → HFD→ HFD
LFD → HFD→ Mineral Oil

Cage
space
was
unexpectedly
taken
by
another investigator, so I was
forced to co-house mice
following surgeries, and the
implants did not survive cohousing
Mice in the satellite began
dying, and my mice lost weight
on ad lib HFD.
Higher
mortality than expected during
experiment.

Mice were not eating HFD and
lost
weight
on
HFD.
Unexpected mortality still
present

Ad lib fed only HFD, LFD groups,
and LFD to mineral oil diet.
Overfeeding + preference tests
during overfeeding

Overfed +Ad- lib diets:
LFD sucrose
HFD Mineral Oil
HFD- preference test for fat and
sweet
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Mice did not survive surgery

LFD- preference test for fat and
sweet

Overfeeding to do preference
testing

To test how intragastric infusions
of HF

Not overfed:
Ad lib HFD
Ad lib LFD
Overfed +Ad- lib diets:
LFD
LFD sucrose
HFD
HFD given at the
overfeeding

mortality during surgeries,
weight loss on HFD, mice in
satellite dying
cease

of

Ad- lib only on LFD or HFD
All ad-lib LFD
LFD → LFD→ Ketogenic HFD (Low
Carb)
LFD → HFD→ HFD
LFD → HFD→ Mineral Oil

Higher than normal mortality
during surgeries, weight loss
on HFD, mice in satellite
dying.

Ad lib fed only HFD, LFD groups,
and LFD to mineral oil diet.
Table A1. Interrupted Experiments.

Investigations into mouse mortality:
The main issues we observed in the mice were
1) Post-surgical mortality rates of greater than 60%. Previously, survival rates were over 95%.
2) Increased overall mortality of healthy mice or mice that had been operated on months prior.
3) Intestinal phenotype. Some seemed to have blood and resemble papers of necrotizing enterocolitis.
Some mice had black intestines upon necropsy and more mice than would be expected did not
tolerate infusions. The intestinal injuries appeared as early as 24 hours after surgery but were not
there previous to surgery. Intestines were not touched during any procedures. This was not present
in all mice but was apparent in a number of samples. Some even before surgery.
4) Mice also did not tolerate high-fat diet well, and we noticed multiple cohorts lose weight on HFD.
Four different HFD were tested (both homemade and pelleted), and mice lost weight on all 4 diets.
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Hypothesis:
All problems in mice began following Covid19. Besides the pandemic, three new investigators besides
myself started using the satellite room. This also brought many new strains of mice into the room, as
previously only WT and ob/ob mice that came from clean rooms in Jax were housed in the satellite. The
first piece we addressed were the intragastric surgeries. All aspects of surgical protocol, equipment, and
setup were changed, but this did not help mortality issues suggesting that the mice were unhealthy rather
than a surgical issue.

After consultation with the ICM, who had not seen this on campus suggested we submit samples for
analysis. Upon pathogen testing, a Klebsiella Oxytoca bacteria was found in our mice. Normally, this is not
a pathogenic species, however, studies in humans have found K. oxytoca to be associated with antibiotic
associated hemorrhagic colitis [238, 239]. While K. oxytoca is not present in WT mice coming from JAX,
Trh Cre mice from Jax are K. oxytoca positive. If this species is the cause of the mortality and GI phenotype,
it was likely introduced when Trh Cre mice were brought into the satellite. The other potential GI pathogen
is likely murine norovirus (MNV). Usually, healthy mice that have MNV infection are asymptomatic, but
there is evidence that MNV can exacerbate GI phenotypes such as Chron’s models [240] and can also be
used to induce colitis in immunodeficient mice [241]. MNV is not present in Jax WT mice but is present in
the Russ Berrie Mouse Facility and was present in mice that had been brought into the satellite room.
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