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ABSTRACT

FOX, E.A. and Biddinger, J.E. Early postnatal overnutrition: Potential roles of
gastrointestinal vagal afferents and brain-derived neurotrophic factor. PHYSIOL BEHAV
00(0) 000-000, 2012. Abnormal perinatal nutrition (APN) results in a predisposition to
develop obesity and the metabolic syndrome and thus may contribute to the prevalence
of these disorders. Obesity, including that which develops in organisms exposed to APN,
has been associated with increased meal size. Vagal afferents of the gastrointestinal
(GlI) tract contribute to regulation of meal size by transmitting satiation signals from gut-
to-brain. Consequently, APN could increase meal size by altering this signaling, possibly
through changes in expression of factors that control vagal afferent development or
function. Here two studies that addressed these possibilities are reviewed. First, meal
patterns, meal microstructure, and the structure and density of vagal afferents that
innervate the intestine were examined in mice that experienced early postnatal
overnutrition (EPO). These studies provided little evidence for EPO effects on vagal
afferents as it did not alter meal size or vagal afferent density or structure. However,
these mice exhibited modest hyperphagia due to a satiety deficit. In parallel, the
possibility that brain-derived neurotrophic factor (BDNF) could mediate APN effects on
vagal afferent development was investigated. Brain-derived neurotrophic factor was a
strong candidate because APN alters BDNF levels in some tissues and BDNF knockout
disrupts development of vagal sensory innervation of the Gl tract. Surprisingly, smooth
muscle-specific BDNF knockout resulted in early-onset obesity and hyperphagia due to
increases in meal size and frequency. Microstructure analysis revealed decreased decay
of intake rate during a meal in knockouts, suggesting loss of vagal negative feedback
contributed to their increase in meal size. However, meal-induced c-Fos activation within
the dorsal vagal complex suggested this effect could be due to augmentation of vago-

vagal reflexes. A model is proposed to explain how high-fat diet consumption produces
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increased obesity in organisms exposed to APN, and may be required to reveal effects

of EPO on vagal function.
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1. Introduction

1.1 General introduction and organization of review

Overeating and obesity have reached not only epidemic, but pandemic
proportions [1]. A potential cause of obesity that has attracted recent interest involves
exposure of an organism to abnormal nutrition in utero or shortly after birth [2, 3]. Such
exposure is thought to disrupt development of tissues involved in the regulation of food
intake and body weight, resulting in a predisposition to develop obesity. One change in
feeding behavior that accompanies this obesity of developmental origin, as well as
obesity in general, is the consumption of large meals [4-6]. A neural system that could
play a role in this increase in meal size is the sensory component of the vagus nerve that
innervates the gastrointestinal (Gl) tract. This system reports to the brain on the status of
food in the upper Gl tract during a meal and this information contributes to meal
termination, or satiation [7, 8]. One mechanism that could mediate the effects of
abnormal perinatal nutrition (APN) on vagal sensory neurons would be altered
expression of genes that control their development or function. A gene that is a strong
candidate for this role is brain-derived neurotrophic factor (BDNF). Brain-derived
neurotrophic factor expression is altered in both central and peripheral tissues by APN
and related perinatal manipulations [9, 10]. Also, vagal afferents that innervate the Gl
tract are dependent on BDNF for normal development [11]. In the remainder of Section
1.0 (Sections 1.2 — 1.4), the anatomical and functional organization of the vagal sensory
system and its integration with central nervous system (CNS) structures is described.
Sections 2.0 and 3.0 review two sets of experiments presented at the 2011 SSIB
meeting. The first set examined the effects of APN on patterns of food intake and
development of vagal afferents that innervate the Gl tract. The second set of

experiments explored the ability of BDNF produced by the Gl tract to regulate vagal
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afferent signaling and feeding behavior. Additionally, several implications of the findings

of this study are considered.

1.2 Vagal afferents that innervate the Gl tract

The vagus nerve innervates the viscera, including the Gl tract, and therefore has
a critical role in the regulation of food intake. Vagal afferents that innervate the wall of
the Gl tract transduce both chemical and mechanical stimulation produced by food as it
is processed within the gut. For example, they increase their firing rate in response to
nutrients such as glucose and lipids, and to distension of the gut wall [12-17]. The
signals generated by these vagal afferents are transmitted directly to the brain, informing
it about the amount, quality and location of food within the Gl tract. This is possible
because vagal sensory neurons project directly from peripheral organs to the brain [18-
20]. The signals generated by vagal afferents provide the majority of the negative-
feedback from the gut to the brain that lead to satiation or the end of a meal [7, 8]. Vagal
sensory signals also contribute to satiety, which influences the length of the delay from
one meal to the next, and they regulate digestive reflexes that can indirectly influence
feeding [7, 8, 21].

Vagal afferents have different functional specializations, achieved in part through
innervation of specific tissue layers of the wall of the Gl tract (Fig. 1). From the
outermost serosal layer to the lumen, the layers of the Gl wall include longitudinal
smooth muscle, neurons and axons of the myenteric plexus, circular smooth muscle,
submucosa, and the mucosa, which consists of lamina propria and epithelium. Four
different classes of vagal afferents have been described, including villus afferents and
crypt afferents that innervate the mucosa, intramuscular arrays (IMAs) that innervate the
circular and longitudinal smooth muscle layers, and intraganglionic laminar endings

(IGLEs) that innervate the myenteric plexus (Fig. 1). In the mucosa, villus afferents
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ramify within the lamina propria inside villi (a variant of this receptor, the antral gland
afferent, terminates in the analogous tissue of the stomach antrum), and crypt afferents
form rings around the crypts [22, 23]. Electrophysiological studies of Gl mucosal
innervation suggest it consists of both mechanoreceptive and chemoreceptive elements
[15]. However, the relationship between these elements and the morphological classes
of crypt and villus (or antral gland) afferents are unknown.

The two classes of vagal afferents that innervate the outer muscle wall of the Gl
tract are mechanoreceptors (Figs. 1 and 2). Intramuscular arrays are thought to function
as stretch receptors and IGLEs as tension receptors [24-27]. The long rectilinear
terminals of IMAs are interconnected by cross-bridge fibers and run parallel to one-
another and to smooth muscle fibers [24-27]. They also run parallel to, and in close
apposition with the processes of intramuscular-interstitial cells of Cajal and form contacts
with them [24-27]. Intramuscular arrays innervate the circular and longitudinal smooth
muscle layers of the forestomach and the circular layer of the lower esophageal and
pyloric sphincters (Figs. 1 and 2). These regions of the Gl tract expand as food collects
during a meal (forestomach), or as it passes from one compartment to the next
(sphincters). Expansion of these regions would stretch IMAs, and thus may activate
them [26-28]. In contrast, the terminals of an IGLE form numerous puncta that aggregate
densely within a plane that covers a portion of a ganglion within the myenteric plexus
[27, 29]. This plexus lies between the longitudinal and circular smooth muscle layers of
the wall of the Gl tract (Fig. 1). Intraganglionic laminar endings are distributed throughout
the esophagus, stomach and intestines, but are not present in sphincters associated
with these organs (Fig. 2) [26, 27, 30]. In addition to reporting on local muscle tension,
IGLEs may be involved in coordinating motor patterns of the gut such as peristaltic

contractions [27, 31].
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1.3 Central nervous system pathways regulating feeding and body weight

Information about chemical and mechanical stimulation of the gut is carried to the
medulla of the caudal hindbrain by vagal afferents where it converges on the dorsal
vagal complex (DVC). This brain region is composed of the nucleus of the solitary tract
(NTS), the dorsal motor nucleus of the vagus (DMV) and the area postrema (AP) (Fig.
2). All of these nuclei receive inputs from vagal afferents. However, these inputs are
concentrated in specific subnuclei of the caudal NTS, including the medial (MNTS),
commissural (COM), and gelatinous subnuclei (GEL) [19, 20]. After this information is
processed in the NTS it is sent to the lateral parabrachial nucleus and from there it is
further distributed along two main streams. One projects to midline, intralaminar, and
ventromedial basal thalamic nuclei and ultimately to the cerebral cortex, including insular
cortex [32, 33]. The other stream projects to limbic and hypothalamic nuclei, including
the lateral hypothalamus, paraventricular nucleus of the hypothalamus (PVH), amygdala
and bed nucleus of the stria terminalis. In turn, many of these, as well as other brain
regions involved in regulating food intake send projections back to the DVC. These
projections can modulate NTS input to the hypothalamus and forebrain, or to the DMV,
which houses the vagal preganglionic neurons that form the efferent components of
vago-vagal reflexes [21].

The system controlling feeding is widely distributed throughout the nervous
system. However, the hypothalamus and DVC have garnered the most attention as key
integrative sites for neural and hormonal controls of feeding [34]. Several hypothalamic
nuclei are involved in detecting neural and blood-borne signals of energy status and
organizing behavioral and metabolic responses to changes in these signals. These
nuclei include the arcuate (ARH), PVH, dorsomedial (DMH), and ventromedial (VMH)
nuclei as well as areas of the lateral hypothalamus. For example, the ARH has a high

density of leptin receptors [7]. When leptin binds these receptors it activates pro-
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opiomelanocortin (POMC)/ cocaine- and amphetamine regulated transcript (CART)
expressing neurons and inhibits neuropeptide Y (NPY)/agouti-related peptide (AGRP)
expressing neurons [7]. These effects result in reduced food intake and increased
energy expenditure mediated in part by ARH projections to other hypothalamic nuclei,
including the VMH and PVH [7]. Interestingly, the nuclei of the DVC express many of the
same neuropeptides and neuropeptide and hormone receptors as the hypothalamic
nuclei [34]. Moreover, these signaling pathways produce many of the same effects on

food intake and body weight in the DVC as they do in the hypothalamus [34].

1.4 Short-term and long-term controls of food intake

The controls of food intake and body weight are often separated into two major
categories, short-term and long-term controls. Short-term controls of food intake regulate
meal size and meal frequency. In contrast, long-term controls determine whether
alterations in meal size or meal frequency result in changes in the amount of food
consumed each day, and whether these changes lead to altered body weight. The
dominant model of food intake regulation suggests that changes in levels of hunger or
energy stores activate neural and hormonal signals that stimulate receptors in the
forebrain and hypothalamus [7]. In response to this stimulation, these brain regions
produce appropriate adjustments of meal size in large part by modulating responses of
neurons in the NTS to vagal satiation signals [7]. In this manner, hypothalamic and
forebrain structures control food intake and body weight over the long-term, whereas
vagal afferents and their targets in the caudal NTS regulate short-term control of meal
size. The evidence for this vagal sensory role includes the observations that branch-
selective and sensory-selective abdominal vagotomy blocked the reduction in meal size
produced by nutrient preloads infused into the Gl tract [35-39], and sensory-selective

vagotomy increased meal size [36].
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2.0 The effects of abnormal perinatal nutrition on vagal afferents of the Gl tract

Exposure to APN in both humans and animals can result in a predisposition to
develop obesity and metabolic disorders in adulthood [2, 3]. Abnormal perinatal nutrition
refers to a significant increase or decrease in exposure of the developing fetus or
offspring to nutrients, or to a specific macronutrient. These changes may result from
altered nutrition (e.g., obesity) or hormonal status (e.g., diabetes) of the mother during or
after pregnancy [2, 40, 41]. Abnormal perinatal nutrition can also be achieved by
manipulating early postnatal food intake, for example, through changes in litter size [3, 4,
42]. Predisposition to obesity is often defined as a greater-than-normal susceptibility to
dietary obesity, often involving consumption of a high-energy (HE) diet (i.e. a diet with
large proportions of fats and carbohydrates) [4, 43, 44]. This effect of APN is important
because it may contribute to the prevalence of obesity in both adults and children [45-
47]. Consequently, we utilized early postnatal overnutrition (EPO) to produce APN
because it may most closely model the overeating of infants and children, which is
thought to predispose them to obesity later in childhood, or in adulthood [48].

Early postnatal overnutrition affects many physiological systems that could
contribute to the predisposition to develop obesity. In terms of the nervous system, the
CNS is involved, especially the hypothalamus, which has exhibited both functional and
anatomical alterations [49, 50]. Also, EPO resulted in increased sympathetic innervation
of the pancreas, retroperitoneal fat, and intrascapular brown adipose tissue, whereas,
sucrose-induced cardiac sympathetic activity was lost [51, 52]. It is not clear how these
changes influence predisposition to obesity, but increased uptake and storage of
glucose could be involved [52]. One major arm of the nervous system that would be
among prime suspects for effects of EPO that could contribute to the predisposition to

obesity is the vagal sensory innervation of the Gl tract. Surprisingly, to our knowledge
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possible effects of EPO on this system had not been investigated. However, such effects
could be important for development of predisposition to obesity. In particular, reduced
signaling of vagal afferents of the Gl tract can lead to increased meal size, which is one
of the most common alterations to the feeding behavior of obese animals and people [5,
6].

There are at least two effects of EPO that could disrupt vagal development and
consequently reduce vagal satiation signaling and increase meal size. First, at the ages
postnatal overeating occurs, vagal sensory axon terminals in the wall of the Gl tract are
still developing into mechano- and chemoreceptors [53-55]. Therefore, these developing
terminals would be exposed to excessive stimulation by food contents of the Gl tract.
Such overstimulation could decrease the sensitivity of these terminals to Gl stimuli by
altering development of their structural or functional components. Second, EPO could
disrupt vagal afferent development by altering the early postnatal leptin surge. Changes
in this surge have occurred in some models of APN [50, 56-60]. These alterations were
thought to contribute to the reduced development of hypothalamic arcuate nucleus
(ARH) projections, as well as to long-term changes in metabolism and body weight.
Vagal afferents, like arcuate neurons, express leptin receptors and change their firing
rate in response to leptin [50, 61, 62]. Therefore, APN may reduce vagal afferent
development by altering the early leptin surge.

Since APN could disrupt development of vagal afferents of the Gl tract by
causing them to be stimulated excessively or by altering the leptin surge, we
hypothesized that EPO would in fact reduce the development of these afferents. In
particular, EPO would lead to a decrease in the size or number of vagal sensory
receptors present in the Gl tract, or to decreased sensory function of these receptors
(e.g., increased threshold for detecting Gl stimuli). We further proposed that these

structural or functional disruptions of vagal afferents of the Gl tract would result in
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reduced satiation signaling and increased meal size. Since these afferents also
contribute to satiety signaling, if their function was reduced it could lead to a decrease in

intermeal interval (IMI) and possibly to increased meal frequency.

2.1 Methodological considerations

To produce EPO, we raised mice in small litters (SL group). Early in adulthood
we screened for altered development or function of vagal afferents that supply the Gl
tract. This was done by comparing the feeding behavior and vagal innervation of the
intestine in the SL group to that of mice raised in normal-size litters (NL group). There
were two key methodological considerations that distinguished this study from most APN
studies. First, feeding behavior was examined utilizing meal pattern and microstructure
analyses. Meal pattern analysis characterizes parameters that describe the pattern of
meal taking, including meal size, frequency and duration, as well as the duration of
intervals between meals. In contrast, meal microstructure characterizes the change in
rate of feeding over the course of a meal. The value of meal pattern analysis is that
changes in meal parameters can focus the search for mechanisms mediating
hyperphagia. In a complementary manner, microstructural analysis can aid in
distinguishing the relative contributions of vagal negative feedback and oropharyngeal
positive feedback to changes in meal pattern parameters [63].

A second consideration that has often been overlooked in APN studies is that
increased body weight could alter an animal’s feeding behavior and metabolism and
thus mask the primary effects of APN on them. This is important because identifying the
primary effects of APN could help determine the mechanisms underlying the
predisposition to develop obesity. Therefore, effects on feeding behavior were studied

prior to development of obesity. This was achieved by maintaining the SL and NL groups
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on a balanced diet after weaning and characterizing their feeding behavior at 3-4 months
of age when their body weights were still in the normal range (Fig. 3A).

Additionally, to determine whether EPO affected vagal afferent development, the
density and structure of IGLEs that innervate the smooth muscle of the duodenum were
compared in SL and NL mice. This experiment focused on the duodenum because it

would experience excessive mechanical stimulation during early postnatal overeating.

2.2 Summary of results.

We found no convincing evidence for EPO effects on vagal afferents: EPO had
no significant effect on meal size or microstructure parameters (Fig. 2B and Table 3 in
[48]). There was also no effect of EPO on the structure (Fig. 4 in [48]) or density of
IGLEs (NL: 1308 + 108/cm?, SL: 1388 + 165/cm?) in the duodenum. We verified that the
litter size manipulation successfully produced overeating in SL pups and a predisposition
to obesity in SL adults: the body weight of SL mice was significantly increased
compared to the NL group from postnatal day one to weaning (Fig. 1A in [48]). Also,
adult fat pad weight was significantly increased in males of the SL group at 6-8 months
of age (NL: 0.49 + 0.07 g, SL: 1.29 + 0.21 g). Females appear to be protected from
some effects of APN [2].

Interestingly, SL mice did exhibit a small, but significant increase in daily food
intake compared to the NL group (Fig. 3B). Also, satiety ratio was reduced in the SL
group compared to the NL group (satiety ratio is the ratio of meal size to the subsequent
IMI; Fig. 3C). This result indicated that a given amount of food was less effective at
producing satiety in SL mice than in NL mice. It also suggested the increased food
intake of the SL group was due to a modest satiety deficit. Additionally, the average
consumption rate during the first meal, which followed mild food deprivation, was

increased in the SL group and could have been consistent with a satiety deficit (Fig. 3D).
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Thus, it is possible that EPO altered satiety signaling by vagal afferents, although other
pathways that signal satiety could have been affected. Importantly, the reduced satiety
produced by EPO may be a primary effect that contributes to the predisposition to

obesity.

2.3 Implications of results.

Although we found no evidence for altered development of duodenal IGLEs, or
vagal satiation signaling in mice that experienced EPQO, it remains possible that
development or function of other vagal afferents of the Gl tract was altered. Such effects
could have escaped detection if the remaining intact innervation compensated for them.
In lieu of evidence for such effects, our results suggest that development and function of
vagal afferents of the Gl tract are largely resistant to the effects of overnutrition at early
postnatal ages.

An additional possibility that might explain our failure to find EPO effects on vagal
afferents, which is explored below, is that exposure to an HE diet, or the subsequent
development of obesity — which we purposely avoided in this study - may be required to

reveal a deficit in vagal satiation signaling.

3.0 Brain-derived neurotrophic factor, a candidate mediator of APN effects on
vagal afferents of the Gl tract.

In parallel to examining effects of EPO on vagal afferents of the Gl tract, we have
been investigating a mechanism by which EPO or APN could affect their development. It
is proposed that one way EPO or APN could accomplish this is through altering
expression of genes involved in the development of vagal afferents that innervate the Gl
tract. We focused on the BDNF gene for several reasons. First, APN and related

perinatal manipulations that affect adult health (e.g., maternal deprivation) alter
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expression levels of key feeding hormones, neuromodulators, and receptors (or receptor
sensitivity), including BDNF and its receptor, trkB, in both CNS and peripheral tissues [9,
10, 40, 42, 64-70]. Second, BDNF is present in the developing and mature Gl tract. In
embryos BDNF is mainly expressed in smooth muscle of Gl blood vessels, a portion of
the gastric antrum-corpus and a portion of the intestine adjacent to the mesenteric
attachment [53, 71]. BDNF is expressed throughout the smooth muscle wall of the Gl
tract in young adults [72]. Thus, BDNF can be secreted from cells in close proximity to
developing vagal afferents as their axon terminals grow along blood vessels toward their
target organs and form mechanoreceptors within smooth muscle. Third, vagal afferents
produce trkB and thus can respond to BDNF released in the vicinity of their axon
terminals [73, 74]. Fourth, BDNF is required for normal development of vagal afferents
that innervate the smooth muscle of the stomach [11]. In this study a global knockout
(KO) was employed and thus loss of BDNF from several sources could have contributed
to its effects on vagal development, including the Gl tract, vagal sensory neurons, and
the DVC. Finally, regarding possible effects of BDNF on mature vagal sensory function,
slowly adapting mechanoreceptors (SAMs) innervating the skin require BDNF for
sensory transduction [75]. Since SAMs comprise a large proportion of vagal afferents of
the Gl tract involved in feeding [76, 77], it is possible BDNF also regulates sensory
transduction of these vagal afferents.

Taken together, these findings prompted investigation of the ability of one of the
possible sources of BDNF, the Gl tract, to regulate the development or function of vagal
afferents. Genetic manipulation was employed to reduce BDNF levels in the gut and an
initial assessment of the effects on vagal sensory function was made utilizing meal
pattern and microstructure analyses, and meal-induced c-Fos activation in the DVC.
Methodological considerations and preliminary findings of this study are summarized

below [78, 79].
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3.1 Methodological considerations

The approach employed to reduce BDNF levels in the gut involved knocking out
the BDNF gene. However, there were two issues that had to be addressed. The first was
specificity of the effects of a BDNF knockout (KO). Brain-derived neurotrophic factor is
expressed in several tissues [72, 80]. Therefore, a traditional BDNF KO, which would
eliminate BDNF from all of these tissues, could affect the innervation of any of them in
addition to the vagal afferents of the Gl tract. Any “non-specific” effects that resulted
could in turn influence feeding. Second, the BDNF gene KO results in death shortly after
birth [81], precluding the study of its effects on mature vagal afferents or feeding
behavior. One solution to overcome these obstacles is to use a conditional gene
knockout that restricts the loss of BDNF to the Gl tract. The consequent reduction in the
number of tissues that lose BDNF improves animal viability and minimizes non-specific
effects of the knockout that could affect feeding. Therefore, we targeted BDNF KO to
smooth muscle and this did result in viable animals.

The cre-lox recombination method was utilized to selectively delete BDNF coding
sequences from smooth muscle [81-85]. This was achieved by mating mice that express

cre

the cre recombinase in smooth muscle (SM22a°" mice) to mice lacking one BDNF allele

(BDNF™"* mice) and mating their SM220.°*;BDNF"°"* offspring to mice with a floxed
BDNF allele (BDNF*"** mice). Their SM220°"®*;BDNF""** offspring, designated “SM-
BDNF KO” mice, had partial reduction of BDNF levels in all tissues, and complete or
near-complete loss of BDNF from peripheral smooth muscle. Comparison groups
studied were heterozygous BDNF global KO mice (BDNF™*) referred to as “BDNF +/-”

cre

mice, and controls, which included wild-type and SM22a."° mice. Cre-mediated

recombination not only knocks out the floxed BDNF allele, but also activates expression
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of a lacZ reporter gene. Staining of the B-galactosidase protein produced by this
expression was used to identify the tissues that experienced loss of BDNF [82].

This targeted gene knockout strategy exhibited a high efficiency at eliminating
BDNF from the smooth muscle of blood vessels that supply the Gl tract. This was
established by the localization of 3-galactosidase at embryonic day (E)14 -16 (Fig. 4)
and the significant reduction of BDNF mRNA in the embryo esophagus-stomach (93%)
and intestines (90%) compared to controls (not shown). Importantly, there was no 3-
galactosidase staining in the brain at these ages (not shown) and the SM22¢.°"®
transgene has not been reported to produce gene KO’s in the mature brain [84].
Moreover, the SM-BDNF KO occurred at an early enough age (by E14) to disrupt the
development of vagal sensory axon terminals as they grow along blood vessels to reach
their target Gl tract organs and form receptors. Vagal axons first arrive at the stomach
on E12 and a strong wave of axon ingrowth continues until E16 [54]. Vagal axon
terminals begin to form mechanoreceptors on E16 [54]. Additionally, the SM22a.°®
transgene is efficient at producing gene KO’s in smooth muscle of the mature stomach
and intestine and these tissues produce BDNF mRNA in mature mice [72, 84].
Therefore, BDNF expression in smooth muscle may also have been reduced in adult
SM-BDNF KO mice and could have decreased the function of vagal mechanoreceptors

that innervate this tissue.

3.2. Summary of results

Surprisingly, SM-BDNF KO mice developed a dramatic, early-onset obesity (Fig.
5A). In contrast, BDNF+/- mice exhibited a trend toward a modest, late-onset obesity
(Fig. 5A). Over weeks 20-30 when weight gain had largely tapered off, the average body

weight was greater in the SM-BDNF KO group (53.6 + 1.6 g) compared to either the
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BDNF+/- mice (30.1 + 3.1 g) or controls (24.1 + 1.9 g). The modest increase in body
weight of BDNF+/- mice compared to controls was not significant. At 12-16 weeks of
age, the average daily food intake of SM-BDNF KO mice was increased by 68%
compared to BDNF+/- and control mice (Fig. 5B). Thus, at this age, early in the dynamic
phase of weight gain, hyperphagia played a major role in the development of obesity in
SM-BDNF KO mice. Since food intake was not measured prior to this age, it is not
known whether overeating was also responsible for the initial increase in weight gain of
SM-BDNF KO mice.

Meal pattern and microstructure analyses were carried out to gain insight into the
mechanism that underlies overeating in SM-BDNF KO mice. To minimize possible
confounds due to the effects of obesity on meal parameters, SM-BDNF KO mice (n = 7)
were studied early in their phase of rapid weight gain (3 months of age). Their meal
pattern parameters were compared to those of BDNF+/- (n = 4), and control (n = 7)
mice. Mice with an SM-BDNF KO exhibited a 38% increase in average meal size
compared to controls (Fig. 5C). They also showed a larger reduction in the rate of decay
of intake during the first 30 min of eating each day than controls (Fig. 6A). The bulk of
this rate of decay of eating has been attributed to vagal negative-feedback, or satiation,
signaling [63]. Therefore, this finding suggested the increase in meal size of SM-BDNF
KO mice was largely the result of a reduction in vagal satiation signaling.

Mice with a SM-BDNF KO also demonstrated a 21% increase in the average
number of meals consumed each day (Fig. 5D). This effect probably reflected a deficit in
satiety as SM-BDNF KO mice exhibited a 33% decrease in satiety ratio compared to
controls (SM-BDNF KO, BDNF+/-, and control = 167.97 + 2.95,217.6 + 8.9,249.4 + 5.2
min/g, respectively). Also consistent with this interpretation, the average IMI of SM-
BDNF KO mice was decreased by12% compared to controls even though they ate larger

meals, albeit this difference was not significant (SM-BDNF KO, BDNF+/-, and control =
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63.6 + 3.6, 77.3 + 6.8, and 71.8 + 5.1 min, respectively). These findings raise the
possibility that satiety signaling by vagal afferents was reduced in SM-BDNF KO mice,
although alterations to other pathways that contribute to satiety could have occurred.

To more directly assess whether SM-BDNF KO mice had reduced vagal satiation
or satiety signaling, c-Fos activation in the DVC was examined after consumption of a
large meal [86]. Such a reduction would be represented by decreased activation of the
DVC, especially in the NTS. To minimize possible confounds due to differences in body
weight, mice were tested at 2-3 months of age before the body weight of SM-BDNF KO
mice became significantly greater than for controls. There was a difference in baseline c-
Fos activation (activation in non-fed mice) in the DMV of SM-BDNF KO and control mice
that approached significance (SM-BDNF-KO: 1.56 + 0.5 vs. control 8.97 + 3.67 c-Fos-
stained neuronal nuclei; p = 0.069). Therefore, c-Fos activation was assessed as the
percent increase in the number of neuronal nuclei that showed c-Fos-like
immunoreactivity in fed as compared to non-fed mice. In response to consumption of
large meals of the same size, SM-BDNF KO mice exhibited a larger percent increase in
c-Fos activation in the DMV as compared to controls (Fig. 6B). In contrast, meal-induced
activation in the AP and NTS was similar in both groups. Thus, this data did not support
a role for reduced vagal satiation or satiety signaling in the altered feeding of SM-BDNF

KO mice.

3.3. Summary

In the present study, BDNF KO was targeted to smooth muscle to alter vagal
afferent development or function and correlate these changes with effects of the KO on
feeding behavior. This approach greatly reduced the number of tissues outside the Gl
tract that would experience reduced BDNF levels as compared with a global KO of

BDNF, which had two benefits. It overcame the perinatal lethality associated with a



Fox and Biddinger - 19

global BDNF KO, permitting examination of the effects of reduced BNDF levels in Gl
smooth muscle on feeding behavior in mature animals. Also, it minimized the non-
specific effects (non-vagal or non-Gl effects) of the KO on feeding behavior. Surprisingly,
smooth muscle-specific KO of BDNF resulted in obesity. Moreover, food intake and meal
pattern analyses at three months of age showed these mice were hyperphagic due to
the cumulative effects of increased meal size and frequency. The findings of the meal
pattern and microstructure analyses taken together were consistent with a role for
reduced vagal afferent satiation or satiety signaling in the hyperphagia of SM-BDNF KO
mice. However, meal-induced c-Fos activation in the DVC, which is a more direct
measure of vagal sensory function, did not support this interpretation. In particular,
increased activation of the DMV was observed rather than the predicted decrease in

NTS activation.

3.4 Implications of results

3.4.1 Reconciling the meal pattern, microstructure, and meal-induced c-Fos
activation results. The meal pattern and microstructure study and the meal-induced c-
Fos activation experiment provided conflicting evidence regarding the role of reduced
vagal afferent satiation and satiety signaling in the hyperphagia of SM-BDNF KO mice.
One possible explanation for this pattern of results involves effects of the SM-BDNF KO
on vagal afferents that mediate vago-vagal reflexes. The DMV contains the pre-motor
neurons that form the efferent limb of vago-vagal digestive reflexes. Therefore, an
increase in DMV activation could represent augmentation of these reflexes (e.g., gastric
emptying, receptive relaxation) that could contribute to increased meal size. For
example, increased receptive relaxation would produce greater-than-normal relaxation of

the stomach muscle wall during a meal. This could lead to increased meal size by
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decreasing the increase in intragastric pressure produced by a given amount of ingesta.
In turn, the vagal negative feedback produced by this amount of food would be
decreased, and thus a larger quantity would have to be consumed to produce satiation.
If the afferent limb of vago-vagal reflexes was altered by the SM-BDNF KO, it is possible
the vagal afferent pathways that supply the intestine and inhibit gastric reflexes were lost
or had reduced function [87, 88]. However, enhancement of esophageal-gastric vagal
sensory pathways that activate these reflexes could also have occurred [89, 90].

It is also possible that the increased activation of the DMV in response to
consumption of a large meal in SM-BDNF KO mice was due to reduced BDNF levels in
tissues outside the Gl tract. In particular, the levels of BDNF in the brains of SM-BDNF
KO mice were reduced by about half (estimated based on the global loss of one BDNF
allele). Therefore, altered activity in brain regions that normally express BDNF and
regulate vago-vagal reflexes through axonal projections to the DVC could have
contributed to the increased meal-induced response of DMV neurons in SM-BDNF KO
mice [91-94].

There are also possible explanations for the altered feeding patterns of SM-
BDNF KO mice, involving effects of decreased Gl BDNF on peripheral neural systems
other than the vagus. For instance, trkB receptor expression has been demonstrated in
some myenteric neurons [72]. Therefore, reduced activation of these receptors in SM-
BDNF KO mice could have altered the function of these neurons. Since the myenteric
nervous system contributes to regulation of Gl reflexes, including motility and exocrine
and endocrine secretion, disruption of these activities could alter feeding patterns.

It will be important to determine whether the SM-BDNF KO does in fact alter Gl
reflexes, and if it does, which neural pathways are involved, and how these alterations
contribute to hyperphagia and obesity. To date we have not succeeded in labeling vagal

mechanoreceptors in the stomach and intestine utilizing our standard method for
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quantification, anterograde transport of wheat-germ agglutinin-horseradish peroxidase
because SM-BDNF KO mice did not tolerate the surgery. We also failed to identify

markers that labeled these receptors with the consistency required for quantification.

3.4.2 Evidence for a long-term role in regulation. The connectivity of vagal
afferents with the CNS suggests that it has access to, and therefore could influence,
CNS regions involved in long-term regulation of feeding behavior. Vagal sensory fibers
are glutamatergic, or excitatory [95, 96]. Therefore, their activation excites second order
sensory neurons of the NTS that project to several brain regions, forming chains of
activation that ultimately lead to satiation and contribute to satiety. The brain regions
excited downstream of vagal afferent activation include hypothalamic and forebrain
nuclei considered important for long-term regulation of food intake and body weight [32].
This circuitry presents a conundrum: vagal afferents have fairly direct, strong excitatory
connections to brain structures that appear to be involved in long-term regulation of food
intake and body weight. This suggests that under at least some circumstances, they
should be capable of influencing both the activity of this circuit and its regulation of long-
term controls of feeding [7]. Surprisingly then, experimental manipulation of the vagal
gut-brain axis in mammals typically has not revealed evidence consistent with an impact
on long-term regulation [97]. Therefore, our finding that peripheral BDNF levels could
influence long-term controls of feeding, possibly involving effects on vagal afferents of
the Gl tract may provide one of the few pieces of evidence in favor of a role these
afferents in long-term control.

Despite the vast wealth of data suggesting vagal afferents of the Gl tract
contribute only to short-term controls of feeding, a small number of experiments have
provided evidence consistent with a role in long-term regulation. For example, when

intraperitoneal injections of CCK doses that produced no effect on body weight were
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combined with intracerebroventricular (ICV) infusions of leptin, they augmented weight
loss produced by the ICV leptin [98-100]. Control experiments suggested the leptin effect
was central and the CCK effect was peripheral, presumably involving activation of vagal
afferents. Similarly, studies involving OLETF rats that lack CCK-1 receptors have
implicated interactions between the CCK receptors in the dorsomedial hypothalamus
and peripheral CCK receptors that influence vagal afferent signaling in the long-term
regulation of food intake and body weight [101-103].

Another example of evidence for a role of vagal afferents that supply the gut in
long-term regulation involved NT-4 KO mice [104]. They demonstrated a 90% loss of
IGLEs in the upper intestine and exhibited several effects on feeding behavior that
suggested vagal satiation signaling was reduced [104]. These effects included increased
meal size on a liquid diet and increased meal duration and a trend toward increased
meal size on a solid diet. But NT-4 KO mice compensated for these effects by trends
toward decreased meal number and intake rate, which resulted in normal total daily
intake and body weight. However, exposing NT-4 KO mice to daily alternation of an HE
diet with chow overcame this compensation [105]. This diet regimen resulted in
hyperphagia in both wild types and NT-4 KO mice on days they consumed the HE diet,
but the magnitude of this hyperphagia was greater in NT-4 KO mice as compared to wild
types. Since this increased overconsumption by NT-4 KO mice occurred over the course
of one day, and involved the several meals consumed that day, technically it was a long-
term change in food intake, although a temporary one. A contribution of NT-4 loss from
tissues other than those associated with vagal development to this effect cannot be ruled
out.

There is also clinical evidence consistent with long-term effects of vagal afferents
on body weight from studies involving chronic vagal stimulation in humans. Initially,

chronic vagal stimulating electrodes were implanted in patients to reduce seizures that
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did not respond to pharmacological treatment [106]. Interestingly, some patients
unexpectedly revealed other beneficial effects, including weight loss [107-109]. Vagal
stimulation has also been found to improve satiety in binge eaters and to return them to

more normal long-term eating patterns [110].

3.4.3 Possible mechanisms mediating long-term effects of altered vagal
afferents on food intake and body weight in SM-BDNF-KO mice. Interestingly, the
majority of the previous experiments that produced data consistent with long-term effects
of vagal afferents involved manipulations of both the CNS feeding circuit and vagal
afferents of the Gl tract. Similarly, in our SM-BDNF KO mice, which exhibited
hyperphagia and early-onset obesity, KO of BDNF from peripheral tissues employed to
manipulate vagal afferents was combined with a partial reduction of BDNF levels in the
CNS (due to the global loss of one BDNF allele in the BDNF+/- mice used to breed SM-
BDNF KO mice). Thus, it may be necessary to alter the CNS feeding regulatory circuit to
reveal long-term effects of vagal afferent manipulations.

Brain-derived neurotrophic factor and its high-affinity receptor, trkB, are
expressed in several key brain regions involved in regulation of food intake and body
weight and they play a significant role in both CNS plasticity and suppression of food
intake [91, 111, 112]. These BDNF actions and its brain localization suggest two
mechanisms by which partially reduced BDNF levels in the CNS might act on the
feeding regulatory circuit to reveal long-term effects of vagal afferent manipulations. One
possibility is that the CNS feeding regulatory circuit compensates for altered vagal
sensory input and BDNF contributes to the neural plasticity involved in this process. In
such an instance, partial reduction of BDNF levels in the brain could decrease plasticity
and consequently interfere with the ability of the CNS circuit to compensate for loss of

input from vagal afferents of the Gl tract. Another possibility is that partial reduction of
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BDNF in the brain brings the animal closer to the threshold for overeating, thus making it

more difficult for the CNS circuit to compensate.

3.4.4 Role of peripheral BDNF and other anorexigens in long-term regulation of
food intake and body weight. In addition to the unexpected finding that vagal afferents
may play a role in long-term regulation of feeding, it is intriguing that peripheral actions
of anorexigens such as BDNF and CCK may also contribute, possibly by acting through
their effects on vagal afferents. However, in the context of more recent views of the
organization of the neurohormonal circuit regulating ingestive behavior, such a role for
peripheral effects of anorexigens does not seem so far-fetched.

The neural system regulating feeding and body weight is distributed, involving
numerous central and peripheral nervous system components [34]. Hormones and
neurotransmitters act at all levels of this circuit to modulate its responsiveness or “tone”,
including leptin, insulin, POMC, agouti-related peptide (AGRP), cocaine-and-
amphetamine-regulated transcript (CART), NPY and BDNF [7, 113, 114]. The majority of
research on the effects of these molecules on feeding behavior has focused on the
hypothalamus and the DVC [7, 34]. But in actuality, it is probable that these molecules
have effects at several levels of the feeding circuit, including the peripheral organs or
tissues innervated by the peripheral extensions of this circuit. These broadly distributed
effects of hormones and neurotransmitters provide opportunities for them to modulate
several aspects of food intake regulation in a coordinated fashion, including those
mediated by viscerosensory, motivational, affective and motor systems [34, 115]. For
example, leptin receptors are expressed in peripheral tissues, peripheral nerves, and
numerous CNS nuclei [116-120]. Moreover, leptin has been shown to have effects on
food intake and body weight at many of these sites [121-132]. Consistent with this model

of distributed hormone/neuromodulator effects, global KO of leptin produces dramatic
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hyperphagia and obesity, whereas, KO’s of leptin targeted to brain nuclei thought to be
important for controlling feeding have produced more modest effects (e.g., ARH [133,
134]. Melanocortins, CCK, and BDNF are also anorexigens with widespread receptor
distribution in the brain, peripheral nervous system and the viscera, and therefore, may
also have broadly distributed effects on the feeding circuit [135-140].

This distributed view of the neurohormonal circuit regulating feeding behavior
highlights how the actions of hormones and neuromodulators expressed in peripheral
tissues have the opportunity to interact with effects of the same or different molecules
expressed in the CNS. Moreover, through such interactions, the peripheral effects of
hormones and neuromodulators could possibly contribute to long-term as well as short-

term regulation of food intake and body weight.

3.4.5 A threshold hypothesis of predisposition to obesity caused by APN. The
finding of hyperphagia and obesity in SM-BDNF KO mice provides a pillar upon which a
hypothesis can be constructed that addresses questions about how an HE diet reveals
the predisposition to obesity in animals that experienced APN.

Numerous organ and tissue systems of the body, including the nervous system,
are impacted by APN [141, 142]. Further, these systemic effects of APN on development
result in permanent alterations in an organism’s physiology and metabolism that favor
development of obesity and the metabolic syndrome later in life (Ibid.). Given these
widespread effects of APN on development, it is surprising that when raised on a
balanced diet young adult animals often maintain relatively normal food intake and body
weight for some period of time before gradually becoming obese [4]. This delay in the
appearance of symptoms raises some important questions about organisms that

experience APN, including: How do young adults maintain normal food intake and body
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weight? How does consumption of an HE diet accelerate the onset of hyperphagia and
obesity and increase their magnitude?

Here a hypothesis is proposed — based essentially on a threshold model - to
explain how consumption of an HE, or obesogenic diet reveals the susceptibility to
develop obesity in organisms exposed to APN. This threshold model follows a similar
principle to the threshold effect observed in degenerative disorders such as Parkinson’s
disease. Simply put, overt behavioral symptoms typically do not become apparent until
the gradual loss of substantia nigra neurons (and thus loss of dopamine) reaches a
threshold of about 70-80% [143, 144].

The threshold model proposed here suggests the state of the feeding regulatory
system must reach a critical threshold before hyperphagia is released. One cornerstone
of this threshold hypothesis involves the widespread, but partial damage to the feeding
regulatory system produced by APN. Another cornerstone is based on evidence
reviewed below suggesting the contribution of HE diets to hyperphagia goes beyond
their palatability. In particular, these diets appear to modify the neurohormonal regulatory
system to favor, or even drive their own continued overconsumption. The threshold
hypothesis has three parts. (1) APN produces widespread changes to the feeding
regulatory system that alone are not always sufficient in degree to exceed the threshold
for producing hyperphagia in young adults. (2) High-energy diets produce changes to the
feeding regulatory system, involving reduced anorexigen levels in the brain that on their
own are not always sufficient to cross the threshold for inducing overeating in young
adults. (3) It is the sum or interaction of these changes produced by APN and HE diets
that pushes the regulatory system across the threshold for hyperphagia, the occurrence

of which leads to obesity and the metabolic syndrome.
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3.4.6 Role of HE diets in revealing predisposition to obesity in organisms that
experience APN/EPO. Several studies have demonstrated that diet or energy status can
alter the levels of feeding regulatory hormones and neuromodulators, or their receptors
in the brain, including melanocortin-4 receptors, AGRP, and POMC, as well as BDNF
and its high affinity receptor, trkB [145-151]. For example, food deprivation increased
BDNF mRNA expression and protein levels in the hippocampus and several other brains
areas while decreasing it in the VMH and DVC [145, 146, 149]. In contrast, high-fat diets
reduced BDNF expression in the hippocampus and ventral tegmental area (VTA) [152,
153]. Interestingly, a high-fat diet also reduced BDNF levels in the VMH and a high-fat
diet or effects of the associated weight gain reduced trkB levels in the hypothalamus and
nodose ganglion [150, 154]. Thus, in the VMH the direction of the change in BDNF
levels driven by HE diet consumption paralleled that caused by food deprivation.

Further, peripheral as well as CNS sites may be impacted by the effects of HE
diets (or effects of the subsequent weight gain) on anorexigen levels. For example, the
effects of exogenous CCK on satiation, gastric emptying, and c-Fos activation of the
DVC, which are mediated mainly by vagal afferents, are blunted in obese rats [155, 156].
This reduced responsiveness likely reflects the plasticity demonstrated by vagal sensory
neurons in response to changes in energy status. Specifically, in diet-induced obese
animals, vagal afferents exhibit reduced excitability and decreased electrophysiological
and behavioral responsiveness to gastric loads and to anorexigens, including CCK [156-
159]. They also show reduced expression of CCK-1 receptors [158]. Moreover, diet-
induced obesity has also been associated with increased levels of orexigens or their
receptors in vagal sensory neurons and in the CNS, including the CB1 endocannabinoid,
orexin- 2 and growth hormone secretagogoue-1a receptors and neuropeptide Y (NPY)

[147, 155, 156, 159].
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Thus, a general picture has begun to take shape where consumption of an
obesogenic diet may modify the “state” of the feeding regulatory circuitry by altering
anorexigen and orexigen signaling so that a given amount of food is less satiating. Put in
its strongest form, at least some obesogenic diets modify the “state” of the regulatory
circuitry to mimic a food-deprived state. Consequently, the organism is fooled into
thinking it is still hungry, or energy depleted, despite the concurrent consumption of a
large number of calories. Two key examples of such possible effects of HE diets include
decreased BDNF levels in the VMH [150, 154] and reduced POMC levels (and

increased levels of the orexigen, NPY) in the ARH [147, 160].

3.4.7 A simpler model of predisposition to obesity: Late-onset obesity. If HE
diets reduce anorexigen signaling in the brain and possibly the peripheral nervous
system, why are animals that experienced APN more susceptible to these effects? An
important clue came from a group of mutant mouse strains that exhibit a “late-onset” (or
“middle-age”) obesity that results largely or entirely from hyperphagia. The mutations
involved produce loss of function of the gene for the serotonin-2C receptor, the
melanocortin-4 receptor, BDNF, agouti, or pro-opiomelanocortin (POMC) [113, 161-164].
In addition to exhibiting the same pattern of hyperphagia and weight gain as animals that
experienced APN, mice with late-onset obesity show a similar predisposition to obesity.
They become hyperphagic and gain excessive weight compared to wild types when
offered an HE diet [162, 163, 165]. Also, mice with late-onset obesity develop insulin
resistance [165]. Thus, late-onset obesity shares many of the defining characteristics of
predisposition to obesity exhibited by animals that experienced APN.

The overconsumption of HE diets by mice with late-onset obesity is consistent
with a threshold model. These mice have reduced levels of an anorexigen that may

cause their feeding regulatory circuit to sit close to the threshold for hyperphagia.
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Consumption of an obesogenic diet could further reduce the levels of this anorexigen
(and reduce the levels of other anorexigens) to push the animal over the threshold.
However, the decrease in anorexigen levels produced by HE diets and the induction of
hyperphagia are correlates. Consequently, it is possible that eating an obesogenic diet
activates other mechanisms that favor hyperphagia and weight gain.

Thus, it is imperative to demonstrate that direct manipulation of anorexigen
signaling can combine with the reduced anorexigen levels in mice with late-onset obesity
to make them hyperphagic. Indeed, our findings in SM-BDNF KO mice may provide such
a demonstration. These mice were created by combining a heterozygous BDNF(+/-)
mutation that causes late-onset obesity with a targeted reduction of BDNF in peripheral
smooth muscle (SM220°%;BDNF'°*). Thus, instead of feeding the obesogenic diet to the
mice with late-onset obesity to further reduce BDNF levels, a targeted gene KO was
used to decrease BDNF expression in their Gl tract. This manipulation did result in a
dramatic early-onset obesity and when examined at 12 — 16 weeks of age these mice
were markedly hyperphagic. Consequently, if an HE diet produced reductions in BDNF
levels (or the levels of other anorexigens) comparable to that produced by the targeted
KO of BDNF in smooth muscle, it should push an animal that was already close to the
threshold for eliciting hyperphagia over the threshold. An unexpected implication of the
finding of early-onset obesity in SM-BDNF KO mice is that it may be possible for
decreased anorexigen expression in peripheral tissues to combine with reduced

anorexigen levels in the CNS to support overeating.

3.4.8 An obesogenic diet might be necessary to reveal effects of EPO on vagal
afferent function. Based on the threshold hypothesis of APN, we speculate that

consumption of an HE diet might be necessary for the effects of EPO on vagal afferents
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of the Gl tract to increase meal size (see sections 2.2 and 2.3). The damage produced
by EPO in our study was not sufficient to produce significant levels of hyperphagia.
Therefore, its effects on vagal afferent development or function may have been
subthreshold for increasing meal size. For instance, the Weibull parameter C of the
microstructure analysis is influenced by vagal negative-feedback signaling [63].
Consequently, the near-significant trend we observed in this parameter is consistent with
a near-threshold effect of EPO on vagal afferents of the Gl tract [48]. If this interpretation
is correct, then the effects of an HE diet-induced decrease in gut BDNF levels on vagal
afferents could combine with the subthreshold effects of EPO on these afferents to

increase meal size.

3.4.9 Implications of SM-BDNF KO findings for the APN hypothesis.

There may be differences in the mechanisms underlying late-onset obesity and
APN. However, the similarity in their susceptibility to HE diets suggests the possibility
that the means by which these diets switch on hyperphagia may be similar in both
instances. If obesogenic diets do act similarly in both of these models, then the decrease
in anorexigen levels that results from consumption of these diets would combine with the
reduced threshold for hyperphagia caused by APN to push the organism past this
threshold. Interestingly, APN and other perinatal manipulations that affect adult health
alter the expression of hormones, neuromodulators, or receptors (or receptor sensitivity)
important for regulating feeding in both CNS and peripheral tissues, including BDNF and
trkB [9, 10, 40, 42, 64-70]. Some of these changes in anorexigen and orexigen signaling
produced by APN may combine with changes in the same (or other) signaling pathways
produced by consumption of an HE diet to push an organism across the threshold for

hyperphagia.
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Importantly, our finding that SM-BDNF KO converts moderate late-onset obesity
of BDNF+/- mutants to dramatic early-onset obesity is just a first step toward
substantiating the threshold hypothesis. For example, it must be demonstrated that the
effects of partial reduction of BDNF levels in smooth muscle of young adult organisms
that experienced APN can induce hyperphagia and obesity. Further, it should be
determined whether obesogenic diets reduce BDNF levels (and levels of other
anorexigens, or levels of activity in their signaling pathways) in the Gl tract. Finally, it
should be determined whether blocking the effects of HE diet consumption on peripheral
anorexigen signaling (or CNS anorexigen signaling) can prevent hyperphagia and
obesity in young adult rodents that had experienced APN and were consuming an HE

diet.
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Figure Legends

Figure 1. This is a schematic drawing that illustrates the specific tissue layers of the Gl
tract wall and the types of vagal afferent receptors that innervate them. A wedge of a
cross-section through the Gl tract wall oriented with the outer serosal surface at the top
and the inner lumen below is depicted here. This drawing represents a generalized set
of tissue layers of the Gl tract wall. Each tissue layer varies in thickness and structure
from one Gl organ compartment to another. The name of each tissue layer is indicated
on the drawing. The different classes of vagal sensory receptors that innervate the Gl
tract are listed to the right of the drawing. Arrows point from each receptor type to the
tissue layer(s) they innervate. Intramuscular arrays are only present in the longitudinal
and circular muscle layers of the forestomach and the circular layer of the lower
esophageal and pyloric sphincters. Crypt and villus afferents innervate the mucosa of
the small intestine and antral gland afferents (not shown) supply a similar tissue as villus
afferents, but within the mucosa of the stomach antrum.

Figure 2. Schematic drawing that illustrates the peripheral connections of vagal sensory
neurons in the upper Gl tract (bottom portion of schematic) as well as their central
connections in left dorsal vagal complex of the brainstem (top part of schematic). For
clarity, only the anterior vagal trunk and its branches are drawn, which arise mainly from
the left cervical vagus nerve. From this ventral view the posterior trunk, which is not
shown would lie behind the esophagus and give off gastric and celiac branches that
innervate the dorsal stomach wall and intestine, respectively. The nodose ganglion,
which houses the vagal sensory neurons and lies just outside the skull adjacent to the
brainstem, is not shown. Also, the approximate distributions of the two main smooth
muscle mechanoreceptor classes, IMAs and IGLEs, are indicated by parallel
interconnected lines and amorphous shapes, respectively. See text for details.

Abbreviations: AP, area postrema; cc, central canal; COM, commissural subnucleus;
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DMV, dorsal motor nucleus of the vagus; GEL, gelatinous subnucleus; mNTS, medial
NTS; TS, solitary tract.

Figure 3. Body weight and food intake variables derived from the meal pattern analysis
conducted at 3-4 months of age that exhibited differences between SL and NL mice. A
reduction in satiety ratio and an increase in first meal eating rate in SL as compared with
NL mice implied that decreased satiety led to the modest increase in food intake by the
SL group. A. Body weights are shown for each day meal pattern data were collected. B.
Average daily food intake is plotted for SL and NL groups. C. Satiety ratio is plotted for
SL and NL groups. D. Average eating rate during the first meal each day is plotted for SL
and NL groups. This figure was previously published as Fig. 1B and Fig. 2A, F, and H
[48], copyright Elsevier (2010).

Figure 4. Cre-mediated recombination in the Gl tract of SM-BDNF KO embryos.
Photomicrographs of X-gal-stained sections of embryonic intestines at E14 are shown.
The sections shown in (A) and (B) were near-adjacent to each other and the one in (B)
was counterstained with neutral red. The dark gray in (A) illustrates p-galactosidase
expression in the intestines of SM-BDNF KO embryos, representing recombination of
loxP sites and the loss of BDNF coding sequences. Cre-mediated recombination
occurred mainly in vascular smooth muscle of Gl blood vessels and also in some
regions of the associated mesentery. BDNF expression normally occurs in these tissues
at this age. Imaged at 100X magnification. Abbreviations: bv, blood vessel; ca, celiac
artery; mes, mesentery.

Figure 5. SM-BDNF KO mice exhibited hyperphagia due to increases in meal size and
frequency and early-onset obesity. A. Body weights plotted from 6-30 weeks of age.
Groups plotted include SM-BDNF KO (n = 7), BDNF +/- (n = 5), and control (n = 8;

SM22o—cre n = 5 plus wild type n = 3) mice. Group sizes at 6-12 weeks of age were
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smaller because the first SM-BDNF KO mice were not clearly obese until after 6 weeks
of age, but their weights and those of some of their littermates of other genotypes are
included in this graph. B. At 3-4 months of age, food intake averaged over the last 16
days of meal pattern collection (after meal pattern parameters had stabilized) was
increased in SM-BDNF KO mice compared to control and BDNF +/- mice. C. SM-BDNF
KO mice exhibited an increase in average meal size compared to the control group. The
BDNF+/- group exhibited a similar trend, but it was not significant. D. SM-BDNF KO mice
showed an increase in the average number of meals consumed daily compared to
controls, whereas, BDNF +/- mice exhibited a reduction, which compensated for their
large trend toward increased meal size. In panels B-D, the same lower case letters
placed above histogram bars in each graph indicate no significant difference between
groups, whereas different letters above histogram bars indicate a significant difference.
Figure 6. Meal microstructure and meal-induced c-Fos activation in the DVC were
employed to aid determination of whether vagal negative feedback (satiation signaling)
contributed to increased meal size in SM-BDNF KO mice. A. SM-BDNF KO mice
exhibited changes in first meal microstructure consistent with a reduced contribution of
vagal negative-feedback signaling to satiation. In particular, they showed a reduced rate
of decay of eating compared to controls during rapid decay of intake rate (min 2-6) and
gradual decay of intake rate (min 7-30). B. At two months of age, prior to the
development of obesity, SM-BDNF KO mice exhibited greater meal-induced c-Fos
activation in the DMV than did controls, whereas there were no differences in the NTS
and AP. Although this finding is not consistent with reduced vagally-mediated negative-
feedback signaling, it raises the possibility that vago-vagal reflexes such as receptive

relaxation or gastric motility were augmented in SM-BDNF KO mice.
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