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Abstract

Sensory neurons of the vagus nerve receive many different peripheral signals that can change
rapidly and frequently throughout the day. The ability of these neurons to convey the vast array of
nuanced information to the brain requires neuronal adaptability. In this review we discuss evidence
for neural plasticity in vagal afferent neurons as a mechanism for conveying nuanced information
to the brain important for the control of feeding behavior. We provide evidence that synaptic
plasticity, changes in membrane conductance, and neuropeptide specification are mechanisms that
allow flexibility in response to metabolic cues that can be disrupted by chronic intake of energy
dense diets.
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1. Introduction

Vagal afferent neurons peripherally innervate cardiovascular, respiratory, and gastrointestinal
organs (de Lartigue, 2014). Their pseudounipolar cell bodies reside in the nodose ganglia
with central axons that terminate in the nucleus of the solitary tract (NTS) and convey
information on a range of diverse stimuli, including heart rate, blood pressure, lung stretch
and irritation, as well as gastrointestinal stretch and nutrient detection (de Lartigue, 2014).
Thus, neurons of the nodose ganglia respond to a vast number of stimuli. While individual
neurons will only be exposed to stimuli in their milieu, the local environment changes
rapidly and frequently throughout the day. For example, vagal afferent neurons innervating
the gut are exposed to gastrointestinal stretch, transmitters from enteric neurons,
gastrointestinal hormones, the products of digestion and absorption, and bacterial products
that all change throughout the day depending on nutrient availability. The response to these
signals can be altered depending on the metabolic state, as well as local and systemic
immune and inflammatory state. Therefore, vagal afferents display a remarkable degree of
adaptability in response to a variety of signals and must be able to convey this information
centrally.
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Neural plasticity refers to the ability of neurons to change in form and function in response
to alterations in their environment. This is essential for the normal development of circuits
necessary to learn and to respond appropriately to our internal and external environments.
Importantly, neuronal plasticity continues throughout life in order to improve performance
and learn to adapt in response to experience both centrally (Ho et al., 2011) and in primary
mature sensory neurons (Hubel, 1962). At the cellular level there are three forms of
plasticity that have been identified to impact neuronal signaling in the central nervous
system, including structural changes in dendritic and axonal anatomy, changes in membrane
excitability, and neuropeptide respecification (Fig. 1). There is evidence for these different
types of plasticity all occurring in peripheral vagal afferent neurons. In this review we will
discuss this evidence focusing on the impact of vagal gut-brain plasticity on feeding.

2. Synaptic remodeling

Changes in neuronal connectivity occur constantly in the adult brain in an experience-
dependent manner. These occur both pre-synaptically and post-synaptically, including
effects on synaptic vesicle release and recycling, transmitter receptor trafficking, cell
adhesion, and changes in gene expression (Ho et al., 2011). Under pathologic conditions
there can also be changes in synapse number caused by retraction of pre-synaptic processes
or neuronal atrophy. For example, in depression, there is evidence for atrophy of pyramidal
neurons in the hippocampus and medial prefrontal cortex (Iwata et al., 2013). Further,
Alzheimer’s disease is characterized by reorganization of connectivity and loss of synapses
(Sw and Da, 2006). Thus, synaptic remodeling is associated with pathologic states and
behavioral phenotypes.

Changes in the number of central vagal afferent fibers in mature animals have also been
observed under pathologic conditions. Damage to peripheral axons of the vagus nerve is
associated with remodeling of central vagal fibers. In response to the vanilloid receptor
(TRPV1) channel agonist, capsaicin, the density of lectin 1B4, which binds to unmyelinated
c-fibers, initially decreases in the NTS, presumably reflecting capsaicin induced neuronal
death. Over time, B4 density in the NTS increases, possibly indicative of neuronal
regeneration and sprouting of new fibers (Ballsmide, 2015; Peters et al., 2014). A similar
response has been observed in response to chronic consumption of palatable energy-dense
diets. After 21 days of either high-fat or high-sugar diet 1B4-labeledc-fibers withdraw from
the hindbrain, and this is followed by pronounced increase in 1B4 density after 8 weeks
(Vaughn et al., 2017; Sen et al., 2017). The mechanism for this apparent remodeling and the
extent to which it causes changes in feeding behavior and/or leads to obesity require further
study.

3. Changes in excitability

The intrinsic excitability of neurons determines their activation in response to an electrical or
chemical signal. Regulation of intrinsic excitability can therefore control the dynamic range
of stimulus response at the cellular level (Marder et al., 1996). Voltage-gated conductance
can change neuronal firing properties such as the threshold (ie. ranging from spontaneously
active to inactive until high concentrations of stimulus), frequency (ie. single firing to
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bursts), or rate of repolarization (ie. how quickly a cell can fire after activation). These
properties can change rapidly on the timescale of hours (Aizenman et al., 2003) to days
(Desai et al., 1999). Similarly, changing expression of receptors at the terminals would
impact the strength of the response. Therefore changing the excitability of a neuron either by
altering conductance or receptor expression under physiological conditions can quickly
impact behavior.

The threshold of gastric vagal afferents to mechanical stimuli is dynamic and dependent on
the combination of GI hormones, feeding state and metabolic state. Gastric vagal afferent
fibers can be characterized into two sub-types based on their response to tension or touch,
with tension-sensitive fibers terminating predominantly in the muscular layer, and touch-
sensitive fibers terminating in the mucosa (de Lartigue et al., 2014a). In lean mice fed ad
libitum, leptin increases the threshold of gastric mucosal vagal afferent neurons to tactile
stimuli, an effect that is lost in lean fasted mice and HF diet fed obese mice (Kentish et al.,
2012). Conversely tension sensitive fibers are depressed by leptin in lean fed mice, an effect
that is absent in fasted mice or HF diet fed obese mice. Therefore the threshold is largely
determined by the availability and sensitivity to circulating hormones which is shaped by the
feeding and metabolic state.

Under fasting conditions, leptin release is reduced (Sinha et al., 1996) while ghrelin levels
will increase (Muller et al., 2002). Ghrelin reduces the excitability of mucosal and tension
gastric vagal afferents (Kentish et al., 2012) and is also associated with reduced leptin
signaling in vagal afferent neurons (de Lartigue et al., 2010). In obesity, ghrelin may not
play an important role in reducing gastric vagal afferent sensitivity to leptin since ghrelin
levels are reduced (Shiiya et al., 2002; Tschop et al., 2001), instead reduced vagal afferent
neurons have been associated with the development of leptin resistance (de Lartigue, 2014;
de Lartigue et al., 2012). Importantly loss of leptin receptor the threshold potential of gastric
vagal afferents in obesity. In duodenal vagal afferent neurons the resting membrane potential
is not significantly different between neurons in lean and obese animals, nor are
characteristics of action potentials such as the duration, threshold, maximum rise slope,
overshoot amplitude and maximum decay slope; however, the minimum current necessary to
elicit a single action potential is nearly twice as high in obese compared to lean mice (Daly
etal., 2011). Therefore reduced sensitivity of duodenal vagal afferent neurons in obese
animals requires a higher level of stimulus to elicit an action potential. Still lacking is
information about the fasted firing properties of gastric vagal afferents in obesity, therefore it
remains unclear whether in obesity fibers remain constitutively stuck in a fasted phenotype
or whether the basal excitability is reduced.

In support of the idea that vagal afferent excitability in obesity is caused by lack of plasticity,
there is a lack of vagal afferent expression that could account for reduced excitability.
Cannabinoid 1 receptor (CB1R) and Melanin concentrating hormone 1 receptor (MCH1R)
both increase with fasting and after prolonged exposure to energy dense diets (de Lartigue et
al., 2012; Dockray and Burdyga, 2011). Activation of either receptor by its ligand inhibits
neuronal depolarization in central neurons (Qian et al., 2017). Conversely Y2 receptor,
activated by the anorectic gastrointestinal hormone PYY3-36, is downregulated in both
fasted and obese conditions (de Lartigue et al., 2012; Burdyga et al., 2008). Thus, switching
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hormonal sensitivity in vagal afferent neurons in both fasted and obese conditions could
reduce satiation by simultaneously promoting orexigenic signaling and reducing general
membrane excitability.

4. Neuropeptide switching

Early studies for immunoreactivity and mRNA detection identified the presence of several
putative neuropeptides in the nodose ganglia, including substance P (SP) (Lundberg et al.,
1978; Gamse et al., 1979), neurokinin A (NKA) (Nagashima et al., 1989; Helke and
Niederer, 1990), calcitonin gene-related peptide (CGRP) (Zhuo et al., 1997), somatostatin
(SOM) (Czyzyk-Krzeska et al., 1991), vasoactive intestinal peptide (VIP) (Zhuo et al.,
1997), cholecystokinin (CCK) (Zhuo et al., 1997), enkephalin (ENK) (Zhuo et al., 1997),
neuropeptide Y (NPY) (Zhuo et al., 1997), galanin, (Zhuo et al., 1997; Broberger et al.,
1999), cocaine and amphetamine regulated transcript (CART) (de Lartigue et al., 2007),
melanin concentrating hormone (MCH) (Burdyga et al., 2006), brain derived neurotrophic
factor (BDNF) (Hsieh et al., 2010). A number of amino acid based transmitters have also
been identified including glutamate (Dietrich et al., 1982), gamma-aminobutyric acid
(GABA) (Dietrich et al., 1982), serotonin (Thor et al., 1988; Gaudin-Chazal et al., 1982),
and the machinery to produce dopamine (Katz et al., 1983; Giacobini and Noré, 1971) and
acetylcholine (Palouzier et al., 1987) has also been reported. Not only are a wide variety of
transmitters present in vagal afferent neurons, but they can also be co-expressed to varying
degrees. For example, the tachykinins, SP and NKA colocalize in more than 94% of vagal
afferent neurons (Zhuo et al., 1997). Neurons expressing SP also make up approximately
50% of CGRP neurons in the nodose (Zhuo et al., 1997), and the vast majority of vagal
afferent neurons are glutaminergic (Wright et al., 2011), suggesting potential for co-
expression of glutamate, SP, NKA, and CGRP in the same neurons. The role of individual
transmitters, let alone the combination, in shaping behavior in response to peripheral stimuli
is poorly understood.

In addition to co-expression there have been several examples of stimuli-mediated changes
in neuropeptide expression in vagal afferent neurons. Allergic inflammation in guinea pig
airways increases the expression of the neuropeptides substance P and CGRP within neurons
of the nodose ganglia (Myers et al., 2002). Axonal damage of the vagus nerve increases
expression of the neuropeptides galanin, NPY, VIP and CCK, and decreases CCK-1 receptor
expression while increasing expression of CCK-2 and Y2 receptors in vagal afferent neurons
(de Lartigue, 2014; Burdyga et al., 2008). Furthermore, there are many examples of
metabolic cues from the gut shown that regulate gene expression in vagal afferent neurons.
Expression of clock genes in the nodose ganglia oscillate throughout the day, and are
entrained by food intake (Kentish et al., 2015). In lean rats, fasting increases expression of
MCH receptor 1 (Burdyga et al., 2006), CB1 (Burdyga et al., 2004), and ghrelin receptor
(Kentish et al., 2012). Re-feeding reduces expression of these receptors and promotes
expression of Y2 receptor. Chronic consumption of high fat diets alters mMRNA expression of
ghrelin receptor (Kentish et al., 2012; Paulino et al., 2009), CB1 (de Lartigue et al., 2012;
Nefti et al., 2009), MCH receptor 1 (de Lartigue et al., 2012), orexin receptor (Nefti et al.,
2009), Y2 receptor (de Lartigue et al., 2012), PPAR-gamma receptor (Liu et al., 2014),
CCK-1 receptor (Paulino et al., 2009; Nefti et al., 2009), GPR40 (Duca et al., 2013), GPR41
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(Duca et al., 2013), and GPR120 (Duca et al., 2013). Therefore vagal afferent neurons
express many receptors and transmitters and have a propensity to change their
neurochemistry in response to peripheral signals.

It is classically considered that the expression of neurotransmitters is fixed under normal
physiological conditions, however, there have been examples of neurotransmitter switching
within neurons in the developing and mature central nervous system (Spitzer, 2015).
Specifically in the adult rat hypothalamus, neurons of the paraventricular and periventricular
nucleus reversibly switch between dopamine and somatostatin expression depending on the
length of the photoperiod (Dulcis et al., 2013). The reversible reconfiguration of the
neurotransmitter within these neurons changes anxiety in rats (Dulcis et al., 2013). Similarly,
there is sensory mediated neuronal adaptation in the expression of the neuropeptides CART
and MCH in vagal afferent neurons (de Lartigue et al., 2007). Specifically the
gastrointestinal hormone cholecystokinin, released from enteroendocrine cells of the gut in
response to fats and proteins, administered to a culture of vagal afferent neurons, will shift
the balance in neuropeptide expression within the same neuron from MCH to CART (de
Lartigue et al., 2007). In vivo, CART and MCH expression diverges in nodose ganglia
depending on the feeding state of the animal (de Lartigue et al., 2014b). The effect of this
switch on behavior is not yet clear, but CART and MCH have been reported to have
opposing effects on food intake when administered centrally. Intracerebroventricular (ICV)
injections of CART inhibit food intake in both rats and mice (Kristensen et al., 1998; Vrang
etal., 1999; Asakawa et al., 2001; Stanley et al., 2001; Lambert et al., 1998) while CART
antibodies increase food intake during the active dark phase in rats (Kristensen et al., 1998;
Lambert et al., 1998). ICV injection of MCH in mice or rats increases food consumption
(Qu et al., 1996; Nair et al., 2009), while MCH1 receptor antagonist in rats reduces food
intake (Nair et al., 2009). Thus, it is possible that the switch in CART and MCH expression
repurposes gut innervating vagal afferent neurons to have opposing effects on feeding
behavior depending on peripheral signals.

While a less common form of plasticity than changes in synaptic number or strength (Nelson
and Turrigiano, 2008), neurotransmitter switching is particularly suited to sensory neurons
innervating distal peripheral sites. By switching neuropeptide expression, individual sensory
neurons can provide more nuanced information to the brain about the continually evolving
local environment. Neurotransmitter switching in these neurons would enable a more
complex array of information than a binomial — all or none — signal. Importantly,
neuropeptide switching provides a mechanism that would reduce the burden during
development, requiring a single neuron instead of two at each innervation site. This is
important given the limited space within the nodose ganglia to accommodate neurons, and
the vast distance that vagal afferent axons need to travel to innervate a specific area of the
gut and connect with an appropriate second-order neuron involved in feeding control in the
nucleus tractus solitarius of the hindbrain.

Currently there are a number of unanswered questions about the mechanism of action of
neuropeptide signaling. Neuropeptides are thought to modulate fast neurotransmitter
signaling (van den Pol and Anthony, 2012) although whether by changing presynaptic
release or modulating activity of post-synaptic neurons is unclear. Given that they can
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activate extrasynaptic receptors (Nadler, 2011) and travel further than fast neurotransmitters
(van den Pol and Anthony, 2012) they may modulate astrocyte mediated reuptake of fast
neurotransmitter and/or coordinate excitability of neighboring neurons. Thus, neuropeptide
respecification by vagal afferent neurons could impact more than only a single synapse and
therefore have far-reaching effects on behavior. Likewise changes in sensing or processing
of metabolic signals by vagal afferent neurons that would prevent neurotransmitter switching
could therefore drive behavioral changes leading to pathophysiology.

The challenge with neurochemical plasticity is that it requires careful determination of the
conditions necessary to drive expression. Absence of a transmitter only confirms that the
current stimuli/stage of development/physiological state are inappropriate for expression.
Given the vast number of transmitters expressed by vagal afferent neurons it is plausible that
subtle distinctions in metabolic conditions can lead to large expression changes. This could
explain much of the discrepancy in the literature in transmitter expression.

5. Conclusion

Vagal afferent neurons are inherently plastic. They are capable of changing synaptic number,
neuronal excitability and neuropeptide expression in response to peripheral stimuli. The
extent that each type of plasticity is required for normal physiology requires further work.
However it is likely important in translating information about the types of macronutrient
and their location in the gut into signals that the brain can integrate for meal termination,
conditioned reinforcement, and controlling digestion and absorption in the context of the
metabolic status. A range of mechanisms for vagal afferent plasticity may reinforce the
exquisite ability of vagal afferents to respond appropriately to internal and external
environmental cues. The importance of these types of plasticity are highlighted under
conditions of chronic dietary change that disrupt vagal synapse number, neuronal excitability
and neuropeptide expression which are each associated with overconsumption and obesity.

The plasticity of vagal afferent signaling also has important ramifications for many
behavioral paradigms that rely on training animals using food- or water-deprivation to
enhance motivation to perform tasks. The altered physiology of the animal must be
considered in these cases, as one of the most important roles of neural plasticity is the
integration of internal physiological stimuli with external stimuli. For these reasons,
experiments testing behavior reliant on internal physiology necessitate dependable controls.
Namely, feeding studies must take into account metabolic state of the animal, diet
(palatability, caloric content, and food preference) and light-dark phases when the animal is
most naturally motivated to consume. Ultimately, more sophisticated naturalistic behavioral
paradigms are needed to permit neuropeptide modulation of microcircuits and behavioral
choices to be experimentally addressed.
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Fig. 1.

Prg—synaptic mechanisms of plasticity in the vagus nerve. (1) Synaptic plasticity. Prolonged
intake of high-fat or high-sugar diets leads to withdrawal of the central vagal afferent fibers.
(2) Membrane conductance. Obese animals experience decreased excitability of vagal
afferent neurons, leading to reduced firing in response to metabolic signals from the gut. (3)
Neuropeptide switching. In a fasted state, MCH (melanin concentrating hormone) is released
and motivates food intake. Upon food entering the gut, CCK signals nutrient availability and
promotes neurotransmitter switching from MCH to CART (cocaine and amphetamine
regulated transcript), which to signals satiety to the hindbrain.
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