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ABSTRACT
Parasympathetic regulation of the gastric antrum is mediated through the vagovagal circuitry in which glutamatergic afferents relay peripheral information to the CNS
and cholinergic efferents transmit the compensatory response back to the periphery.
Within the CNS, the DVC, which encompasses the NTS and DMV, is responsible for the
modulation and integration of both peripheral and central signals in order to regulate the
gastric antrum. GABAergic regulation within these nuclei is critical for the control of the
vago-vagal circuit regulating the gastric antrum, however the source of GABA that is
responsible for this regulation remains unknown. The most likely source of GABAergic
regulation is somatostatin (SST) containing interneurons, due to their regulatory
contributions throughout the CNS, the presence of the SST peptide and receptors in the
DVC, and the effects of the SST peptide on gastric function. For these reasons, SSTGABA neuron regulation in the DVC was the focus of this dissertation.
In order to investigate the contribution of SST-GABA neurons in the regulation of
the DVC, Cre-Lox technology was used which allowed for selective ‘reporter’ expression
in SST-GABA neurons. These ‘reporters’ made it possible to visually identify
(TdTomato), selectively excite (ChR2), or selectively inhibit (ArchT) SST-GABA
neurons. Utilizing these transgenics, along with neuronal tracers, I was able to establish
that SST-GABA neurons in the DVC are: (1) anatomically connected to vagal efferents
that innervate the gastric antrum; (2) functionally connected to DMV output neurons that
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innervate the gastric antrum; (3) functionally connected to neurons within the NTS; (4)
an important source of tonic inhibition of DMV output neurons that innervate the antrum;
(5) and important source of tonic inhibition within the NTS; (6) themselves under tonic
inhibitory drive and, (7) inhibited by agonists of melanocortin, !-opioid, and GRP
receptors whose activation is known to alter the activity of the DVC in a manner that
mimics GABAergic blockade.
The findings presented in this dissertation demonstrate that SST-GABA neurons
are integral in the regulation of the vagal circuitry responsible for gastric motility. These
neurons likely shape network dynamics and represent a target by which other brain
regions homeostatically regulate vagal circuitry.
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INTRODUCTION
Regulation of gastrointestinal (GI) function involves a fine balance in signaling
between the central nervous system (CNS) and the peripheral nervous system (PNS). A
major route by which the dynamic co-ordination of this signaling is made possible,
particularly as it relates to the upper GI tract (that includes the esophagus, stomach and
duodenum), is to a large extent via the vagus nerve. The 'bi-directional' nature of the
vagus nerve allows for information to be integrated and conveyed between each
respective nervous system as a 'vago-vagal' reflex(s) (Grundy, et al., 1981). The
overarching aim of the present dissertation was to examine the CNS circuitry of the vagal
reflex that is responsible for regulating gastric motility.
Part I. Vago-Vagal Reflex Circuitry
Basic circuitry: A brief overview
The vagus nerve supplying the GI tract is a sensorimotor nerve whose fiber
composition has been investigated in a number of species (Daly and Evans, 1953; Evans
and Muray, 1954; Agostoni et al., 1957; Iggo, 1956, 1957). While the exact number
varies, overall vagal afferents outnumber efferents by 10 to 1 (Andrews, 1986; Grundy,
2002). The cell bodies of the afferents are distributed in the nodose ganglia, whereas
those of the efferents are contained within the dorsal motor nucleus of the vagus (DMV;
Coil and Norgren, 1979; Takayama et al., 1982; Shapiro and Miselis, 1985; Grundy et
al., 2006). The afferents are bipolar neurons primarily terminating in the NTS and
employing glutamate as its neurotransmitter (Altschuler et al., 1989; Andresen and
Kunze, 1994; Sykes, et al., 1997; Travagli et al., 2003, 2006; Baptista et al., 2005;
Grundy et al., 2006;). In particular, afferents conveying gastric motility information
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innervate the medial subnucleus of the NTS (mNTS; Figure 1; Scharoun et al., 1984;
Barraco, et al., 1992; Rogers et al., 1993). Within the mNTS, neuronal peripheral inputs
are then modulated and integrated with peripheral hormonal signals and higher order
neuronal inputs (Sawchenko and Swanson, 1982; Costello et al., 1991; Sim and Joseph,
1991; Batten et al., 2002; Saha et al., 2002) to result in a final reciprocal input (via the
DMV) to the stomach. Over the years, a number of studies have shown that this
converging input to the DMV (from the mNTS) involves distinct pathways that are
selective for controlling the activity of different regions of the stomach (Rogers et al.,
1995; Ferreira et al., 2002, 2005; Cruz, et al. 2006; Herman et al., 2008). The first
consists of a noradrenergic pathway to the DMV that is activated by local nitrergic
signaling in the mNTS and control gastric tone that is mainly generated by the gastric
fundus (Rogers et al., 1995; Ferreira et al., 2002, 2005; Herman et al., 2008). The second
involves a GABAergic pathway to the DMV, which is under the influence of local
GABA neurons in the mNTS and controls phasic motility mediated by the gastric antrum
(Figure 1; el-Sharkawy et al., 1978; Gillis et al., 1989; Ludtke et al., 1991; Rogers et al.,
1995, 1996; Sivarao et al., 1998; Ferreira et al, 2002; Herman et al., 2009). While further
modulation of the converging input from the mNTS to the DMV is thought to occur, its
significance is thought to be limited (e.g., Rogers et al., 1980; Sim and Joseph, 1991;
Chang et al., 2003; Travagli et al., 2003).
The final leg that completes this parasympathetic circuitry consists of the efferent
arm of the vagus; premotor neurons in the DMV whose terminals innervate
postganglionic neurons in the myenteric plexus (Figure 1; Pritchard et al., 1968; Legros
and Griffith, 1969; Powley et al., 1983; Zheng and Berthoud, 2000; Berthoud et al.,
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2001; Beckett et al., 2003; Travagli et al., 2003, 2006). Both use acetylcholine as a
neurotransmitter; the formers' effect is via nicotinic receptors, whereas the latter involves
muscarinic receptors (Agostoni et al., 1957; Bursztajn and Gershon, 1977; Nishiakawa et
al., 1988; Yokotani et al., 1993). Although controversial (see Cruz, et al., 2006) some
have suggested that besides cholinergic, the vagal efferents to the stomach also
constitutes non-adrenergic-non-cholinergic inhibitory fibers (Rogers et al., 1999;
Travagli et al., 2003, 2006).

Evidence for glutamatergic afferent projections to the NTS
While there is extensive literature documenting this part of the vago-vagal circuit,
it is beyond the scope of this dissertation to discuss it in its entirety (e.g. Panneton and
Lowey, 1980; Altshuler et al., 1989; Farkas et al., 1991; Haxhiu and Lowey, 1996; Sykes
et al., 1997; Berthoud and Neuhuber, 2000). However, there are a few studies in
particular that are worth highlighting as they are especially pertinent to the present
dissertation. For instance, the pioneering study of Altschuler et al. (1989) is especially
noteworthy. Using neuroanatomical tracers, they established the distribution and
topographical organization within the CNS of the IXth, Xth, and XIth cranial nerves. Most
important to this dissertation was the data regarding the distribution of the afferents that
made-up the Xth cranial nerve, namely the vagus nerve. Anterograde tracing showed that
vagal afferents originating from the stomach projected to the commissural, medial and
gelatinosus subnuclei regions of the NTS (Altschuler et al., 1989). These anatomical
studies later laid the foundation for electrophysiological studies that followed to
determine the neurotransmitter of the gastric vagal afferent. Of these, the study by Smith
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et al. (1998) is particularly important. Using a brainstem-cranial nerve explant
preparation, they demonstrated the glutamatergic nature of vagal afferents that project to
the NTS. All neurons that were recorded from received a monosynaptic glutamatergic
connection that employed by both NMDA and non-NMDA receptors. Perhaps more
interesting was the presence of polysynaptic inhibitory and excitatory connections, which
could be activated by vagal stimulation. This is especially noteworthy in light of
electrophysiological studies of labeled NTS neurons associated with regulation of the
stomach and their innervation by vagal afferents (Glatzer et al., 2003). These studies
show that gastric related neurons are less likely to receive constant latency synaptic input
by

stimulation of the vagal tract; thus, demonstrating that they do not receive

monosynaptic contacts from vagal afferents. While it is possible that these connections
may have been severed in the process of sectioning the brainstem, it seems unlikely given
that the vagal tract stimulation was able to produce responses in non-labeled neurons in
the same region. Overall, these findings establish that vagal afferents are glutamatergic
but also suggests the existence of a more complex and functionally diverse network
within the NTS.

Evidence for GABAergic and noradrenergic pathways from the NTS to the DMV
Rogers et al. (1980) were the first to show that the NTS sends inputs to the DMV.
Iontophoretic application of the retrograde tracer, horseradish peroxidase (HRP) into the
DMV extensively labels neurons in the NTS, in addition to those in other nuclei that
include the nucleus reticularis (parvocellularis and gigantocellularis), the nucleus raphe
obscuris, the principal sensory trigeminal nucleus, and the paraventricular nucleus of the
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hypothalamus (Rogers et al., 1980). However, this investigation did not attempt to
determine the identity of the neurotransmitters associated with these inputs.
Later, electrophysiological studies began to address this issue by stimulating the
vagus nerve while simultaneously recording from neurons within the DMV. Since
labeling of gastric vagal afferents showed that their terminals are primarily within the
NTS (Altschuler et al, 1989), it is reasonable to deduce that the effects of vagus
stimulation observed in the DMV were relayed through the NTS. [Although, a caveat is
warranted here as vagal afferents have been reported to also terminate in the DMV (see
e.g., Kalia and Sullivan, 1982).] Vagal stimulation evoked both inhibitory and excitatory
currents in DMV neurons that were mediated by GABAA, non-NMDA, and NMDA
receptors (Glatzer et al., 2007). Additional studies selectively stimulating the NTS (via
electrical, glutamate micro-drop, and glutamate photostimulation) confirmed the presence
of excitatory and inhibitory input to the DMV from the NTS (Davis et al., 2004).
While the electrophysiological studies were able to establish both a GABAergic
and glutamatergic connectivity between the NTS and the DMV, the physiological
relevance in terms of gastric motility of either the excitatory or inhibitory inputs could
not be confirmed. To address this, Sivarao et al. (1998) in a series of studies
microinjected the GABAA antagonist bicuculline methiodide (0.1-1 nmol) into the dorsal
vagal complex (presumably in the DMV based on their histology). Application of
bicuculline caused a disinhibition of pre-motor neurons that resulted in an increase of
both intragastric pressure and pyloric motility. [Note: Compare the glutamate dose used
by Sivarao, et al. (15nmol) to that of e.g., Cruz, et al., 2006 (500pmol), which was 30-
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fold greater but relatively gave the same response in terms of intragastric pressure ~ 6
cmH2O.]
As regards to noradrenergic projections to the DMV, their innervation of the
nucleus from the NTS have been well established (Takahashi, et al., 1979; Loewy and
Spyer, 1979; Sawchenko and Swanson, 1982, Kalia, et al., 1985). Indeed, relative to
other nuclei in the brainstem, the DMV contains the most noradrenergic terminals (Rea,
et al., 1982). These have been shown to inhibit output neurons in the DMV via !2
adrenoceptors as demonstrated by focally evoked inhibitory postsynaptic potentials from
the NTS, which were inhibited by the !2-adrenoceptor antagonist, yohimbine (1!M;
Fukuda, et al., 1987).
That they are two distinct pathways to the DMV from the NTS, a GABAergic and
a noradrenergic pathway was firmly established by the studies of Ferreira et al. (2002).
Using nicotine (113 and 452nmol/60nl/kg) to activate NTS projections to the DMV, they
found that it inhibited both antral motility and fundal tone. The GABAA antagonist,
bicuculline (50pmol/60nl) injected into the DMV prior to nicotine was able to block the
effects on antral motility but not fundal tone. A noradrenergic antagonist of the !2
receptor, yohimbine (500pmol/60nl) or SKF86466 (100pmol/60nl) also blocked
nicotine's effect, but unlike bicuculline their effect was on gastric tone (Ferreira, et al.,
2002). That the vago-vagal circuitry controlling gastric tone and motility comprised of
two distinct neural pathways was also borne out by neuroanatomical tract-tracing studies
Pearson, et al., 2007, 2011). Using electron microscopy, these studies show that
norepinephrine containing nerve terminals synapse onto DMV fundus-projecting neurons
(Pearson, et al., 2007), whereas those projecting to the antrum receive GABAergic
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synaptic contacts (Pearson, et al., 2011). However, these studies did not address the
source of the GABA or norepinephrine input to the DMV neurons. Is the NTS the sole
source of these inputs or are there other nuclei? Additionally, there is no evidence to rule
out neurons within the DMV as a potential source of inhibitory regulation. Nevertheless,
it suffices that distinct pathways sub-serve different regions of the stomach, which may
be of great significance in both health and disease.

Vago-vagal circuitry: Clinical significance
The vagus is a crucial to communication between the Brain-Gut axis. Information
from the periphery is conveyed via vagal afferents to the CNS where after compensatory
action it is then transmitted back to the target organ via the vagal efferents. Because of
this important role, plasticity of the vago-vagal circuit is crucial for maintaining
sensitivity to peripheral changes (Rogers et al., 1996; Browning and Travagli, 2006).
Dysfunction of this circuit has been implicated in gastroparesis, diabetes, metabolic
disorders, inflammation, eating disorders, and Parkinson’s disease (see e.g., Mayer, 2011;
Cersosimo and Benarroch, 2013). In particular, the role of the vagal circuitry in
gastroparesis, diabetes and metabolic disorders has been the subject of excellent reviews
(see e.g., Camilleri, 2007; Janssen et al., 2011, Farrugia, 2015, Broeberger, 2005,
Chaudri, et al., 2006, Kral, et al., 2009). Here, I will touch briefly on some noteworthy
findings regarding the contribution vagal activity to inflammation, eating disorders and
Parkinson’s disease (PD).
Inflammation: The CNS was first thought to have a role in regulating
inflammatory responses because of the impact of infection or injury on various
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behavioral and physiological processes. The vago-vagal circuit in particular was an
important consideration when taking into account the effects on food intake and
mobilization of energy reserves (Pavlov and Tracey, 2015). The specific target organs
thought to be important for this regulation include the intestines and celiac plexus with
the spleen being an important downstream organ of the celiac plexus. Vagotomy has been
shown to induce an immune response indicating a chronic anti-inflammatory function of
the vagus (Goehler et al., 2000; O’Mahony et al., 2009). This increase in cellular
inflammatory response has been shown to occur by the increase in nucleic factor "B (NF"B) while an increase in CD4+ T-cell activity was indicated by the increase of
interferon-y, tumor necrosis factor (TNF), and interleukin-6 (IL-6) (Borovikova et al.,
2000; Altavilla et al., 2006). Conversely, stimulation of the vagus nerve has been shown
to have anti-inflammatory effects in various animal models that include heart-failure
(Abboud et al., 2012), burns (Lopez et al., 2012), endotoxemia (Huston et al., 2006),
hemorrhagic shock (Guarini et al., 2003), pancreatitis (van Westerloo et al., 2006),
subcutaneous and gastrointestinal inflammation (Borovikova et al., 2000; Wang et al.,
2003; De Jonge et al., 2005; Luyer et al., 2005; Saeed et al., 2005; Pavlov et al., 2015) ,
and sepsis (Huston et al., 2006). In all these models, functional effects were seen in
addition to the reduction of clinical markers for inflammation including C-reactive
protein, NF- "B and TNF-!. Vagus nerve stimulation had no effect on TNF levels when
performed in !7 nicotinic receptor (nAChR) knockout models, which is not surprising
given that their expression has been shown in macrophages and other cytokine producing
cells (Pavlov et al.., 2009; Wang et al., 2003). Additionally, dietary fat induces
production of CCK that initiates a protective anti-inflammatory effect through vagal
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efferents (Luyer et al., 2005). Overall these studies indicate a direct role of the vagus and
therefore the DMV (and possibly other nuclei that contribute to vagal efferents) in
regulating inflammation pathways and show overlap between peripheral signals and
regulation of various organ systems including the gastrointestinal tract. Whether or not
there could be important regulatory components within the DMV that impact vagally
mediated anti-inflammatory effects remains to be determined.
Eating Disorders: In general, neuronal circuits responsible for eating disorders
are well established. However, the intricate interactions within and across these circuits
are still illusive, as evident by the lack of effective therapeutics to treat the eating
disorders. This is particularly true for binge-eating induced obesity and bulimia nervosa,
both of which involve periods of significantly increased food intake (Friederich et al.,
2006). As will be discussed in later sections, there is an indication that the vagus plays a
contributory role in the regulation of food intake through satiation signals (Janssen et al.,
2011), and therefore may be functionally altered in these disease states. Self induced
binging and purging episodes cause a physiological adaptation in the vagal afferent
activity, which lead to a cyclical increase in firing rates (Faris et al., 2006). This cyclic
increase in activity then drives the urge to binge and purge leading to a condition called
bulimia nervosa. In both humans and rats, increased vagal activity has been directly
associated with a decrease in meal satiation and an increase in meal size (Faris et al.,
2008). Additionally, the increase in vagal activity is thought to play a role in depression
associated with bulimia nervosa. Decrease of vagal activity though 5-HT3 receptor
antagonism has been shown to decrease binging and purging events as well as depression
scores (Faris et al., 2006). While vagal afferent activity clearly has a role in propagating
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behaviors associated with bulimia nervosa, there is likely an additional change in vagal
efferent activity given the functional association between two.
Binge-eating disorder is often grouped with bulimia nervosa because both show
dysfunctional vagal regulation of meal satiation signals (APA, 1994). However, in the
case of binge-eating disorder, caloric intake and energy expenditure are not compensated
as they are in bulimia nervosa, therefore patients typically become obese (Friederich et
al., 2005). Since, the vagus regulates many different physiological processes, altering
vagal afferent activity may have effects on seemingly unrelated circuits. Women with
binge-eating associate obesity have altered cardiac function when compared to obese
women without binge-eating disorder (Friederich et al., 2006). In these studies, women
with the disorder showed a decrease in parasympathetic cardiac control in response to
mental stress. Overall, these data indicate that alteration of vagal afferent activity leads to
the deleterious changes in the GI function (by altering vagal efferent activity). Hence, it
adds great impetus to the need for understanding how neural activity is regulated within
the DVC. This need is further reinforced by the role of the vagus in modulating other
organ systems. It is conceivable that changes in vagal afferent activity of the GI tract may
impact other organ systems; of course, this is dependent on the degree to which each
organ system is interconnected (or interdependent) on the GI tract.
Parkinson’s Disease: Studies of Parkinson’s disease (PD) often focus on higher
order brain regions associated with the most debilitating symptoms (i.e. cognitive
impairments and motor disabilities), but major GI impairments are often the first
symptoms of PD and can have significant effects on the quality of life of patients
throughout PD progression (Cersosimo and Benarroch, 2013; Pfeiffer, 2003; Hardoff et
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al., 2001; Djaldetti et al., 1996). The DMV develops Lewy body pathology (!-synuclein
aggregates) in the earliest stages of PD progression and the earliest symptoms indicate
altered vagal activity (Kalaitzakis et al., 2008). Changes in motility of the lower
esophagus and stomach, due to the progression of PD, cause delayed gastric emptying
and therefore gastric retention resulting in nausea, early satiation, and abdominal
distention (Djaldetti et al., 1996). Studies thus far indicate that the activity of output
neurons from the DMV is altered and the cholinergic neurons of the vagus are
particularly susceptible to PD associated neurodegeneration (Cersosimo and Benarroch,
2013). Studies show that PD is initiated in the GI tract (enteric nervous system) and is
propagated retrogradedly to the CNS via vagal efferents (Del Tredici, et al., 2002; Braak,
et al., 1996, 2006; Pan-Montojo, et al., 2010). As mentioned before, studies that monitor
the progression of PD show that the DMV (together with the olfactory nucleus) is one of
the first nucleus to show Lewy Body-like pathology and GI related problems are common
early symptoms of PD (Del Tredici, et al., 2002; Cersosime and Benarroch, 2013; Braak
et al., 2003; Natale et al., 2008), however this may not be the only route through which
PD progresses into the brain. Kalaitzakis et al., (2008), examined brain tissue obtained
from 71 PD patients found that whereas approximately half of the patients showed !synuclein profiles consistent with the predicted propagation of PD, the other half did not.
Moreover, in 7% of the patients, the DMV showed no PD pathology and in a few cases
there were no aggregates detected in the DMV even when !-synuclein was detected in
the spinal cord, suggesting the presence of other pathways by which PD progresses into
the brain (e.g., the substantia nigra and the striatum) to ultimately effect motor behavior
that is associated with classical Parkinsonism.

11

To date, while the DMV is accepted as one of the initial ‘staging areas’ in the
brain from which PD progresses to higher motor areas, little is known about the pathways
through which this takes place. This is made more complicated by the fact that PD-like
pathology can also progress in an anterograde manner to the DMV after ablation of
dopaminergic neurons in the substantia nigra of rats (Zheng et al., 2011). In these
animals, not only was there a reduction in the number of choline acetyltransferase
neurons in the DMV, but they exhibited dysmotility and had delayed gastric emptying
(Zheng, et al., 2011). In addition to as yet undetermined pathways by which PD
progresses from or to the DMV, there is also a paucity of information regarding the cell
types in the nucleus that are affected directly or indirectly by Lewy body-like pathology.
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Figure 1. Diagram illustrating vago-vagal circuitry.
A ‘simple’ schematic, based on previous studies and presented findings, illustrating the vagovagal circuitry controlling gastric motility. Sensory information from the mechano- and
chemoreceptors in the stomach are conveyed to brain (NTS) via vagal afferents. Glutamate is
released from vagal terminals onto neurons in the NTS, which excites them. Integration of signals
in the NTS alters the activity of the GABAergic inhibitory pathway to the DMV. This pathway
inhibits the vagal efferent output to the stomach, which results in the relaxation of the gastric
antrum.
13

Part II. GABAergic Regulation
Local GABAergic regulation of gastric regions
While the previous section outlined the brainstem circuitry that comprises the vagovagal reflex, there is additional regulation and modulation of inputs within each
brainstem nuclei. GABA is the primary source of regulation within the NTS and
overcomes any glutamatergic input (Hermann et al., 2009), either from vagal afferents,
local inputs, or higher order inputs. In a series of in vivo experiments, Herman, et al.,
(2009) manipulated the activity of the NTS by blockade of either GABAA or the
ionotropic glutamate receptors. Altogether, the findings from these experiments showed
that local GABA signaling was the predominant regulator of activity in the nucleus.
Blockade of GABA in the NTS had profound inhibitory effects on both gastric motility
and tone, whereas the same could not be said for glutamate. However, if local
GABAergic signaling was first blocked then glutamatergic blockade was able to elicit an
effect that was seen as an increase in both gastric motility and tone (Herman, et al.,
2009). Interestingly, the identity of the neurons mediating the strong GABAergic
regulation of gastric motility within the NTS has not been established. This will be
discussed further in later sections.
As discussed in the previous section, there is strong evidence for an inhibitory
connection between the NTS and the DMV, which is mediated by distinct GABAergic
and noradrenergic pathways (Ferreira et al., 2002; Sivarao et al., 1998). However, the
potential contribution of local GABA sources (as additional regulators) along the NTSDMV axis cannot be excluded. But it is unclear how local GABA may differentially
regulate output neurons both within the NTS and in the DMV, which innervate the

14

different gastric regions as polysynaptic and monosynaptic projections, respectively. Is it
possible that, while the NTS utilizes different neurotransmitters to regulate distinct
populations of output neurons, the DMV has its own local network to regulate output
neurons, which is mediated primarily by GABA? The synaptic connectivity of distinct
populations is clearly different; fundal projection neurons have little GABAergic inputs,
whereas antral projections have a significant amount (Pearsons et al., 2011; Ferreira et
al., 2002). However, it is important to note that fundal projections do have GABAergic
inputs and it is possible that while the NTS projections to fundal output neurons are
noradrenergic (Ferreira et al., 2002), there may be an additional mechanism of
GABAergic regulation within the DMV. When the NTS is activated, there is an
overwhelming inhibition on fundal associated DMV neurons through the noradrenergic
projections (Ferreira, et al., 2002). This could be why GABAergic blockade has no effect
on fundal tone as there is already maximal inhibition from the NTS. Additionally,
GABAergic blockade in the DMV has significant effects on gastric motility (Sivarao et
al., 1998), which is interesting given that NTS output neurons to the DMV are under
tonic GABAergic inhibition (Herman, et al., 2009, 2012) and is unlikely to be tonically
active, therefore it is unlikely to be the dominate source of GABA that is affected during
blockade. This indicates that there may be a source of local GABA regulating the DMV.
There is very little information on the presence of GABAergic neurons within the DMV,
much less on whether these sources could mediate regulation within the nucleus.
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Possible sources of GABA
In order to establish what cell type is mediating the GABAergic regulation within
the NTS and DMV, it is important to determine all of the possible sources. Both
excitatory and inhibitory inputs have been shown for the DMV in in vitro experiments
(Davis et al, 2004; Xu et al., 2015), however glutamatergic effects have remained elusive
in an in vivo preparation (Sivarao et al., 1998; Ferreira et al, 2005). As mentioned before,
stimulation of the vagus was able to elicit orthodromic post-synaptic potentials, which
produced mixed excitatory and inhibitory currents mediated by GABAA, NMDA, and
non-NMDA receptors (Smith et al., 1998). While these effects were presumably
mediated through the NTS, further evidence of synaptic connectivity is needed.
Polysynaptic retrograde tracing has enabled investigation of the various cell types
associated specifically with gastric regulation. Within the NTS, three groups of neurons
have been established by their morphological and synaptic properties (Glatzer et al.,
2003). It is presumed that two of these groups may represent the GABAergic and
glutamatergic input to parasympathetic output neurons within the DMV. These
distinctions were based primarily on morphology, as there was little correlation with
synaptic properties. Moreover, this study did not investigate the neurotransmitters
associated with these groups of neurons, so it cannot be determined if there is any
correlation between other chemical markers and morphological groups.
In order to determine the role of inhibitory neurons in the gastric circuit, Smith
and colleagues (Gao, et al., 2009) turned to a transgenic animal model that labels
GABAergic neurons. [Details of this transgenic model is described in a subsequent
section of this dissertation.] This animal model, known as the GFP-expressing inhibitory
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neurons (GIN) model, allows for the visualization of a sub-population of inhibitory
neurons (Oliva et al., 2000). Using GIN animals, Gao, et al, 2009 confirmed that vagal
afferents synapse onto GABAergic neurons within the NTS both monosynaptically and
polysynaptically. Additionally, the axons of GIN neurons have been shown to transverse
to the DMV and to both the ipsilateral and contralateral NTS. Perhaps more importantly,
morphological reconstructions were able to identify populations of GABAergic
interneurons within both the NTS and DMV (Gao, et al, 2009. It is clear that,
interspersed among larger output neurons in the DMV, there exists a population of small
morphologically distinct neurons with locally ramifying axons. These neurons were
similar to GABAergic interneurons identified in the NTS (Wang and Bradley, 2010; Gao
et al., 2009). While initial studies in the hippocampus identified the GIN population as
somatostatin (SST) containing interneurons, studies focused on the DVC indicate that the
GIN population is more diverse with only 20% being SST containing neurons, while 1%
are parvalbumin (PV) containing and the remainder are not associated with any other
chemical marker (Oliva et al., 2000; Wang and Bradley, 2010). This diversity in
GABAergic interneurons is a particularly important point to consider in the light of
making meaningful generalizations regarding the function of the GIN population in the
local GABAergic regulation of the DVC.

GABA interneurons
GABAergic interneurons can be classified by their morphology, chemical
markers, connectivity, and intrinsic properties. However, usually it is their chemical
marker that is used to identify one subpopulation from another. Chemical markers
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include, but are not limited to: parvalbumin (PV), somatostatin (SST), vasoactive
intestinal peptide (VIP), neuropeptide Y (NPY), cholecystokinin (CCK), nitric oxide
synthase (NOS), calretinin (CR), and tyrosine hydroxylase (TH). Many of these
populations overlap to some extent and are variable by brain region. For instance, in the
cortex, CR overlaps with VIP and SST; however, SST and VIP remain distinct from each
other (Taniguchi, 2014). Nevertheless, it is important to emphasize that PV, SST, CCK,
and VIP interneurons are generally distributed as distinct populations throughout the
CNS (Kepecs and Fishell, 2014; Kawaguchi and Kondo, 2002). These chemical markers
are associated with interneurons that have specific functions in various brain regions (see
e.g., Kepecs and Fishell, 2014; Whittington and Traub, 2003; Gulyas et al., 1996). One
example of this is the role of VIP, SST, and PV neurons in the neocortex in response to
visual stimulation. In the basal state, SST neurons form an overall ‘blanket’ of inhibition
(Karnani et al., 2016; Fu et al., 2014, 2015), which during visual stimulation is
undermined by activation of VIP neurons. This inhibition of SST neurons leads to a
‘hole’ in the inhibitory ‘blanket’. This ‘disinhibition by inhibition’ can be duplicated by
selectively exciting VIP neurons independent of an external visual stimulus . It is thought
that the interaction between these two subpopulations allows for dynamically selective
tuning of neocortical networks involved in various sensory, perceptual and motor
behaviors (Karnani et al., 2016). PV neurons also contribute to regulation of this circuit,
but they are not involved in the relationship between SST and VIP and their response is
less tightly coupled to the visual stimuli (Fu et al., 2015; Karnani et al., 2016).
Electrophysiological and morphological differences have also been associated
with the neuronal subpopulations as defined by their chemical markers (see e.g.
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Taniguchi et al., 2014; Kelsom and Lu, 2013; Kepecs and Fishell, 2014; Kawaguchi and
Kondo, 2002). In the cerebral cortex, SST neurons are typically classified as Martinotti
cells with electrophysiological profiles of either adaptive regular spiking or burst spiking
(Kawagachi and Kondo, 2002; Ma et al., 2006; Xu et al., 2013; Kepecs and Fishell,
2014). Additionally, this population is generally dendrite-targeting and considered to be
regulators of overall network activity(Pfeffer et al., 2013). PV neurons on the other hand
provide somatic and proximal dendrite innervation resulting in significant feed forward
inhibition (Pfeffer et al., 2013). This population is visually identified as basket cells and
are often fast-spiking (FS), that is high frequency action potential train with little
adaptation(Kawaguchi and Kondo, 2002). As mentioned briefly, VIP neurons have been
recently shown to provide significant inhibition of SST neurons (Pfeffer et al., 2013;
Karnani et al., 2016). These neurons can also be separated into groups based on their
electrophysiological profiles, which corresponds to their expression of CR. Irregularspiking cells co-express CR, while fast-adapting VIP neurons do not express CR. Both
groups display a bitufted/ bipolar morphology. It is clear that each subpopulation of
interneurons have distinct roles in the regulation of brain nuclei, however it is not fully
understood how the various intrinsic properties of these neurons influence them.
While the description thus far describes rather homogeneous interneuronal
subpopulations, these generalizations do not hold true for all cells or all brain regions. In
some instances, SST neurons have an electrophysiological profile resembling that of PV
neurons (Ma et al., 2006); while in higher order brain areas, SST is co-localized with
NPY (Figueredo-Cardenas et al., 1996; Kawaguchi et al., 1995). This non-homogeneity
is also present in the brainstem (unpublished observation).
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In particular, the most

interesting difference is the lack of NPY expression in the area postrema (AP), which is
in direct contrast to the robust expression of SST in this area (data reported below). While
this caveat has not been specifically addressed by the work presented in this dissertation,
it is important when considering any work focused on an interneuronal subpopulation that
is classified by a single marker.

GABA interneurons: The importance of SST subtype in regulating neuronal circuits
For the work reported in this dissertation, the chemical marker SST was used to
define the interneurons of interest. The reasons for choosing this subpopulation, which
will be described in detail later, are based on observations that include both in vivo and
in vitro studies as well as utilizing new transgenic animal technology that allows one to
identify distinct populations of neurons.
The first distinguishing characteristic of SST neurons is their prominent role in
circuit regulation and shaping network dynamics in multiple brain regions. For example,
as discussed above, SST-GABA neurons form an extensive network in the visual cortex
and provide a ‘blanket’ of inhibition (Karnani et al., 2016; Wilson and Glickfeld, 2014;
Fu et al., 2015). In the mouse neocortex, SST-GABA neurons have been shown to
disinhibit principle output neurons in layer 4 through their action on fast spiking
(presumably PV) interneurons (Xu et al., 2013). Both of these examples (in addition to
numerous other studies (Fanselow et al., 2008; Fanselow and Connors, 2010; Gentet et
al., 2012; Royer et al., 2012; Lee et al., 2013; Pi et al., 2013) provide evidence that SSTGABA neurons are integral for information processing in a number of brain regions.

20

Additionally, SST neurons have been shown to have substantial clinical
significance as their activity has been reported to be altered in various disease states,
which includes epilepsy, schizophrenia, Huntington’s disease, and bipolar disorder (de
Lanerolle et al., 1989; Benes and Berretta, 2001; Meade et al., 2000; Norris et al., 1996).
The SST peptide has been widely studied as a peripheral regulator of
gastrointestinal function including intestinal propagation, gastric emptying, glucose
absorption, food intake, and pancreatic secretion (Harris, 1994; Bueno and Ferre, 1982;
Liao et al., 2006; Stengel et al., 2010). Many of the early studies assumed that SST could
not cross the blood-brain barrier and therefore administration in the periphery would not
cause any centrally mediated effects. Since then, it has become clear that peptides,
including SST, have transport mechanisms to overcome the barrier into the CNS.
Additionally, the DVC is exposed to the fourth ventricle where the blood-brain barrier is
virtually non-existent (Gross et al., 1990; Gross et al., 1991; Maolood and Meister, 2009)
and is therefore exposed to circulating compounds.
In vivo studies have identified SST as important in modulating the CNS regulation
of gastric function. Low doses of SST (0.066 pmol/min) are able to increase intestinal
motility when continually injected into the lateral ventricles (Bueno and Ferre, 1982).
SST (10 or 100 pmol) injected into the DVC was able to inhibit the effects of CCK
induced pancreatic secretions; this effect was reversed upon peripheral administration of
an antagonist of the SST-2 receptor (SRA; 1 mmol) (Liao et al., 2006).
Intracerebroventricular injection of SST (0.4 or 4 nmol) also blocked the increase in
pancreatic secretion induced by injection of thyrotropin-releasing hormone (TRH) at the
same location, which was concluded to be vagally mediated (Masuda et al., 2002).
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Peripheral administration had no effect in these studies, providing further evidence of an
important CNS contribution in mediating the effects of SST (Masuda et al., 2002).
SST has also been shown to influence food intake and gastric emptying.
Intracisternal administration into the lateral ventricles of a SST analogue (ODT8-SST;
0.3 or 1!g per rat) was shown to have pronounced effects on food intake; however, the
mechanism is likely more complicated and not mediated exclusively through the vagus
(Stengel et al., 2010). SST infused for over an hour has also been reported to decrease
gastric emptying and increase transit time. Interestingly, SST had a long onset time and
the effects continued after administration had ceased suggesting a central site of action
(Johansson et al., 1981).
In addition to in vivo evidence of the role of SST in DVC related gastric function,
both the somatostatin peptide and SST receptors are known to be present in this
brainstem region . A significant level of mRNA for the SST-2A receptor was reported for
the DMV (Senaris et al., 1994). Immunostaining for a variety of SST receptors revealed a
significant amount of the SST receptors in the NTS and the DMV (e.g., see Batten, et al.,
2002). Additionally, a substantial amount of the SST peptide is distributed throughout the
DVC and in mice levels progressively increase until about 3 weeks postnatal before they
plateau (Allen Brain Atlas, Bendoti et al., 1990; O’Hara et al., 1989). This information is
important to consider when utilizing the transgenic animals described in later sections. In
these models, if the SST peptide is expressed at any point during the lifetime of a neuron,
then it will be labeled from then on. Therefore a labeled neuron in the SST transgenic
model does not necessarily mean that it is the neuron that expresses SST in its present
state. It may be labeled due to the peptide’s expression at an earlier stage of development
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that is now absent. These neurons may function in a different capacity and may have
different electrophysiological characteristics than those SST labeled neurons that still
express the peptide; therefore, the labeled population will be heterogeneous. Because
levels of SST do not decline, it is likely that neurons express the peptide throughout their
lifespan and therefore utilizing SST as an identifier will likely distinguish a relatively
homogeneous population.
The first studies aimed at determining the function of GABAergic neurons
utilized GIN transgenic mice. In this strain, an enhanced green fluorescent protein is
associated with a segment of the GAD67 translational promoter and randomly inserted
into the mouse genome. This results in the fluorescent labeling of a subpopulation of
GABAergic interneurons through out the brain. The drawback associated with this model
is the lack of control over which population is labeled, and whether or not it is a
homogeneous population throughout the CNS. The first group to classify this
subpopulation of GABAergic neurons labeled by GIN mice, focused specifically on the
hippocampus (Oliva et al., 2000). In this region, it was determined that all GIN neurons
were in fact GABAergic and express SST, however not all GABAergic neurons nor SST
expressing neurons were labeled in this model. Whether all GABAergic neurons in this
region are also SST containing was not determined, though this is unlikely given other
studies showing the presence of VIP, PV, and CR neurons in the hippocampus. This
study is widely cited as evidence supporting the hypothesis that all neurons in the DVC
labeled by the GIN model were also SST containing. However, Wang and Bradley (2010)
show that the results described for the hippocampus cannot necessarily be extended to
other brain nuclei. This study confirmed that not all GABAergic neurons located in this
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region are labeled in the GIN model. Furthermore, it was evident that not all GIN neurons
are SST positive and not all SST neurons are GIN labeled. Interestingly it was also
determined that while there was a large population of SST neurons, there was
significantly less PV positive neurons present in this nuclei. The important finding for the
purposes of this dissertation was that three distinct populations of GABAergic neurons
are present in the GIN model: (1) a GIN positive / SST positive neuron, (2) a GIN
negative / SST positive neuron, and (3) a GIN negative / SST negative neuron. While this
study focused on the rNTS, the results are more relevant than those performed in the
hippocampus and neocortex, and therefore diminish the impact of studies utilizing the
GIN model to identify a single population of neurons in the DVC.
It was therefore imperative to determine if there was a model that labeled a more
specific population of neurons. Given the previous studies, SST, PV and TH transgenic
models were chosen and specific transgenic targeting was used that are described in
greater detail in a subsequent section. Briefly, fluorescent tags were associated with
promoters for SST, PV or TH. Similar to the reports by Wang and Bradley, there was
little PV or TH interneurons expression in the DVC (unpublished observation). While
there were clearly TH associated neurons in the DVC, this was complicated by the fact
that output neurons in the DMV were also labeled. It was possible to separate populations
to an extent by the size of their soma and by doing this a relatively small population of
possible interneurons was present in the NTS but not the DMV. In contrast to both the
PV and TH models, there was an extensive population of SST neurons located throughout
the NTS, DMV, and AP. Interestingly the largest population of SST neurons was in the
AP, though further investigation of this observation was outside of the scope of this

24

dissertation. As will be discussed in the results of this dissertation, the identity of this
population

of

neurons

was

confirmed

both

electrophysiologically

and

immunohistochemically.
In summary, there are 6 specific points that provide the rational for focusing on
SST-GABA neurons to determine the source of GABAergic regulation in the DVC: (1)
presence of the SST peptide and SST receptors in the DVC, (2) both peripheral and
central effects of SST receptor activation on gastrointestinal function, (3) evidence for a
population of SST-GABA neurons within the DVC, (4) role of SST-GABA neurons in
regulating network dynamics in forebrain nuclei, (5) the paucity of other interneuronal
populations with in the DVC, (6) transgenic models enabling selective visualization and
targeting of SST-GABA neurons. While the focus of this dissertation is on the
GABAergic attribute of SST-GABA neurons and not the peptide whose role in regulating
the gastric vago-vagal circuit is an avenue of research that has yet to be explored.
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Part III. Regulators of CNS Control of Gastric Function
Description of vago-vagal circuitry thus far has been limited to neurons
responsible for regulation within the DVC. To gain a broader understanding of CNS
regulation of gastric function, it is important to understand other systems, found centrally
and peripherally, that can change the activity of this circuit and therefore alter gastric
function. These various systems work to relay information from higher order nuclei or to
relay peripheral signals through circulating hormonal peptides. There are multiple
projections from the hypothalamus to the NTS/DMV region, most importantly the
paraventricular nucleus (PVN) and the arcuate nucleus.

Opioid system
Opiates have been shown to have profound effects on intestinal motility, gastric
motility, biliary motility, and intestinal secretion (Wood and Galligan, 2004). Activation
of opioid receptors hyperpolarizes neurons through the increase in potassium
conductance, which results in the inactivation of neurons and effectively eliminates
neurotransmitter release (Morita and North, 1981, 1982; Glatzer and Smith, 2005; Glatzer
et al., 2007). While most of the opioid effects are thought to be due to action on
peripheral targets, the effects on gastric motility appear to be more complicated.
Morphine and other µ-opioid receptors (µ-OR) agonists have been shown to decrease
gastric emptying in both humans and animal models (Yukioka et al., 1987; Hammas et
al., 2001; Yuan et al., 1998; Lydon et al., 1999), through an increase in tonic contractions
in both the antrum and pylorus along with a decrease in the resting tone of the fundus.
These effects are observed when opioid agonists are delivered systemically or
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intrathecally (Lydon et al., 1999; Thorn et al., 1996), indicating a CNS mediated
component to the effects on gastric emptying. Specific µ2- opioid receptor agonists
showed more pronounced effects on gastric function when delivered through
intracerebroventricular injection (ICV) compared to a subcutaneous injection (SC;
Improta and Broccardo, 1994). Additionally, these studies indicate that µ-opioid
receptors likely mediate these CNS effects on gastric function, as specific #-opioid
receptor agonists have no effect on gastric function while the µ-OR agonists show
profound effects (Improta and Broccardo, 1994). "-opioid receptors are thought to act
primarily in the periphery and have limited effects on gastric function through the CNS
(Delgado-Aros et al., 2003).
Given the effects of opioids on gastric function, it is not surprising that opioids
have been shown to play a role in the regulation of food intake, however the underlying
mechanisms are far from clear. Within the CNS, opioids are likely acting within the
hypothalamus and pituitary to increase food intake (Baile et al., 1986), though it is just as
likely that other brain regions are also involved. Both the µ and " opioid receptors have
been implicated in mediating the effects on food intake within the CNS. Changes in $endorphin levels in the hypothalamus have been shown to correspond with feeding
behaviors with low levels seen in the fasted state and high levels detected in satiated mice
(Gambert et al., 1981; Gibson et al., 1983). Infusion of $-endorphin or an enkephalin
analog, DALA, into the PVN or VMH resulted in a dose dependent increase in food
intake (Gradison and Guidotti, 1977; Leibowitz and Hor, 1982; McLean and Hoebel,
1983). Although in the case of $-endorphin, the effects of food intake were delayed
indicating that there may have been an indirect effect or diffusion to other brain regions
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had occurred. Additionally, morphine microinjections into the nucleus accumbens or
ventral tegmental area resulted in a dose dependent increase in food intake (Mucha and
Iverson, 1986). Interestingly when given peripherally met-enkephalin had no effect on
food intake while DALA and $-endorphin decreased food intake, indicating that there
may be an alternate site of action that plays a role in regulating food intake (Morley and
Levine, 1982; King et al., 1979).
Endogenous opioids are produced through the cleavage of one of three precursor
peptides pro-opiomelanocortin (POMC), proenkphalin, or prodynorphin producing $endorphin, enkephalin, and dynorphin respectively (Kakidani et al., 1982, Nakanishi et
al., 1979, Noda et al., 1982). $-endorphin is the endogenous ligand for the µ%OR and is
found in high concentrations in the hypothalamus, midbrain, amygdala, and brainstem.
While the highest concentration is found in the hypothalamus, a large portion is also
found in the DVC as POMC neurons have been located in the NTS. Within the NTS, µORs are the most predominant; however, a very small number of neurons have been
shown to be responsive to "-opioid receptor activation (Poole et al., 2007; Cui et al.,
2012). Additionally, "-opioid receptors have been shown to be important in modulating
visceral sensation conveyed by vagal afferent fibers innervating the stomach (Ozaki et
al., 2000).
Multiple studies have shown that activation of µ%OR in the NTS or in the DMV
profoundly affects vagal output to the stomach, namely gastric motility and tone (Pfeiffer
2003, Herman et al., 2010). Prior to this work, it was generally accepted that µ-ORs were
integral to the regulation of energy balance (Herman et al., 2010; Will et al., 2006;
Kelley et al., 2005; Solinas and Goldberg, 2005). However, little was known about their
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affect in the brainstem on parasympathetic output to the stomach. As already indicated,
the side-effects of opioid analgesics have been well documented, some of which are
thought to directly involve areas of the upper GI tract regulated by the vago-vagal circuit
(Bueno and Fioramonti, 1988; Kromer, 1988; Manara and Bianchetti, 1985). While
recent studies implicate peripheral sites of action as the cause of these side effects (Bueno
and Fioramonti, 1988; Bohn and Raehal, 2006; Moss and Rosow, 2008; Kurz and
Sessler, 2003), these conclusions were based on the assumption that there was no drug
action within the CNS when antagonists that could not penetrate the blood brain barrier
(BBB) were administered systemically. These studies did not take into account that the
DVC does not have an effective BBB (Gross et al., 1990; Gross et al., 1991; Maolood
and Meister, 2009), and therefore neurons in this nuclear complex (e.g., NTS and DMV)
would have likely been exposed to these antagonists. Furthermore, few studies have
published electrophysiological data regarding the mechanism by which µ-OR activation
on DMV output neurons (Glatzer and Smith, 2005) influences gastric motility. This is
particularly interesting when considering previous in vivo studies, which demonstrate that
microinjection of µ-OR agonists into the DMV increases gastric motility (Herman et al.,
2010). These µ-OR agonist induced effects on motility resembled those seen with in vivo
GABA blockade within the DMV (Sivarao et al., 1998). Given the inhibitory mechanism
of the µ-OR and that its activation does not directly modulate inhibitory nerve terminals
originating in the NTS and synapsing on DMV projection neurons (Cui et al., 2012) its is
likely that there is another source of GABA that is being modulated by µ-OR activation.
While this source of GABA is still unidentified, I hypothesize that by acting on SSTGABA neurons in the NTS or the DMV, µ-OR agonists are able to alter gastric activity.
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Melanocortin system
The melanocortin system is thought to act primarily through the activation of POMC
neurons within the hypothalamus. These neurons are responsible for the production of
various peptides, including !%melanocortin stimulating hormone (!-MSH), the
endogenous agonist of the melanocortin 4 receptor (MC4-R). Increasing evidence
suggests that the melanocortin system plays a significant role in other areas, which is not
surprising given that POMC projections from the paraventricular nucleus to innervate
various brain regions as well as the presence of POMC neurons in other nuclei.
Activation of the MC4-R in the NTS or in the DMV profoundly affects vagal output to
the stomach, namely gastric motility and tone (Richardson et al., 2013). In the DMV, the
effect of stimulation on gastric motility seems to resemble GABA blockade in this
nucleus, which is characterized by an increase in gastric motility (Ferreira, et al., 2002;
Sivarao et al., 1998). Prior to this work, it was generally accepted that MC4-Rs were
integral to the regulation of energy balance (see, e.g., Grill and Kaplan, 2002; Cone,
2005; Morton et al., 2006; De Jonghe et al., 2011); little was known about their effect in
gastric motility. Indeed, in the DMV, it was thought that their role is mainly to regulate
insulin (Rossi et al., 2011). Moreover, there has not been any published
electrophysiological data examining the mechanisms by which MC4-R activation in the
DMV affected gastric motility. To determine this, labeled gastric antrum projecting
neurons in the DMV were studied utilizing electrophysiological techniques in the loose
cell-attached and whole-cell configuration modes from (Richardson et al., 2013). The
rationale for choosing antrum-projecting neurons was twofold. First, the antropyloric
region of the stomach is a primary source of gastric motility. Second, the presence of
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MC4-Rs in the DMV corresponded well with anatomical distribution of neurons that
innervate the gastric antrum (Mountjoy et al., 1994; Kishi et al., 2003; Liu et al., 2003).
Electrophysiological recordings showed that bath application of the MC4-R agonists
significantly inhibited action potentials of antrum projection neurons in the DMV through
an increase in the frequency of GABA spontaneous inhibitory currents (Richardson et al.,
2013). However, this was not the case in low calcium conditions, where the "melanocortin stimulating hormone (!%MSH; an endogenous melanocortin agonist)
produced a slight, but statistically significant, increase in firing frequency. This indicates
a post-synaptic stimulatory action, which is masked in normal conditions by an
overwhelmingly large inhibitory pre-synaptic effect primarily of NTS origin. Hence this
is most likely an artifact of the slice preparation, since in vivo administration of "-MSH
directly into the DMV causes a profound increase in gastric motility as measured by
Intragastric pressure (IGP). This is comparable to GABA blockade in the DMV and it
resultant excitatory effect on gastric motility (Ferreira, et al., 2002; Sivarao et al., 1998).
Similarly, the inhibitory effect seen on gastric tone and motility due to GABA blockade
in the NTS resembles much like the effects seen with MC4-R agonists injected in this
nucleus (Herman et al., 2009, Richardson, et al., 2013). Since the large GABAergic
presence in the NTS is attributed to the substantial population of interneurons (Bailey et
al., 2008; Cunningham and Sawchenko, 1989; Kawai and Senba, 1996), local GABA
signaling is thought to control the 'set-point' activity in the vago-vagal circuit (Herman et
al., 2009). However, this raises the question as to the extent of GABA's contribution in
the DMV on activity in the vagal circuit. Within the hypothalamus, melanocortin agonists
have been shown to inhibit a subpopulation of spontaneously firing neurons. While the
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effects reported were likely mediated through a direct post synaptic mechanism, other
reports suggest an additional presynaptic effects on GABAergic inputs (Fung and van der
Ploeg, 2000).
As previously indicated, both interneurons and a large GABA presence have
been reported in the DMV (Bertolino et al., 1997; Gao, et al., 2009; Travagli et al., 1991)
of which a specific population is SST positive (based on GIN mice; Gao, et al., 2009).
This suggests that the large increase in gastric motility induced by MC4-R stimulation in
the DMV (Richardson, et al., 2013) is mostly likely due to a decrease in inhibitory input
(through interneuron suppression) onto gastric antrum projecting DMV neurons. In the
NTS, !-MSH was able to directly excite 39% of the neurons while it indirectly inhibited
22% of the neurons through GABAergic innervation (Mimme et al., 2014). The identity
of the neurons was unknown and therefore offers little information in the way of gastric
circuit regulation, however it does provide evidence of the variable effects that a-MSH is
able to elicit. It is critical to identify a homogeneous population of GABAergic neurons
within the NTS and DMV in order to further study and therefore gain a better
understanding of the role of the melanocortin system in the DVC.

Gastrin-releasing peptide
Gastrin-releasing peptide (GRP) is one of two mammalian peptides in the family of
bombesin (BN) -like peptides. Like its counterpart, neuromedin B (NMB), GRP has been
shown to have profound effects on various aspects of energy balance, however the sites
of action for these two peptides vary (Avery and Calisher, 1982; Gibbs et al., 1979).
Studies investigating the effects of these peptides on food intake found that GRP had a
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higher potency than NMB and each had action through distinct receptors. Suppression of
food intake due to peripherally administered BN-like peptides was blocked when both a
vagotomy and spinal cord transaction were performed together. Later studies were able to
block food intake effects by ablation of the area postrema and NTS or GRP-R antagonists
injected into the 4V (Ladenheim et al., 1993; 1996). Interestingly, manipulation of the
caudal brainstem was only able to elicit changes in food intake and not other behaviors
observed with systemic administration of BN peptides such as grooming and locomotor
activity. Two central nuclei have been implicated in mediating BN-like peptide effects,
namely the PVN and the NTS. Anterograde and retrograde studies have shown that
projections from the PVN provide BN inputs to the NTS and the DMV. These studies
showed extensive fibers and terminals throughout the rostral-caudal extent of the NTS
that originate in the PVN and are immunoreactive for bombesin (Costello et al., 1991). It
has also been shown that the NTS has a local population of neurons that are
immunoreactive for bombesin (Panula et al., 1982). Currently it is unclear how BN-like
peptides mediate effects on food intake. There is limited evidence suggesting overlap
with the melanocortin system due to overlapping expression of receptors and peptides
(Wada et al., 1990). Additionally, co-administration of BN and leptin has synergistic
effects on food intake and c-fos expression in the NTS (Ladenheim et al., 2005). Along
with mechanistic ambiguity, specific neuronal targets are unknown, particularly with in
the NTS. Though fibers and terminals within the NTS are BN immunoreactive, the
neuronal identity of their target is still undetermined. The present dissertation provides
preliminary information on one aspect of a BN-like peptide, namely its effect on SSTGABA neurons and on motility in the DVC.
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Nicotine
The effects of nicotine on body weight, food intake, and energy balance have been
extensively studied. For instance, nicotine was is able to reduce weight through a
decrease in food intake and an increase in brown adipose tissue in both a diet induced
obesity and low-fat diet animal model (Martinez de Morentin et al., 2012). This study
implicates the hypothalamus as the primary mediator of these effects primarily due to the
decrease in AMP-activated protein kinase (AMPK) in the hypothalamus following
chronic nicotine treatments. Decreasing AMPK would decrease the orexigenic signaling
within the hypothalamus and therefore alter energy homeostasis through increased energy
expenditure, increased thermogenesis in brown adipose tissue and alter fuel substrate
utilization (Seoane-Collazo et al., 2014; Morentin et al., 2012). One proposed mechanism
for these changes is action on POMC neurons within the hypothalamus through action on
!3$4 nAChRs (Mineur et al., 2011) . Since POMC neurons are responsible for
decreasing food intake, increasing their activity would amplify satiation signals.
While the evidence clearly implicates the hypothalamus as a primary mediator of
the effects of nicotine, many studies have ignored possible contributions from other brain
regions, particularly the DVC. Nicotine has profound effects within the DVC (Zaninetti
et al., 1999; Ferreirra et al., 2002; Xu et al., 2015; Feng et al, 2012). Intravenous
administration of nicotine induces an increase in c-fos activity within the medial NTS,
which is attributed to !4$2 nAChRs located on the terminal of glutamatergic vagal
afferent never fibers (Ferreirra et al., 2002). Additional studies show that nicotine’s effect
on NTS neurons that project to the DMV is via both presynaptic and somatodendritic
nAChRs (Feng et al., 2012; Xu et al., 2015). There is also a large population of neurons
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in the NTS of an unknown identity that show responses to nicotine, indicating further
potential target sights of nicotine within the nucleus. Recently, it has been reported that
GABAergic neurons within the NTS mediate the effects of nicotine observed in the DMV
(Xu et al., 2015). However, these studies did not investigate whether nicotine altered
local GABAergic signaling. Given that nicotine influences GABAergic signaling within
the DVC, it is conceivable that this accomplished

through local GABAergic

interneurons.

Leptin
The mechanism of action of leptin is diverse, with direct effects on GI functioning and
metabolic processes, as well as CNS mediated effects on metabolism and GI activity.
Leptin is able to delay gastric emptying and effect motility of the small bowl by
interacting with the vagus nerve and CCK (Yarandi et al., 2011). It is also able to
modulate the absorption of macronutrients in response to varying physiological and
pathological states (Yarandi et al., 2011; Van Dijk et al., 1999). Adding to this
complexity, leptin acts on multiple target sites within the CNS (Huo et al., 2006; Vong et
al., 2011; Williams et al., 2007). As with nicotine, most studies focus on the
hypothalamus as the primary site of action of leptin. These indicate that leptin acts on
POMC neurons to increase their output onto downstream neurons and therefore decrease
food intake, increase energy expenditure, and alter GI function (Huo et al., 2006). In
addition to direct effects on POMC neurons, more recent studies have indicated that
leptin has direct inhibitory effect on GABAergic neurons that synapse onto POMC
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neurons in the hypothalamus (Vong et al., 2011). These combined actions decrease
inhibitory tone and directly stimulates POMC neurons.
In addition to the effects observed in the hypothalamus, leptin has been shown to
have direct effects within the DVC (Williams et al., 2007). Leptin caused a direct
hyperpolarization of DMV neurons, though this effect was only seen in 50% of the
neurons studied. Interestingly, all inhibitory inputs to DMV neurons remained unaffected,
however the identity of the DMV neurons was unknown and therefore inhibitory effects
on a subset of DMV neurons may have been missed. Though effects of leptin within the
NTS were implicated, the neurons in the nucleus were not studied directly. This is
interesting given that in situ studies have shown dense leptin receptor gene expression is
in the NTS (Mercer et al., 1998).
A remaining question is whether leptin regulates POMC neurons in the NTS
similarly to those in the hypothalamus. Could leptin excite POMC neurons within the
NTS and inhibit local GABAergic inhibitory neurons responsible for local regulation in
the process? There is limited evidence to suggest that leptin regulates the two nuclei via
different mechanisms, however this is limited to the direct effects of leptin (Huo et al.,
2006). Leptin is able to stimulate phosphorylation of a signal transducer and an activator
of transcription 3 in POMC neurons in the arcuate nucleus, but stimulation is not
observed in POMC neurons located in the NTS. Additionally, a reduction in POMC
mRNA induced by fasting was reversed upon leptin administration in the arcuate but not
in the NTS. Finally, an increase in c-fos activity was not observed in POMC neurons in
the NTS following leptin administration. This evidence suggests that while leptin does
not have direct effects on POMC neurons in the NTS, there is likely an alternate target
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that has yet to be identified. Since leptin also has effects on GABAergic signaling in the
arcuate (Vong et al., 2011), there is still the possibility that the same is true for the NTS,
specifically that leptin alters NTS activity through the GABAergic interneuron network.
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Part IV. Strategies to Identify SST Neurons in the DVC
To determine the role of SST-GABA neurons in the DVC in relation to vagal
circuitry controlling gastric motility, I turned to the transgenic mouse model as it was
deemed to be the most elegant and definitive way by which I could accomplish this.
Over the last decade, transgenic animal models have enabled significant
advancement in neuroscience research. The studies incorporated in the present
dissertation utilized what is known as the Cre/LoxP binary gene expression system
(Dymecki and Kim, 2007). This technology utilizes a Cre recombinase, isolated from the
P1 bacteriophage, which is able to identify a DNA recognition site known as LoxP and to
catalyze the recombination between two of these sites. This technology allows one to
manipulate the mouse genome in a variety of ways including knock in, knock out and
over expression of genes. Additionally, it allows one to incorporate light sensitive
rhodopsins or calcium sensors into the neuron of choice to assess its function in a
particular network by optogenetic stimulation or by evoking calcium transients.
Cre expression is typically driven by an endogenous promoter, which allows
selective expression of fluorescent reporters in specific cell populations such as
GABAergic interneurons (Taniguchi et al., 2011). In order for alterations of the mouse
genome to occur, two segments must be inserted into the genome: (1) a Cre coding
cassette closely associated with the endogenous translation initiation codon, and (2)
reporter alleles preceded by a stop codon flanked by two LoxP (floxed) sites (Dymecki
and Kim, 2007). Reporters are typically enhanced fluorescent proteins that facilitate
visualization (Miyoshi et al., 2010; Madisen et al., 2010). This floxed segment is inserted
into a specific segment of the mouse genome, the Rosa26 locus, and remains inert unless
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acted upon by the Cre. When Cre is expressed, recombination occurs in such a way that
the segment of DNA between the two LoxP sites is removed, therefore the stop cassette is
no longer present and translation occurs resulting in the expression of whatever reporter
construct was associated with the floxed segment. In my studies, the fluorescent marker
tdTomato, an enhanced red fluorescent protein, (Madisen et al., 2010) was inserted
allowing visualization of a specific cell population without altering function.
My studies utilizing optogenetic approaches in combination with the Cre-Lox
system involved the insertion of opsins in SST-GABA neurons through which specific
wavelengths of light could either activate or inhibit their activity. In these transgenic
models, a light sensitive protein in combination with a fluorescent tag is inserted into a
specific cell population dependent upon Cre expression. The first is channelrhodopsin2
(ChR2) which is a non-selective cation channel activated by light in the blue wavelength
(~450-490 nm; Zhang et al., 2007; Madisen et al., 2012). When ChR2 is expressed in a
cell, stimulation is possible by exposing the channel to a blue light causing an influx of
primarily sodium ions causing a depolarizing current. The second rhodopsin is known as
archaerhodopsin (ArchT) and it is a proton pump activated by exposure to green light
(~575 nm; Madisen et al., 2012; Chow et al., 2010). Instead of causing excitation as with
ChR2, ArchT causes inhibition of the cell due to the efflux of protons through the pump
function of the protein. In combination with Cre-Lox technology, it is possible to express
ChR2 or Arch-T in a specific neuronal population allowing for selective stimulation or
inhibition of that population of neurons.
A portion of my work also utilized a calcium sensing protein known as GCaMP
(Tian et al., 2009). This protein is an altered green fluorescent protein (GFP) that is

39

calcium sensitive. The barrel of GFP is split, resulting in a disruption of the fluorescent
properties. Calmodulin and M13, a peptide sequence from myosin light chain kinase, are
then added to opposite sides of the barrel structure. When calcium is present calmodulin
binds with M13 resulting in a conformational change that effectively closes the barrel
structure restoring the fluorescent properties of GFP. Since calcium influx is associated
with neuronal activation, the GCaMP model is utilized to monitor neuronal activity of an
entire network. As with the rhodopsin proteins, GCaMP is inserted utilizing the Cre-Lox
system allowing for visualization of a specific neuronal population.
The transgenic models described thus far cause expression of the opsins or
calcium sensor in the entire animal wherever a specific promoter is expressed. However,
it is also possible to induce site-specific expression through viral injections. In these
models, mice express Cre in a specific population of neurons through an association with
a specific promoter. An adeno-associated virus is then used to introduce a genetic
segment containing a floxed segment into a specific neuronal site. The virus will infect
all neurons within the region, however only neurons that also express Cre will alter the
floxed sequence thereby inducing the expression of the desired protein. In this model the
LoxP sites are positioned in opposite directions so that Cre catalyzed recombination
reverses the direction or position of the segment instead of removing it. The reversal
enables transcription to occur, effectively ‘turning on’ the gene of interest. This technique
is used to introduce a chemogenetic tool known as DREADDs (designer receptors
activated exclusively by designer drugs) into a specific population of neurons within a
specific neuronal region (Vardy et al., 2015; Alexander et al., 2009; Sternson and Roth,
2014; Armbruster et al., 2007).
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Initially DREADDs were altered human muscarinic receptors, M3 and M4, which
are both activated by the pharmacologically inert ligand clozapine-N-oxide (CNO)
instead of the endogenous ligand acetylcholine (Armbruster et al, 2007; Alexander et al.,
2009). These receptors are able to induce excitation or inhibition of neurons through
modulation of cellular signaling via G-proteins (Guettier et al., 2009; Nakajima and
Wess, 2012). In this model neurons can either be activated or suppressed in whole animal
models, however researchers were restricted in their use since all DREADDs were
activated by CNO. Due to this limitation, a human "-opioid receptor DREADD (KORD)
was developed that enabled silencing of a neuronal subtype utilizing the
pharmacologically inert ligand salvinorin-B (SALB; Vardy et al., 2015; Ansonoff et al.,
2006). KOR is a Gi coupled receptor and upon activation results in silencing. As with the
other DREADD models, this receptor is no longer activated by endogenous ligands.
When the M3 and KOR models are co-expressed, it is possible to silence or activate the
same neuronal population in a single animal. This model facilitates in vivo experiments
aimed at discerning the physiological relevance of neuronal subtypes within specific
nuclei (Vardy et al., 2015).

41

Part V. Summary
Parasympathetic regulation of gastric motility is mediated through the vago-vagal
circuitry in which vagal afferents convey peripheral information to the CNS and vagal
efferents transmit the compensatory response back to the periphery (Grundy et al., 2006;
Altschuler et al., 1989; Andresen and Kunze, 1994; Baptista et al., 2005; Travagli et al.,
2003, 2006). Within the CNS the nuclei comprising the DVC are responsible for the
modulation and integration of both peripheral and central signals in order to regulate the
gastric motility and tone. It was first hypothesized that the activity within the DVC was
driven by these glutamatergic inputs, however a few pivotal studies made it clear that
activity was instead under tight GABAergic regulation (Sivarao et al., 1998; Ferreira et
al., 2002; Herman, et al., 2009). Within the NTS, GABAergic regulation is critical for the
control of the vago-vagal circuit as a whole (Herman et al., 2009). This is in contrast to
the DMV where the amount of GABAergic regulation is dependent upon the peripheral
target of the neuron (Pearson et al., 2007, 2011; Ferreira et al., 2002). Gastric antrum
projection neurons receive a high amount of GABAergic inputs, whereas gastric fundus
projection neurons are not tightly regulated by GABA and instead receive a significant
number of adrenergic inputs.
What remains to be determined is the source of GABA that is responsible for
these inputs. There is a population of GABAergic neurons within the NTS that clearly
contribute to this regulation, however the identity of these neurons has not been
conclusively determined (Gao et al., 2009; Wang and Bradley, 2010; Smith et al., 1998).
As for the DMV, the NTS has been credited as providing GABAergic regulation,
however the contribution of its local GABAergic neurons has not been examined. The
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most likely source of GABAergic regulation is interneurons, due to their regulatory
contributions throughout the CNS (Gao et al., 2009; Kepecs and Fishell, 2014;
Whittington and Traub, 2003; Gulyas et al., 1996; Taniguchi et al., 2014; Kelsom and
Lu, 2013; Karnani et al., 2016). While the contribution of interneurons has been widely
studied in the forebrain, studies focused on the hindbrain are scarce. The three most
distinct subpopulations of interneurons, as defined by their chemical markers, are VIP,
SST, or PV containing neurons and each has been shown to have distinct roles in the
regulation of brain regions (Taniguchi et al., 2014; Kepecs and Fishell, 2014). SST is
known to be important in providing a tonic inhibitory ‘blanket’ over the nucleus while
VIP and PV provide transient modulation. SST interneurons have also been shown to
shape network dynamics by providing a nodal point where multiple inputs could be
integrated and overall activity modulated accordingly (Karnani et al., 2016; Fu et al.,
2014, 2015; Wilson and Glickfeld, 2014; Xu et al., 2013; Gittis et al, 2010). As for the
DVC, both SST receptors and the SST peptide have been identified within the NTS and
DMV (Senaris et al., 1994; Bendoti et al., 1990; O’Hara et al., 1989). Finally, in vivo
studies utilizing the SST peptide, as well as various analogues and antagonists, have
shown the effects of central SST modulation on peripheral functions, particularly gastric
activity (Harris et al., 1994; Bueno and Ferre, 1982; Liao et al., 2007: Stengel et al.,
2010). Altogether, these observations regarding SST-GABA neurons established the
basis for focusing on their role in regulating the activity of vagal circuitry responsible
gastric motility in the DVC.
In addition to GABAergic regulation, many other systems are able to influence
the activity of the DVC and therefore have the ability to effect gastric function (Wood
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and Galligan, 2004; Pfeiffer, 2003; Herman et al., 2010; Glatzer and Smith, 2005;
Klausberger and Somogyi, 2008; Richardson et al., 2013; Ladenheim et al., 1993;
Ladenheim et al., 1996; Ferreirra et al., 2002; Yarandi et al., 2011; Williams et al.,
2007). The following systems have all been shown to impact gastric function in one way
or another: opioid system, melanocortin system, nicotine, gastrin related peptide, and
leptin. All of these effects have been shown or hypothesized to be vagally mediated,
however the specific mechanism of action within the DVC remains elusive. Since SSTGABA neurons are responsible for network modulation in higher order brain regions,
could they play a role in integrating these signals in the DVC? To address this, using the
Cre-Lox technology, several transgenic animal models were used to conduct studies that
employed patch clamp electrophysiology, calcium signaling, immunohistochemistry,
neuroanatomical tract-tracing and chemogenetics.
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Part VI. Hypothesis Regarding the Role of SST-GABA Neurons in the Regulation of
Vago-Vagal Circuitry Controlling the Stomach
After review of available research concerning GABAergic regulation of the vagovagal reflex circuit controlling the gastric antrum, within the NTS and DMV, as well as
the relevance of the melanocortin and opioid systems in disrupting this regulation, within
the DMV, the following gaps in understanding provide the foundation of the overarching
hypothesis of this dissertation.
GAP 1: The architecture of the vago-vagal reflex circuit that regulates the gastric
antrum has been well established, however there remains a significant lack of knowledge
regarding the identity of the neurons within the DMV responsible for the overwhelming
GABAergic tone. Most studies credit the NTS as the only source of GABAergic input,
however no studies have examined the contribution of local GABA signaling in the
DMV. While the chemical markers indicative of GABAergic interneurons are present in
this nucleus, currently there is a paucity of information regarding their potential role in
the regulation of the vagal circuitry controlling gastric motility.
Based on this gap in knowledge the following hypothesis was made: Transgenic animals
will identify a population of SST positive GABAergic neurons within the DMV, and
polysynaptic tracing will establish their anatomical association with parasympathetic
output to the gastric antrum. As with other higher order brain nuclei, SST-GABA neurons
will be established as the predominant source of GABAergic tone responsible for the
regulation of gastric antrum projecting DMV neurons.
GAP 2: The complexity of the NTS has restricted the ability to elucidate the
neurons responsible for GABAergic regulation within the nucleus. Unlike the DMV, the

45

NTS was assumed to be under tight GABAergic regulation from sources that originate
within the NTS, however the identity of these neurons was also unknown. Studies
focused on identified GABAergic neurons in the NTS have misidentified this population
as SST positive. Additionally, there are no studies that have attempted to establish these
neurons as a crucial component to the GABAergic tone in the NTS.
The following hypothesis was made in order to address this gap in understanding:
The combination of transgenic techniques and polysynaptic tracing will identify SST
containing neurons in the NTS that are associated with the neuronal regulation of
parasympathetic output to the stomach. Additional transgenic models utilizing
optogenetic techniques will establish these neurons as a crucial component that underlies
the GABAergic tone of the NTS. Finally, chemogenetic techniques will allow disruption
of SST-GABA regulation resulting in effects on gastric motility and food intake.
GAP 3: While both the melanocortin and opioid systems have been shown to
effects gastric motility through action within the NTS and DMV, studies have not
definitively established the mechanism underlying the observed effects. While it has been
proposed that these systems effect local GABA signaling, there is little information as to
the identity of the neurons or the mechanisms that underlie it. As the final regulatory
region within the CNS as it relates to the regulating the function of gastric antrum, the
DVC is likely a crucial center for the integration of peripheral and central signaling.
However, there is a paucity of information regarding how this integration may occur.
The following hypothesis was made to address this gap in knowledge: Activation
of melanocortin 4 receptors or m-opioid receptors will disrupt the activity of SST-GABA
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neurons in both the NTS and the DMV. Additionally, their activation will disrupt SSTGABA regulation of DMV projection neurons to the gastric antrum.
GAP 4: Manipulation of GABAergic regulation in the NTS has been shown to
effect gastric motility, however the role of SST-GABA neurons has not been
investigated. Furthermore, studies have not determined how food intake may be effected
by disrupting GABAergic regulation in the NTS.
Based on the described gap in knowledge, the final hypothesis was made:
Chemogenetic techniques will allow for the disruption of SST-GABA regulation in the
NTS, resulting in effects on gastric motility and food intake.

Approaches used to test the hypotheses: The methods used to test the described
hypotheses include (1) electrophysiological techniques in combination with transgenic
animal models allowing for visualization of SST-GABA neurons as well as selective
stimulation or inhibition of these neurons, (2) polysynaptic labeling by pseudorabies
virus, and monosynaptic labeling using DiI, for targeted study of gastric antrum
associated circuitry, and (3) chemogenetic techniques enabling selective excitation or
inhibition of SST-GABA neurons in the NTS while recording changes in food intake.
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METHODS
Part I. Transgenic Animals
Transgenic animals were used in this study to identify, activate or inhibit a
specific GABAergic population in the DVC, namely, the somatostatin-GABA neuron
(SST-GABA). To this end, SST-cre mice (Ssttm2.1(cre)Zjh, Jackson Laboratory strain
number 013044, Taniguchi et al., 2011) were used to drive the expression of all reporter
constructs. The following reporter strains were used and will be referenced in the
appropriate section: tdTomato (Ai9, Jackson Laboratory Strain number 007905, Madisen
et al., 2010), channelrhodopsin (ChR2; Ai27D; Jackson Laboratory Strain number
012567; Madisen et al., 2010), archaerhodopsin (ArchT; Ai40D; Jackson Laboratory
Strain number 021188; Chow et al., 2010), and, GCamp3 (Ai38; Jackson Laboratory
Strain number 014538; Zariwala et al., 2012).

Part II. Retrograde Tracing: DiI and Pseudorabies Virus (PRV)
Two types of retrograde tracers were utilized to identify neuronal populations
distinct from those identified via the use of transgenic animals. The first, DiI ((1,1'Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate DiIC18(3)); Molecular
Probes, Inc.) is a lipophilic monosynaptic retrograde tracer that diffuses across tissue and
is cell viable (Novikova et al, 1997). The second, PRV is a trans-synaptic tracer that
belongs to a family of neurotropic viruses (alpha-herpesviruses) (Card et al., 1990). This
virus initially infects nerve endings projecting to a specific brain region/ organ of interest
and travels retrogradedly to the cell body where it makes new virions, which then crosses
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transynaptically to neurons connecting to the first cell body. This repeats and reaches the
next order of neurons. Presence of virus in neurons indicates their participation in
neurocircuitry that controls a neural area or organ of interest.
In addition to their wide use as neuroanatomical tracers, both have been employed
to study the electrophysiological characteristics of identified neurons in the brainstem
(e.g., Herman, et al., 2012, Richardson, et al., 2013 and Lewin, et al., 2016). However,
unlike neurons labeled with DiI, PRV infected neurons have a limited ‘time-window’
(<72 h) after which their physiology is compromised (Card et al., 1990).

DiI Surgery
Surgeries were performed in a biosafety level-1 (BSM-1) operating room on P21
day-old mice. Animals were anesthetized with isoflurane (4% induction; 1.5%
maintenance; vaporized with 95% oxygen and 5% CO2) via a nose cone. Following
verification of anesthesia (lack of response to a toe pinch and lack of retinal response), to
gain access to the stomach, each animal underwent a abdominal laparotomy via an
incision along the linea alba. The stomach was exposed and crystals of DiI were applied
to the serosal surface of the gastric antrum, approximately 5 mm orad to the pyloric
sphincter. The application site was embedded in a silicon glue (Hysol Tra-Bond 2160T
Kit, Henkel Electronic Materials, Rancho Dominguez, Ca; Kwik-Cast & Kwik-Sil,
World Precision Instruments, Inc., Sarasota, Fl) to isolate the DiI crystals. After washing
with sterile saline, the incision was closed in two layers with 4.0 vicryl sutures. All
animals were administered analgesia (Carpiofen 5 mg/kg) and antibiotics (Baytril 5
mg/kg) immediately following surgery and thereafter as needed (Carpiofen 5 mg/kg).
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Animals were allowed to recover for 7-12 days before the brain was obtained for further
use in electrophysiological experiments (see procedure described below).

PRV Surgery
PRV inoculation surgeries were performed in a BSM-2 operating room on P? dayold mice. The surgical procedure to expose the stomach was similar to that described for
DiI surgeries. To inoculate the antrum, a recombinant strain of PRV-152EGFP was
injected into the area by a Hamilton syringe with a 30 gauge beveled stainless steel
needle that was approximately 5 mm orad to the pylorus. A total of 10 µL of the virus
was injected beneath the serosa of the antrum of the stomach along a tangential trajectory
for a distance of about 2-3 mm. Following injection, the needle was held in place for 1
minute in order to avoid leakage. Any leakage, if at all, was caught with cotton tipped
swabs. After washing with sterile saline, the incision was closed in two layers with 4.0
vicryl sutures. All animals were administered analgesia immediately following surgery
and thereafter as needed (Carpiofen 5 mg/kg). Animals were allowed to recover for 4872h, after which their brains were obtained for electrophysiology experiments (see
procedure described below). [Note: PRV-152EGFP was a gift from Dr. Lynn Enquist,
Princeton University Center for Neuroanatomy with Neurotropic Viruses, NIH grant
number P40RR018604.]

Part III. Immunohistochemistry
Brainstem sections were obtained from ~3 week postnatal day transgenic SST IRES-Cre mice expressing tdTomato red fluorescence. Following anesthesia with
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isoflurane, mice were initially perfused transcardially with phosphate buffered saline
(PBS; 0.1M; pH 7.3), which was then followed by 4% buffered paraformaldehyde
fixative (PFA). The brains were removed and stored overnight in 4% PFA. Free-floating
coronal brainstem sections (50 µm) were obtained using a vibratome (VT1000S, Leica).
Sections were blocked with 4% donkey serum in PBS for 1h at room temperature and
washed three times for 10 min each in PBS containing 0.1% Triton-X100 (Tx). They
were then incubated overnight (minimum 12 h; 40C) with a primary somatostatin
antibody (polyclonal rabbit; 1:400; Immunostar) that was diluted in PBS/Tx/1% BSA.
Following this treatment, the brainstem sections were washed again three times for 10
min each in PBS/Tx and then further incubated (2-4 h) at room temperature with a
secondary anti-rabbit antibody conjugated to Alexa-488 (1:500; Life Technologies),
which was constituted in PBS/Tx/BSA. At the end of the incubation, the brainstem slices
were again washed three times for 10 min each with PBS/Tx. To obtain confocal images,
a brainstem slice was transferred into the viewing chamber of a confocal microscope (see
section above on Ca2+ imaging experiments). Acquired Z-stack images (1µm) were
processed with ImageJ software (National Institutes of Health, USA)

Part IV. Drugs
Stock solutions of the following drugs were prepared in water and purchased from
the following companies: "-melanocyte stimulation hormone ("-MSH, Ac-Ser-Tyr-SerMet-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2), Phoenix Pharmaceuticals
(Burlingham, CA); N-[(3R)-1,2,3,4-tetrahydroisoquinolinium-3-ylcarbonyl]-(1R)-1-(4chlorobenzyl) -2-[4-cyclohexyl-4-(1H-1,2,4-triazol-1ylmethyl)piperidin-1-yl]-251

oxoethylamine (THIQ), 4-[6-imino-3-(4-methoxyphenyl)pyridazin-1-yl] butanoic acid
hydrobromide (GABAzine), and N-Cyclohexyl-N-[2-(3,5-dimethyl-pyrazol-1-yl)-6methyl-4-pyrimidinamine (CyPPA), R&D Systems (Minneapolis, MN); tetrodotoxin
(TTX), Abcam Inc. (Cambridge, MA); D-Ala2, N-MePhe4, Gly-ol]-enkephalin
(DAMGO), Sigma-Aldrich (St. Louis, MO). Drug-containing stock solutions were
diluted to desired concentrations in either ACSF or low calcium ACSF (adjusted for
osmolarity, which was typically 296 mOsm). All drugs were applied via bath application.

Part V. Electrophysiology
In studies of electrophysiology recordings from SST-GABA DMV neurons,
brainstem slices were obtained from transgenic SST -IRES-Cre mice expressing
tdTomato red fluorescence (postnatal day 17-21). Mice of either sex were killed by rapid
decapitation in accordance with the National Institutes of Health (U.S.A.) guidelines and
with the approval of the Georgetown University Animal Care and Use Committee. To
record from identified gastric antrum-projecting DMV neurons, the cell viable
monosynaptic tracer DiI was applied to the gastric antrum of transgenic mice expressing
CHR2-tdTomato or ArchT-EGFP (postnatal day 17-21) in a manner described above. To
allow for sufficient time for retrograde uptake of DiI in the gastric antrum projecting
DMV neurons, animals were allowed to recover for 7-12 days after surgery.
Brains were quickly removed and placed in ice-cold oxygenated 'cutting' solution
(95% O2 + 5% CO2; 4°C; pH 7.4; 296 mOsm) containing the following (in mM): 200
sucrose, 0.75 K-gluconate, 26 NaHCO3, 1.25 KH2PO4, 0.5 CaCl2, 7 MgCl2, 5 glucose, 5
HEPES and, 3 myo-inositol. Coronal brain sections (250 µm) containing the brainstem
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nuclei of the NTS and DMV were cut using a vibratome (VT1000S, Leica) and incubated
at 37°C for 30 min in oxygenated ACSF (pH 7.4; 296 mOsm) with the following
composition (in mM): 121 NaCl, 2.5 KCl, 26 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 1
MgCl2, 5 HEPES and 2.5 glucose. They were then allowed to equilibrate for an
additional 30 min at room temperature (21°C). Subsequently, the slices were transferred
to a recording chamber (500 µl volume) attached to the stage of a microscope (Nikon
E600-FN). There, they were continuously perfused with oxygenated ACSF. [Note: The
ACSF with low Ca2+ was composed (in mM): 123 NaCl, 2.5 KCl, 26 NaHCO3, 1.25
NaH2PO4, 0.2 CaCl2, 9.10 MgCl2, 5 HEPES and 2.5 glucose. The solution was corrected
for osmolarity, which was typically 296 mOsm.]
Neurons were identified visually by infrared-differential interference contrast (IRDIC) or episcopic fluorescence optics and a CCD camera (Dage S-75). A 60x-water
immersion objective was used for identifying and approaching neurons. Recordings were
made with patch electrodes (5-6 M#; Warner Instruments, Hamden, CT) with internal
pipette solution (pH 7.2; 285 mOsm) that was composed of the following (in mM): 145
K-gluconate, 5 EGTA, 5 MgCl2, 10 HEPES, 5 ATP.Na, and 0.2 GT- P.Na. In studies in
which IPSCs were specifically studied, 145 mM KCl was substituted for potassium
gluconate in the pipette solution. Cell-attached (loose seal <40M#), whole-cell voltage
clamp (Vhold = -60mV or -30mV) or current clamp recordings were performed using a
MultiClamp 700B amplifier (Molecular Devices, Sunnyvale CA). (Note: action potential
firing frequency was not significantly different in parallel cell-attached recordings with
ACSF pipette solution.) Input and access resistances were monitored by a 5 mV
hyperpolarization pulse; series resistance was typically <10M& and was not
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compensated. Resting membrane potentials were corrected for liquid junction potential,
which for the intracellular solutions K-gluconate was -15mV and for the KCl was -3mV.
Signals were low-pass filtered at 2 KHz and acquired with a Digidata 1440A (Molecular
Devices, Sunnyvale CA).

Part VI. Optogenetic Stimulation
Coronal brainstem slices (see above for method) were obtained from mice with a
Cre-dependent reporter ChR2 or ArchT (described above) that had DiI applied to the
antrum region of their stomachs as described above. Light stimulation was accomplished
in two ways: (1) local stimulation (1s duration) via a 60X water objective utilizing filter
cubes (CHR2, 450-490 nm; ArchT 510-560 nm) of the microscope or (2) non-local
stimulation (1s duration) using a laser-coupled fiber optic cable attached to a 'fiber
cannula' which was placed directly above the NTS-DMV brainstem area (Lasers
wavelengths: blue light ~473 nM, 1.20!W and green light ~532 nM, 1.36!W; Shanghai
Laser & Optics Century Co., Shanghai, China; optic fiber/cable, Thorlabs Inc., Newton,
NJ, part no. BFL37-200). The diameter of the area exposed to optogenetic stimulation
under the 60x objective was <100!m, whereas the extent of the blue light from the lasercoupled fiber cannula encompassed the whole NTS-DMV brainstem area.

Part VII. Calcium Imaging
Coronal slices from Cre-dependent GCaMP3 ‘reporter’ mice (described above)
were acutely prepared from animals that were inoculated with the polysynaptic retrograde
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tracer pseudorabies virus (PRV-152 EGFP) in the antrum of the stomach as previously
described above. Imaging experiments were performed as described previously (Partridge
et al., 2014). Briefly, imaging was performed by integrating a patch-clamp setup with
ThorLabs laser scanning confocal hardware (CLS, Thor Imaging Systems Division,
Sterling, VA) mounted on a Nikon Eclipse FN1 upright microscope equipped with a 60X
water immersion lens or a 20X dry lens. Time series images were acquired at a rate of
~2.4 Hz at a resolution of 512x512 pixels following light detection by photo-multiplier
tubes averaged over 6 frames. For chemical stimulation, local application of a solution
with a high KCl concentration (40 mM) was applied via the “Y-tube method”. For
electrical stimulation, square-wave pulses (100- 300 µA, pulse width 50 µs, 0.1 Hz) were
delivered by placement of a bipolar stimulating electrode near the region being imaged.
All subsequent drug application was applied via the “Y-tube method”.

Part VIII. Chemogenetic Stimulation
In these studies a lentivirus construct was used to deliver two different DREADD
constructs into NTS in SST-Cre mice. The first construct is an altered human muscarinic
3 receptor (hM3D; hSyn-DIO-hM3Dq-IRES-mCit-WPRE-PolyA-R-ITR), which is
activated by clozapine-N oxide (Armbruster et al., 2007; Alexander et al., 2009). The
second construct is an altered human kappa opioid receptor (hKORD; hSyn-DIOhKORD-IRES-mCit-WPRE-PolyA-R-ITR) that is activated exclusively by salvinorin B
(Vardy et al., 2015; Ansonoff et al., 2006). An mCherry construct (hSyn-DIO-mCherryIRES-mCit-WPRE-PolyA-R-ITR) was used as the control vector.
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Prior to microinjection of the DREADD constructs, all animals were anesthetized
with isoflurane (4% induction; 1.5% maintenance; vaporized with 95% oxygen and 5%
CO2) via a nose cone. Following verification of anesthesia (lack of response to a toe
pinch and lack of retinal response), each animal underwent a dorsal craniotomy. To gain
access to the dorsal medulla, the rats were positioned in a stereotaxic apparatus (David
Kopf Instruments, Inc., Tunjunga, Ca, USA). A limited dorsal craniotomy was performed
to expose the medulla, and the underlying dura and pia were cut and reflected. The caudal
tip of the area postrema, the calamus scriptorius (CS), was viewed as a reference point for
determining the microinjection coordinates.
Bilateral microinjections of the DREADD constructs (n=8) or vehicle (n=6) were
accomplished by a 1µl Hamilton ‘neuro-syringe’ (inner diameter, 0.146 mm; outer
diameter, 0.229 mm; Hamilton, Inc., Nevada, USA). All microinjections were given in to
the NTS at a 30° angle from the perpendicular and were administered over 1 min in a 130
nl volume each by hand-controlled pressure. Stereotaxic coordinates for injection into the
NTS were as follows: 0.5 mm rostral to CS; 0.3 mm lateral to the midline; and, 0.3 mm
ventral to the dorsal surface of the medulla. Afterwards, the incision was closed in two
layers with 4.0 vicryl sutures. All animals were administered analgesia (Carprofen 5
mg/kg) and antibiotics (Baytril 5 mg/kg) immediately following surgery and thereafter as
needed (Carprofen 5 mg/kg). Animals were allowed to recover for 3 wk, after which they
were handled for 10 days before food intake studies were initiated. Depending on the
DREAAD receptor that was to be activated, studies were conducted in either the light or
dark cycle. Thus, to assess the effect of hM3D activation on food intake, all studies were
performed during the light cycle; whereas, to determine the influence of KOR, they were
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conducted during the dark cycle. The rationale for choosing separate cycles for the two
DREAADs was twofold. In the case hM3D, the light cycle was preferred over the dark
because animals refrain from eating during this period, therefore increases are more
likely to be detected (Krashes et al., 2011). In the case of KORD, the dark cycle was
chosen due to food intake being maximal during this period, therefore decreased in food
intake are more likely to be detected (Krashes et al., 2011).

Protocol for measuring food intake after activation of hM3R
To assess the effect of hM3R activation on food intake, two groups of animals
(vehicle control, n=6; hM3D, n=8) were injected with either vehicle (5% DMSO; IP) or
CNO (1mg/kg; IP) during the light cycle. Subsequently, their food intake was monitored
every hour over a 4 h period. A complete trial consisted of assessing food intake in each
animal after it received injections of the vehicle on day 1 and CNO on day 2. Animals
received an ‘off’ day before a new trial was initiated. A total of 3 trials were performed
and the food intake data from all days were then averaged by condition and combined for
analysis.

Protocol for measuring food intake after activation of KORD
To determine the effect of the KOR activation, two groups of animals (control,
n=6; KORD injected n=8) were administered with either vehicle (5% DMSO; IP) or SalB
(10mg/kg; IP) during the start of the dark cycle. Because the effect of SalB is short
lasting (30 min; Vardy et al., 2015), food intake was monitored every 30 min over a 1.5 h
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period after IP administration of the drug. A full trial consisted of assessing food intake in
each animal after it had received injections of the vehicle on day 1 and SalB on day 2.
Animals received an ‘off’ day before a new trial was initiated. A total of 3 trials were
performed and the food intake data from all days were then averaged by condition and
combined for analysis.
Part IX. Data Analysis
Anatomical data
Neurons were counted in order to determine the amount of co-localization of
tdTomato labeled cells associated with genetic SST promoters and GFP tagged cells
associated with the SST-28 peptide. Counts of neurons were performed on three sections
at different levels. For each section all subdivisions of the NTS (medial, rostral-central,
and rostral-lateral) and DMV were included. Single and double labeled neurons in these
areas were counted using ImageJ software (National Institutes of Health, USA). The total
neuron count was then summed and the number of cells that were double labeled was
presented as a percentage of tdTomato expressing neurons.

Electrophysiological data
All data were analyzed offline using pClamp 10 (Molecular Devices, Inc.,
Sunnyvale, Ca, USA) and MiniAnalysis (Synaptosoft Inc., Fort Lee, NJ, USA) software
programs. To measure the rate of action potentials, data was acquired from neurons that
had a stable baseline membrane potential and amplitude of -60 mV.
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To analyze postsynaptic currents, a semi-automated threshold-based software was
employed (Mini Analysis; Synaptosoft Inc., Fort Lee, NJ) and the currents visually
confirmed based on: (1) rise time, (2) exponential decay, and, (3) threshold (5-10 times
the baseline noise depending on the voltage clamp (Vhold= -60 mV or -30mV)) and the
internal pipette solution (K-gluconate or KCl). The control and treatment data was
acquired from two consecutive 500ms segments of recording. In studies where
optogenetic stimulation was employed to activate SST-GABA-ChR2 DMV neurons
while recording from gastric antrum projection DMV neurons, the voltage clamp was set
at -30mV. This was also the case when recordings were made from SST-GABA DMV
neurons expressing tdTomato fluorescence. This procedure allowed one to separate
IPSCs and EPSCs, which were displayed as upward deflections (outward currents) and
downward deflections (inward currents), respectively. Both IPSCs and EPSCs were
measured together as there was minimal, if any, overlap between the two types of
currents. Moreover, it enabled one to clearly visualize a one-to-one correlation between
the onset of the optogenetic stimulation and its effect on the identity of the postsynaptic
current (i.e., IPSC or EPSC).
Statistical analyses were performed using Prism (GraphPad, La Jolla, CA) or
Excel software. All data, where indicated in the text and figures, were normalized and the
results expressed as means ± SEM. A Kolmogorov-Smirnov test was used to detect
significant variation in postsynaptic currents within cells in response to a treatment
condition, whereas group differences to assess significant differences between control
and treatment conditions were determined using a paired student t-test or a one-way
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ANOVA. Treatment interactions were assessed by Tukey’s post hoc multiple
comparisons test. The criterion used to determine statistical significance was p <0.05.
Chemogenetic data
Statistical analyses were performed using Prism (GraphPad, La Jolla, CA).
Overall ANOVA analyses were followed by planned pairwise comparisons between the
relevant groups with a Tukey’s post-hoc test. A p value of less than 0.05 was considered
significant in these studies.
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Figure 2. Diagram depicting Cre-LoxP recombination. Cre exression is driven by the SST promoter. A reporter construct is preceded by a stop codon flanked by LoxP sites. In neurons that
express Cre, recombination occurs that effectively removes the stop codon before the reporter construct allowing translation to proceed and resulting in reporter expression in that cell.
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Figure 3. Diagram depicting DREADD. An AAV virus containing a genetic sequence coding for
one of two DREADDS, the altered kappa receptor (KORD) or the altered muscarinic receptor
(hM3RD), is injected bilaterally into a Cre mouse. The DREADD sequence is reversed and
flanked by LoxP sites. The AAV virus will infect all cells in the nucleus, however the reversal of
the DREADD sequence prevents proper translation and therefor expression will not occur. In neurons that express Cre, recombination will occur and reverse the DREADD sequence effectively
allowing translation to proceed. Since Cre expression is driven by the SST promotor, only SST
neurons will express the injected DREADDs.
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RESULTS
Part I. SST-GABA Neurons are Part of the Vagal Circuitry That Controls the
Gastric Antrum
GABAergic signaling in both the NTS and DMV has been extensively studied
and is known to be a major component of gastric antrum regulation within the DVC
(Sivarao et al., 1998; Glatzer et al., 2003; Glatzer and Smith, 2005; Bailey et al., 2008;
Herman et al., 2009). Arguably, the most important unknown aspect of this signaling is
the identity of the neurons underlying it. In many brain nuclei (Fanselow and Connors,
2010; Royer et al., 2012; Kepecs and Fishell, 2014; Karnani et al., 2016), GABAergic
interneurons are a major source of GABAergic transmission; hence, in the DVC, they
serve as obvious targets to examine the identity of the neurons responsible for regulating
the activity of the gastric antrum. Previous investigations into the source of GABAergic
transmission have utilized a transgenic mouse that expresses a green fluorescent protein
(GFP) in a subset of GABAergic neurons (Bailey et al., 2008; Gao et al., 2009; Wang
and Bradley, 2010). However, in this mouse line called GIN (GFP-expressing inhibitory
neurons), it is unlikely that this subpopulation of GABA neurons is homogeneous within
the DVC. Immunohistochemical studies have shown that of the GABAergic interneurons
examined, approximately 15% are co-localized with somatostatin and very few with
parvalbumin, while the rest are not co-localized with any other peptides (Wang and
Bradley, 2010). Additionally, it is clear that not all somatostatin or parvalbumin positive
GABA interneurons are labeled in this animal model (Wang and Bradley, 2010).
Morphological studies also support the heterogeneity of the GIN neurons as they can be
either interneurons or projection neurons (Gao et al., 2009).
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This overarching aim of my dissertation was to focus on the role of the
somatostatin subtype of GABAergic interneurons (SST-GABA) in vagal circuitry
controlling the gastric antrum. The rationale for focusing on the SST -GABA neuron was
twofold. First, it is crucial in the dynamic regulation of circuits in most areas of the brain
(see Introduction). Neural circuits underlying complex behavior have to invariably
contend with the SST -GABA neuron derived inhibition before any behavior can be
initiated (see e.g., Karnani et al., 2016; Royer et al., 2012; Faneslow and Connors, 2006).
Second, in GIN mice, they have relatively dense distribution (20%) compared to other
interneurons within the DVC (Wang and Bradley, 2010).
To understand the role of SST -GABA neurons in regulating gastric antrum
motility, the first question that had to be answered was the extent to which these neurons
were distributed in the DVC. [Note: As reported above, even though labeled neurons in
GIN mice are associated with SST -GABA interneurons in the DVC (Wang and Bradley,
2010), they are not synonymous with them as in other parts of the brain (e.g., the
hippocampus, where the overlap between GIN and somatostatin neurons is ~95%; Oliva
et al., 2000) To establish this, a site-specific recombinase technology, namely, the CreLox technology was utilized (see Methods for details). Transgenic animals obtained via
this method express an enhanced red fluorescent protein, tdTomato, that is driven by the
expression of the somatostatin peptide; thus, effectively labeling only those neurons that
express the peptide. This enables differentiation of the SST-GABA -tdTomato neurons
from others in the same region.
Brainstem slices obtained from transgenic mice that express the SST-GABA tdTomato in neurons show a relatively dense population of SST-GABA neurons in the
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DVC (Figure 4), particularly in the NTS. In the DMV (as evident in Figure 4B), these
smaller neurons while not dense are distributed throughout the nucleus and are distinct
from the large output neurons (denoted by arrows in Figure 4B). Interestingly, there is a
remarkably large population of SST-GABA neurons in the area postrema (AP). While the
work of this dissertation is limited to the NTS and DMV, the role of SST-GABA neurons
in the AP is an interesting avenue for future research.
Given the concerns regarding specificity of transgenic constructs and the
possibility of off-target expression (Hu et al., 2013), it was important to verify that SstIRES-Cre construct used in the transgenic animals did in fact label a homogeneous
population of neurons. To address this, two techniques were employed. First, the action
potential firing pattern of these neurons (n=9) was compared to those reported for SSTGABA neurons in other brain regions (Oliva et al., 2000; Gittis et al., 2010; Luo et al.,
2013). Figure 4C illustrates a representative tracing, which shows the typical regular
spiking pattern (non-accommodating) that is a defining characteristic of a subset of SSTGABA neurons (Oliva et al., 2000; Gittis et al., 2010; Luo et al., 2013). However, unlike
SST-GABA neurons in other areas (Oliva et al., 2000; Ma et al., 2006), there was no
depolarization ‘sag’ accompanied with injection of hyperpolarization current steps that is
indicative of the IH current. While unexpected, this result was not surprising given the
variability within interneuron populations identified by their peptide markers
(Whittington and Traub, 2003; Ma et al., 2006; Kepecs and Fishell, 2014). The second
method used to verify the specificity of the SST-IRES-Cre construct was
immunohistochemistry. Brainstem slices from mice expressing td-Tomato driven by the
SST-IRES-Cre were stained with the Sst-28 peptide antibody. Of the total neurons (n=78)
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unequivocally identified expressing the Cre-dependent reporter (tdTomato), 90% were
co-localized with the Sst-28 antibody (Figure 5) suggesting that there was not a
significant amount of mis-expression of the SST-IRES-Cre construct in the DVC
In summary, the above results demonstrate that SST-GABA neurons: (1) are
located throughout the DVC, (2) have similar firing pattern as a subset of those in other
areas of the brain (Oliva et al., 2000; Gittis et al., 2010; Luo et al., 2013), and, (3) are
correctly identified by their transgenic construct.
The next pertinent question regarding the role of SST-GABA neurons in the DVC
was whether they were part of the neuronal circuitry that controlled the gastric antrum.
The gastric antrum was the logical region to focus on because its parasympathetic
efferents (arising from cell bodies in the DMV) receives significant GABAergic inputs
relative to DMV neurons that project to other gastric regions (e.g., fundus; Pearson et al.,
2011; Sivarao et al., 1998). To address this question, a recombinant strain of the
pseudorabies virus with a GFP marker (PRV-152) was injected into the antrum of SSTGABA -tdTomato mice (see Methods for details). As described in the ‘Methods’, PRV152 is a polysynaptic tracer that will infect all higher order neurons connected to the ones
initially infected at the site of inoculation . In other words, only neurons in the circuitry
associated with the control of the gastric-antrum will be labeled with GFP. As can be
seen in Figure 6, there are neurons in both the NTS and DMV that have been labeled by
PRV-152. Additionally, there is a subset of PRV labeled neurons that are also SSTGABA -tdTomato positive, indicating that these neurons are part of the neuronal circuitry
controlling the gastric-antrum.
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Figure 4. Distribution of SST-GABA neurons in
the DVC.
(A) Photomicrograph showing the distribution of
SST-GABA neurons in the DVC. (B) Enlarged
image showing the area around the stipples line in
(A) showing SST-GABA neurons in the NTS and
DMV (white arrows indicate gastric projecting output neurons). (C) Current clamp recording showing
characteristic AP profile of a SST-GABA neurons
in the DMV in response to current steps.
[Abbreviations: 12N, hypoglosal; AP, area
postrema; CC, central canal; DMV, dorsal motor
nucleus of the vagus; NTS, nucleus tractrus
colitarius; DVC, dorsal vagal comples]
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Figure 5. Immunostaining for SST-28 in SST-tdTomato transgenic animals.
(A-C) Representative images of neurons in the DMV showing tdTomato expression in SstGABA neurons (A), and IR for Sst-28 antibody (B) and their superimposition (C). (D-F) Higher
magnification images of the stippled area in A showing co-localization of genetically defined
Sst-GABA (D) and Sst-28 immunoreactive (E) neurons.
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Figure 6. Gastric antrum associated neurons in
the DVC labeled with PRV-152.
(A) Trans-neuronally labeled neurons from the gastric antrum in both the NTS and DMV. (B) Genetically defined SST-GABA neurons in the mNTS
and DMV. (C) Superimposition of the images in (A,
B) showing dual-labeled SST-GABA neurons
(arrows) in the NTS and DMV.
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Part II. SST-GABA Neurons Inhibit Output Neurons to the Gastric Antrum
After establishing an anatomical connection between SST-GABA neurons and the
neuronal circuitry controlling the gastric-antrum, it was crucial to then establish their
functional connection (if any). In order to demonstrate their functional connectivity,
optogenetic stimulation in conjunction with patch clamp electrophysiology was
employed. Channelrhodopsin2 (ChR2) with a red fluorescent promoter (RFP) construct
was expressed in SST-GABA neurons, which was driven by SST-IRES-Cre. Because the
same Cre construct was used to create this mouse model, the expression pattern of SSTGABA -Chr2-RFP is the same as that observed for the SST-GABA -tdTomato transgenic
mice.
Chr2 is a light sensitive non-selective cation channel that opens upon exposure to
light ('=450-490 nm). This enables selective excitation of SST-GABA neurons in the
DVC while recording from same or different populations of neurons. Prior to determining
the functional connectivity of the SST-GABA neurons, it was crucial to ensure that the
ChR2 channels in these neurons were able to sufficiently depolarize them to a point
where their action potential firing was significantly increased. Figure 7 displays
representative tracings from SST-GABA neurons located in the DMV. In all SST-GABA
-ChR2-RFP neurons tested, exposure to blue light increased their action potentials in both
the cell attached (baseline, 3.03 ± 1.81 Hz; light stimulation, 9.92 ± 4.03 Hz; n = 5/5;
t(4) = 2.8, p < 0.05) and current clamp configuration (baseline, 1.00 ± 0.24; light
stimulation, 2.38 ± 0.46 Hz; n = 7/7; t(6) = 3.7, p < 0.01) (Figure 7A, C). As illustrated in
summary graphs (Figure 7B, D), this light-induced response from SST-GABA-ChR2RFP neurons was consistent within the DMV.
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To establish the functional connectivity between SST-GABA neurons and DMV
output neurons to the gastric-antrum, recordings were made from gastric-antrum
projecting DMV neurons in SST-GABA -ChR2-RFP mice while selectively exciting
SST-GABA neurons via blue light ( ' – 450-490). As described above (see Methods),
DMV neurons projecting to the gastric antrum were visualized by the cell-viable
fluorescent retrograde tracer DiI, which was applied to the antrum of the stomach. This
method effectively labels output neurons in the DMV that are specifically associated with
control of the gastric-antrum. Figure 8 depicts the effects of optogenetic stimulation of
SST-GABA neurons on gastric-antrum projection neurons in the DMV. Light stimulation
of SST-GABA-ChR2 neurons suppressed action potentials in 78% of DMV gastricantrum projecting neurons from a baseline frequency of 1.68 ± 0.27 Hz to that of 0.15 ±
0.04 Hz (n = 14/18; t13 = 4.2, p < 0.0005) (Figure 8). This response was repeatable
without any significant attenuation in the light-induced inhibitory events on a short term
time scale (Figure 10) and a long term time scale. In a few DMV output neurons
(n=4/18), blue light was ineffective in that it neither decreased, nor increased the rate of
action potentials firing in these neurons. The summary graph in Figure 8 depicts the
consistent and robust inhibition of gastric-antrum projecting neurons when SST-GABA
neurons are excited. The mechanism of inhibition was confirmed by recording in the
voltage clamp configuration. When recording from a gastric-antrum projection neuron, a
significant increase in the frequency and amplitude of IPSCs was observed during periods
of SST-GABA activation. Optogenetic stimulation of SST-GABA-ChR2 neurons
increased the frequency and amplitude of IPSCs (t(10) = 4.6, p < 0.001 and t(6) = 3.7, p <
0.01, respectively; Figure 9). These responses coincided with the light-induced inhibitory
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effect on action potentials in DMV neurons (Figure 8). Moreover, both light-induced
inhibition of action potentials and light-induced stimulation of IPSCs were abolished by
the GABAA receptor antagonist, gabazine (10 µM; Figure 11); hence, there was 0%
change in either IPSCs or action potential frequency (n = 5; p>0.05) during light
stimulation. This result is consistent with the conclusion that a homogeneous population
of GABAergic neurons is labeled utilizing the SST-IRES-Cre construct. Furthermore, the
ability of gabazine to block all Chr2 mediated effects again confirms the GABAergic
identity of SST-GABA neurons and also demonstrates that all effects are mediated
through the GABAA receptor.
In summary, these results demonstrate that SST-GABA neurons are functionally
connected to the vagal circuitry that controls parasympathetic input to the gastric antrum.
Optogenetic activation of SST-GABA -ChR2 neurons: (1) increases their action potential
frequency, (2) decreases the action potential frequency of gastric-antrum projecting
neurons, and, (3) increases the IPSCs frequency and amplitude of gastric-antrum
projecting neurons.
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Figure 7. Effects of ChR2 stimulation on action potentials in SST-GABA neurons.
(A) Direct light stimulation [blue bar] of a SST-GABA-CHR2 neuron increases its AP frequency.
(B) Summary illustrating the stimulatory effects of light on action potential frequency in SSTGABA neurons during current clamp recording (n=7; **p<0.01). (C) Direct light stimulation
[blue bar] of SST-GABA-ChR2 neuron increases its action potential frequency. (D) Summary
illustrating the stimulatory effects of light on action potential frequency in SST-GABA neurons
during loose cell-attached recording (n=5; *p<0.05).
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Figure 8. Change in action potential frequency in DMV output neurons during ChR2
stimulation of SST-GABA neurons.
(A) Representative current clamp recording showing light induced [blue bar] inhibition of
action potential firing in a DMV antrum projecting neuron. (B) Summary of the effects of
SST-GABA stimulatoin on action potential frequenct of gastric antrum projecting neurons
(n=14/18; **** p<0.001).
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Figure 9. Increase in IPSCs in DMV output neurons during ChR2 activation of SSTGABA neurons.
(A) Representative voltage-clamp recording (VH = -30) illustrating the increase in IPSCs
observed in gastric antrum projecting neurons during selective light stimulation [blue bar] of
SST-GABA neurons. (B) Summary of the effects of light stimulation of SST-GABA neurons
on the frequency of IPSCs in gastric antrum projecting neurons (n=11/11; p<0.001). (C)
Expanded view of recording in (A) before (1) and during (2) light stimulation of SST-GABA
neurons.
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Figure 10. Effects of multiple SST-GABA stimulations are not significantly attenuated
over time.
(A) Representative current clamp recording of DMV output neuron showing simultaneous
repetitive light stimulation of SST-GABA neurons. (B) Representative voltage clamp recording of DMV output neuron showing simultaneous repetitive light stimulation of SST-GABA
neurons.
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Figure 11. Gabazine blocks the changes in DMV output neurons during ChR2 stimulation of SST-GABA neurons.
(A, B) Representative current clamp recording showing effects of light stimulation in same
cell shown in Figure 5 before (A) and during (B) exposure to gabazine (n=5; p>0.05) (C, D)
Representative voltage clamp recording showing effects of light stimulation in same cell
shown in Figure 6 before (C) and during (D) exposure to gabazine (n=5; p>0.05)
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Part III. SST-GABA Neurons Tonically Inhibit Output Neurons to the Gastric
Antrum
Previous studies have shown that DMV output neurons are under a significant
amount of tonic GABAergic inhibition (Sivarao et al., 1998; Davis et al., 2004; Glatzer et
al., 2007; Gao et al., 2009). Most of these studies credit the NTS as the primary source of
the inhibitory inputs. However, the identification of SST-GABA neurons in the DMV
provides an alternative source for the GABAergic innervation. In order to determine if
SST-GABA neurons were the source of tonic inhibition of output neurons in the DMV,
the inhibitory rhodopsin, archaerhodopsin (ArchT) was used to ‘silence’ these neurons.
Like the previous two transgenic animals, ArchT expression was driven by the SSTIRES-Cre construct and therefore had the same expression profile as both tdTomato and
Chr2. Instead of selectively stimulating SST-GABA neurons, as in the case of Chr2,
ArchT selectively inhibits SST-GABA neurons through activation of a proton pump upon
exposure to a green light ('=of 575 nm). Initially, to confirm the effectiveness of the
ArchT construct, recordings were made directly from SST-GABA neurons in the DMV.
In the cell attached configuration, light exposure silenced the action potentials of SSTGABA -ArchT neurons in the DMV from a baseline frequency of 2.03 ± 0.64 Hz to a
frequency of 0 Hz during light activation (n = 3, t(2) = 3.4, p < 0.05; Figure 12A, B). The
same was seen in the current clamp configuration with a reduction in action potential
frequency from 2.66 ± 0.56 Hz to a frequency of 0 Hz (n=3, t(2) = 4.8, p<0.05; Figure
12C, D).
To establish if SST-GABA neurons were the source of tonic of inhibition of
DMV output neurons, the latter were retrogradedly labeled from the periphery. As in the
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previous set of experiments, DiI was used to selectively label gastric-antrum projection
neurons that allowed for electrophysiological recordings from a single population of
neurons. Recordings were performed with an internal pipet solution that had a high
chloride concentration so as to enhance visualization (i.e., increasing the gain) of the
inhibitory currents observed in DMV output neurons. In this experimental paradigm, both
excitatory and inhibitory currents are visualized as downward deflections. Usually, all
excitatory currents are blocked pharmacologically, which enables visualization of only
IPSCs; however, in these experiments no additional drugs were added in order to
minimize disruption of the overall neuronal circuit. Although, one can with confidence
say that the effects on PSCs frequency, if any, is expected to be primarily due to the
manipulation of GABAergic currents, since ArchT stimulation would directly effect only
the activity of SST-GABA neurons. Optogenetic inhibition of SST-GABA -ArchT
neurons was accompanied by a significant decrease in spontaneous postsynaptic currents
(sPSCs) in antrum projecting DMV neurons from a mean frequency of 5.6 ± 1.8 Hz to
1.8 ± 0.6 Hz (n = 4, t3 = 2.8, P < 0.05). Figure 13 illustrates the accompanying
attenuation of PSC frequency in gastric-antrum projection neurons after optogenetic
inhibition of SST-GABA -ArchT neurons. This indicates that SST-GABA neurons
provide tonic inhibition to gastric-antrum projection neurons.
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Figure 12. Effects of ArchT activation in SST-GABA neurons.
(A) Loose cell attached recording from a SST-GABA-ArchT neuron in the DMV. (B) Graph
illustrating the light induced inhibition of SST-GABA neurons (n=3; *p<0.05). (C) Representative current clamp recording from a SST-GABA-ARCHT neuron in the DMV. (D) Graph
illustrating the light induced inhibition of SST-GABA neurons (n=4; *p<0.05).
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Figure 13. Decrease in PSCs in DMV output neurons during selective inhibition of SSTGABA neurons.
(A) Representative voltage-clamp recording (VH = -70) illustrating the decrease in PSCs
observed in gastric antrum projecting neurons during selective light inhibition [green bar] of
SST-GABA neurons. (B) Summary of the effects of light inhibition of SST-GABA neurons
on the frequency of PSCs in gastric antrum projecting neurons (n=4; *p<0.05). (C) Expanded
view of recording in (A) before (1) and during (2) light stimulation of SST-GABA neurons.
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Part IV. SST-GABA Neurons in the DMV and Their Regulation by the
Melanocortin System
The melanocortin system has been shown to have profound effects on food intake
and gastric function through various mechanisms. Stimulation of the melanocortin 4
receptor (MC4R), via the endogenous melanocortin peptide !-MSH, in the DMV has
been shown to increase gastric motility in a manner that resembles GABA blockade
(Richardson et al., 2013; Sivarao et al., 1998). These observations, together with the ones
reported above, led one to ask if the effects induced by !-MSH that resembled GABA
blockade in the DMV was via inhibition of SST-GABA neurons in the nucleus. To test
this hypothesis, electrophysiological recordings were performed in brainstem slices of
mice expressing tdTomato in SST-GABA neurons, allowing for the visualization and
targeting of these neurons within the DMV. Cell attached recordings (loose seal <40 M&)
were performed from SST-GABA neurons and the action potential frequency was
recorded. Following bath application of !-MSH (500nM), the action potential frequency
significantly decreased from baseline by 77 ± 7% (n=12; t(11)=5.2, p<0.001; baseline,
2.11 ±0.33 Hz ; ! -MSH, 0.50 ±0.14 Hz; Figure 14A, B). This reduction in action
potential frequency was also observed in the current clamp mode (n=7; 99 ±1% from
baseline; t(6)=5.2, p<0.01; baseline, 3.73 ±0.95 Hz; ! -MSH, 0.03 ±0.03 Hz; Figure
14C, D) accompanied by a hyperpolarization of the membrane potential (n=8; t(7)=4.6,
p<0.01; baseline -40 ±3 mV; ! -MSH, -51 ±3 mV; Figure 14E). There was no effect of
!-MSH on membrane potential in the presence of TTX (1 µM), the sodium channel
blocker; thus, suggesting the effect was via a presynaptic mechanism (Figure 14F).
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In order to further investigate the mechanism mediating the inhibition of SSTGABA neurons by !-MSH, voltage clamp recordings were performed and sPSCs were
monitored. Bath application of !-MSH resulted in differential effects on sPSCs.
Inhibitory sPSCs were increased by two-fold in the presence of !%MSH from a baseline
frequency of 0.44 ±0.14 Hz to 0.68 ±0.17 Hz(t(13)=3.2, p<0.01; Figure 15C, D).
Conversely, excitatory sPSCs were significantly decreased from an average baseline
frequency of 1.38 ±0.35 Hz to 0.98 ±0.25 Hz (t(14)=2.7, p<0.05; Figure 15C, F). The
amplitude of spontaneous currents remained unchanged for both inhibitory and excitatory
sPSCs (Figure 15E, G). In the presence of TTX, !-MSH had no effect on either the
frequency or amplitude of all miniature PSCs further suggesting that its effect on sPSCs
was presynaptic. Additionally, there was no effect on the input resistance of SST-GABA
neurons in the presence of ! -MSH, making a postsynaptic mechanism unlikely (Figure
15A, B).
Finally, Ca2+ imaging was employed to obtain an 'ensemble picture' of the effect
of !-MSH on activity of SST-GABA neurons within the DMV. For these studies, SSTIRES-Cre was used to promote the expression of a [Ca2+] sensing protein, GCaMP3. This
enabled both the identification of SST-GABA neurons and the ability to record the
activity of an ensemble of SST-GABA neurons in brainstem slices. In these studies, brain
slices were prepared and treated in a manner similar to those reported for the patch clamp
electrophysiology. The activity of calcium transients was monitored during local
electrical stimulation. Evoked calcium transients in SST-GABA neurons were
significantly reduced in the presence of !-MSH from a baseline %(F/F of 69 ± 14% to
15 ± 3% (t(6)=3.4, p<0.05; n=7; Figure 16). This result is in agreement with the
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observation that activation of the melanocortin system (in particular, MC4R) at the DVC
attenuates the action potentials of SST-GABA neurons in the DMV. Furthermore, it lends
credence to the idea that the excitation of motility seen with in vivo microinjection of !MSH in the DMV is due to the inhibition of local GABA signaling of SST-GABA
neuronal origin.
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Figure 14. Effects of α-MSH on action potential frequency and membrane potential in
SST-GABA neurons.
(A) Representative loose cell-attached recording from a SST-GABA neuron and its inhibition
by α-MSH. (B) Summary of the effects of α-MSH on AP frequency in SST-GABA neurons
in the DMV in the cell-attached mode (n=12; ***p<0.001). (C) Representative current clamp
recording from a SST-GABA neuron in the absence and presence of α-MSH. (D) Summary
of the effects of α-MSH on AP frequency in SST-GABA neurons in the DMV in the current
clamp mode (n=7; **p<0.01). (E, F) Summaries of the effects of α-MSH on resting membrane potential (RMP) in SST-GABA neurons in the DMV (n=8; **p<0.01) in the absence
(E) and presence (F) of TTX (n=6; p>0.05).
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Figure 15. Effects of α-MSH on sPSCs and input resistance in SST-GABA neurons.
(A) Representative voltage clamp recording (VH = -30) of SST-GABA neuron during exposure to α-MSH. (B) Summary of the effects of α-MSH on input resistance in SST-GABA
neurons in the DMV (n= 13). (C) Representative voltage clamp recording (VH = -30) showing sPSC before (left) and during (right) exposure to α-MSH. (D) α-MSH increases sIPSC
frequency of SST-GABA neurons in the DMV (n=16; **p<0.01). (E) sIPSC amplitude of
SST-GABA neurons in the DMV is uaffected by a-MSH (n=18). (F) α-MSH decrease the
sEPSC frequency of SST-GABA neurons in the DMV (n=17; **p<0.01), but has no effect
(G) on sEPSC amplitude (n=19).
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Figure 16. Effect of α-MSH on calcium fluorescence in SST-GABA neurons.
(A) Examples of the time course of changes in [CA2+] (DF/F) in the region of interset (ROI)
corresponding to electrical stimulation of a cell body. (B) Average tracing of all ROIs, and
(C) quantification of the change in response to electrical stimulation in the presence of αMSH (n=7; P<0.05).
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Part V. SST-GABA Neurons in the DMV and Their Regulation by the Opioid
System
Similar to the melanocortin system, the opioid system has been shown to have
significant effects on GI function that include motility and food intake (Baile et al., 1986;
Mucha and Iverson, 1986; Pfeiffer, 2003; Wood and Galligan., 2004; Herman et al.,
2010). While the sight of action for many of the opioid mediated GI effects is
controversial (Levine et al., 1982; King et al., 1979; Improta and Broccardo, 1994;
Herman et al., 2010), there is reliable evidence implicating the DVC in mediating gastric
motility. Application of the µ-opioid receptor (MOR) agonist, DAMGO (1-10 fmol), into
the DMV increases gastric motility (Herman et al., 2010), which also resembles GABA
blockade within this nucleus (Sivarao et al., 1998). As with the melanocortin system and
its effect on GABA signaling, it was hypothesized that the effects of MOR activation
were also mediated primarily through SST-GABA neurons within the DMV.
To determine the effects of MOR activation on SST-GABA neurons within the
DMV,

a

similar

protocol

to

that

of

MC4R

stimulation

was

employed.

Electrophysiological recordings were obtained from SST-GABA neurons expressing
tdTomato in brainstem slices of mice. In the cell attached configuration, DAMGO (100
nM) significantly reduced the spontaneous action potential frequency of SST-GABA
neurons by 97 ±2% (t(9)=3.2, p<0.01; baseline 2.93 ±0.9 Hz; DAMGO, 0.14 ±0.08;
Figure 16). The same reduction in action potential frequency was observed in the current
clamp configuration with a 97 ±3% reduction (t(8)=2.8, p<0.05; baseline 3.75 ±1.04Hz;
DAMGO, 0.63 ±0.9 Hz; Figure 18A, B). As with !-MSH, DAMGO (100 nM)
significantly reduced the resting membrane potential from a baseline of -38 ± 3 mV to -
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50 ±3 mV (t(15)=4.11, p<0.001; Figure 18C). However, unlike !-MSH, DAMGO
hyperpolarized the membrane potential of SST-GABA neurons in the presence of TTX (1
µM), indicating a postsynaptic component to the mechanism of action of DAMGO
(t(13)=3.03, p<0.01; baseline, -39 ±3 mV; DAMGO, -43 ±3 mV; Figure 18D).
Recording in the voltage clamp configuration, the effects of DAMGO on SSTGABA neurons was further extended to its impact on PSCs. Activation of MORs via bath
application of DAMGO resulted in a decrease in the frequency of sIPSCs by 88 ±3%
(t(17)=3.2, p<0.01; baseline, 1.13 ±0.3 Hz; DAMGO, 0.16 ±0.04 Hz; Figure 19A, C)
Additionally, the amplitude of sIPSCs was reduced from a baseline of 18.25 ±1.68 pA to
12.54 ±0.80 pA in the presence of DAMGO (t(9)=3.5, p<0.01; Figure 19A, C). The
frequency of sEPSCs in SST-GABA neurons was also reduced when exposed to
DAMGO (58 ±5% (t(36)=5.22, p<0.001; baseline, 1.41 ±0.20 Hz; DAMGO, 0.60 ±0.09
Hz; Figure 19A, D); as was amplitude (23 ±5%; t(21)=2.27, p<0.05; baseline, 17.9
±1.32; DAMGO 15.46 ±0.89; Figure 19A, D). Additionally input resistance was reduced
in the presence of DAMGO indicating postsynaptic modulation of potassium-activated
channels ultimately resulting in reduction of membrane potential (Figure 19A, B).
Further differences between MC4R and MOR activation in SST-GABA neurons
are observed when considering their effects on miniature postsynaptic currents (mPSCs).
In the presence of TTX, DAMGO decreases the frequency of mIPSCs by 76 ±9%
(t(8)=2.9, p<0.05; baseline, 0.27 ±0.07 Hz; DAMGO 0.12±0.08 Hz; Figure 20A). The
frequency of mEPSCs is also reduced by 48 ±5% (t(13)=2.4, p<0.05; baseline, 1.93 ±0.54
Hz; DAMGO 1.31 ±0.46 Hz; Figure 20B). However, DAMGO has no effect on the
amplitude of either mIPSCs or mEPSCs (Figure 20).
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As with MC4R activation, we tested if exposure to the MOR agonist, DAMGO,
would effect Ca2+ signaling in SST-GABA neurons within the DMV. Employing the
same experimental protocol described above (see Chapter 4), the effects of DAMGO on
evoked calcium transients were visualized in brainstem slices of transgenic GCaMP3
mice. Bath application of DAMGO (100 nM), robustly attenuated the evoked calcium
transients from a baseline of 94 ±5% to 18 ±11% (t(10)=10.98, p<0.0001; Figure 21).
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Figure 17. Effect of DAMGO on action potential frequency in SST-GABA neurons.
(A) Representative loose cell-attached recording from a SST-GABA neuron and its inhibition
by DAMGO. (B) Summary of the effects of DAMGO on AP frequency in SST-GABA neurons in the DMV in the cell-attached mode (n=10; **p<0.01).
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Figure 18. Effects of DAMGO on action potential frequency and membrane potential in
SST-GABA neurons.
(A) Representative current clamp recording from a SST-GABA neuron and its inhibition by
DAMGO. (B) Summary of the effects of DAMGO on AP frequency in SST-GABA neurons
in the DMV in the current clamp mode (n=9; **p<0.01). (C) DAMGO decreases the resting
membrane potential (RMP) of SST-GABA neurons (n=16; ****p<0.0005) in the absense (C)
and presence (D) of TTX (n=14, ***p<0.001).
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Figure 19. Effect of DAMGO on input resistance and sPSCs in SST-GABA neurons.
(A) Representative voltage clamp recording (VH = -30) showing the change in input resistance
after DAMGO exposure. (below) expanded view of regions (1) and (2) showing PSCs. (B)
DAMGO decreases the input resistance of SST-GABA neurons (n=17; **p<0.01). (C) DAMGO
decreases sIPSC frequency (left; n=18, **p<0.01) and amplitude (right; n=13, **p<0.01). (D)
DAMGO decreases sEPSC frequency (left; n=24, ***p<0.001) and amplitude (right; n=22,
**p<0.01).
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Figure 20. Effect of DAMGO on mPSCs in SST-GABA neurons.
(A) DAMGO decreases mIPSC frequency (left; n=9, **p<0.01) but not amplitude (right; n=7 ,
p>0.05) of SST-GABA neurons. (B) DAMGO decreases mEPSC frequency (left; n=16,
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Figure 21. Effect of DAMGO on calcium fluorescence in SST-GABA neurons.
(A) Examples of the time course of changes in [Ca2+] (ΔF/F) in the region of interest (ROI) corresponding to electrical stimulation of a cell body. (B) Average tracing of all ROIs. (C) Quantification of the changes in response to electrical stimulation in the presence of DAMGO (n=11,
****p<0.0001).
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Part VI. Disruption of the Gastric-Antrum Related DMV Circuitry via
Melanocortin and Opioid Systems
So far, the above studies demonstrate that SST-GABA neurons are functionally
connected to the neuronal circuitry that controls the gastric antrum and that their activity
is modulated by both the melanocortin and opioid systems. What remains to be
established is whether these systems can alter the functional connectivity between SSTGABA neurons and DMV output neurons that project to the gastric antrum. This would
establish that the neurons inhibited by MOR and MC4R agonists are within the same
population of neurons that regulate the gastric antrum projecting DMV neurons.
To test the function of SST-GABA neurons in the circuit, antrum projecting DMV
neurons were labeled with the monosynaptic tracer, DiI in the SST-GABA -CHR2
transgenic mice. This enabled visualization of the specific DMV projection neuron in the
aforementioned circuit. In the DMV neurons tested (n=8) that were retrogradedly labeled
from the antrum, optogenetic stimulation with blue light suppressed their activity
(t(7)=5.4, p<0.001; Figure 22, 24). The light-induced suppression of action potentials
was counteracted by bath application of !-MSH (500nM) such that there was no
significant difference between baseline activity (absence of light) and during light
stimulation (n=3; p>0.05; Figure 22). Recordings in the voltage clamp configuration
showed that this coincided with a reduction in the quantity of light induced IPSCs that are
of SST-GABA origin with a frequency of 6.0 ± 1.1 Hz during baseline light stimulation
and a frequency of 4.5 ± 0.6 Hz during light stimulation in the presence of a-MSH (n=4;
p<0.01; Figure 23). Similarly, light induced inhibition of neural activity in antrumprojecting neurons was attenuated in the presence of DAMGO, with no significant
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difference between action potential frequency immediately preceding light stimulation
and the action potential frequency during light stimulation (n=5; p>0.05; Figure 24).
This too was correlated with a significant suppression of sIPSCs induced by light
activation of SST-GABA neurons with a frequency of 6.7 ± 3.8 Hz during baseline light
stimulation and a frequency of 1.9 ± 2.5 Hz during light stimulation in the presence of
DAMGO (n=6; p<0.001, Figure 25).
Altogether, these studies show that activation of MC4Rs or MORs in the DMV
disrupts local GABA signaling in the DMV. This is reflected in the inability of gastriccoupled SST-GABA neurons to significantly suppress the activity of vagal neurons in the
DMV that innervate the gastric antrum.
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Figure 22. α-MSH attenuates inhibtion of DMV output neurons during ChR2 activation of
SST-GABA neurons.
(A) Representative current clamp recording in the absense (left) and presence (right) of α-MSH
(500 nM) and simultaneous stimulation of SST-GABA-ChR2 (blue bar). (B) Summary of the
changes in the effects illicited by stimulating SST-GABA-ChR2 neurons in the presence of αMSH (n=3; *p<0.05, n.s. p>0.05).
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Figure 23. α-MSH attenuates the increase in IPSCs in DMV output neurons during ChR2
stimulation of SST-GABA neurons.
(A) Representative voltage clamp recording (VH = -30) in the absense (left) and presence (right)
of α-MSH (500 nM) and simultaneous stimulation of SST-GABA-ChR2 (blue bar). (B) Summary
of the changes in the effects illicited by stimulating SST-GABA-ChR2 neurons in the presence of
α-MSH (n=4; **p<0.01, ****p<0.0005).
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Figure 24. DAMGO attenuates the inhibition of DMV output neurons during stimulation of
SST-GABA neurons.
(A) Representative current clamp recording in the absense (left) and presence (right) of DAMGO
(100 nM) and simultaneous stimulation of SST-GABA-ChR2 (blue bar). (B) Summary of the
changes in the effects illicited by stimulating SST-GABA-ChR2 neurons in the presence of
DAMGO (n=5; *p<0.05, n.s. p>0.05).
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Figure 25. DAMGO attenuates the increase in IPSCs in DMV output neurons during ChR2
activation of SST-GABA neurons.
(A) Representative voltage clamp recording (VH = -30) in the absense (left) and presence (right)
of DAMGO (100 nM) and simultaneous stimulation of SST-GABA-ChR2 (blue bar). (B) Summary of the changes in the effects illicited by stimulating SST-GABA-ChR2 neurons in the presence of DAMGO (n=6; ****p<0.0005, *** p<0.001, n.s. p>0.05).
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Part VII. SST-GABA Neurons in the NTS and Their Regulation by the
Melanocortin and Opioid Systems
As mentioned above, SST-GABA neurons in the NTS are part of the vagal circuitry that
controls the gastric antrum (see Figure 6). However, little is know about their role in
local GABA signaling in the nucleus. Therefore, a series of experiments were undertaken
to address this issue.
The first set of experiments was to determine if the response of SST-GABA neurons to
MC4R and MOR agonists in the NTS was similar to those in the DMV. Since both
agonists give similar in vivo responses in each nucleus, which resemble GABA blockade
in NTS and DMV, it was hypothesized that there may be two distinct networks of SSTGABA neurons that work to regulate each nucleus separately. To test this, brainstem
slices of transgenic animals that express tdTomato in SST-GABA neurons were obtained,
allowing for the visualization of this specific population of neurons. Electrophysiological
recordings from identified SST-GABA neurons were performed in the presence of either
a MC4R or a MOR agonist. Upon exposure to !-MSH (500nM), SST-GABA neurons
were robustly inhibited in a manner as that in the DMV. Their action potential firing was
reduced from a baseline frequency of 0.96 ± 0.18 Hz to 0.30 ± 0.16 (n=8; t(7)=3.89;
Figure 26). Similarly, exposure to DAMGO (100 nM) also resulted in a decrease of
action potential frequency from 2.09 ± 0.61 Hz to 0.20 ± 0.12 in SST-GABA neurons
(n=5; t(4)=3.17; Figure 27A). Since DAMGO had such a robust effect on action
potential frequency at the 100 nM dose, it was important to see if a lower dose (10nM)
may differentially effect SST-GABA neurons. In the cell attached configuration,
DAMGO (10nM) inhibited SST-GABA neurons from a baseline action potential
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frequency of 2.45 ± 0.76 to 1.39 ± 0.85 (n=4; t(3)=3.32; Figure 27). The similarity of
these results to those in the DMV raised the issue if the SST-GABA neurons in the NTS
also functionally controlled the activity of neurons of the gastric antrum vagal circuitry.
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Figure 26. Effects of α-MSH on SST-GABA neurons in the NTS.
(A) Representative recording showing the effect of α-MSH on SST-GABA neurons in the NTS
(B) Summary of the inhibitory effects of α-MSH on SST-GABA neurons in the NTS (n=8;
**p<0.01).
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Figure 27. Effects of DAMGO on SST-GABA neurons in the NTS.
(A) Representative recording showing the effects of DAMGO (100nm) on action potential frequency in SST-GABA neurons in the NTS. Summary graphs of the effects on the left (n=5;
*p<0.05). (B) Representative recording showing the effects of DAMGO (10nm) on action potential frequency in SST-GABA neurons in the NTS. Summary graphs of the effects on the left (n=4;
*p<0.05).
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Part VIII. SST-GABA Neurons Contribute to GABAergic Regulation Within the
NTS
It is well documented that the vagal circuitry controlling motility in the NTS is under a
tight GABAergic regulation (Herman et al., 2009). In order to determine if there was
local regulation of NTS neurons by SST-GABA neurons (as in the DMV),
electrophysiological recordings were done in transgenic mice that expressed the ChR2RFP construct driven by Sat-IRES-Cre. First, patch clamp recordings were obtained from
SST-GABA neurons to establish whether light stimulation was able to significantly
excite them. In the cell attached configuration (loose seal <40 M&), optogenetic
stimulation significantly excited SST-GABA neurons from a baseline action potential
frequency of 0.57 ±0.14 Hz to 2.89 ± 0.60 (t(8)=4.83; p<0.01; Figure 28A). This was
confirmed by recordings in the current clamp mode, which demonstrated a 226% increase
in action potential frequency upon light stimulation (baseline frequency, 1.50 ± 0.56 Hz;
light stimulation frequency, 4.90 ± 1.00 Hz; t(4)=5.24, p<0.01; Figure 30B). Light
stimulation was able to induce a depolarizing current of approximately 10pA (Figure
30C) in ChR2 expressing SST-GABA neurons.
In order to determine if SST-GABA neurons were responsible, at least in part, for
GABAergic regulation within the NTS, recordings were made from non-SST-GABA
neurons. In the cell attached configuration, light stimulation caused significant inhibition
of non-SST-GABA neurons from a baseline action potential frequency of 2.54 ± 0.37 Hz
to a frequency of 0.65 ± 0.34 Hz (n=7/15; t(6)=5.92; p<0.01; Figure 29A, B), which was
also the case in the current clamp mode when SST-GABA neurons were selectively
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activated with light (baseline frequency, 3.55 ± 1.27 Hz; light stimulation frequency, 1.00
± 0.56 Hz; n=5/14; t(4)=3.38; p<0.05; Figure 29C, D).
As was seen in the DMV, the inhibition of action potentials correlated with a
robust increase in sIPSCs. Recordings were initially obtained utilizing a K-gluconate
internal pipet solution in order to separate sIPSCs and sEPSCs, with the former observed
as upward deflections and the later as downward deflections. As illustrated in Figure 30,
during light stimulation, sIPSCs increased to 3.65 ± 0.79 Hz from a baseline of 1.04 ±
0.36 Hz (n=6/20; t(5)=4.85; p<0.05). To establish the GABAergic nature of the lightinduced increase in sIPSCs, the non-SST-GABA neurons were exposed the GABAA
antagonist, gabazine 10 µM. In the 4 neurons tested, gabazine eliminated all IPSCs such
that there was no significant change in either current frequency or amplitude in response
to light stimulation (n=4; p>0.05). In order to increase the sensitivity in establishing a
non-responding neuron compared to a responding neuron, recordings were then obtained
by utilizing a high [Cl-] internal pipet solution that amplifies inhibitory currents.
Recording made from non- SST-GABA neurons showed that light stimulation increased
the PSCs from 4.54 ± 0.87 Hz to 10.38 ± 1.20 Hz (n=9/22; t(8)= 8.14, p<0.001; Figure
30). In this paradigm, all currents are observed as downward deflections. However, since
ChR2 is only expressed in SST-GABA neurons, any increase in PSCs due to light
stimulation is assumed to be IPSCs. Nevertheless, to confirm this, gabazine (10!M) was
applied subsequent to verification of an initial light response, which eliminated any lightinduced increase in PSCs in all the neurons tested (n=3; p>0/05; Figure 31D).
In these experiments, neurons were separated into three categories based upon
their response to light. SST-GABA neurons were identified by testing for the direct
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ChR2-induced current; the were subsequently grouped together for analysis. Non- SSTGABA neurons were separated into responders and non-responders, that is those that
displayed light induced IPSCs and those that did not. When considering all ChR2
experiments performed in the NTS approximately 17% were SST-GABA neurons, 25%
were responsive non- SST-GABA neurons, and 57% were non-responsive non- SSTGABA neurons.
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Figure 28. Effects of ChR2 stimulation on action potential frequency in SST-GABA neurons
in the NTS and the associated direct ChR2 induced current.
(A) (Left) Representative loose cell attached recording showing stimulation of SST-GABA neuron via ChR2 (blue bar); (Right) Graph summarizing the effects on action potential frequency
(n=9, **p<0.01). (B) Representative current clamp recording showing stimulation of Sst-GABA
neurons vie ChR2 (blue bar); (Right) Graph summarizing the effects on action potential frequency (n=5, *p<0.01). (C) Representative voltage clamp recording (VH = -30) showing direct stimulatory current of ChR2 activation in SST-GABA neurons (blue bar). (D) Chart showing percent
of SST-GABA and non-SST-GABA neurons that responded to light stimulation (n=104)
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Figure 29. Inhibition of non-SST-GABA neurons during ChR2 stimulation of SST-GABA
neurons.
(A) Representative loose cell attached recording showing inhibition of Non-SST neuron during
direct stimulation of SST-GABA-ChR2 (blue bar). (B) Summary graph showing inhibitory
effects of SST-GABA stimulation on Non-SST neurons (n=7, **p<0.01). (C) Representative
currect clamp recording showing inhibition of Non-SST neuron during direct stimulation of SSTGABA-ChR2 neuron (blue bar) (D) Summary graph showing inhibitory effects of SST-GABA
stimulation on Non-SST neurons (n=5, *p<0.05).
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Figure 30. Increase in IPSCs in non-SST-GABA neurons in the NTS during ChR2 activation of SST-GABA neurons.
(A) Representative voltage clamp recording (VH = -30) showing increase of IPSCs in Non-SST
neuron during direct stimulation of SST-GABA-ChR2 (blue bar). (B) Expanded view of the period before light stimulation in (A) as indicated by black bar labeled B. (C) Expanded view of the
period during light stimulation in (A) as indicated by black bar labeled C. (D) Summary graph
showing the increase in IPSC frequency during light stimulation (n=6, **p<0.01).
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Figure 31. Increase in IPSC frequency in non-SST-GABA neurons in the NTS during ChR2
stimulation of SST-GABA neurons.
(A) (Left) Representative voltage clamp recording (VH = -70) with high [Cl-] showing increase of
PSCs in Non-SST neuron during direct stimulation of SST-GABA-ChR2 (blue bar); (Right) Summary graph showing the increase in frequency of PSCs during light stimulation (n=9,
***p<0.005). (B) Expanded view of period before light stimulation in (A) as indicated by black
bar labeled B. (C) Expanded view of the period during light stimulation in (A) as indicated by
black bar labeled C. (D) Voltage clamp recording of same cell as in (A) with light stimulation of
SST-GABA-ChR2 (blue bar) during concurrent exposure to gabazine (10 µM; n=3).
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Part IV. Somatostatin Neurons Provide Tonic Inhibition in the NTS
Since it has been reported that the NTS is under tonic GABAergic regulation
(Glatzer et al., 2003; Glatzer and Smith, 2005; Bailey et al., 2008; Herman et al., 2009),
it was important to determine if SST-GABA neurons were the source of this regulation.
To accomplish this brainstem slices were obtained from transgenic mice that expressed
ArchT in SST-GABA neurons. Cell attached recordings showed that green light
stimulation ('=575 nm) was able to selectively inhibit SST-GABA neurons by 100%
(baseline frequency, 1.54 ± 0.49 Hz; light stimulation frequency, 0 ± 0 Hz; n=5;
t(4)=3.14; p<0.05; Figure 32A). This effect was also seen in the current clamp
configuration with a 98 ± 3% reduction in the action potential frequency upon exposure
to light (baseline frequency, 2.56 ± 0.60 Hz; light stimulation frequency, 0.04 ± 0.04 Hz;
n=5; t(4)=4.11; p<0.05; Figure 32B). Figure 32C is a representative voltage clamp
recording showing the direct ArchT mediated current, which enabled verification of
neurons as SST-GABA. To address whether non- SST-GABA neurons were under tonic
inhibition from SST-GABA neurons, recordings were obtained from them in the presence
or absence of green light. In the voltage clamp configuration, light stimulation resulted in
a reduction of PSCs from a baseline frequency of 4.84 ± 1.26 to 2.14 ± 0.86 (n= 9/40;
t(8)=5.05; p<0.01; Figure 33). When considering all ArchT experiments performed in
the NTS approximately 30% were SST-GABA neurons, 23% were responsive non- SSTGABA neurons, and 47% were non-responsive non- SST-GABA neurons.
In summary, SST-GABA neurons are important regulators of neuronal activity in
the NTS. Optogenetic activation of these neurons: (1) increases their action potential
frequency; (2) robustly decreases the action potential frequency of non- SST-GABA
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neurons in the NTS; and, (3) increases GABAergic IPSCs in non-SST-GABA neurons.
Light inhibition of SST-GABA neurons reduces their own activity and their tonic
inhibition of other neurons in the NTS.
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Figure 32. Inhibition of SST-GABA neurons via ArchT and corresponding direct ArchT
current.
(A) (Left) Representative loose cell attached recording showing direct inhibition of SST-GABA
neurons during light stimulation of ArchT (Green Bar). (Right) Summary graph showing the
effects of ArchT activation on Sst-GABA neurons (n=5; *p<0.05). (B) (Left) Representative current clamp recording showing direct inhibition of SST-GABA neurons during light stimulation of
ArchT (green bar). (Right) Summary graph showing the effects of ArchT activation on SstGABA neurons (n=5; *p<0.05). (C) Voltage Clamp recording (VH = -70)showing direct inhibitory current in SST-GABA neuron produced by light stimulation of ArchT (green bar). (D) Chart
showing percent of SST-GABA and non-SST-GABA neurons that responded to light stimulation
(n=40).
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Figure 33. Decrease in PSCs in non-SST-GABA neurons in the NTS during ArchT inhibition of SST-GABA neurons.
(A) (Left) Representative voltage clamp recording (VH = -70) showing decrease of PSCs in NonSST neurons during direct inhibition of SST-GABA-ArchT neurons (Green Bar).(Right) Summary graph showing decrease in PSCs during light stimultion (n=9, ***p<0.001) (B) Expanded
view of the period before light stimulation in (A) as indicated by black bar labeled B. (C)
Expanded view of the period during light stimulation in (A) as indicated by black bar labeled C.
(D) Expanded view of the period after light stimulation in (A) as indicated by black bar labeled D.
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Part X. Effect of SST-GABA Neurons in Vivo
Since SST-GABA neurons are important regulators within the neuronal circuitry
in the NTS, it was important to establish whether this included circuitry controlling the
gastric antrum. In the DMV the gastric antrum circuit could be isolated with the use of
mono synaptic neuronal tracers. However, in the NTS this was challenging because only
a polysynaptic tracer could be used and this would label a much more heterogeneous
population making the results inconclusive. To circumvent this, an in vivo experimental
paradigm using 'chemogenetics' (Armbruster et al., 2007; Alexander et al., 2009;
Sternson and Roth, 2014; Vardy et al., 2015) was selected to help clarify whether SSTGABA neurons in the NTS were part of the functional circuitry that controlled the vagovagal circuit. Employing this technique would allow for examining the role of SSTGABA neurons in food intake, as a number of studies have reported a role for NTS in this
activity (Faris et al., 2008; Janssen et al., 2011; Pavlov and Tracey, 2015).
Chemogenetics allows for the viral insertion of designers receptors exclusively
activated by designer drugs (DREAAD) into the neurons of choice (see Methods). To
accomplish the insertion of DREADDS into the SST-GABA neurons, they were injected
bilaterally into the NTS in SST-IRES-CRE transgenic mice (Control n=6; DREADD
injected = 8). The injected DREADD was the altered human muscarinic 3 receptor
(hMC3D; Armbruster et al., 2007; Alexander et al., 2009), which is exclusively activated
by clozapine-N oxide (CNO). The receptor is no longer responsive to the endogenous
agonist; conversely, CNO is not active at any endogenous receptors. Thus, the effects of
SST-GABA stimulation on food intake can be tested in each animal.
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The hypothalamus is considered the primary regulator of food intake (Leibowitz
and Hor, 1982; Mclean and Hoebel, 1983; Baile et al., 1986; Flanagan et al., 1992;
Elmquist et al., 2005; Kelley et al., 2005; Williams et al., 2007), however there is
evidence to suggest that the DVC also plays a role in this activity (Faris et al., 2008;
Janssen et al., 2011; Pavlov and Tracey, 2015). It is thought that while the hypothalamus
may initiate the drive to begin eating, the DVC is able to adjust the quantity consumed. It
is thought that one way by which the DVC may accomplish this by the regulating gastric
motility. While the causal link between gastric motility and food intake is controversial
(e.g., studies from Elmquist group, etc), there are correlative studies that point to a
relationship between the two (Faris et al., 2008; Janssen et al., 2011; Pavlov and Tracey,
2015). DREADDS were used to target SST-GABA neurons exclusively in the NTS. In
experiments where CNO (5 mg/kg/day) was administered via drinking water, no
significant difference in food intake was observed between groups in the dark or light
cycle. Additionally, no significant difference in food intake was observed between groups
or treatments when CNO (1 mg/kg; 5 mg/kg) was administered i.p (Figure 34).
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Figure 34. Effects of selectively activating SST-GABA neurons in the NTS via hM3D.
(A) Food intake during dark cycle during administration of CNO (5 mg/kg/day) in drinking water.
(B) Food intake during light cycle during administration of CNO (5 mg/kg/day) in drinking water.
(C) Cumulative food intake over 4 hrs after injection of vehicle (5% DMSO in saline) or CNO (1
mg/kg). (D) Cumulative food intake over 4 hrs after injection of vehicle (5% DMSO in saline) or
CNO (5 mg/kg).
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Part XI. SST-GABA Neurons and Their Regulation by Additional Systems
Since the opioid and melanocortin systems influence both motility and food
intake (King et al., 1979; Morley and Levine, 1982; Yukioka et al., 1987; Yuan et al.,
1998; Lydon et al., 1999; Hammas et al., 2001; Kaplan, 2002; Cone, 2005; Morton et
al., 2006; De Jonge et al., 2011; Herman et al., 2012; Richardson et al., 2013) and
additionally inhibit SST-GABA neurons (Figures 14, 17, 18), a picture emerged that
suggested these neurons may be integrative targets of modulators in the DVC (Baile et
al., 1986; Ladenheim et al., 1993, 1996, 2005; Aicher et al., 2000; Ferreira et al., 2002;
Yarandi et al., 2011; Feng et al., 2012; Xu et al., 2015). To test this, agonists of two
additional systems such as bombesin and acetylcholine were bath applied while recording
from SST-GABA neurons either in the DMV or the NTS. While, there is little
information regarding the role of bombesin in the DVC (Ladenheim et al., 1993, 1996,
2005); the role of cholinergic system has been well–documented to be intimately
involved in the regulation of motility in this region (Ferreira et al., 2002; Feng et al.,
2012; Xu et al., 2015).
In the DMV, bath application of the bombesin agonist, gastrin-releasing peptide
(GRP; 180nM) resulted in a decrease in action potential frequency of SST-GABA
neurons from a baseline frequency of 3.65 ± 1.51 to 0.70 ± 0.48 (n=4; t(3)=2.43; p<0.05;
Figure 35). Similarly, in the NTS, GRP was also able to decrease the action potential
frequency of SST-GABA neurons from a baseline of 4.65 ± 1.15 Hz; to 1.33 ± 0.92 Hz
(n= 4; t(3)= 2.3; p<0.05; Figure 35).
Although the role of the bombesin system in food intake has been well studied
(Ladenheim et al., 1993, 1996), it role at the DVC, particularly as it relates to motility
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needs to be explored further. Preliminary in vivo studies show that microinjection of the
bombesin agonist, GRP (135 pmol/ 30µL) in the NTS (Figure 36) behaves similarly to
microinjection MC4R and MOR agonists in the nucleus (Herman et al., 2012; Richardson
et al., 2013); it suppresses motility that resemble GABA blockade in the nucleus
(Herman et al., 2010). While further studies will need to be undertaken to address the
underlying mechanisms involved, the present data indicates a potentially significant
contribution of bombesin to the DVC circuitry responsible for motility and possibly food
intake.
The DVC is densely distributed with acetylcholinergic receptors, in particular
those of the nicotinic subtype (nAChRs). Indeed, one of the nAChRs, namely the !7
subtype, defines the whole extent of the DMV (Dominguez del toro et al., 1994; Breese
et al., 1997; Zaninetti et al., 1999; Ferreira et al., 2001). Additionally, microinjection of
nicotine into the two nuclei of the DVC has similar effects on motility as agonists of the
aforementioned MC4R, MOR and bombesin systems (Ferreira et al., 2002; Herman et
al., 2012; Richardson et al., 2013). To determine if this similarity extended to its effect
on SST-GABA neurons, recordings were made from SST-GABA neurons in the NTS and
acetylcholine (32 !M) was bath applied in the presence of the muscarinic receptor
antagonist, atropine (10 !M) . Exposure to ACh caused a 71 ± 6% increase in the action
potentials of SST-GABA neurons from a baseline frequency of 2.03 ± 1.12 Hz to 3.47 ±
1.00 Hz (n=5; t(4)=2.49; p>0.05 Figure 37).
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Figure 35. Effect of GRP on action potential frequency in SST-GABA neurons in the DVC.
(A) Representative tracing showing the effect of GRP on action potential frequency in SstGABA neurons. (B) Summary graph of the effects of GRP on Sst-GABA neurons in the DMV
(left; n=4; *p<0.05). (C) Summary graph of the effects of GRP on Sst-GABA neurons in the
NTS (right; n=4; *p<0.05).
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Figure 36. Microinjection of GRP into the NTS inhibits gastric motility and tone in rat.
(Above) Representative intragastric recording showing the inhibitory effect of GRP on both gastric tone and motility before and after ipsilateral vagotomy (Below). [Note: Prior to ipsilateral
vagotomy, two stable intragastric responses at ~35 min intervals were induced with GRP application at the NTS. Additionally, please also note that our responses were elicited from the NTS, as
ipsilateral vagotomy did not completely abolish the response; contralateral DMV could still be
engaged].
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Figure 37. Effect of ACh on action potential frequency in SST-GABA neurons in the NTS.
(A) Effects of ACh (32 µM) and atropine (10 µM) on action potential frequency in Sst-GABA
eurons in the NTS. (B) Summary graph of the effects of ACh and atropine on sst-GABA neurons in the NTS (n=5; p>0.05).
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Part XII. SST-GABA Neurons Form a Complex Network in the DVC
Functional organization of SST-GABA neurons within neuronal circuits varies by
brain region. In the neocortex it has been shown that SST-GABA neurons regulate each
other and form an interconnected SST-GABA network (Beierlein et al., 2000; ).
However, in the striatum SST-GABA neurons to not innervate each other and therefore
act independently to regulate the nucleus (Vuillet et al., 1989; Tepper et al., 2010). To
determine if SST-GABA neurons receive reciprocal connections from other SST-GABA
neurons in the DVC, recordings were obtained from SST-GABA neurons in the DVC of
transgenic mice expressing ChR2 in the neurons. In the voltage clamp configuration, light
stimulation appeared to increase PSCs in SST-GABA neurons in both the NTS and the
DMV. However, this was not shown to be statistically significant due to the variability
between cells.
To establish if SST-GABA neurons were under tonic inhibition from each other, a
separate set of experiments were performed in transgenic animals expressing ArchT in
SST-GABA neurons. In 4 of 6 neurons recorded, there did appear to be a decrease in
PSCs during exposure to light though this did not reach statistical significance (Baseline
4.04 ± 1.22; light stimulation, 2.25 ± 1.44; t(3)=2.04; p>0.05; Figure 39). However, a
caveat is warranted as this may be due to an ArchT–induced shunt within the recorded
neuron, which would effectively block the signal of any currents being detected. The
question of whether SST-GABA neurons received tonic inhibition was also address by
employing a non-optogenetic approach in the cell-attached mode. Recordings were
obtained from SST-GABA neurons in the DMV and the change in action potential
frequency was monitored upon exposure to an ACSF solution that contained a low
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[Ca2+] solution (0.2 mM compared to normal 2 mM ). The action potential frequency of
SST-GABA neurons was increased from a baseline frequency of 0.83 ± 0.31 Hz to 2.40 ±
0.35 Hz (n=11; t(10)=7.98; Figure 40). This effect was reversed when CyPPA (10 µM),
a positive modulator of the SK2 and SK3 channels, was applied during exposure to the
low [Ca2+] ACSF (Figure 40). This data indicates that SST-GABA neurons are
themselves under tonic inhibitory control, one potential source being other SST-GABA
neurons.
An interesting observation from the ArchT experiments was the presence of a
rebound effect after light stimulation. This response was observed in SST-GABA and
non- SST-GABA neurons in the NTS as well as gastric antrum output neurons in the
DMV. In 9/12 SST-GABA neurons, 1 sec after cessation of light stimulation, there was
an 107 ± 2% increase in action potential frequency compared to baseline (n= 9;
t(8)=3.108; Figure 41). This increase was transient and action potential frequency
returned to that of the baseline relatively quickly (within 5 seconds). In non- SST-GABA
neurons, a rebound effect was also observed in 5/9 neurons in the NTS with the
frequency of PSCs increased by 27% following light stimulation (baseline, 5.02 ± 2.30;
after light stimulation, 7.03 ± 24; t(4)=3.9; Figure 42). A rebound effect was also
observed in 2/4 of the neurons in the DMV (baseline ; after light stimulation; Figure 42).
In a few cells in both nuclei, a single large inhibitory current was observed following
light stimulation that had an average area 1300 ± 575 % (n=4) greater than currents at
baseline. While the single large current was a transient response, the increase in PSC
frequency could last on average as long as 3.1 ± 0.78 sec (n=7).
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While the results described in this section are intriguing and underscores the
complexity inherent in the network of interconnected SST-GABA neurons in the DVC,
additional studies are needed to parse out its intricacies and dynamic physiological
relevance. For instance, is the role of the SST-GABA neurons static in the gastric vagal
circuitry or does it change dynamically with the condition of the animal (e.g., in fasted
versus non-fasted animals)? Are there differences in circuit function (or organization) in
lean versus obese animals?
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Figure 38. Evidence for reciprocal innervation of SST-GABA neurons
(A) Image of mouse brainstem slice showing ChR2-RFP expression in the NTS. White arrow
indicates Sst-GABA neuron. (B) Representative voltage clamp recording demonstrating direct
effects of ChR2 stimulation on PSCs of a Sst-GABA neuron in the presence (left) and absence
(right) of gabazine (10 µM).
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Figure 39. Inhibition of PSCs in SST-GABA neurons during ArchT inhibition of SSTGABA neurons.
(A) Representative voltage clamp recording demonstrating the direct effects of ArchT stimulation on PSCs in a SST-GABA neuron. (B) Summary graph depicting the decrease in PSCs
in SST-GABA neurons during ArchT inhibition (n=4).
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Figure 40. Effects of low [Ca2+] and Cyppa on SST-GABA neurons.
(A) Representative loose cell attached recording showing the increase in action potential frequency in SST-GABA neurons upon exposure to a low [Ca2+] aCSF solution. (B) Summary of
the effects of a low [Ca2+] aCSF solution on SST-GABA neurons (n=15; **p<0.001). (C)
Representative loose cell attached recording showing decrease in action potential frequency in
SST-GABA neurons upon exposure to cyppa during exposure to a low [Ca2+] solution. (D)
Summary of the effects of cyppa in a low [Ca2+] solution compared to control frequency (n=4;
ns) and frequency in a low [Ca2+] solution (n=4; *p<0.05).
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Figure 41. Rebound effects of ArchT induced inhibition in SST-GABA neurons.
(A) Representative current clamp recording from Sst-GABA neurons demonstrating the
rebound effects following ArchT stimulation. (B) Graph showing rebound effect after ArchT
activation. Rebound measurement is of action potentials during 1 second immediately following light activation (n=6; *p<0.05; **p<0.01).
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Figure 42. Increase in PSCs in DMV output neurons and non-SST-GABA neurons in the
NTS due to rebound effect of SST-GABA neurons after direct ArchT inhibition.
(A) Representative voltage clamp recording demonstrating rebound effects in an output neuron
(n=2) after ArchT inhibition of Sst-GABA neurons. (B) Representative voltage clamp recording
demonstrating rebound effects in non-SST-GABA neuron in the NTS (n=5) after ArchT inhibition of Sst-GABA neurons.
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DISCUSSION
As mentioned in the Introduction, the focus of my dissertation is on the identity
of the neuron(s) responsible for regulating local GABA signaling in the vago-vagal
circuitry controlling gastric motility at the DVC. Using a number of techniques, my
studies have revealed the SST-GABA interneuron to be the predominant source of local
GABA signaling in the DVC, which influences vagal output to the stomach, particularly
to the gastric antrum. This is based on the major findings that SST-GABA neurons in the
DVC are: (1) anatomically connected to vagal efferents that innervate the gastric antrum;
(2) functionally connected to DMV output neurons that innervate the gastric antrum; (3)
functionally connected to neurons within the NTS; (4) an important source of tonic
inhibition of DMV output neurons that innervate the antrum; (5) and important source of
tonic inhibition within the NTS; (6) themselves under tonic inhibitory drive and, (7)
inhibited by agonists of melanocortin, !-opioid, and GRP receptors whose activation is
known to alter the activity of the DVC in a manner that mimics GABAergic blockade.

Part I: Somatostatin Neurons are Part of the Vago-Vagal Circuit Controlling the
Gastric Antrum
To establish the role of SST-GABA neurons as regulators of vago-vagal circuit
activity, it was imperative to first verify their identity and then to establish if they were
part of the vagal circuitry that controls motility. Multiple techniques were used to
accomplish this including electrophysiological cell typing, immunohistochemistry and
polysynaptic tract-tracing. The SST-GABA neurons in the DVC exhibited
electrophysiological properties similar to GABAergic GIN neurons in the NTS (Gao et
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al., 2009; Wang & Bradley, 2010) and to SST-GABA neurons in other areas of the brain
(Oliva et al., 2000; Ma et al., 2006; Luo et al., 2013). Specifically, upon positive current
injection, they displayed a non-accommodating firing pattern that is the hallmark of most
SST-GABA interneurons in other brain regions. Nevertheless, recent studies have
questioned the specificity of Cre-Lox transgenic lines. Indeed, in the cortex of SST-Cre
mice (Hu et al., 2013), approximately 10% of the neurons labeled were shown to be
mislabeled PV containing neurons. The misexpression cannot be attributed to ‘leaky’
expression of reporters or non-specificity of the Cre-promoter as both of these reasons
would result in widespread expression (Hu et al., 2013). One possible reason for
mislabeling seen in PV and SST lines using Cre-Lox technology is developmental
overlap. SST and PV neurons share embryonic progenitors in the medial ganglionic
eminence; therefore it is conceivable that neurons could transiently express SST even
though they are destined to be PV expressing neurons (Taniguchi, 2014). Alternately,
these neurons may transiently express SST, which would result in reporter expression
even though SST is no longer present. In the cortex, PV neurons make up the majority of
the interneurons, whereas SST neurons account for the second largest interneuronal
population (Kawaguchi and Kubota, 1993; Kawaguchi and Kondo, 2002; Kepecs and
Fishell, 2014). This is not the case in the DVC, where very few PV neurons are observed
and SST neurons makeup a significantly larger portion of GABAergic interneurons
(Wang & Bradley, 2010). Additionally, in the cortex only PV neurons were mislabeled in
the SST-Cre transgenic (Oliva et al., 2000; Ma et al., 2006), which was likely due to the
aforementioned reasons and the close relationship between SST and PV development.
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Therefore, the ‘off-target’ labeling in the DVC is likely to be significantly less than in the
cortex.
Immunohistochemistry revealed that 90% of the neurons expressing the Credependent reporter (tdTomato) displayed somatostatin IR that appeared to be restricted to
the perikaryal cytoplasm similar to that seen for instance in lamina II of the spinal cord
(Proudlock et al., 1993). Somatostatin IR in GABA neurons has been reported previously
in GAD67-GFP neurons of the rostral NTS in GIN mice (Wang & Bradley, 2010).
However, unlike SST-GABA neurons in the DMV (located at the level of the caudal
NTS), only 15% of the GFP neurons were somatostatin positive in the rostral NTS (Wang
& Bradley, 2010). But this may not be reflective of the overall GABAergic population in
this area as only 46% of the GABA neurons were GFP positive (Wang & Bradley, 2010).
Similar to what I observed in the DVC, these neurons were also surrounded by fibers that
exhibited somatostatin labeling (Wang & Bradley, 2010).
To address whether the SST-GABA neurons were anatomically connected to
vagal efferents projecting to the stomach, the polysynaptic tracer PRV-152 was injected
into the gastric antrum, which labeled SST-GABA neurons in the DVC. Current data
indicates that the SST-GABA neurons in the DVC of these transgenic animals do
comprise part of the vagal circuitry that controls motility. These findings corroborate
earlier reports of polysynaptic label in a subset of GABAergic neurons in the DMV and
NTS (Gao et al., 2009) when PRV was injected into the stomach.
Specifically labeling SST-GABA neurons from the gastric antrum was based on
several considerations. First, this area of the stomach is a major driver of motility (elSharkawy et al., 1978; Gillis et al., 1989; Ludtke et al., 1991; Rogers et al., 1996), which
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is under GABAergic control in both the NTS and DMV based on data from
pharmacological (Sivarao et al., 1998; Ferreira et al., 2002; Herman et al., 2009) and
electron microscopy studies (Pearson et al., 2011). Second, the distribution of DMV
vagal neurons innervating the antrum corresponds well with distribution of MC4Rs and
!-ORs fibers in the nucleus (Mountjoy et al., 1994; Martin-Schild et al., 1999; Kishi et
al., 2003; Liu et al., 2003).
Part II. The Role of SST-GABA Neurons in the DMV
SST-GABA DMV neurons are functionally connected to DMV output neurons that
innervate the gastric antrum
In determining the functional connectivity of SST-GABA DMV neurons to vagal
output neurons in the DMV, these neurons were optogenetically stimulated or inhibited
while simultaneously recording the activity of identified DMV neurons projecting to the
gastric antrum. There was a tight coupling between excitation of SST-GABA neurons
and inhibition of DMV output neurons innervating the gastric antrum. Not only did light
stimulation distinctly increase the frequency of action potentials in SST-GABA neurons
in the nucleus, but it was also accompanied by a simultaneous GABAA-mediated
suppression of action potentials in identified DMV neurons as evident by a considerable
increase in IPSCs. Similar targeted activation of SST-GABA neurons and the resultant
inhibition of action potentials in coupled neurons, which is associated with an increase in
inhibitory currents have been reported in other areas of the brain such as the striatum
(Nelson et al., 2014), entorhinal cortex (Yekhlef et al., 2015) and the cerebellum (Najac
& Raman, 2015).
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The ability of SST-GABA DMV neurons to influence the activity of output
neurons to the stomach has important functional implication for gastric motility as it
relates to food intake and satiety (Janssen et al., 2011). Based on their high basal activity
and regulation of network transmission in other brain regions (e.g., in the cortex (Gentet
et al., 2012; Kvitsiani et al., 2013)), it is reasonable to speculate that information from the
DMV to the stomach is under the tight control of SST-GABA neurons. Hence,
modulation of the activity of these neurons directly or indirectly would greatly impact
gastric activity. For instance, these neurons may serve as direct central targets for
hypothalamic nuclei such as the arcuate and the paraventricular nucleus. Both nuclei have
been shown to project to the DMV (Sim & Joseph, 1991; Geerling et al., 2010; Zheng et
al., 2010; Biag et al., 2012) and to effect gastric motility (Flanagan et al., 1992; Morrow
et al., 1994; Tebbe et al., 2001). While highly speculative, these neurons could also be
engaged from the periphery by vagal afferents, which besides the NTS have also been
shown to terminate in the DMV (Kalia & Sullivan, 1982). This would allow vagal output
from the DMV to be directly modulated from the periphery by bypassing the NTS (a
major regulator of vagally mediated gastric reflex activity). Although the present data
demonstrates an important role for the SST-GABA neurons in controlling vagal output to
the gastric antrum, it does not exclude the contribution of other inhibitory neurons in the
DMV or in the NTS.
EGFP expressing neurons in the DMV and NTS of GIN mice have been shown
to have extensive dendritic ramifications that traverse both nuclei (Gao et al., 2009) and
to express somatostatin (Wang & Bradley, 2010). Therefore, could the source of SSTGABA ergic inhibition to gastric output neurons originate from the NTS and not the

137

DMV? The present in vitro approach cannot adequately answer this question as
expression of channelrhodopsin receptors can occur in terminals. Hence, their excitation
by optogenetic stimulation can influence synaptic release at the DMV even though their
cell bodies may reside outside the nucleus. For instance, besides the NTS, fibers arising
from the central nucleus of the amygdala have been shown to terminate in the DMV and
to show somatostatin and GABA immunoreactivities (Saha et al., 2002). However,
whether these fibers make contact with DMV output neurons that project to the gastric
antrum has not been established. Additionally, these fibers have a higher probability of
being severed during the slicing process and though their functional abilities may not be
eliminated, they are likely hindered from producing consistent and robust inhibitory
effects on output neurons in the DMV. It must also be noted that this data does not
exclude the possibility that optogenetic activation of SST-GABA neurons generated
responses from a more heterogeneous neuronal population, as it as been shown that
significant variation is present in populations of interneurons defined by the chemical
marker.

SST-GABA neurons are an important source of tonic inhibitory drive to DMV output
neurons that innervate the gastric antrum
The distinct presence of baseline inhibitory currents in DMV output neurons to
the gastric antrum led me to inquire if they received tonic inhibitory drive from SSTGABA DMV neurons. To establish this, SST-GABA neurons were optogenetically
inhibited using the ArchT rhodopsin construct. Light inhibition of the SST-GABA
neurons decreased the IPSCs in the DMV neurons projecting to the gastric antrum
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suggesting that they were indeed under tonic inhibition. As to whether SST-GABA
neurons are themselves the recipient of inhibitory transmission, my data shows that in the
presence of low calcium that would block synaptic transmitter release (Fong & Van der
Ploeg, 2000), their firing rate increases. However, this data does not address the source of
this inhibition as it could originate from GABAergic projection neurons in the NTS or
from other SST-GABA neurons. Pair recordings from SST-GABA neurons in the dentate
gyrus of the hippocampus show that SST-GABA neurons do inhibit one another
(Savanthrapadian et al., 2014), but this may be specific to the brain region. In the cortex,
SST-GABA neurons while strongly inhibiting other neurons do not effect each other
(Pfeffer et al., 2013). Recently published studies show a role for VIP interneurons in
specifically regulating SST-GABA networks in the visual cortex (Karnani et al., 2016).
Though currently speculative, it is possible that a similar network exists in the DVC in
which activation of VIP neurons creates ‘holes’ in the inhibitory ‘blanket’ created by the
SST-GABA neurons (Karnani et al., 2016). This seems more likely when considering the
extensive VIP immunoreactivity in the region (Allen Brain Atlas). Currently, I am in the
process of breeding VIP-GABA mice to test this hypothesis.

Interaction of SST-GABA neurons with the opioid and melanocortin systems
Activation of either the melanocortin or opioid systems within the DVC has been
shown to have profound effects on gastric function. These effects mimic GABAergic
blockade and suggest an interaction of the GABAergic regulation in mediating these
effects. Taken together, this lead to the hypothesis that SST-GABA neurons mediate the
effects of opioid or melanocortin activation within the DMV. Exposure of SST-GABA
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DMV neurons to agonists of either the MC4R or !-OR inhibited their action potentials
and hyperpolarized their membrane. In the case of the MC4R agonist, !-MSH,
differentially effected sPSCs in these neurons in a TTX sensitive manner, such that
sIPSCs were increased whereas sEPSCs were decreased, and mPSCs were uneffected.
Similar results for MC4R activation in the DMV have been reported previously for
gastric antrum-projecting output neurons (Richardson et al., 2013). However, in these
neurons, unlike the SST-GABA neurons in the DMV, a postsynaptic excitatory effect
was evident when the presynaptic input was blocked (Richardson et al., 2013). Direct
depolarization of the membrane due to MC4R activation by !-MSH has also been
reported recently for a subset of NTS neurons (Mimee et al., 2014). Additionally, in
another subset of NTS neurons !-MSH has been reported to indirectly enhance sIPSCs
and hyperpolarize the membrane without effecting mIPSCs (Mimee et al., 2014). While
it is difficult to surmise if these neurons contribute to the gastric circuit since their
identity was unknown, it is likely that a subset may be SST-GABA neurons.
In contrast to MC4R, exposure to the !-OR agonist had a more 'global' effect on
SST-GABA neurons in the DMV. Not only was the frequency and amplitude of sPSCs
attenuated, but mPSC frequency was also suppressed. These observations are in
agreement with recordings in GIN neurons in the DMV in which both inhibitory and
excitatory sPSCs are attenuated by the endogenous !-OR agonist, endomorphin-1 by a
presynaptic inhibition of glutamate and a postsynaptic suppression of GABA release
(Glatzer et al., 2007).
Together, these findings establish that activation of MC4Rs or !-ORs inhibits
action potential frequency and causes membrane hyperpolarization of SST-GABA
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neurons in the DMV. While activation of !-ORs inhibits both spontaneous and miniature
IPSCs and EPSCs, activation of MC4Rs increases sIPSCs and decreases sEPSCs. An
additional change in input resistance is observed with the activation of !-ORs but not
with MC4R. Changes in these postsynaptic currents, in conjunction with membrane
hyperpolarization and effects on input resistance, offers potential means by which the
SST-GABA neurons may be regulated by both melanocortin and opioid signaling in the
DMV.
Although currently the source of both the melanocortin and opioid signaling to
SST-GABA neurons remains unknown, there are two likely candidates. One is the
arcuate nucleus of the hypothalamus, which has been shown to send 'opiocortin' (Sim &
Joseph, 1991, 1994) and pro-opiomelanocortin (POMC) (Zhang et al., 2010) projections
to the DMV. The other is the dorsally located NTS as it contains endomorphin,
enkephalin and !-MSH fibers as well as cell bodies positive for POMC, endomorphin
and enkephalin (Velley et al., 1991; Berk et al., 1993; Martin-Schild et al., 1999; Aicher
et al., 2000; Zheng et al., 2010). Moreover, varicose !-MSH axon profiles have been
reported to contact GABA neurons in the NTS, which may also be true for neurons in the
DMV (Zheng et al., 2010).

Disruption of SST-GABA signaling in DMV via melanocortin and opioid systems
Thus far, it has been established that (1) SST-GABA neurons innervate gastric
antrum projection neurons, and (2) melanocortin and opioid activation inhibits SSTGABA neurons. However, it cannot be concluded from these studies whether these
effects overlap. In other words, are the SST-GABA neurons that innervate DMV
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projection neurons also inhibited by !-OR and MC4R activation? To address this
question, labeled gastric antrum projection neurons were recorded from while the brain
slice was exposed to either MC4R or !-OR agonist and simultaneously activating SSTGABA neurons via ChR2. Optogenetic stimulation of SST-GABA -ChR2 neurons and
the resultant inhibition of action potentials in vagal output neurons to the gastric antrum
were significantly counteracted by both the MC4R agonist, !-MSH and by the opioid
agonist DAMGO. These studies demonstrate that activating either the MC4Rs or the !ORs leads to 'decoupling' of the SST-GABA neuron from the vagal circuit regulating the
gastric antrum. Hence, by inhibiting SST-GABA neurons, MC4R and !-OR agonists
block local GABA, thereby releasing the inhibitory 'brake' imposed on projection neurons.
While interpreting this data it is important to consider the direct excitatory effect of !MSH on DMV output neurons (Richardson et al., 2013), which could confound the
results regarding action potential frequency. It is possible that MC4R activation
stimulated projection neurons and ChR2 stimulation was unable to overcome this
excitation, therefore no inhibition would be observed. However, the accompanying
attenuation of light-induced IPSCs by the MC4R agonist with prevention of action
potential frequency inhibition in DMV output neurons argues against this as the primary
mechanism. If SST-GABA neurons were unaffected by MC4R activation, then the IPSCs
would have remained unaffected. This confounding variable need not be considered when
interpreting results obtained from activation of !-ORs, as there is no evidence of direct
excitation of neurons after activation of these receptors. Nevertheless, it is clear from the
robust reduction in IPSCs induced by ChR2 activation that DAMGO is acting through
SST-GABA neurons to mediate the observed effects.
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The results of my studies discussed so far advances current knowledge about the
anatomical and functional connectivity between SST-GABA neurons in the DMV and
those output neurons in the nucleus that innervate the gastric antrum. Previous studies
showed that the neurons projecting to the gastric antrum receive a higher percentage of
GABAergic input than other gastric areas (e.g., the fundus) as evident by glutamic acid
decarboxylase isoenzyme 67 immunoreactivity (GAD67-IR) and electron microscopy
(Pearson et al., 2011). Earlier, using nicotine to functionally engage the DMV-antrum
pathway in rats, its microinjection into the NTS inhibited phasic contraction of the
antrum (Ferreira et al., 2002). These nicotine-induced decreases in antral contractions
were blocked by microinjection of the GABAA receptor antagonist bicuculline into the
DMV. Furthermore, microinjection of bicuculline or gabazine (another GABAa
antagonist) into the DMV produces a marked increase in phasic contractions of the
stomach (Sivarao et al., 1998; Ferreira et al., 2002; Herman et al., 2009). These
observations, together with data from the present studies, suggest that SST-GABA
neurons are an important source of the overwhelming GABAergic drive present at the
DMV.
Although the location of SST-GABA neurons responsible for regulating the
activity of output neurons in the DMV is not clear, it can be speculated that they likely
reside within the DMV. During all light stimulation experiments, the stimulus area was
restricted to a diameter of <100 µm, which was primarily concentrated within the DMV.
However, unlike the tdTomato construct, Chr2 is membrane targeted and therefore will
be expressed not only on the soma but also along all projections and within nerve
terminals. Because of this, SST-GABA terminals can be stimulated within the DMV even
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though their cell bodies reside elsewhere, i.e. the NTS or higher order brain regions.
However, there is a higher probability that the fibers have been severed during the slicing
process and though their functional abilities may not be eliminated, they are likely
hindered from producing consistent and robust inhibitory effects on output neurons in the
DMV.
Additionally, taking into account the in vivo data discussed before with the
current findings reported in my dissertation, it is reasonable to assume that the inhibitory
input onto DMV output neurons most likely originates predominately from local SSTGABA neurons in the nucleus and not from those in the NTS. There are contrasting
intragastric pressure responses induced by local GABA blockade in the two nuclei
(Sivarao et al., 1998; Ferreira et al., 2002; Herman et al., 2009). In the DMV,
microinjection of the GABA antagonist, bicuculline methiodide increases gastric motility
(Sivarao et al., 1998; Ferreira et al., 2002) whereas its application in the NTS suppresses
motility (Herman et al., 2009). These dissimilar effects elicited from the two nuclei due
to GABA blockade are also mirrored by in vivo microinjection of MC4R or !-OR
agonists (Herman et al., 2009; Richardson et al., 2013). In the DMV MC4R or !-OR
activation results in robust inhibition of SST-GABA neurons, which subsequently
disinhibits output neurons. This is consistent with !-OR and MC4R activation observed
in vivo which appears to disinhibit the nucleus. It was crucial to then mimic the in vivo
studies and determine the effects of MCR and !-OR activation on SST-GABA neurons in
the NTS, allowing for a comparison between the in vivo and in vitro results. Just as in the
DMV, SST-GABA neurons in the NTS were robustly inhibited by both MC4R and !-OR
activation. This evidence directly conflicts with the hypothesis that the SST-GABA
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neurons responsible for DMV inhibition reside in the NTS. If SST-GABA ergic
inhibition on DMV output neurons was of NTS origin, then microinjection of either of
these agonists into the NTS would result in activation of motility due to the expected
disinhibition of the DMV gastric projecting neurons. Instead, both agonists inhibit
motility when administered into the NTS (Herman et al., 2009; Herman et al., 2010;
Richardson et al., 2013); thus, supporting the hypothesis of two distinct SST-GABA
populations in each nucleus. This inhibitory response evoked from the NTS by the MC4R
or the !-OR agonist is most likely due to delinking of NTS projections to the DMV by
blockade of local GABA signaling predominantly due to SST-GABA neurons. Since, a
significant part of the projection from the NTS to the DMV is GABAergic (Travagli et
al., 1991; Davis et al., 2004), the release of this pathway from local inhibition allows it to
suppress the activity of vagal output neurons to the stomach and by extension, motility.
This inhibitory response is independent of activating the inhibitory non-adrenergic-noncholinergic pathway as administration of the nitric oxide antagonist L-NAME fails to
prevent the MC4R or !-OR agonist induced responses (Herman et al., 2009; Richardson
et al., 2013).
In summary, the studies reported in my dissertation work are the first to
demonstrate that SST-GABA neurons of the DMV are important mediators of vagal
circuitry that is responsible for motility. As in other areas of the brain, their role most
likely extends to shaping network dynamics in an activity dependent manner.
Furthermore, because these neurons are inhibited by the melanocortin and opioid
peptides, they represent a target by which other brain areas (e.g., the hypothalamus)
homeostatically regulate vagal circuitry(s) responsible for gastric function.
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Part III. The Role of Somatostatin Neurons in the NTS
The NTS is under tight GABAergic regulation (Herman et al., 2009) and previous
studies utilizing GIN transgenic models have attempted to identify the source of GABA
input within the NTS (Gao et al., 2009; Wang and Bradley, 2010). However, there are
significant limitations in the interpretation of these studies, as it has become clear that a
non-homogeneous population of neurons is identified utilizing the GAD67 promoter
sequence. First, these neurons have been identified as a mixture of ‘putative interneurons’
neurons and projection neurons (Gao et al., 2009; Glatzer et al., 2003; Bailey et al.,
2008). Additionally, immunostaining of these neurons show that these are not primarily
SST containing neurons, as previously assumed (Wang and Bradley, 2010). Instead, the
majority of GABAergic neurons in the NTS do not express either SST or PV as chemical
markers of the vast majoring of GABAergic interneurons. Since immunostaining of the
DVC was able to verify that the Cre-Lox transgenics are able to label a homogeneous
population of neurons in the DVC, as least as far as their somatostatin-ergic identity
(Lewin et al., 2016), it provided the critical tool necessary for understanding the
GABAergic contribution of SST-GABA neurons in the NTS.
In the NTS, there are extensive neuronal networks that have far-reaching
implications and do not subserve the regulation of specific organs alone, as has been
suggested for the DMV. While there is conflicting evidence for vagal afferents
terminating onto more than one NTS neuron (McDougal, et al., 2009; Paton, et al.,
2000), there is a clear overlap in where the sensory information from distinct organ
systems terminates in the sub-nuclei of the NTS (Loewy, 1990; Berthold & Neuhuber,
2000; Jean, 2001; Altschuler, et al., 1989; Barraco, et al., 1992; Chan, et al., 2000; Spyer,
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1981). For instance, afferents associated with both the baroreflex circuit and the vagovagal gastric reflex terminates in the medial NTS (Jean, 2001; Altschuler, et al., 1989;
Barraco, et al., 1992; Chan et al., 2000; Spyer, 1981). Moreover, GABAergic regulation
in the NTS has been shown to impact many organ systems. That is, when GABAergic
blockade occurs in the NTS, peripheral responses are observed in gastric motility, gastric
tone, respiration, and cardiac function (Wasserman et al., 2002; Calelli et al., 1987; Kubo
and Kihara, 1987; Lidums et al., 2000; Mendelowitz, 2000; Wang & Bieger, 1991).
Finally, there is a greater complexity of cell types in the NTS when compared to the
DMV. Within the NTS identified population of neurons include SST, PV, NPY, POMC,
NOS, noradrenaline, TH, and GABAergic neurons unassociated with other markers
(Velley, et al., 1991; Berk, et al., 1993; Baptista, et al., 2005; Gao, et al., 2009; Wang
and Bradley, 2010; Zheng et al., 2010; Zheng et al., 2005; Puskas, et al., 2010, Lewin, et
al., 2016). The complexity of how the NTS is organized and the overlap in organ system
regulation makes isolating projection neurons from the NTS to the DMV associated with
regulating a single organ system challenging. Though PRV tracing is able to identify
neurons associated with a circuit regulating a peripheral organ, the population labeled
would be heterogeneous and functionally diverse. For the reasons pointed out, and the
fact that GABAergic regulation is critical throughout the NTS, investigation into NTS
GABAergic regulation was focused on the nucleus as opposed to a small subset of
neurons within the nucleus.
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SST-GABA neurons form functional synapses onto non-SST-GABA neurons within
the NTS
While the studies in the first section were focused on the DMV, analysis of PRV
labeling showed a population of SST-GABA neurons in the medial NTS that were also
anatomically associated with the circuit responsible for regulating gastric antrum
regulation. As such, the first aim for these studies was to establish functional connectivity
between unlabeled neurons in the NTS and SST-GABA neurons in the NTS. As indicated
in the previous section, when Cre-Lox technology is combined with ChR2, it is possible
to selectively excite SST-GABA neurons while simultaneously recording from gastric
associated or unlabeled neurons (Lewin et al., 2016). In the NTS, neurons were identified
as SST-GABA or non-SST-GABA through the presence or absence of the direct ChR2
mediated depolarizing current. Non-SST-GABA neurons were then separated based upon
whether or not they responded to SST-GABA stimulation. Out of 104 neurons studied,
16% were SST-GABA, 24% were non-SST-GABA that were functionally connected to
SST-GABA neurons, and 60% were non-SST-GABA that did not respond to light
stimulation. It is important to note that the final group may be artificially high since the
process of making brainstem slices can result in severed axonal projection and damaged
neurons. In this case, neurons may be innervated by SST-GABA neurons, however ChR2
stimulation is unable to induce an observable response in the recorded neuron.
Additionally, any cells that were inconclusive due to the poor quality of the recording
were included in the non-SST-GABA non-responding group. As was seen in the DMV,
gabazine was able to block any ChR2 mediated effects, indicating that GABAA receptors
were responsible for all of the observed inhibitory input. This work is in agreement with
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other groups that have shown GABAergic transmission in the NTS (Glatzer et al., 2003;
Gao et al., 2009; Bailey et al., 2010) and makes significant advancements on these
studies as GABAergic transmission as never before been induced in a discrete population
of identified neurons in the NTS.
As with the DMV, initial studies were performed utilizing an internal pipet
solution with K-gluconate and ion concentrations that replicate physiological
concentrations. The primary reason for choosing this paradigm was the benefit of
visualizing of both excitatory and inhibitory PSCs when kept at a holding potential of
approximately -40 mV. This made it possible to determine if ChR2 stimulation resulted
in any changes in EPSCs. In all the neurons studies reported throughout this dissertation,
no changes in EPSCs were observed in response to ChR2 stimulation, this includes
during exposure to gabazine. Additionally, utilizing the K-gluconate internal pipet
solution made it possible to determine the ChR2 induced postsynaptic changes in PSCs
and APs within the same neurons. However, since the amplitude of IPSCs is reduced in
this setup, it is possible that SST-GABA innervation was not observed in circumstances
where it was weak and would therefore result in underreporting connectivity in the
nucleus. Studies were then completed utilizing an internal pipet solution with a relatively
high chloride concentration (145 mM) compared to physiologically relevant
concentrations (8 mM). This paradigm leads to a change in the electrochemical gradient
and therefor a change in the Nernst equilibrium potential for chloride. When a cell is
maintained at a holding potential of -70 mV, there is an overwhelming drive for Cl- ions
to exit the cell. In this circumstance, the amplitudes of IPSCs are magnified, however
both IPSCs and EPSCs are seen as downward deflections. These studies were able to
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confirm the SST-GABA innervation of non-SST-GABA neurons, as was seen in the
experiments using a K-gluconate based internal pipet solution. They also revealed a
greater magnitude of innervation by SST-GABA neurons as indicated by a 100% increase
in the number of PSCs detected during ChR2 stimulation. Additionally, a greater extent
of SST-GABA innervation was observed, as the ratio of responding versus nonresponding non-SST-GABA neurons was increased. In K-gluconate experiments 29% of
non-SST-GABA neurons responded to stimulation whereas in chloride based
experiments 41% of non-SST-GABA neurons responded to stimulation. EPSCs were not
pharmacologically blocked in order to limit disruption to the neuronal network circuitry
within the NTS. Therefore, EPSCs were included along with IPSCs in the total number of
PSCs and could potentially inflate the increase in the number of PSCs detected during
ChR2 stimulation. However, when considering experiments with gabazine, EPSCs can be
ruled out as a significant contribution to the difference between baseline PSC frequency
and that observed during light stimulation. Gabazine was able to block all ChR2 mediated
effects and therefore EPSCs would not increase during light stimulation; moreover, it can
be concluded that the increase in PSCs during light stimulation is due to an increase in
IPSCs alone.
As was discussed in the previous section, it is possible that SST-GABA
innervation of NTS neurons originates from neurons outside the nucleus.
Somatostatinergic projections to the NTS have been reported from the amygdala (Batten,
et al., 2002), however these projections would be severed during the slicing process and
therefore are likely hindered from producing consistent and robust inhibitory effects on
output neurons. Moreover, it is possible that SST-GABA neurons in the area postrema

150

(AP) could be the source of the observed innervation and it is difficult to separate their
contributions. How the AP fits into the established vago-vagal circuitry has not been fully
explored, though both chemical and electrical stimulation of the AP induced similar
responses as chemical stimulation alone does in the NTS; they inhibit both gastric tone
and motility (e.g., see Kawachi, et al., 2008; Bongianni, et al., 1998; 1994). Establishing
the role of SST-GABA neurons in this area was outside the scope of this dissertation, but
further investigation would be crucial to the understanding the contribution of SSTGABA neurons in AP to the overall DVC circuitry controlling gastric motility.

SST-GABA neurons provide a significant amount of tonic inhibition within the NTS
Blockade of GABAergic signaling within the NTS has profound peripheral
effects on various organ systems indicating that there is an inhibitory ‘set point’ within
this nuclear region (Wasserman et al., 2002; Calelli et al., 1987; Kubo and Kihara, 1987;
Lidums et al., 2000; Mendelowitz, 2000; Wang and Bieger, 1991). Additionally, in vitro
studies have established a distinct presence of baseline inhibitory currents in neurons
throughout the nucleus (Bailey et al., 2008; Gao et al., 2009; Lewin et al., 2016; Glatzer
and Smith, 2005). While the source of this regulation is currently unknown, it is
hypothesized that it is of local GABAergic origin. Since SST-GABA neurons were
shown to provide significant GABAergic inputs to non-SST-GABA neurons, it was
crucial to determine if they also provided tonic GABAergic inhibition.
ArchT (the proton pump rhodopsin) was expressed in SST-GABA neurons to
selectively inhibit them and determine if this would attenuate the PSCs of non-SSTGABA neurons. If they were attenuated, it would indicate SST-GABA neurons in the
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NTS tonically inhibit neurons as they do in the DMV. These experiments were also
performed using an internal pipet solution with a high concentration of chloride and held
at -70 mV. The rational is the same as described in the previous section; that is, the
maximum number of IPSCs can be observed using this experimental paradigm. While
EPSCs were not blocked in these experiments, it can be assumed that any decrease in
PSCs was due to the inhibition of SST-GABA neurons and are therefore inhibitory in
nature. These experiments revealed that SST-GABA neurons are responsible for
approximately 54% of all synaptic input onto non-SST-GABA neurons that are
innervated by SST-GABA neurons. Furthermore, they establish SST-GABA neurons as
an important component of GABAergic regulation in the NTS. This is the first
observation to identify a GABAergic source and selectively remove the corresponding
input onto unidentified neurons in the NTS. For this reason, it is difficult to compare
these results with published literature. Although, previous studies show that neurons in
the NTS receive significant inhibitory inputs; however, they do not establish the identity
or source of the inputs (Gao et al., 2009; Glatzer et al., 2003; Bailey et al., 2010; Glatzer
and Smith, 2005). The studies reported in the present dissertation indicate that SSTGABA neurons may be the likely source of the inhibition in this hindbrain region.
Overall, the work provides significant advancements in the understanding of NTS
regulation and identifies a homogeneous population of neurons, namely the SST-GABA
neurons, which appear to be responsible for a significant amount of the GABAergic
signaling in the nucleus.
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Effects of SST-GABA stimulation of food intake
Although the effects of GABAergic blockade on gastric function have been well
established, it is unclear if increasing GABAergic signaling will produce effects to the
contrary. To address this question, chemogenetic technology employing viral expression
of ‘designer’ receptors into SST-GABA neurons of the NTS was used. DREADDS have
been developed to allow for the activation of a discrete cell population in a particular
nucleus (Alexander et al., 2009; Armbruster et al, 2007). In this case, the hM3R receptor
was injected bilaterally into the NTS of mice that expressed Cre in SST containing
neurons; therefore, only neurons within the NTS that also expressed Cre would activate
the virus and initiate production of the hM3R. Peripheral injection of the associated
ligand, CNO, would then cause activation of SST-GABA neurons within the NTS
through activation of the Gq coupled hM3R. In the proposed circuit model where SSTGABA neurons inhibit NTS output neurons to the DMV, it was hypothesized that
activation of SST-GABA signaling within the NTS would inhibit these projections and
subsequently disinhibit the DMV, thereby increasing gastric motility and food intake.
Since SST-GABA neurons were presumed to be active during the dark cycle, promoting
food intake, they would have decreased activity during the light cycle corresponding with
the decrease in gastric motility and food intake. For this reason, it was predicted that
CNO administration would have more pronounced effects during the light cycle.
The first set of experiments administered CNO via drinking water at a does of 5
mg/kg/day as recommended by Roth and colleagues
(http://chemogenetic.blogspot.com/2014/03/cno-in-drinking-water.html) and used
successfully by other groups (Wess et al., 2013). The rational for this route of
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administration was to reduce distress during the light cycle and minimize any
confounding effects on food intake. As indicated in the results, there was no significant
difference in food intake between control and DREADD groups, nor were there changes
within either group. One possible explanation for the negative result was that the route of
administration was unable to provide the necessary amount of drug to the NTS in order to
sufficiently activate the SST-GABA neurons and therefore counteract food intake, which
has a powerful motivational drive.
The next paradigm involved an intraperitoneal injection of CNO (1 mg/kg) during
the light cycle. This dose was chosen based on reports indicating robust effects on food
intake (Vardy, et al., 2015) and reports indicating food intake effects with doses as low as
0.3 mg/kg (Krashes, et al., 2011). Again, there was no observed difference in food intake
across groups or treatments. It is possible that 1 mg/kg was still unable to sufficiently
excite the SST-GABA neurons in the NTS, therefore the dose was increased to 5 mg/kg
based on literature indicating a maximum response using this dose in multiple study
designs (Farrell and Roth, 2013). In this paradigm, there was also no change in food
intake observed. Since it is unlikely that this dose was unable to activate any hM3Rs
present in the NTS, alternate explanations must be considered. One possible explanation
is that the injections were not successful and the DREADD was not expressed in the
NTS. It is also possible that the virus spread to the DMV and therefore SST-GABA
neurons in the entire DVC are excited by CNO. This would likely mask effects from each
individual nucleus. Alternatively, SST-GABA stimulation alone is not sufficient to
overcome other regulatory sources. It is possible that SST-GABA neurons form a
secondary regulatory network that is unable to overcome other sources of regulation,
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though this seems unlikely when considering experiments stimulating POMC neurons in
the NTS (Zhan et al., 2013). Selective stimulation of POMC neurons in the NTS via
DREADDs was able to produce acute inhibition of food intake, indicating an important
role of the NTS in food intake regulation. Additionally, when interpreting these results
together with the effects of the melanocortin system on SST-GABA neurons presented in
this dissertation, it can be hypothesized that activation of POMC neurons in the nucleus
causes an inhibition of SST-GABA neurons. This inhibition of SST-GABA neurons
would in turn cause disinhibition of output projections to the DMV. Further studies are
needed to test this interpretation of the data.

The effects of other regulatory systems on SST-GABA neurons
As was briefly discussed earlier, both !-OR and MC4R activation results in the
inhibition of SST-GABA neurons within the NTS. This corresponds with previous report
showing the effects of !-OR and MC4R agonists within the NTS (Glatzer and Smith,
2005; Mimee et al., 2014; Herman et al., 2012). A decrease in IPSC frequency in nonlabeled neurons in the NTS is observed upon exposure to a !-OR agonist, which is
hypothesized to be the result of action on local inhibitory neurons (Glatzer and Smith,
2005). MC4R activation was shown to have variable effects on IPSCs, causing a decrease
in IPSCs only in a small subset of neurons (Mimee, et al., 2014) The data presented in
this dissertation provides an explanation for the effects observed in previous in vivo
studies, which demonstrated that activation !-ORs or MC4Rs in the NTS mimics
GABAergic blockade in the nucleus (Herman et al., 2009; Richardson, et al., 2013;
Sivarao, et al., 1998; Ferreira, et al., 2002). Inhibition of SST-GABA neurons would
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result in a decrease in GABAergic signaling, contributing to the observed GABAergic
blockade.
Other systems have also been shown to influence activity within the DVC,
including the BN-like peptide GRP. Activation of GRP receptors results in increased cfos expression within the NTS, which is not surprising since the nucleus contains
terminals that are positive for the peptide (Wada et al., 1990; Costello et al., 1991).
However, previous studies were unable to determine how GRP receptor activation
changed activity in the nucleus. Since c-fos activity was increased in the NTS, it was
predicted that GRP receptor activation was able to alter GABAergic signaling in the same
way as MC4R and !-OR activation. Adding to the profound effect of various agonists
thus far on altering GABAergic signaling of SST-GABA neurons, GRP was also able to
significantly inhibit SST-GABA neurons within the NTS. This finding corroborates the
previous in vivo studies that showed activation of the NTS by co-administration of BN
and leptin leads to increased cfos expression (Ladenheim et al., 2005). Interestingly SSTGABA neurons in the DMV were also inhibited by GRP, which seems to contradict
studies that did not show increased c-fos expression in the DMV after stimulation of GRP
receptors. A possible explanation for this is obvious when considering the inhibitory
projections from the NTS to the DMV. When GRP receptors are activated throughout the
DVC, inhibition is reduced in both the NTS and DMV; however, this causes an increase
in inhibitory signaling from the NTS to the DMV, effectively replacing the inhibitory
hold of SST-GABA neurons on DMV output neurons.
Finally, the effect of activating nAChRs on SST-GABA activity was assessed.
Microinjection of nicotine into the NTS produces an increase in gastric motility through
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GABAergic projection to the DMV (Ferreira et al., 2002). This is corroborated by in
vitro studies, which also report the modulation of GABAergic signaling from the NTS to
the DMV when nAChRs are activated in the NTS (Xu et al., 2015). While it was
predicted that nAChR activation would mimic !-OR and MC4R activation and inhibit
SST-GABA neurons; instead, these neurons were excited upon exposure to ACh. While
this is consistent with the observation that nAChRs are present on glutamatergic vagal
afferents (Ferreira et al., 2002; Xu et al., 2015), it does not correlate with previous data.
Further studies will need to be done determine the receptor subtype mediating these
effects and to better understand the complex interaction of nAChRs within the nucleus
vis-à-vis SST-GABA neurons.
Overall, these studies have established SST-GABA neurons as an important
component of GABAergic regulation in the NTS. Activation of SST-GABA neurons is
able to inhibit non-SST-GABA neurons in the NTS. Additionally, inhibition of SSTGABA neurons was able to significantly reduce GABAergic signaling in the nucleus.
Finally, three separate systems that disrupt GABA in the NTS were able to effectively
inhibit SST-GABA neurons: opioid, melanocortin, and GRP. Taken together, the studies
incorporated in this dissertation provide strong evidence for the role of SST-GABA
neurons in GABAergic regulation within the NTS.
Part IV. SST-GABA Neurons Form a Complex Network Within the DVC
Thus far, it has been established that SST-GABA neurons are an important source
of GABAergic regulation, both in the DMV and the NTS. This conclusion is based on the
effect of selective stimulation or inhibition in both the NTS and DMV. It was also
established that the SST-GABA neurons themselves received inhibitory input, though
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this data cannot establish the source of this inhibition. In a low [Ca2+] solution, SSTGABA neurons increased their firing, indicating the removal of an inhibitory input (Fong
and Ven der Ploeg, 2000). ChR2 stimulation of SST-GABA neurons demonstrated the
presence of reciprocal inhibition in the DVC. These observations corroborate studies in
the hippocampus where SST-GABA neurons have been shown to inhibit other SSTGABA neurons, forming complex inhibitory networks (Savanthrapadian, et al., 2014).
Further imaging of SST-GABA-ChR2 slices clearly show labeled terminals on the cell
bodies of other SST-GABA neurons. In a subset of neurons, inhibitory currents induced
by ChR2 activation was observed and distinct from the direct ChR2 mediated current.
Inhibition of SST-GABA neurons via ArchT, resulted in a decrease of PSCs in other
SST-GABA neurons, in addition to the direct ArchT mediated current. However, it is
likely that this response was due to an inhibitory block in the neuron being recorded from
and not due to presynaptic effects.
While investigating the contribution of SST-GABA neurons towards the overall tonic
inhibition of the DVC, a compensatory action was observed. SST-GABA neurons are
commonly associated with an afterhyperpolarization rebound response and in the DVC
this response was seen in approximately 20% of the SST-GABA neurons given
hyperpolarizing steps. Interestingly, pronounced rebound effects were observed following
ArchT induced inhibition in 73% of SST-GABA neurons, an effect that is also observed
in other brain regions (Karnani et al, 2016). What is particularly surprising about this
response is the relatively small current induced by ArchT activation in these neurons (~
10 pA). While highly speculative, it may be that ArchT disrupts the overall inhibitory
network; when the optogenetic disturbance is removed, the network is unable to
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immediately return to baseline function. These effects would be widespread through most
of the network and may explain the exaggerated response compared to rebound effects
induced by hyperpolarization of a single neuron. In non-SST-GABA neurons the
response is observed as an increase in PSC frequency or a single large current
immediately following the cessation of ArchT activation. Although it is difficult to form
firm conclusions regarding these observations, they do indicate that network dynamics in
the DVC is more complicated than a simple interaction between an interneuron and an
output neuron. Nevertheless, the body of work that forms the core of this dissertation has
uncovered a key role for the SST-GABA neuron in local GABA signaling in the DVC
that has a robust inhibitory effect on vagal output to the stomach.
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