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ABSTRACT 

The medial subnucleus of the tractus solitarius (mNTS) is a central component of the vago-vagal 

circuitry that receives sensory input from the viscera and projects to the dorsal motor nucleus of 

the vagus (DMV), the source of motor output to the stomach.  The central hypothesis of my 

dissertation was that GABA signaling in the mNTS regulates the activity of the vago-vagal 

circuitry and determines resting gastric tone.  Using an in vivo preparation, I microinjected drugs 

into the mNTS of anesthetized rats while monitoring intragastric pressure (IGP).  Microinjection 

of GABAA receptor antagonists decreased IGP and inhibited motility and was prevented by 

vagotomy, blockade of ionotropic glutamate receptors or blockade of peripheral muscarinic 

cholinergic receptors.  Using an in vitro brainslice preparation, I performed whole-cell voltage- 

and current-clamp recordings and found that gastric-projecting mNTS neurons possess tonic as 

well as phasic GABA currents that regulate excitability of the mNTS.  This led to the hypothesis 

that activation of mu-opioid receptors in the mNTS impacts gastric motility through modulation 

of local GABA activity.  Using an in vivo preparation, I found that stimulation of mu-opioid 

receptors in the mNTS decreased IGP and was prevented by vagotomy, blockade of mu-opioid 

receptors, GABAA receptors, ionotropic glutamate receptors, or peripheral muscarinic 

cholinergic receptors.  A subsequent hypothesis was that release of endogenous opioids in the 

mNTS is a component of the receptive relaxation reflex (RRR).  The experimental model of the 

RRR involves distension of a small balloon in the esophagus that produces a decrease in fundus 
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tone.  Using this model for the RRR, I found that the decrease in fundus tone was prevented by 

prior blockade of mu-opioid receptors in the mNTS or systemic blockade of mu-opioid receptors.     

Studies from my dissertation present evidence that 1) there is a high level of intrinsic 

GABA signaling in the mNTS that regulates gastric motility; 2) there is both tonic and phasic 

GABA signaling in mNTS neurons; 3) stimulation of mu-opioid receptors in the mNTS inhibits 

gastric motility by suppressing ongoing GABA activity; and 4) stimulation of a vago-vagal 

reflex causes release of endogenous opioids in the mNTS that inhibit ongoing GABA activity. 
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INTRODUCTION 

Reflex signaling through the vago-vagal circuitry plays a major role in the control of the 

entire digestive apparatus (Rogers R.C., 2006).  Several different reflexes are involved that 

include 1) the gastric accommodation reflex responsible for reducing pressure in the proximal 

stomach during distension of the antrum that results in retropulsion and trituration of large food 

particles and 2) the receptive relaxation reflex where fundus tone is reduced in anticipation of a 

swallowed bolus. Data also indicate that the activity of the vago-vagal reflex is important for 

food intake (Powley and Laughton, 1981), and that deranged vago-vagal function plays a role in 

obesity, bulimia nervosa, diabetic gastroparesis, reflux disease, functional dyspepsia and 

achalasia (Williams et al., 2001; Parkman et al., 2004; De Giorgi et al., 2006; Tack et al., 2006; 

Faris et al., 2008; Lunding et al., 2008).   

The importance of the vago-vagal reflexes in the regulation of gastrointestinal (GI) 

function has been highlighted in a recent series of articles published under the theme “Musings 

on the Wanderer: What‟s New in Our Understanding of Vago-Vagal Reflexes ? (Chang et al., 

2003; Travagli et al., 2003).  Two views expressed in the series of „themed‟ articles are that: (1) 

there is an „apparent monosynaptic‟ connection between gastric vagal afferent nerve fibers and 

inhibitory neurons of the nucleus tractus solitarius (NTS)  that project to the dorsal motor 

nucleus of the vagus (DMV) [Travagli et al, Figs 1, 2 and 5 (Travagli et al., 2003); Chang et al, 

Fig 7 (Chang et al., 2003)]; and (2) dual parallel pathways from the DMV participate in the 

vago-vagal reflexes, a cholinergic-cholinergic excitatory pathway and a non-adrenergic, non-

cholinergic (NANC) inhibitory pathway [Travagli et al Fig 5 (Travagli et al., 2003); Chang et al 

Fig 3 (Chang et al., 2003)].  The first view persists despite both anatomical and functional in 
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vitro evidence of local inhibitory processing within the NTS (Kawai and Senba, 1996; Fong et 

al., 2005; Glatzer and Smith, 2005; Glatzer et al., 2007). The second view lacks functional 

evidence for the NANC pathway as it relates to gastric motility (Cruz et al., 2007; Herman et al., 

2008).  Nevertheless, these two views continue to dominate this field of research (Zhang and 

Fogel, 2003; Hermann et al., 2006; Rogers RC, 2006; Travagli et al., 2006; Browning and 

Travagli, 2007; Zhou et al., 2008).  As a result, the role of local signaling in the NTS and the 

relevant efferent pathway in the transmission of vago-vagal reflexes remains unknown, and in 

some cases, misunderstood.  The focus of my thesis research is on the medial subnucleus of the 

tractus solitarius (mNTS) and the role of local GABAergic signaling in regulating central activity 

if the vago-vagal reflex circuitry.   

The Vago-Vagal Reflex Circuitry 

 Normal gastric function is predominantly under the control of the parasympathetic 

nervous system.  The brain-gut axis that provides parasympathetic outflow to the GI system is 

known as the vago-vagal reflex circuitry.  The vago-vagal reflex circuitry is comprised of 

sensory input into the mNTS, central projections from the mNTS to the DMV and motor output 

from the DMV back to the stomach.  Many sensory afferent neurons are located in the stomach 

and include mechanoreceptors that relay information related to the degree of stretch in smooth 

muscle.  This sensory input is relayed by the afferent vagal nerve fibers to the nodose ganglion.  

The central projections of this ganglion synapse in the nucleus tractus solitarius (NTS), 

specifically in the medial, commissural and gelatinosus sunuclei (Kalia and Sullivan, 1982; 

Shapiro and Miselis, 1985; Altschuler et al., 1989).  The afferent nerve fibers project bilaterally, 

entering the brainstem on both sides of the obex and area postrema (Kalia and Mesulam, 1980).  
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The primary neurotransmitter at this first synapse is glutamate (Zhang and Fogel, 2003).  

Electrophysiological studies have demonstrated that mNTS neurons respond to vagal stimulation 

with a constant-latency (<1ms) excitatory postsynaptic potential (EPSP), indicating a 

monosynaptic excitatory connection that is mediated by glutamate acting at non-NMDA 

ionotropic receptors on mNTS neurons (Doyle and Andresen, 2001).  The mNTS then sends 

projections to the nearby dorsal motor nucleus of the vagus (DMV), located approximately 

100uM ventral to the mNTS.  Anatomical and functional evidence indicates that the mNTS sends 

GABAergic, noradrenergic, and glutamatergic projections to the DMV (Fukuda et al., 1987; 

Travagli et al., 1991; Willis et al., 1996; Browning et al., 2002; Davis et al., 2004; Glatzer and 

Smith, 2005).  However, the functional data suggest that the dominant projection is inhibitory 

and of a GABAergic or noradrenergic type (Davis et al., 2004; Glatzer and Smith, 2005; Cruz et 

al., 2007; Glatzer et al., 2007).  DMV neurons display pacemaking activity (Travagli et al., 1991) 

that is sent out via preganglionic fibers that synapse with postganglionic cells located in the 

stomach.  Projections from the DMV provide the vagal efferent motor output to the stomach.  

These efferent projections consist of an excitatory cholinergic-cholinergic projection that 

releases acetylcholine at the stomach which excites smooth muscle producing increases in gastric 

tone and motility (Cruz et al., 2007; Herman et al., 2009).  It has also been proposed that there is 

an inhibitory cholinergic-nonadrenergic, noncholinergic projection that releases nitric oxide 

(NO)  at the stomach and relaxes smooth muscle producing decreases in gastric tone and motility 

(Rogers RC, 2006), but the exististence of this pathway is not well-supported by experimental 

evidence (Cruz et al., 2007).  A schematic of the consensus view of the vago-vagal reflex 

circuitry prior to my thesis research is depicted in Figure 1. 
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 Central connections to and from the GI system via the vago-vagal reflex circuitry exert a 

powerful influence over gastric function, but what determines the activity of this system (and 

thus the level of influence in the resting and stimulated state), is not fully understood.  Much 

attention has been focused on the significance of the sensory input as the principal determinant 

of the activity of the vago-vagal reflex circuitry (Doyle and Andresen, 2001; Peters et al., 2008; 

McDougall et al., 2009).  Studies have also highlighted the DMV as an important site of vago-

vagal activity (Travagli et al., 1991; Browning et al., 2002, 2004).  However, I propose that the 

important site of local processing that determines the activity of the vago-vagal reflex circuitry is 

located at the juxtaposition of sensory input and projections mediating motor output: the medial 

subnucleus of the tractus solitarius (mNTS).        
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Figure 1. Schematic representation of the vago-vagal circuitry. Abbreviations: Ach, 

acetylcholine; NO, nitric oxide; DMV, dorsal motor nucleus of the vagus; NTS, nucleus of the 

tractus solitarius; glut, glutamate; GABA, gamma-aminobutyric acid; NE, norepinephrine  
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The medial subnucleus of the tractus solitarius (mNTS) 

 The medial subnucleus of the tractus solitarius (mNTS) is an autonomic center located in 

the medulla.  The mNTS receives sensory information from various GI structures including the 

stomach, small intestine and esophagus (Altschuler et al., 1989; Paton et al., 1999) and sends 

projections to motor output nuclei such as the dorsal motor nucleus of the vagus.  While the 

mNTS is known to be an integral part of the vago-vagal reflex circuitry (as described above), the 

issue of whether it is simply a „relay‟ center or whether there is local information processing in 

the mNTS that determines overall activity of the vago-vagal reflex circuitry remains unclear.  

Several lines of evidence suggest that it is the latter case and that local processing within the 

mNTS has important consequences for central control of GI function.   

The first line of evidence is based on the anatomical composition of the mNTS.  Neurons 

in the mNTS are subdivided into three groups based on their functional role in the local circuitry 

of the mNTS: 1) neurons that receive direct (i.e., monosynaptic) input from the vagal afferents; 

2) neurons that synapse with other mNTS neurons (i.e, local circuit neurons); and 3) neurons that 

project out of the mNTS to the DMV (i.e., projection neurons) (Champagnat et al., 1986; Kawai 

and Senba, 1996; Smith et al., 1998).  These functional groups are not necessarily mutually 

exclusive.  It is possible that a single mNTS neuron could fall into more than one category, for 

example, a local interneuron that receives monosynaptic input from vagal afferent terminals.  In 

addition, signaling by local interneurons is not exclusively inhibitory.  There is evidence of both 

excitatory and inhibitory local circuits (Champagnat et al., 1986; Fortin and Champagnat, 1993; 

Smith et al., 1998).  
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The second line of evidence for local processing in the mNTS is based on functional 

evidence of a densely interconnected local network among mNTS neurons.  Electrophysiological 

studies provide functional evidence of local excitatory and inhibitory signaling in the area of the 

mNTS.  Smith et al., 1998 used an in vitro cranial nerve explant preparation where vagus nerve 

fibers were stimulated ~3 mm from the brainstem during whole-cell voltage-clamp recordings of 

neurons in the dorsomedial NTS.  Upon stimulation of vagal afferent fibers, both excitatory and 

inhibitory responses could be elicited from neurons in this area (Smith et al., 1998).  Additional 

evidence of local network signaling within the NTS was reported by Davis et al., 2004.  In this 

study, the investigators used photolysis to focally release glutamate and depolarize local NTS 

neurons.  The diameter of the stimulation area with photolysis was ~50 um and resulted in 

increased frequency of inhibitory postsynaptic currents (IPSCs) that presumably were evoked 

from local GABAergic neurons. Photolysis of caged glutamate in the presence of a GABAA 

receptor antagonist (picrotoxin) produced evoked excitatoty postsynaptic currents (EPSCs) that 

were blocked by CNQX (Davis et al., 2004).  The EPSCs were attributed to the release of 

transmitter from local glutamatergic neurons.  These studies using focal glutamate photolysis 

demonstrate the presence of local GABAergic and local glutamatergic circuits within the NTS. 

It should also be noted that while the mNTS is involved in processing neural signals in 

the vago-vagal circuitry, it also has reciprocal connections with higher-order brain areas such as 

the hypothalamus, bed nucleus of the stria terminalis, amygdala, and prefrontral cortex (Ricardo 

and Koh, 1978; Swanson and Kuypers, 1980; van der Kooy et al., 1984).  Thus the mNTS is 

anatomically well-situated to integrate information from higher brain centers with sensory input 

from the periphery.   This information, combined with the anatomical and electrophysiological 

studies demonstrating an interconnected intrinsic network, suggest that local information 
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processing occurs within the mNTS and that this local processing could dynamically impact the 

output of vagal efferent circuits, for example vagal outflow to the stomach.  However, the 

question remains, what components of local mNTS circuitry regulate the overall activity of this 

nucleus?  One possibility is that the overall activity of the local mNTS network is driven by 

excitatory (i.e., glutamatergic) signaling.  However, there is anatomical and functional evidence 

suggesting that the dominant signaling mechanism of the local mNTS network is inhibitory (i.e., 

GABAergic).   

GABA in the mNTS 

 In addition to the GABAergic mNTS neurons that project to the DMV (described above), 

anatomical and electrophysiological studies provide strong evidence for local GABA 

interneurons in the mNTS.  Anatomical studies using in situ hybridization and 

immunocytochemical techniques to examine the localization of glutamic acid decarboxylase-67 

(GAD67) as a marker for GABAergic neurons, report that there are GABA neurons distributed 

throughout the NTS, and the area of the NTS medial to the solitary tract, (i.e., the mNTS) 

contains the densest labeling of GABAergic interneurons in the entire NTS (Fong et al., 2005).  

One study using immunocytochemistry in the cat found that every NTS neuron examined on an 

ultrastructural level received GABAergic input (Maqbool et al., 1991).   

Anatomical studies indicate that both the ionotropic GABAA receptor and the 

metabotropic GABAB receptor are expressed in the NTS (Bowery et al., 1987; Pirker et al., 

2000), and functional studies demonstrate that both GABA receptors contribute to integration of 

afferent input into the mNTS (Yuan et al., 1998).  Application of the GABAA receptor agonist 

muscimol decreased the unitary activity of 46/51 NTS neurons receiving gastric vagal input by 
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54.1 + 3.4% of the control level.  Application of the GABAB receptor agonist baclofen decreased 

the unitary activity of 40/51 NTS neurons receiving gastric vagal input by 48.9 + 3.5% of the 

control level.  Application of the GABAA receptor selective antagonist bicuculline and the 

GABAB receptor selective antagonist saclofen had no significant effect on basal activity of NTS 

neurons (Yuan et al., 1998).      

Electrophysiological studies provide additional functional evidence of GABAergic 

signaling in the area of the mNTS.  A study by Paton et al., used stimulation of subdiaphragmatic 

vagal nerves to specifically target afferent input from the GI system.  These investigators found 

that paired pulse stimulation of the subdiaphragmatic vagal nerves resulted in paired pulse 

depression in 91% of NTS neurons tested (Paton et al., 2000).  The paired pulse depression was 

present for inter-stimulus intervals of 50-500ms.  The authors suggest that the paired pulse 

depression is indicative of an important intrinsic inhibitory mechanism in gastric NTS neurons 

that limits the excitability of central gastric neurons in response to afferent stimulation.  The 

authors did not investigate this inhibitory mechanism any further, but it is possible that it is the 

result of local GABAergic signaling. 

Furthermore, electrophysiological studies conducted by Smith et al., 1998 demonstrated 

that stimulation of vagal afferent fibers produced variable-latency IPSC responses in mNTS 

neurons, suggestive of a polysynaptic connection with primary vagal afferents.  This occurred in 

~50% of the neurons that initially displayed constant-latency EPSCs in response to vagal afferent 

stimulation.  All IPSCs were blocked by bicuculline, indicating that vagal nerve stimulation had 

activated a local NTS GABAergic circuit (Smith et al., 1998).  The data of Bailey et al., 2008, 

confirm these results with the finding that solitary tract stimulation activates GABAergic inputs 
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to GABA neurons in the NTS (Bailey et al., 2008).  Based on their results, Smith and colleagues 

suggest that stimulation of vagal sensory nerves synapsing in the NTS activate inhibitory 

neurons that then suppress excitatory vagal drive to a high proportion of NTS neurons. 

About a fourth of the neurons displaying an initial EPSC also displayed variable-latency 

EPSCs. Most neurons that exhibited polysynaptic EPSCs also displayed polysynaptic IPSCs.  

Spontaneous IPSCs occurred in all neurons in which vagal stimulation evoked multisynaptic 

EPSCs.  After blockade of GABAA receptors with bicuculline, both the frequency of 

spontaneous EPSCs and the duration of evoked multisynaptic EPSCs increased (Smith et al., 

1998).  These observations allowed Smith and colleagues to suggest that NTS excitatory circuits 

(presumably glutamatergic interneurons) provide ongoing synaptic activity in the NTS, but are 

ultimately controlled by local inhibitory interneurons.  They conclude that “the results further 

emphasize the importance of local GABAergic inhibition in controlling and conditioning vagal 

input in the NTS” (Smith et al., 1998). 

Further evidence that local inhibitory signaling, presumably from interneurons, 

influences information from vagal sensory terminals to NTS neurons that project to the DMV is 

data obtained from transgenic mice expressing enhanced green fluorescent protein (EGFP) under 

the control of the GAD67 promoter.  These EGFP-GABA neurons are identified in the NTS, and 

recorded from in the whole-cell, voltage-clamp configuration.  Whole-cell recordings made 

during electrical stimulation of the solitary tract exhibited constant-latency responses in the 

majority of neurons (Glatzer et al., 2007; Bailey et al., 2008), indicative of a monosynaptic 

connection.  However, when EGFP-GABA neurons in the NTS were retrogradely labeled by 

PRV injected in the corpus of the stomach, none of the double-labeled neurons exhibited a 
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constant-latency response.  Indeed, in 3 different studies performed by Smith and colleagues, 

none of the PRV-labeled NTS neurons exhibited a response suggestive of a direct monosynaptic 

innervation by vagal sensory nerve terminals (Glatzer et al., 2003; Glatzer and Smith, 2005; 

Glatzer et al., 2007).  Instead, these neurons displayed variable-latency responses to solitary tract 

stimulation suggesting the presence of local GABAergic signaling between vagal afferents and 

premotor DMV neurons. 

Electrophysiological studies provide evidence of local GABAA and GABAB receptor 

signaling in the mNTS, but the influence of this signaling on vagal output to the stomach remains 

unknown as it necessitates the use of an intact, in vivo preparation to directly investigate this 

issue.  In addition, prominence has been placed on the impact of local GABAA receptor 

signaling, but the relative contribution of the different types of GABAA receptor signaling (i.e., 

phasic and/or tonic signaling) remains to be studied. 

Types of GABAA receptor signaling 

There are two types of known GABAA receptor signaling that function in a cell- and 

region-specific manner. The more-studied form of signaling involves the generation of individual 

inhibitory postsynaptic currents (IPSCs) that are the result of phasic (wiring) „point to point‟ 

transmission that occurs at synapses and functions to inhibit neurons for 10 -100ms.  Phasic 

inhibition is important in temporal organization of information and synchronization of 

information (Cobb et al., 1995). The second type of signaling is characterized by the presence of 

a persistent inhibitory current that is the result of low levels of ambient GABA acting at highly 

sensitive extrasynaptic GABAA receptors (volume transmission).  Tonic inhibition was first 

described in cerebellar granule cells (Brickley et al., 1996).   
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These two types of signaling are most commonly studied in the brainslice using the 

whole-cell patch clamp technique.  Tonic inhibition is distinguished from phasic by the change 

in holding current following application of GABAA receptor antagonists such as bicuculline, 

picrotoxin, and gabazine (Brickley et al., 1996; Nusser and Mody, 2002; Semyanov et al., 2003; 

Krook-Magnuson and Huntsman, 2005; Bouairi et al., 2006).  A study in brainstem 

parasympathetic cardiac neurons utilized dose-dependent effects of GABAA receptor antagonists 

to differentiate phasic and tonic currents.  This study demonstrated that blockade of the high 

affinity tonic GABAA receptors requires a higher concentration of antagonist as compared to 

phasic GABAA receptors (Bouairi et al., 2006).  Another pharmacological means of identifying 

tonic currents is with GABAA receptor agonists such as 4,5,6,7-tetrahydroisoxazolo[5,4-

c]pyridin-3-ol (THIP) and the neurosteroid THDOC (Jensen and Lambert, 1984; Stell and Mody, 

2002; Krook-Magnuson and Huntsman, 2005; Drasbek and Jensen, 2006).  THIP is a preferential 

agonist at delta subunit-containing GABAA receptors, the receptor subtype that is expressed at 

extrasynaptic sites and considered one of the GABAA receptor subtype responsible for tonic 

inhibition (Semyanov et al., 2004; Glykys and Mody, 2007b).   

There is considerable evidence for direct synaptic (i.e. phasic) inhibition of mNTS 

neurons (Glatzer et al., 2003; Glatzer and Smith, 2005; Glatzer et al., 2007), but the possibility 

cannot be ruled out that a significant portion of the ongoing inhibition of mNTS neurons is 

mediated by ambient GABA in the mNTS acting on extrasynaptic receptors (i.e. tonic inhibiton).  

Despite immunocytochemical evidence that the delta subunit of the GABAA receptor is 

expressed in the NTS (Pirker et al., 2000), no studies have demonstrated tonic inhibition in NTS 

neurons.  One study conducted by Huang et al., 2001, examined the contributions of the different 

GABAA receptor subunits to currents recorded in NTS neurons and found no evidence for 
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contributions made by the delta subunit (Huang and Dillon, 2001).  However, this study was 

performed in neonatal rats (P1-14) and it has been shown that expression of the delta subunit is 

developmentally regulated and not likely to be fully expressed at this early age (Peden et al., 

2008).  McDougall et al., 2008 demonstrated that the anesthetic agent propofol enhances a 

gabazine-insensitive tonic current in 2
nd

 order NTS neurons, but found no evidence for tonic 

inhibition in the basal state and so did not examine the impact of this type of inhibition on overall 

excitability (McDougall et al., 2008).  

The current carried by tonic inhibition is over 5 times larger than synaptic inhibition 

(Semyanov et al., 2004), indicating that the tonic form of inhibition is very powerful in 

controlling network excitability.  The extent to which tonic inhibition in the NTS controls overall 

excitability of the vago-vagal circuit has not been shown, but the high level of GABAA receptor 

expression, including delta subunit expression (Pirker et al., 2000), and high basal activity of 

GABA neurons in the NTS (Glatzer et al., 2003) make it likely that ambient GABA is present 

and could act on extrasynaptic receptors in the NTS.   

If local GABAergic signaling in the mNTS is a major determinant of vago-vagal activity, 

(as the anatomical and functional data suggest), the question arises as to how any sensory input 

can overcome this local inhibition and engage the vago-vagal circuitry?  One possibility is that 

an endogenous substance in the mNTS can inhibit the GABAergic signaling to allow functional 

engagement of the vago-vagal circuitry.  A good candidate for this endogenous substance is an 

opioid acting on mu-opioid receptors in the mNTS.     

Opioids in the mNTS 
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Mu-opioid receptors are expressed throughout the NTS, with a high level of expression 

on the vagal afferent terminals and cell bodies in the mNTS (Aicher et al., 2000).  

Endomorphins, endogenous ligands with  high affinity and selectivity for mu-opioid receptors 

(Zadina et al., 1997), are present in the NTS (Martin-Schild et al., 1999) and have a distribution 

that is closely related to mu-opioid receptor distribution (Martin-Schild et al., 1999; Greenwell et 

al., 2007).  Endomorphin-2 is expressed in vagal afferent terminals in the NTS (Silverman et al., 

2005; Niu et al., 2009) and is released in an activity-dependent manner (Scanlin et al., 2008).  In 

addition, electrophysiological studies from rodent brainslice preparations indicate that mu-opioid 

receptor agonists produce important effects at synapses of the NTS (Browning et al., 2002, 2004; 

Glatzer and Smith, 2005; Glatzer et al., 2007).  

 Smith and colleagues performed whole-call patch clamp recordings from NTS neurons, 

some of which were pre-labeled with a transynaptic retrograde transport of pseudorabies virus 

(PRV) injected into the stomach.  Electrical stimulation of the tractus solitarius (TS) evoked 

excitatory postsynaptic currents (EPSCs) that were suppressed by the mu-opioid receptor 

agonists endomorphin-1 (EM-1) and DAMGO.  Spontaneous EPSCs were also suppressed.  EM-

1 also reduced evoked and spontaneously-occurring inhibitory postsynaptic currents (IPSCs).  

NTS local circuit neurons were stimulated by glutamate photolysis, and produced EPSCs and 

IPSCs in NTS neurons that were also reduced by mu-opioid receptor activation.  Mu-opioid 

receptor-induced reduction of EPSCs was shown to be due to activation of receptors on 

glutamatergic nerve terminals whereas mu-opioid receptor-induced reduction in IPSCs was 

shown to be due to activation of receptors on GABAergic cell bodies and dendrites (Glatzer and 

Smith, 2005). 
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 In whole-cell patch-clamp studies of both NTS and DMV neurons, Glatzer et al., 2007, 

recorded from rats and transgenic mice that expressed enhanced green fluorescent protein 

(EGFP) under the control of a GAD67 promoter (EGFP GABA neurons).  EM-1 decreased 

spontaneous and evoked EPSCS and IPSCs in both rat and mouse DMV neurons.  Electrical 

stimulation of the TS produced EPSCs in EGFP-GABA neurons that were suppressed by EM-1.  

Electrical stimulation of the NTS produced constant-latency GABAergic IPSCs in DMV neurons 

and that were reduced by EM-1.  EM-1 reduced action potential firing as well as the amplitude 

and frequency of synaptic inputs in EGFP-GABA neurons, and excitatory responses to direct 

glutamate stimulation (Glatzer et al., 2007).   

 Data from cellular studies of mu-opioid receptor effects on NTS neurons has been used to 

make predictions as to how mu-opioid receptor stimulation in the NTS would alter 

parasympathetic outflow to the stomach.  Glatzer et al., 2007 predict that mu-opioid receptor 

stimulation in the NTS would result in increased vagal outflow and increased gastric motility due 

to inhibition of glutamate release from vagal sensory terminals and suppression of GABAergic 

second-order neurons originating in the NTS and projecting to the DMV.  However, in the 

absence of direct measurements in an intact system these predictions cannot be confirmed.  As a 

result, the impact of mu-opioid receptor activation on GABA signaling in the mNTS, and 

subsequently on gastric motility, remains unknown. 

 Gastrointestinal (GI) side effects represent a major adverse response to the use of opioid 

analgesics (Becker and Blum, 2009).  Early studies suggested that both central and peripheral 

sites were involved in producing GI side effects (Manara and Bianchetti, 1985; Bueno and 

Fioramonti, 1988; Kromer, 1988).  Currently, the consensus is that activation of peripheral mu-
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opioid receptors in the gut is largely responsible for adverse GI effects (Kurz and Sessler, 2003; 

Greenwood-Van Meerveld et al., 2004; Bohn and Raehal, 2006; Moss and Rosow, 2008).  

However, the possibility of mu-opioid receptor agonists acting in the mNTS cannot be ruled out 

as the mNTS lacks an effective blood brain barrier (Gross et al., 1990; Maolood and Meister, 

2009) and mu-opioid receptor activation has been shown to impact the activity of gastric mNTS 

neurons (Glatzer et al., 2005; Glatzer et al., 2007).   

 Based on the direct hyperpolarizing effects of mu-opioid receptor activation on 

GABAergic mNTS neurons (Glatzer et al., 2007), the inhibition of ongoing GABA signaling in 

the mNTS by mu-opioid receptors is a possible mechanism for sensory input to engage the vago-

vagal reflex circuitry.  This mechanism could provide information regarding the state of the GI 

tract to the central components of the vago-vagal circuitry in the basal or unstimulated state.  

Central control over the GI tract helps to maintain the system within a physiological homeostatic 

range.  Critical to maintenance of this homeostatic environment are vago-vagal reflexes (Rogers 

RC, 2006).  The impact of mu-opioid receptor-mediated suppression of local GABAergic 

inhibition in the mNTS may be even more relevant in the transmission of vago-vagal reflexes.      

Emerging Hypotheses 

A review of the current literature regarding the role of the mNTS in the central control of 

gastric motility reveals many gaps in our understanding of how local processing in the mNTS 

impacts gastric motility in the basal or stimulated state.  Some reports still characterize the 

mNTS as a “relay” nucleus, with no regard given to any local processing that may be occurring 

(Rogers R.C., 2006; Travagli et al., 2006; Browning and Travagli, 2007).  Many studies have 

examined local signaling in the mNTS on a cellular level, but it is difficult to extrapolate how 
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changes in the mNTS at a synaptic level will meaningfully affect changes at the level of the 

stomach.  A closer examination of how specific signaling mechanisms in the mNTS alter gastric 

function in an intact system is required.  As a result, I have developed the following hypotheses 

and experimental preparations in which to test them: 

Hypothesis #1: Local GABA signaling in the mNTS determines the amount of efferent 

vagal output to the stomach in the resting state.       

The experimental preparation used to test this hypothesis will be pharmacological 

blockade of local GABA receptors (GABAA and GABAB) in the mNTS in an intact, in vivo 

experimental model.  These studies will employ microinjection of specific pharmacological 

agents related to GABAergic and glutamatergic transmission into the mNTS of an anesthetized 

rat while monitoring intragastric pressure.  The change in intragastric pressure in response to 

blockade of GABA receptors will be used as an indicator of ongoing GABA signaling in the 

mNTS.  

Hypothesis #2: Local GABAA receptor-mediated signaling in the mNTS is composed of 

both phasic and tonic inhibition.  

The experimental preparation used to test hypothesis will be pharmacological 

manipulation of GABAA receptors in an in vitro brainslice preparation.  These studies will utilize 

local perfusion of specific pharmacological agents related to phasic and tonic GABAA receptor 

signaling while recording voltage and current changes in a mNTS neuron.  Changes in holding 

potential and/or excitability with application of drugs known to alter tonic inhibition will be used 

as an indicator of tonic currents in mNTS neurons.  
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Hypothesis #3: Local mu-opioid receptor activation in the mNTS will inhibit ongoing 

GABAA receptor activity to produce functional changes at the level of the stomach. 

The experimental preparation used to test this hypothesis will be pharmacological 

activation of mu-opioid receptors per se and after GABAA receptor blockade in the mNTS in an 

intact, in vivo experimental model.  These studies will employ microinjection of specific 

pharmacological agents related to mu-opioid and GABAA receptor transmission into the mNTS 

of an anesthetized rat while monitoring intragastric pressure.  The change in intragastric pressure 

following activation of mu-opioid receptors in the mNTS will be compared with the changes 

observed following blockade of GABAA receptors in the mNTS.   

Hypothesis #4: Inhibition of local GABA activity is required for functional operation of 

vago-vagal reflexes.  

The experimental preparation used to test this hypothesis will be pharmacological 

blockade of GABAA receptors in the mNTS in an intact, in vivo experimental model of the 

receptive relaxation reflex (RRR).  These studies will employ microinjection of a GABAA 

antagonist into the mNTS prior to distension of the esophagus of an anesthetized rat while 

monitoring fundus tone.  A decrease in the response to the RRR after GABAA receptor blockade 

in the mNTS will be used as an indication of the relevance of GABA signaling in functional 

operation of the RRR.   

Hypothesis #5: Mu-opioid receptor-mediated inhibition of local GABA activity in the 

mNTS is the mechanism by which the receptive relaxation reflex operates. 
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The experimental preparation used to test this hypothesis will be pharmacological 

blockade and stimulation of mu-opioid receptors in the mNTS in an intact, in vivo experimental 

model of the receptive relaxation reflex.  These studies will employ microinjection of a mu-

opioid antagonist and a mu-opioid receptor agonist into the mNTS prior to distension of the 

esophagus of an anesthetized rat while monitoring fundus tone.  A decrease in the response to the 

RRR after mu-opioid receptor activation or blockade in the mNTS will be used as an indication 

of the relevance of mu-opioid receptor signaling in functional operation of the RRR.   

Hypothesis #6: Pharmacological doses of opioid drugs administered systemically can act in 

the mNTS to alter functional operation of the receptive relaxation reflex. 

The experimental preparation used to test this hypothesis will be pharmacological blockade of 

mu-opioid receptors in an intact, in vivo experimental model of the receptive relaxation reflex.  

These studies will employ systemic administration of a mu-opioid antagonist prior to distension 

of the esophagus of an anesthetized rat while monitoring fundus tone.  A decrease in the 

response to the RRR after systemic administration of a mu-opioid receptor antagonist will be 

used as an indication that the mNTS is a potential site of action of systemically administered mu-

opioid receptor drugs.   



21 

 

MATERIALS AND METHODS 

All experimental procedures conformed to the National Institutes of Health “Guide for the Care 

and Use of Laboratory Animals” and were approved by the Georgetown University Institutional 

Animal Care and Use Committee.  

Animals and Surgical Preparation  

 All experiments were performed on adult male Sprague Dawley rats (250-350g) 

(Taconic, MD).  Animals were fasted overnight (18-24 hrs) with water available ad libitum.   

Two experimental approaches were used: (1) microinjection of MOR agonists and 

antagonists into the mNTS to test effects on intragastric pressure (IGP) and (2) administration of 

MOR agonists and antagonists to test effects on esophageal distension-induced relaxation of the 

fundus (i.e., the RRR).  Different anesthetics and different experimental endpoints for gastric 

motility were used for each approach.   

In the studies testing microinjected drugs on IGP, the anesthetic used was urethane 

(1.5g/kg, IP).  Urethane was chosen as it has been reported not to augment GABAA receptor 

signaling in the NTS (Accorsi-Mendonca et al., 2007). Adequate depth of anesthesia was 

assessed by the response to toe pinch and by the corneal reflex.  Supplemental urethane (0.3g/kg, 

IP) was administered as needed.  Body temperature was maintained at ~37° C with an infrared 

heating lamp.  All animals were intubated to maintain a patent airway and to administer artificial 

respiration, if necessary.  The carotid artery was cannulated with polyethylene tubing (PE-50) 

connected to a full-bridge pressure transducer (sensitivity: 5µV·V
-1 

·mmHg
-1

) for continuous 
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monitoring of arterial blood pressure.  The pressure transducer was connected to a bridge 

amplifier and a data acquisition system (PowerLab; AD Instruments, Colorado Springs, CO).  

The external jugular vein was cannulated with polyethylene tubing (PE-50) for intravenous 

administration of drugs.  Both cervical vagus nerves were isolated and individually looped with 

silk suture for selective sectioning during the course of the experiment.   

To monitor gastric tone and phasic contractions, a low-compliance balloon constructed 

from a latex condom (connected to PE-60 tubing) was inserted into the stomach by way of the 

fundus and positioned towards the corpus/antrum area.  The balloon was inflated with 3-5 ml of 

warm distilled water to produce global distension of the stomach.  The tubing attached to the 

balloon was connected to a full-bridge pressure transducer (sensitivity: 5µV·V
-1 

·mmHg
-1

), that 

in turn, was connected to a bridge amplifier and data acquisition system (PowerLab; AD 

Instruments, Colorado Springs, CO).    

In the studies testing microinjected and intravenous drugs on the RRR, the anesthetic 

used was isoflurane.  I chose isoflurane as it was the anesthetic used in our previous study 

involving in the RRR (Herman et al., 2008).  Isoflurane was administered via a nose cone (5% 

induction 2-3% maintenance) vaporized with 95% oxygen and 5% CO2.  After induction of 

anesthesia, the nose cone was switched to an intubation tube, subsequent to tracheotomy.  

Adequate depth of anesthesia was assessed as described above.  Carotid artery and jugular vein 

cannulation were performed as described above.    

To measure changes in fundus tone, a miniature strain gauge transducer (2 x 4 mm; RBI 

Products), calibrated before every experiment, was sutured onto the fundus, oriented along the 

circular smooth muscle fibers.  The strain gauge was coupled to a bridge amplifier and data 
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acquisition system (PowerLab; AD Instruments, Colorado Springs, CO).  To provide uniform 

preload conditions, a low-compliance balloon constructed from a latex condom was inserted into 

the fundus through the pylorus and secured with ligatures around the duodenum. At the start of 

each experiment, the balloon was inflated with 2 ml of warm water to produce a mild and 

consistent preload strain (Rogers et al., 2003; Herman et al., 2008) against which the fundus 

could relax. This preload strain was maintained for the duration of the experiment. 

Microinjection Procedure 

 All animals were placed in a small animal stereotaxic frame (Kopf Instruments, Tujunga, 

CA) in a prone position.  Following a partial craniotomy, the dura was reflected, and the 

underlying cerebellum was retracted to expose the dorsal medulla.  My goal was to place the 

micropipette tip in the area of the mNTS where the majority of gastric vagal afferents terminate 

(Shapiro and Miselis, 1985; Altschuler et al., 1989).  The densest area of innervation is actually 

the subnucleus gelatinosus (Shapiro and Miselis, 1985; Altschuler et al., 1989), which would 

also be affected by drug microinjected into the nearby mNTS (and is the rationale for our use of 

the term “the area of the mNTS”).  In all studies, the stereotaxic coordinates used are in reference 

to calamus scriptorius (i.e. the caudal tip of the area postrema).  The stereotaxic coordinates were 

as follows: anteroposterior = 0.5 mm, mediolateral = 0.4-0.6 mm, and dorsoventral = 0.3-0.6 

mm.  The location of the mNTS was functionally confirmed by microinjection of L-glutamate, as 

described in detail in our earlier studies (Ferreira et al., 2000; Cruz et al., 2007), and 

histologically confirmed in all studies (see below).  

 All microinjections into the mNTS were performed with a double-barreled glass 

micropipette (inner diameter 0.3 mm, outer tip diameter 30-60 µm; Frederick Haer, 
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Bowdoinham, ME) positioned at a 30º angle from the perpendicular.  At one end, the 

micropipette was connected to polyethylene tubing (PE-50) that was attached to a syringe for 

loading and unloading of drugs via negative or positive pressure, respectively.  Drugs were 

microinjected within 5-10 sec in 30nl volumes determined by calibration tape (Formaline 9006B, 

Wheeling, IL) that was affixed to the micropipette. 

Histological Verification of Microinjection Sites 

 Upon completion of each experiment, animals were euthanized with a lethal dose of 

sodium pentobarbital.  The brain of each animal was rapidly removed and placed in a 4% 

buffered paraformaldehyde/20% sucrose solution for at least 24 hrs. After 

fixation/cryoprotection, brains were cut on a cryostat into serial 50-µm coronal sections and 

mounted on slides. Subsequently, the tissue was stained with neutral red, dehydrated, cleared, 

and coverslipped.  The location of each microinjection site was identified, and a camera lucida 

drawing was made in relation to nuclear groups as defined by the atlas of Paxinos and Watson 

(Paxinos, 1998).  In addition, microinjection sites were more specifically identified by 

comparison with the established locations of various subnuclei of the NTS as defined by Kalia 

and Sullivan (Kalia and Sullivan, 1982). 

Experimental Model  

An experimental model that would provide interpretable physiological data was required in order 

to relate drug-induced perturbations in synaptic events in the area of the mNTS to downstream 

changes in peripheral organ function (i.e., changes in IGP).  To create this model I needed to 

avoid the confounding effect of microinjected drugs from affecting the nearby DMV, located 
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~100um away from the mNTS (McCann and Rogers, 1992).  To avoid any possible DMV effects 

of microinjected drugs, I performed unilateral microinjection into the area of the mNTS of 

animals with the ipsilateral cervical vagus nerve sectioned but with the contralateral vagus nerve 

still intact. This was physiologically possible because L-glutamate unilaterally microinjected into 

the area of the mNTS can evoke vagally-mediated decreases in IGP via activation of an 

inhibitory pathway originating in the microinjected NTS that projects to the contralateral DMV 

(Figure 1). This connection has been anatomically (Rinaman et al., 1989; Gao et al., 2009) and 

functionally demonstrated [(Cruz et al., 2007) and the present study -see RESULTS]. 

 In sectioning the ipsilateral cervical vagus nerve, significant sensory signaling into the 

mNTS is removed, which could potentially confound the extrapolation of drug-induced effects 

evoked from unilateral microinjection to a fully intact preparation. However, I do not feel that 

this is the case because contralateral vagal afferents also terminate in the area of the mNTS 

(Gillis et al., 1980; Kalia and Sullivan, 1982). 

 A diagram of my experimental model depicting the neurocircuitry of the vago-vagal 

pathways based on the above discussion is shown in Figure 2.               

Experimental Protocols 

General Protocol. In all experiments, a stable baseline intragastric pressure (IGP) (reflecting the 

level of gastric tone and phasic motility) and a stable arterial blood pressure recording were 

obtained for at least ten minutes before any experimental manipulations were initiated.  The 

micropipette was inserted unilaterally, and each animal was allowed to stabilize for a period of at 

least 2 minutes.  Thereafter, in most animals (exceptions are indicated below in the description of 
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protocols), L-glutamate (500pmol/30nl) was used as a pharmacological tool to identify pipette 

location.  When a decrease in IGP (i.e., reduction in gastric tone) was observed with L-glutamate 

microinjection, we assumed that the micropipette tip was placed in the area of the mNTS.  This 

observation allowed us to proceed with our experiment (i.e., test other experimental substances at 

this L-glutamate responsive site).  Prior to the microinjection of other drugs into the mNTS, at 

least two reproducible L-glutamate responses were elicited.  To allow full recovery from the 

reproducible L-glutamate responses, a minimum interval of 10 minutes was used between each 

L-glutamate injection.  When drugs other than L-glutamate were studied, the time interval 

between injections was determined for each agent.  All microinjected drugs were compared to 

vehicle (0.9% saline) microinjection performed under identical conditions as the experimental 

treatments. 
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Figure 2. The experimental model. [Note: the cervical vagus nerve is sectioned ipsilateral to 

the microinjection site]. Microinjection experiments were conducted in the left and right 

hemispheres, and the left hemisphere is shown only as an example. . Abbreviations: Ach, 

acetylcholine; NO, nitric oxide; DMV, dorsal motor nucleus of the vagus; mNTS, medial 

subnucleus of the tractus solitarius; + denotes activation; - denotes inhibition.  
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Experimental Protocols-GABAA receptor studies 

Protocol for unilateral microinjection of GABAA receptor antagonists. Subsequent to ipsilateral 

vagotomy and two reproducible responses of L-glutamate microinjection into the unilateral 

mNTS, bicuculline methiodide (BMI) (20pmol/30nl) was microinjected at the same site into the 

mNTS.  This dose of BMI was chosen based on our previous studies of GABAA receptor 

blockade in the rat NTS (Wasserman et al., 2002).  Unilateral microinjection of BMI could be 

repeated following a 30 min period.  This interval allowed for a complete recovery to baseline 

activity.  

There is evidence that quaternary salts of bicuculline can block calcium-gated potassium 

channels in addition to blocking GABAA receptors (Seutin and Johnson, 1999).  To verify that 

the BMI effects seen in these experiments were due to an action on the GABAA receptor, the 

GABAA receptor selective antagonist, gabazine (GBZ) (20pmol/30nl), was unilaterally 

microinjected into the mNTS. 

Protocol for unilateral microinjection of a GABAA receptor agonist. The protocol for 

microinjecting the GABAA receptor agonist muscimol into the mNTS was similar to that of the 

antagonists described above.  Muscimol (100pmol/30nl) was unilaterally microinjected into the 

mNTS and could be repeated following a 30 minute interval to allow complete recovery to 

baseline activity.  This dose was chosen based on our previous work (Wasserman et al., 2002).  

Protocol for unilateral microinjection of an ionotropic glutamate receptor antagonist. After 

ipsilateral vagotomy, two reproducible responses to unilateral microinjection of L-glutamate 

were obtained from the area of the mNTS.  Kynurenic acid (KYN) (1nmol/30nl) was then 
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microinjected into the mNTS at the same site.  This dose was chosen based on our previous 

studies (Wasserman et al., 2002).  Microinjection of KYN was not repeated. 

Protocols for studying the interaction between GABAA receptor blockade and ionotropic 

glutamate receptor blockade using unilateral microinjection. In these studies, L-glutamate was 

not microinjected due to the constraints of employing double-barrel micropipettes.  Two types of 

studies were performed in ipsilaterally vagotomized rats. One type was to determine whether 

KYN microinjected into the area of the mNTS would alter the effect of BMI microinjection at 

the same site.  The other type was to determine whether blockade of GABAA receptors in the 

area of the mNTS with GBZ would alter the effect of KYN microinjection at the same site. 

In the first type of study, at least 2 reproducible responses to BMI were obtained with a 

recovery period of no less than 30 minutes between microinjections.  The occurrence of a 

characteristic decrease in IGP with BMI microinjection suggested that the micropipette tip was 

in the area of the mNTS.  KYN was then microinjected into the same site.  After a 10 min 

interval, BMI was microinjected at the same site in the mNTS. 

For the other type of study, GBZ was chosen to block GABAA receptors in the area of the 

mNTS because the dose used produced a longer duration of action than did BMI.  The 

occurrence of a robust decrease in IGP with GBZ microinjection suggested that the micropipette 

tip was in the area of the mNTS.  Once the response to GBZ had stabilized (10-15 min after 

microinjection), KYN was microinjected into the same site.  

Protocols for intravenous administration of atropine methylbromide and L-NAME.  These IV 

administered drugs were tested under two experimental conditions in ipsilaterally vagotomized 
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rats.  One was under basal or resting conditions, and the other was as a pretreatment to determine 

the DMV vagal pathway mediating the robust decrease in IGP produced by BMI microinjection 

into the area of the mNTS.  For the study conducted under basal conditions, either atropine 

methylbromide (0.1mg/kg) or L-NAME (10mg/kg) was administered and their effect on IGP was 

noted.  For the study on BMI-induced decreases in IGP elicited from the mNTS, at least two 

reproducible responses to BMI microinjection were obtained.  After a recovery interval of at 

least 30 min between microinjections, either atropine methylbromide (0.1mg/kg) or L-NAME 

(10mg/kg) was intravenously administered.  Microinjection of BMI was then repeated after IGP 

and arterial blood pressure had stabilized from the IV administered drug (~7-10 min).  The doses 

of atropine methylbromide and L-NAME were based on our previous studies (Cruz et al., 2007; 

Herman et al., 2008).          

Experimental Protocols-mu-opioid receptor studies 

Protocols for unilateral microinjection of mu-opioid receptor agonists. Three mu-opioid receptor 

agonists were studied, [D-Ala
2
,MePhe

4
,Gly(ol)

5
]enkephalin (DAMGO), endomorphin-1 (EM-1), 

and endomorphin-2 (EM-2).  Subsequent to two reproducible responses to L-glutamate 

microinjected into the area of the mNTS, the mu-opioid receptor agonist was microinjected at the 

same site.  DAMGO was microinjected in doses of 1fmol/30nl-100pmol/30nl).  The dose of 

10fmol/30nl was chosen based on studies demonstrating the dose-response of DAMGO on 

GTPᵞS binding as an index of mu-opioid receptor activation (Zhao et al., 2003).  According to 

this study, the EC50 for DAMGO on GTPᵞS activation was 200nM, a concentration equivalent to 

a 6fmol/30nl microinjection dose.  We chose 10fmol/30nl as it is slightly higher than the EC50 

concentration, but still is a sub-saturating dose.  EM-1 and EM-2 were microinjected at a dose of 
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20fmol/30nl.  This dose was chosen as it is approximately equivalent to the dose of 10fmol/30nl 

of DAMGO, based on studies demonstrating that DAMGO is approximately twice as potent as 

EM-1 and EM-2 (Hosohata et al., 1998).  Microinjection of all mu-opioid receptor agonists could 

be repeated following a period of one hour (shorter intervals were not tested).   

Protocol for unilateral microinjection of a mu-opioid receptor agonist after bilateral cervical 

vagotomy.  After two reproducible IGP responses to unilateral microinjection of DAMGO 

(10fmol/30nl) into the area of the mNTS were obtained, the remaining (contralateral) cervical 

vagus nerve was sectioned.  To obtain a stable baseline before repeating the unilateral 

microinjection of DAMGO, an interval of at least 10 minutes was allowed.   

Protocols for unilateral microinjection of a mu-opioid receptor agonist after intravenous 

administration of efferent pathway antagonists.  Two reproducible IGP responses to unilateral 

microinjection of DAMGO (10fmol/30nl) into the area of the mNTS were obtained.  Fifty 

minutes after the second response, either the muscarainic cholinergic antagonist atropine 

methylbromide (0.1mg/kg) or the nitric oxide synthase inhibitor N
G
-nitro-L-arginine methyl ester 

(L-NAME) (10mg/kg) was intravenously administered.  Microinjection of DAMGO 

(10fmol/30nl) was then repeated after a 7-10 minute interval to allow stabilization of IGP.  The 

doses of atropine methylbromide and L-NAME were based on our previous studies (Cruz et al., 

2007; Herman et al., 2008). 

Protocols for unilateral microinjection of mu-opioid receptor antagonists. Subsequent to two 

reproducible responses to microinjection of L-glutamate into the area of the mNTS, the 

nonselective opioid receptor antagonist naltrexone (NLTX) (25pmol/30nl) or the mu-opioid 

receptor selective antagonist D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2 (CTOP) (1pmol/30nl) 
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was microinjected into the mNTS at the same site.  The dose of NLTX was chosen based on 

preliminary studies with naloxone (50pmol/30nl) (Viard and Sapru, 2006) and the relative 

efficacy of NLTX as compared to naloxone (Wang et al., 2007).  The 1pmol/30nl dose of CTOP 

was chosen based on studies demonstrating the selectivity and relative potency of CTOP at 37
o
 C 

(Hawkins et al., 1989).  Microinjection of mu-opioid receptor antagonists was not repeated. 

Protocols for unilateral microinjection of a mu-opioid receptor agonist after unilateral 

microinjection of an opioid receptor antagonist.  In these studies, L-glutamate was not 

microinjected due to the constraints of employing double-barrel micropipettes.  Two 

reproducible responses to DAMGO microinjected into the area of the mNTS were obtained with 

a recovery period of no less than one hour between microinjections.  The occurrence of a 

characteristic decrease in IGP with DAMGO microinjection suggested that the micropipette tip 

was in the area of the mNTS.  NLTX (25pmol/30nl) was unilaterally microinjected fifty minutes 

after the second microinjection of DAMGO.  Microinjection of DAMGO (10fmol/30nl) was then 

repeated into the same site ten minutes after unilateral microinjection of NLTX.   

Protocol for unilateral microinjection of a mu-opioid receptor agonist after unilateral 

microinjection of a GABAA receptor antagonist. In these studies, L-glutamate was not 

microinjected due to the constraints of employing double-barrel micropipettes.  Two 

reproducible responses to DAMGO (10fmol/30nl) were obtained with a recovery period of no 

less than one hour between microinjections.  The occurrence of a characteristic decrease in IGP 

with DAMGO microinjection suggested that the micropipette tip was in the area of the mNTS.  

The GABAA receptor antagonist gabazine (GBZ) (20pmol/30nl) was then microinjected into the 

same site.  GBZ was chosen to block GABAA receptors in the area of the mNTS because it 
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produces a long duration of action.  The dose of GBZ chosen was based on studies conducted 

early in my thesis work (Herman et al., 2009).  After a 10 min interval, DAMGO (10fmol/30nl) 

microinjection was repeated at the same site in the mNTS.  

Protocol for unilateral microinjection of a mu-opioid receptor agonist after unilateral 

microinjection of an ionotropic glutamate receptor antagonist.  In these studies, L-glutamate was 

not microinjected due to the constraints of employing double-barrel micropipettes.  Two 

reproducible responses to DAMGO were obtained with a recovery period of no less than one 

hour between microinjections.  The occurrence of a characteristic decrease in IGP with DAMGO 

microinjection suggested that the micropipette tip was in the area of the mNTS.  KYN 

(1nmol/30nl) was unilaterally microinjected into the area of the mNTS fifty minutes after the 

second microinjection of DAMGO.  This dose of KYN was chosen based on previous studies 

(Wasserman et al., 2002; Herman et al., 2009).  Microinjection of DAMGO (10fmol/30nl) was 

then repeated into the same site ten minutes after unilateral microinjection of KYN. 

Protocol for unilateral microinjection of an ionotropic glutamate receptor antagonist after acute 

mu-opioid receptor stimulation and in naive rats. Two types of studies were performed.  The 

first type of study was performed to determine the effect of ionotropic glutamate receptor 

blockade in the area of the mNTS on IGP in rats following acute stimulation of mNTS mu-opiod 

receptors.  In these studies, DAMGO (10 fmol/30nl) was microinjected into the area of the 

mNTS and the characteristic decrease in IGP was observed.  Five minutes after DAMGO 

microinjection, KYN (1nmol/30nl) was unilaterally microinjected into the same site.   

The second type of study was performed to confirm the effect of ionotropic glutamate 

receptor blockade in the area of the mNTS on IGP in naïve rats.  In these studies, KYN 
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(1nmol/30nl) was microinjected into the area of the mNTS of naïve rats after two reproducible 

responses to microinjection of L-glutamate were obtained.   

Brainslice Technique 

Identification of gastric-projecting NTS neurons 

In some experiments, a fluorescently labeled transneuronal virus, a recombinant strain of 

the pseudorabies virus (PRV-152; titers 8.5 x 108 pfu/ml) that was graciously provided by Dr. L. 

Enquist, (Princeton, University, Princeton, NJ), was used to retrogradely identify gastric-

projecting NTS neurons.  Sprague-Dawley rats (P12-P20) were anesthetized with isoflurane 

administered via a nose cone (5% induction 2-3% maintenance) vaporized with oxygen.  An 

incision was made through the abdominal wall along the linea alba and the stomach was 

exposed.  PRV-152 was injected into the ventral wall of the stomach in a series of 2-3 injections 

(10ul total volume) with a 10uL Hamilton syringe.  The stomach and surrounding area were then 

irrigated with sterile isotonic saline, the muscular layer of the abdomen was sutured closed and 

the skin was secured with surgical staples.  Animals were then allowed to recover for 48-72 

hours in a biosafety level 2 housing facility with food and water available ad libitum.     

Slice preparation 

 Sprague Dawley rats (P15-P30) were deeply anesthetized with isoflurane inhalation and 

then quickly decapitated.  The brain was rapidly removed and placed in an ice-cold high-sucrose 

solution (pH 7.3-4.4) that contained (in mM): Sucrose 206.0; KCL 2.5; CaCl2 0.5; MgCl2 7.0; NaH2PO4 

1.2; NaHCO3 26; Glucose 5.0; HEPES 5.  The brainstem was then separated, blocked and glued to 

the stage of a vibrating microtome (Vibratome Series 1000, Technical Products, St. Louis, MO).  
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The brainstem was then cut into transverse sections (250-300um) and placed in an oxygenated 

(95% O2/5%CO2) artificial cerebrospinal fluid (aCSF) solution composed of the following (in 

mM): NaCl 120; KCL 2.5; EGTA 5; CaCl2 2.0 MgCl2 1.0; NaH2PO4 1.2; NaHCO3 26; Glucose 

1.75; HEPES 5.  Slices were incubated in this solution for 30min. at 35-37
o
 C, followed by 30 

min. equilibration at room temperature (21–22 °C).  Following equilibration, a single slice was 

transferred to a recording chamber (volume 500ul) attached to the stage of an upright microscope 

(Nikon E600FN), where it was continually superfused with room-temperature oxygenated aCSF.   

Electrophysiological recording  

 Neurons were visualized in living brain slices using infrared differential interference 

contrast (IR-DIC) optics and a CCD camera (Nikon MTICCD725).  A w60 water immersion 

objective (Nikon) was used for identifying and approaching neurons.  PRV-152 labeled neurons 

were visualized using fluorescence optics and CCD camera.  To avoid photolytic damage, initial 

exposure to episcopic fluorescence illumination was brief (< 2 s).  Fluorescent images were 

captured using Scion Image software (Scion Corporation, Frederick, MD).  Whole-cell 

recordings (voltage-clamp and current clamp) and juxtacellular (cell-attached) recordings were 

made with an Axopatch 200B amplifier (Molecular Devices, Sunnydale, CA), low-pass filtered 

at 2-5kHz, digitized (Digidata 1200C; Axon Instruments), and stored on a PC using pClamp 8 

software (Axon Instruments).  Patch pipettes (4-6MΏ) were pulled from borosilicate glass 

(Warner Instruments, Hamden, CT).  The intracellular solution used for voltage clamp recording 

(VHold = -60mV) was composed of (in mM): potassium chloride (KCl) 145; EGTA 5; MgCl2 5; 

HEPES 10; Na-ATP 2; Na-GTP 0.2.   The intracellular solution used for current clamp recording 

was composed of (in mM): potassium gluconate 145; EGTA 5; MgCl2 5; HEPES 10; Na-ATP 2; 
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Na-GTP 0.2.   The pipette solutions for juxtacelllar recordings were (in mM): potassium 

gluconate 145; EGTA 5; MgCl2 5; HEPES 10; Na-ATP 2; Na-GTP 0.2 or aCSF.  Series 

resistance ( <10 MΏ) was continuously monitored with a 10mV hyperpolarizing pulse.  Drugs 

were constituted in aCSF and applied by Y-tubing application for local perfusion (primarily on 

the neuron of interest and surrounding area) via a series of solenoid valves (NRI electronics).   

 Recordings were performed in the presence of an ionotropic glutamate receptor 

antagonist (CNQX, 10uM) and a glycine receptor antagonist (strychnine, 2 uM) to isolate only 

the inhibitory currents mediated by GABAA receptors.  All cells were clamped at -60mV for the 

duration of the recording.  Current clamp recordings were comprised of a step protocol 

consisting of a series of current injections starting with a 0.1 nA hyperpolarizing current and 

increasing by 0.025 nA with each subsequent current injection.  Current steps progressed from 

hyperpolarizing to depolarizing.  Hyperpolarizing currents were used to determine the resistance 

of each cell (in control and drug conditions).  Depolarizing currents elicited action potentials 

(i.e., “spikes”) that were quantified to determine cell excitability (in control and drug conditions).      

Esophageal Distension Technique  

 The esophageal distension (ED) technique was the same as that described in our earlier 

study (Herman et al., 2008).  The ED balloon was fabricated from silicone tubing (length 15 mm, 

inner diameter 0.5 mm, outer diameter 1 mm) that was attached to a noncompliant 5-F Fogarty 

occlusion catheter.  The catheter was in turn connected to a 1-ml syringe.  The balloon was orally 

inserted into the thoracic esophagus and positioned ~1 cm above the esophageal hiatus for the 

duration of the experiment.  At the end of each experiment, the location of the ED balloon was 

reconfirmed visually.  During ED, the balloon was inflated with 0.1 ml of water, increasing the 
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outer diameter of the balloon from 2 to 4 mm.  In all experiments, the balloon was distended for 

a period of 1 min. 

General Protocol- Esophageal distension  

Fundus tone and blood pressure were monitored and recorded in all the experiments performed.  

In all studies, there was a minimum interval of 10 min between application of a gastric preload 

and the first esophageal distension (ED).  At least two reproducible responses to ED were 

obtained before the effects of experimental manipulations (e.g., microinjection or intravenous 

antagonist pretreatments) on ED responses were assessed.  A 30-min interval between 

distensions was found to be sufficient to provide a consistent reproducible response to ED.  At 

the end of each experiment, intravenous sodium nitroprusside (50 ug/kg) was administered both 

to confirm the direction of the strain gauge transducer signal recorded and to determine that the 

stomach was capable of further relaxation following an experimental intervention. 

Bilateral microinjection of a GABAA receptor antagonist on reflex-induced decreases in fundus 

tone. 

 Two reproducible responses to esophageal distension (ED) were obtained with a 30 

minute interval between distensions.  Gabazine (GBZ) (20pmol/30nl) was bilaterally 

microinjected into the area of the mNTS 20-25 minutes after the second reproducible response to 

ED.  ED was then performed 5-10 minutes following bilateral microinjection of GBZ (preserving 

the 30 minute interval between distensions).  

Bilateral microinjection of an opioid receptor antagonist on reflex-induced decreases in fundus 

tone. 
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 Two reproducible responses to esophageal distension (ED) were obtained with a 30 

minute interval between distensions.  Naltrexone (NLTX) (25pmol/30nl) was bilaterally 

microinjected into the area of the mNTS 20-25 minutes after the second reproducible response to 

ED.  ED was then performed 5-10 minutes following bilateral microinjection of NLTX 

(preserving the 30 minute interval between distensions).  ED was then repeated every 30 minutes 

for the next 1-1.5 hrs to observe recovery.   

Bilateral microinjection of an opioid receptor agonist on reflex-induced decreases in fundus 

tone. 

 Two reproducible responses to esophageal distension (ED) were obtained with a 30 

minute interval between distensions.  DAMGO (10fmol/30nl) was bilaterally microinjected into 

the area of the mNTS 20-25 minutes after the second reproducible response to ED.  ED was then 

performed 5-10 minutes following bilateral microinjection of DAMGO (preserving the 30 

minute interval between distensions).  ED was then repeated every 30 minutes for the next 1-1.5 

hrs to observe recovery.   

Intravenous administration of an opioid receptor antagonist on reflex-induced decreases in 

fundus tone. 

  Two reproducible responses to esophageal distension (ED) were obtained with a 30 

minute interval between distensions.  Naltrexone (NLTX) (10mg/kg, IV) was administered 10-15 

minutes after the second reproducible response to ED.  This dose of NLTX was chosen based on 

previous studies demonstrating full antagonist properties (Williams and Schimmel, 2008).  ED 

was then performed 15-20 minutes after NLTX administration (preserving the 30 minute interval 
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between distensions).  ED was then repeated every 30 minutes for the next 1-1.5 hrs to observe 

recovery.  

Drugs and Chemicals 

The drugs and their microinjection concentrations or doses per kg used in our studies were as 

follows: urethane (1.5g/kg), L-glutamate (16.7 mM), bicuculline methiodide (BMI) (0.67 mM), 

muscimol hydrobromide (3.34 mM), N-Nitro-L-Arginine-Methyl Ester (L-NAME) (10mg/kg), 

atropine methyl bromide (0.1mg/kg), SR-95531 (gabazine, GBZ) (0.67 mM), kynurenic acid 

(KYN) (33.3 mM), 6-cyano-7-nitroquinoxaline-2,3-dionedisodium (CNQX) (10uM), Strychnine 

(2uM), THIP (4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol) (2-10uM), [D-

Ala
2
,MePhe

4
,Gly(ol)

5
]enkephalin (DAMGO, 0.003uM - 3mM), endomorphin-1 (EM-1, 0.6uM), 

endomorphin-2 (EM-2, 0.6uM), naltrexone (NLTX, 0.83mM, 10mg/kg), D-Phe-Cys-Tyr-D-Trp-

Orn-Thr-Pen-Thr-NH2 (CTOP, 3.3mM), and sodium nitroprusside (50ug/kg).  All drugs were 

purchased from Sigma-Aldrich (St Louis, MO) and were dissolved in 0.9% saline (pH 7.0-7.4).   

Data Analysis 

In vivo studies- Data were analyzed using Chart software (AD Instruments, Colorado Springs, 

CO).  The endpoints used for gastric motility were IGP, which reflects the degree of tonic 

contraction of gastric smooth muscle and, and phasic contractions, which were measured as the 

number of contractions in one minute intervals.  The endpoint used for fundus tone was strain, 

which reflects the degree of fundus tone. Values for IGP and fundus tone were always taken as 

the lowest value of the experimental tracing, even when phasic contractions were present.  

Changes in IGP, phasic contractions, or fundus tone were compared with a 3 min baseline 
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recording just prior to microinjection.  For experiments in which manipulations were performed 

twice (drug was microinjected twice or esophageal distension was performed twice (under 

identical experimental conditions), the two responses were averaged.   

A paired t-test was performed when animals served as their own controls.  When animals 

represented independent samples, the data were analyzed by an un-paired t-test.  A one-sample t-

test was performed to determine whether a group mean was significant from zero.  In addition, a 

one-way analysis of variance (ANOVA) was performed when more than one experimental 

intervention was used followed by the Newman Keuls post hoc analysis.  Data are presented as 

means + standard error (SE).  In all cases, p < 0.05 was the criterion used to denote statistical 

significance.             

Brainslice studies- Frequency, amplitude and decay of currents were analyzed using 

MiniAnalysis, Synaptosoft software.  In voltage clamp recordings, tonic currents were 

determined using Clampfit 10.2 and a previously-described method (Glykys and Mody, 2007a) 

in which the  mean current was obtained by fitting
 
a Gaussian to the all-points histogram over a 5 

s interval.  Baseline currents were then subtracted from currents in experimental conditions.  In 

current clamp recordings hyperpolarizing currents were used to determine the resistance of each 

cell (in control and drug conditions) based on the change in membrane potential (voltage) and 

the relationship defined by Ohm‟s Law (V = IR).  Depolarizing currents elicited action potentials 

that were quantified to determine cell excitability (in control and drug conditions).  Events were 

compared using a two-tailed t-test or Kolgorov-Smirnov test for independent samples and a 

paired two-tailed t-test for comparisons made within the same recording using Prism 4.0 

(GraphPad, San Diego, CA).  In all cases, p<0.05 was the criterion for statistical significance.     
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RESULTS 

The role of GABAA receptor signaling in the mNTS in central control of basal 

gastric tone and motility 

Validation of the Experimental Model to study neural activity in the area of the mNTS and 

characterization of DMV output pathways providing baseline neural activity to the stomach:  

 The initial goals were to validate the experimental model and to characterize the output 

pathways from the DMV to the stomach.  First, I microinjected L-glutamate (500 pmol) into the 

area of the mNTS of 4 rats with both cervical vagus nerves intact.  L-glutamate produced a 

decrease in IGP (Figure 3A).  Next, following ipsilateral cervical vagotomy, L-glutamate was re-

microinjected into the same site in these animals.  L-glutamate evoked similar decreases in IGP 

as that observed prior to ipsilateral vagotomy (Figure 3A).  Finally, L-glutamate was re-

microinjected into the same site of 4 rats subjected to sectioning of the remaining (contralateral) 

cervical vagus nerve.  Bilateral cervical vagotomy completely prevented L-glutamate from 

decreasing IGP (Figure 3A).  A representative experiment appears as part of Figure 3A.  The 

micropipette tip in each case was located in the area of the mNTS.  

 To characterize the DMV output pathways to the stomach that are active under basal 

conditions, either atropine methyl bromide or L-NAME were administered IV to rats with the 

ipsilateral cervical vagus nerve sectioned.  Intravenous administration of L-NAME (10 mg/kg) to 

5 rats had no significant effect on baseline IGP (Figure 3B).  In contrast, intravenous 

administration of atropine methylbromide (0.1 mg/kg) to 4 rats produced a significant reduction 

in IGP (Figure 3B).  Representative experiments appear as part of Figure 3B. 
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 The above data indicate that the ipsilateral vagotomized rat is a viable model in which to 

assess: (1) the nature of the synapse(s) where vagal afferent terminals engage NTS inhibitory 

neurons that project to the DMV and (2) the nature of output activity from the DMV to the 

stomach.   
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Figure 3. Effects of vagotomy and efferent pathways to the stomach. A. Histograms of 

averaged intragastric pressure (IGP) responses (left panel) and representative experimental traces 

(right panels) depicting changes in IGP following unilateral microinjection of L-glutamate 

(500pmol/30nl) into the area of the mNTS with both vagi intact (left histogram, left trace), after 

ipsilateral vagotomy (middle histogram, middle trace) and after bilateral vagotomy (right 

histogram, right trace) *p<0.05 one-way ANOVA, #p<0.05 one sample t-test; n = 4. B. 

Histogram of averaged IGP responses (left panel) and representative experimental traces (right 

panels) depicting changes in IGP following administration of L-NAME (10mg/kg, IV; left 

histogram, left trace) and atropine methylbromide (0.1mg/kg, IV; right histogram, right trace) 

#p<0.05 by one sample t-test; n = 4.  
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The effects of GABAA receptor blockade in the area of the mNTS on gastric tone and motility: 

Studies were performed using the GABAA receptor antagonist bicuculline methiodide 

(BMI) microinjected into the area of the mNTS. Microinjection of BMI (20 pmol/30nl) in 23 rats 

produced a robust decrease in intragastric pressure (IGP) (-1.6 + 0.2 mmHg) and inhibition of 

phasic contractions (p<0.05; Figure 4A) that could be repeated after a 30 min recovery period.  

In addition, microinjection of BMI produced a small but significant decrease in mean arterial 

blood pressure (-6.4 + 1.4 mmHg, p<0.05). The decreases in IGP and mean arterial blood 

pressure occurred immediately after microinjection, and reached a nadir in 2-5 minutes.  The 

average duration of the decrease in IGP was 10.3 + 0.9 minutes.  In 4 rats, the vehicle for BMI 

microinjected into the area of the mNTS had no effect on IGP (Figure 4A).  A representative 

experiment performed with BMI is shown in Figure 4B.   The microinjection sites for the 23 

experiments and the 4 vehicle experiments are summarized in Figure 5.  As can be noted, the 

micropipette tip in each case was located in the area of the mNTS. 

I also studied a second GABAA receptor antagonist, gabazine (GBZ).  Unilateral 

microinjection of GBZ (20pmol/30nl) in 8 rats produced a robust decrease in IGP (-1.5 + 0.2 

mmHg) and inhibition of phasic contractions (p<0.05; Figure 3C).  Microinjection of GBZ 

produced a small but significant decrease in mean arterial blood pressure (-2.6 + 0.6 mmHg, 

p<0.05).  The time to onset and time to peak effects for GBZ on IGP were similar to those 

observed with BMI, but the duration of the decrease in IGP was more prolonged.  The duration 

was 16.6 + 2.5 min in 4 of the 5 rats (1 never recovered to baseline values).  In 4 rats, 

microinjection of the vehicle for GBZ into the mNTS had no effect on IGP (Figure 4C).  A 

representative experiment performed with GBZ is shown in Figure 4D.  The microinjection sites 
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for the five GBZ experiments are summarized in Figure 5.  As can be noted, the micropipette tip 

in each case was located in the area of the mNTS.   
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Figure 4. : GABAA receptor blockade in the mNTS. A. Histograms of averaged intragastric 

pressure (IGP) responses to unilateral microinjection of bicuculline methiodide (BMI) 

(20pmol/30nl) into the area of the mNTS as compared to vehicle (0.9% saline). *p<0.05 

unpaired t-test, #p<0.05 one sample t-test; n = 23 for BMI and n = 4 for vehicle. B.  

Representative experimental tracing depicting changes in IGP following unilateral 

microinjection of BMI (20pmol/30nl) into the area of the mNTS. C. Histogram of averaged 

intragastric pressure (IGP) responses to unilateral microinjection of gabazine (GBZ) 

(20pmol/30nl) into the area of the mNTS as compared to vehicle (0.9% saline), *p<0.05 

unpaired t-test, #p<0.05 one sample t-test; n = 5. D. Representative experimental tracing 

depicting changes in IGP following unilateral microinjection of GBZ (20pmol/30nl) into the area 

of the mNTS.   
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Figure 5. Microinjection sites- GABA studies. A. Photomicrograph of a representative 

microinjection site. B. Camera lucida drawings of unilateral microinjection sites for all 

experiments presented in Figure 3. Numbers on the left side of each coronal section indicate the 

distance of each section from calamus scriptorius. Abbreviations: XII- hypoglossal nucleus; 

AP, area postrema; DMV, dorsal motor nucleus of the vagus; mNTS, medial subnucleus of the 

tractus solitarius; TS, tractus solitarius. 
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Next, I studied the effect of sectioning the remaining (contralateral) cervical vagus nerve.  

This was performed in 4 of the 23 rats whose data are summarized in Figure 4.  In these 

experiments, two BMI-induced decreases in IGP responses were obtained with only the vagus 

nerve contralateral to the mNTS site of microinjection intact.  An interval of 30 minutes was 

used between the two responses.  Both responses were similar and therefore averaged (Figure 

6A).  After 30 minutes of recovery following the second BMI-induced decrease in IGP, the 

remaining (contralateral) cervical vagus nerve was sectioned.  Microinjection of BMI was then 

repeated and had no effect on IGP (Figure 6A).  A representative experiment is shown as Figure 

6B. 



53 

 

Figure 6. GABAA receptor blockade after vagotomy. A. Histograms of averaged intragastric 

pressure (IGP) responses to unilateral microinjection of bicuculline methiodide (BMI) 

(20pmol/30nl) into the area of the mNTS after ipsilateral vagotomy as compared to 

microinjection of BMI performed after contralateral (bilateral) vagotomy. *p<0.05 unpaired t-

test, #p<0.05 one sample t-test; n = 4.  B. Representative experimental traces depicting IGP 

responses following unilateral microinjection of BMI (20pmol/30nl) into the area of the mNTS 

after ipsilateral vagotomy (left trace) and after contralateral (bilateral) vagotomy (right trace). 
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The effects of GABAA receptor activation in the area of the mNTS on gastric tone and motility: 

 Studies were performed using the GABAA receptor agonist muscimol microinjected into 

the mNTS.  Muscimol (100pmol/30nl), unilaterally microinjected into the mNTS of 4 rats, 

produced an increase in IGP (+0.6 + 0.2 mmHg; p<0.05) that was blocked by bilateral vagotomy 

(Figure 7).  The change in IGP observed was less than one-half the magnitude of the change in 

IGP observed with either BMI or GBZ.  Microinjection of muscimol had no effect on phasic 

contractions.  Microinjection of muscimol produced a significant increase in mean arterial blood 

pressure (12.0 + 0.6 mmHg; p<0.05), an effect that was approximately two-fold greater in 

magnitude than that seen with BMI.  The IGP data are summarized in Figure 7A.  A 

representative experiment of microinjection of muscimol before and after vagotomy is shown as 

Figure 7B.  The micropipette tip in each experiment was located in the area of the mNTS (data 

not shown).   
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Figure 7. GABAA receptor activation in the mNTS. A. Histograms of averaged intragastric 

pressure (IGP) responses to unilateral microinjection of muscimol (Musc) (100pmol/30nl) into 

the area of the mNTS after ipsilateral vagotomy as compared to microinjection of Musc 

performed after contralateral (bilateral) vagotomy. *p<0.05 unpaired t-test, #p<0.05 one sample 

t-test; n = 4.  B. Representative experimental traces depicting IGP responses following unilateral 

microinjection of Musc (100pmol/30nl) into the area of the mNTS after ipsilateral vagotomy 

(left trace) and after contralateral (bilateral) vagotomy (right trace). 
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The effects of ionotropic glutamate receptor blockade in the area of the mNTS on the decrease in 

gastric tone and motility produced by blockade of GABAA receptors: 

 Studies were first performed to determine whether the decrease in gastric tone and 

motility produced by GABAA receptor blockade in the area of the mNTS was due to the action(s) 

of unopposed glutamate in this area.  To assess this, I unilaterally microinjected the ionotropic 

glutamate receptor antagonist kynurenic acid (KYN) into the area of the mNTS to see if it would 

prevent the decrease in gastric tone produced by microinjection of BMI.  After obtaining two 

reproducible BMI-induced inhibitory IGP responses from the mNTS, KYN (1nmol/30nl) was 

microinjected into the same site.  Ten minutes after KYN was microinjected, BMI was re-

injected.  Prior to microinjecting KYN, microinjection of BMI into the mNTS produced a 

significant decrease in IGP (1.5 + 0.4 mmHg; p<0.05) in the five animals studied (Figure 8).  

After KYN treatment, BMI microinjection into the mNTS did not produce a significant decrease 

in IGP (0.4 + 0.4 mmHg; p>0.05; Figure 8A) or phasic contractions.  A representative tracing of 

the KYN pretreatment experiment appears as Figure 8B.  In each experiment the micropipette tip 

was located in the area of the mNTS.   
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Figure 8. GABAA receptor blockade after ionotropic glutamate receptor blockade. A. 

Histograms of averaged intragastric pressure (IGP) responses to unilateral microinjection of 

bicuculline methiodide (BMI) (20pmol/30nl) into the area of the mNTS before unilateral 

microinjection of kynurenic acid (KYN) (1nmol/30nl) as compared to microinjection of BMI 

after microinjection of KYN into the area of the mNTS, *p<0.05 paired Student‟s t-test, #p<0.05 

one sample t-test; n = 5. B. Representative experimental tracing depicting changes in IGP 

following unilateral microinjection of BMI (20pmol/30nl, repeated microinjections) into the area 

of the mNTS and microinjection of BMI after unilateral microinjection of KYN (1nmol/30nl).  
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The effects of ionotropic glutamate receptor blockade in the mNTS per se and after blockade of 

GABAA receptors on gastric tone and motility 

Studies were then performed to assess the per se effect of blockade of ionotropic 

glutamate receptors in the area of the mNTS on resting gastric tone and motility.  KYN (1 

nmol/30nl), microinjected into the area of the mNTS of 5 rats had no significant effect on IGP 

[Figure 9A (2
nd

 histogram) and 9C].  However, it did increase mean arterial pressure (+6.2 + 1.8 

mmHg, p<0.05).  Vehicle for KYN was also tested in 4 rats and was found to have no effect on 

either IGP [Figure 9A (1
st
 histogram)] or mean arterial blood pressure.  A representative 

experiment indicating the lack of effect of KYN on IGP is shown as Figure 9C.  The 

micropipette tip in each experiment was located in the area of the mNTS.  

  I then performed studies where KYN was microinjected into the area of the mNTS after 

first blocking GABAA receptors at the same site with microinjection of GBZ.  The choice of 

GBZ was dictated by its more stable effect and longer duration of action as compared to BMI.  In 

four animals, GBZ (20pmol/30nl) was first unilaterally microinjected into the area of the mNTS 

and produced the expected decrease in IGP (-1.4 + 0.2 mmHg, p<0.05).  Once the response to 

GBZ had stabilized, microinjection of KYN into the same site evoked a robust increase in IGP 

(Figure 9B).  These data are summarized in Figure 9A (third histogram). The micropipette tip in 

each experiment was located in the area of the mNTS.   
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Figure 9. Ionotropic glutamate receptor blockade per se and after GABAA receptor 

blockade. A. Histograms of averaged changes in intragastric pressure (IGP) following unilateral 

microinjection of vehicle, kynurenic acid (KYN) (1nmol/30nl) before unilateral microinjection 

of gabazine (GBZ) (20pmol/30nl), and microinjection of KYN after microinjection of GBZ into 

the area of the mNTS, *p<0.05 ANOVA, #p<0.05 one sample t-test; n = 4. B. Representative 

experimental tracing depicting changes in IGP following unilateral microinjection of KYN 

(1nmol/30nl) into the area of the mNTS after unilateral microinjection of GBZ (20pmol/30nl). C. 

Representative experimental tracing depicting IGP responses following unilateral microinjection 

of KYN (1nmol/30nl). 
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Studies to determine the efferent pathways to the stomach involved in the gastric effects of 

GABAA receptor blockade in the mNTS: 

 The efferent limb mediating the baseline activity in the circuitry outlined in Figure 1 was 

shown to be mediated by a cholinergic-cholinergic pathway (Figure 3).  The purpose of these 

studies was to determine the efferent limb mediating the changes in gastric tone produced by 

blocking GABAA receptors in the area of the mNTS.  For this purpose, two reproducible BMI-

induced inhibitory IGP responses evoked from the area of the mNTS were obtained in 4 rats.  

Following a 30 minute recovery period after the second BMI response, atropine methyl bromide 

(0.1 mg/kg IV) was administered.  Ten minutes after atropine methyl bromide was given, BMI 

was re-tested.  Prior to administering atropine methyl bromide, microinjection of BMI into the 

mNTS produced a decrease in IGP (-1.2 + 0.2 mmHg; p<0.05) (Figure 10A).  After atropine 

methyl bromide treatment, BMI microinjected into the area of the mNTS did not produce a 

significant decrease in IGP (-0.1 + 0.06 mmHg; p>0.05; Figure 10A) or phasic contractions.  A 

representative atropine experiment appears as Figure 10B.  In each case, the micropipette tip was 

located in the mNTS.  

 In a separate series of experiments, two reproducible BMI-induced inhibitory IGP 

responses were obtained in 5 rats.  After a 30 minute recovery period from the second BMI-

induced IGP response, L-NAME (10mg/kg, IV) was administered.  Ten minutes after L-NAME 

was given, BMI was re-tested.  Prior to administering L-NAME, BMI microinjected into the area 

of the mNTS produced a significant decrease in IGP (-1.1 + 0.1 mmHg; p<0.05) (Figure 10C).  

After L-NAME treatment, BMI microinjected into the area of the mNTS produced a significant 

decrease in IGP (-1.3 + 0.3 mmHg; p<0.05; Figure 10C).  A representative tracing of the L-
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NAME experiment appears as Figure 10D.  In each experiment, the micropipette tip was located 

in the mNTS.   
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Figure 10. Vagal efferent pathway mediating the effects produced by blocking GABAA 

receptors in the mNTS. A. Histograms of averaged intragastric pressure (IGP) responses to 

unilateral microinjection of bicuculline methiodide (BMI) (20pmol/30nl) into the area of the 

mNTS before atropine methylbromide as compared to microinjection of BMI (20pmol/30nl) into 

the area of the mNTS after atropine methylbromide (Atr) (0.1mg/kg, IV), *p<0.05 paired t-test, 

#p<0.05 one sample t-test; n = 4. B. Representative experimental tracing depicting changes in 

IGP following unilateral microinjection of BMI (20pmol/30nl, left trace) into the area of the 

mNTS before atropine methylbromide and microinjection of BMI after atropine methylbromide 

administration (0.1mg/kg, IV; right trace). C. Histogram of averaged IGP responses to unilateral 

microinjection of BMI (20pmol/30nl) into the area of the mNTS before L-NAME (10mg/kg, IV) 

as compared to microinjection of BMI (20pmol/30nl) into the area of the mNTS after L-NAME 

(10mg/kg, IV), #p<0.05 one sample t-test; n = 5. D. Representative experimental tracing 

depicting changes in IGP following unilateral microinjection of BMI (20pmol/30nl, left trace) 

into the area of the mNTS before L-NAME and microinjection of BMI into the area of the 

mNTS after L-NAME (10mg/kg, IV; right trace). 
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Studies to determine the type(s) GABAA receptor signaling in mNTS neurons 

 The robust inhibition of gastric tone and motility produced by GABAA receptor blockade 

in the mNTS indicated that there was a high level of GABA activity in the mNTS in the basal 

state.  This high level of GABA activity led me to ask whether this inhibition was the product of 

phasic GABAA receptor activity solely, or if there was any contribution of tonic GABAA 

receptor activity to the gastric effects measured in my in vivo preparation.  To answer this 

question I needed to examine GABAA receptor signaling on a neuronal level.  This required 

performing experiments in an in vitro brainslice preparation.  

Blockade of GABAA receptor-mediated currents in mNTS neurons: 

 Gastric mNTS neurons were identified by injection of the retrograde polysynaptic tracer 

pseudorabies (PRV-152GFP) into the stomach (Figure 11).  Recordings were performed 48-72 

hours following injection. Recordings made in labeled and unlabeled neurons were qualitatively 

and quantitatively similar so the data were pooled.  Whole-cell voltage clamp recordings were 

made from 53 mNTS neurons using a potassium chloride (KCl) intracellular solution. 

Recordings were performed in an artificial cerebrospinal (aCSF) solution containing high 

magnesium to block any NMDA receptor-mediated currents, and in the presence of an ionotropic 

glutamate receptor antagonist (CNQX, 10uM) and a glycine receptor antagonist (strychnine, 2 

uM) to isolate only the inhibitory currents mediated by GABAA receptors.   

Voltage-clamp recordings were made from 7 mNTS neurons that displayed an average 

spontaneous inhibitory postsynaptic current (sIPSC) frequency of 1.9 + 0.7 Hz, an average 

amplitude of 20.0 + 3.1 pA, and an average decay of 12.1 + 0.9 ms.  Application of the GABAA 
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receptor antagonist gabazine (GBZ) in a concentration of 100uM abolished all IPSCs and 

produced an upward shunt in the holding current in 7/9 mNTS neurons (Figure 12A).  The 

upward shunt in holding current considered to be indicative of the presence of a tonic current 

(Semyanov et al., 2004).  The average tonic current revealed with 100uM GBZ was 17.1 + 4.1 

pA (n = 7; p<0.05).  Application of 10uM GBZ abolished all phasic IPSCs but produced no 

change in holding current (0.41 + 0.86 pA; n = 3; p>0.05; Figure 12A).  The change in holding 

current with 100uM GBZ as compared to 10uM was statistically significant (p<0.05, unpaired t-

test, Figure 12B).  Application of the GABAA receptor antagonists picrotoxin (PTX) and 

bicuculline methiodide (BMI) in a concentration of 100uM also abolished IPSCs and produced 

an upward shunt in holding current, similar to the effect seen with 100uM GBZ (Figure 12C).  

The average tonic current revealed by PTX and BMI was 19.1 + 5.1 pA and 22.9 + 8.2 pA, 

respectively; Figure 12C).  The frequency of spontaneous inhibitory currents (sIPSCs), was 

correlated with the magnitude of tonic current revealed by application of 100uM GBZ (R = 0.88, 

n = 7; Figure 13). 
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Figure 11. Identification of gastric mNTS neurons and brainslice preparation. A. 

Photomicrograph of a gastric mNTS neuron (*) visualized using infrared differential interference 

contrast (IR-DIC) optics B. Photomicrograph of the same gastric mNTS neuron visualized using 

fluorescence optics to demonstrate PRV-152 green fluorescent protein (GFP) label. C. 

Photomicrograph of a transverse section through the medulla at the level of the mNTS showing 

position of recording electrode (left) and Y-tubing (right).     
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Figure 12. Dose-dependent blockade of phasic and tonic GABAA receptor currents in 

mNTS neurons. A. Representative whole-cell voltage clamp recordings from mNTS neurons.  

Gabazine (GBZ, 100uM) blocked phasic inhibitory postsynaptic currents (IPSCs) and inhibited 

tonic currents (top trace).  GBZ (10uM) inhibited IPSCs but had no effect on tonic currents 

(bottom trace). B. Histograms of averaged tonic current revealed by  application of GBZ 

(100uM) as compared to application of GBZ (10uM) in mNTS neurons *p<0.05 paired t-test; n = 

7. C. Histograms of averaged tonic current revealed by application of GBZ (100uM) n =7; 

picrotoxin (PTX, 100uM) n = 5; and bicuculline methiodide (BMI, 100uM) n = 3.  
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Figure 13. Correlation of phasic and tonic activity in mNTS neurons. Graphical 

representation of the correlation between phasic (spontaneous inhibitory postsynaptic currents 

(sIPSCs) and tonic (magnitude of change in holding current with 100uM GBZ) inhibitory 

activity in mNTS neurons. R = 0.88; n = 7. 
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Stimulation of GABAA receptor-mediated currents in mNTS neurons: 

Voltage-clamp recordings were made from a total of 33 mNTS neurons that displayed an 

average sIPSC frequency of 1.5 + 0.3 Hz, an average amplitude of 46.9 + 4.0 pA, and an average 

decay of 12.2 + 0.6 ms.  Application of the GABAA receptor agonist THIP in a concentration of 

10uM produced a dose-dependent downward shunt in holding current with no change in 

frequency, amplitude or decay of sIPSCs (Figure 14).  The downward shunt in holding current is 

considered to be indicative of the stimulation of a tonic current (Jensen and Lambert, 1984).  

Recordings were made in 13 mNTS neurons with an average baseline sIPSC frequency of 1.8 + 

0.6 Hz, amplitude of 45.1 + 6.5 pA, and decay of 12.1 + 1.0 ms.  Application of 2uM THIP in 

these cells produced an average inward current of 8.3 + 1.3 pA (n = 13; p<0.05) and no change 

in frequency, amplitude, or decay properties (Figure 14C).  Recordings were made in 7 mNTS 

neurons with an average baseline sIPSC frequency of 0.77 + 0.2 Hz, amplitude of 42.2 + 7.1 pA, 

and decay of 12.1 + 1.0 ms.  Application of a 5uM THIP in these cells produced an average 

inward current of 18.3 + 2.1 pA (n = 7; p<0.05) and no change in frequency, amplitude, or decay 

properties (Figure 14B).  Recordings were made in 13 mNTS neurons with an average baseline 

sIPSC frequency of 1.7 + 0.5 Hz, amplitude of 51.3 + 7.2 pA, and decay of 12.5 + 1.2 ms.   

Application of 10uM THIP in these neurons produced an average inward current of 44.0 + 5.7 

pA (n = 13; p<0.05) and no change in frequency, amplitude, or decay properties (Figure 14C). 
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Figure 14. Activation of tonic GABAA receptor currents in mNTS neurons A. 

Representative whole-cell voltage clamp recordings from a mNTS neuron. Application of THIP 

(10uM) increased the tonic current but produced no change in frequency, amplitude or decay of 

inhibitory postsynaptic potentials (IPSCs).  B. Histograms of averaged dose-dependent effects of 

THIP (2uM, n = 13; 5uM, n = 7; and 10uM, n = 13) on tonic current *p<0.05 paired t-test; n = 7. 

C. Histograms of averaged frequency (left graph), amplitude (middle graph) and decay (right 

graph) of sIPSCs before and after application of 2uM, 5uM, and 10uM THIP. 
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The effects of blockade of phasic and tonic GABAA receptor currents on the excitability of 

mNTS neurons: 

 The voltage-clamp studies indicated that mNTS neurons do indeed possess a tonic 

GABAA receptor current (Figure 12, 14).  However, the impact of the tonic current on the overall 

activity of mNTS neurons (and by extension, the activity of the mNTS as a whole) can not be 

determined in the voltage clamp configuration.  To determine the effect of the tonic current on 

mNTS excitability, I needed to examine the impact GABAA receptor signaling on the generation 

of action potentials (“spikes”).  This required performing experiments in a whole-cell current 

clamp configuration. 

Whole-cell current clamp recordings were made from a total of 11 mNTS neurons using a 

potassium gluconate (Kgluc) intracellular solution. Recordings were performed in the presence 

of an ionotropic glutamate receptor antagonist (CNQX, 10uM) and a glycine receptor antagonist 

(strychnine, 2 uM) to isolate only the inhibitory currents mediated by GABAA receptors.  All 

cells were clamped at -60mV and subjected to a step protocol consisting of a series of current 

injections starting with a 0.1 nA hyperpolarizing current and increasing by 0.025 nA with each 

subsequent current injection.   

Current clamp recordings were made in 5 mNTS neurons that displayed an average 

baseline resistance of 0.63 + 0.07 MΏ and fired an average of 5.6 + 1.5 action potential spikes 

with a 0.05 nA current injection.  Following application of the GABAA receptor antagonist 

gabazine (GBZ) at a dose of 10uM the same neurons displayed an average resistance of 0.65 + 

0.07 MΏ and fired an average of 5.6 + 1.3 action potentials with a 0.05 nA current injection 

(Figure 15B).  There was no statistically significant difference between the average resistance the 
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number of action potentials between baseline and 10uM GBZ conditions.  When the resistance 

was normalized to baseline values, application of 10uM GBZ produced a change in normalized 

resistance of 1.03 + 0.03 MΏ, which was not statistically significant (n = 5, p>0.05 Figure 15B).     

Current clamp recordings were made in 6 mNTS neurons that displayed an average 

baseline resistance of 0.86 + 0.16 MΏ and fired an average of 4.0 + 0.9 action potentials with a 

0.05 nA current injection.  Application of GBZ at a concentration of 100uM increased the 

average resistance of the same neurons to 1.0 + 0.2 MΏ and significantly increased the average 

action potentials fired to 5.2 + 0.8 with a 0.05 nA current injection (n = 6, p<0.05; Figure 15A, 

C).  When the resistance was normalized to baseline values, application of 100uM GBZ 

increased the normalized resistance to 1.2 + 0.07 MΏ (n = 6, p<0.05; Figure 15C).                 

The effects of stimulation of tonic GABAA receptor currents on the excitability of mNTS 

neurons: 

 Whole-cell current clamp recordings were made from a total of 7 mNTS neurons using a 

potassium gluconate (Kgluc) intracellular solution. Recordings were performed in the presence 

of an ionotropic glutamate receptor antagonist (CNQX, 10uM) and a glycine receptor antagonist 

(strychnine, 2 uM) to isolate only the inhibitory currents mediated by GABAA receptors.  All 

cells were clamped at -60mV and subjected to a step protocol consisting of a series of current 

injections starting with a 0.1 nA hyperpolarizing current and increasing by 0.025 nA with each 

subsequent current injection.   

Current clamp recordings were made in 7 mNTS neurons that displayed an average 

baseline resistance of 0.55 + 0.07 MΏ and fired an average of 5.3 + 0.7 action potentials with a 
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0.05 nA current injection.  Application of the GABAA receptor agonist THIP at a dose of 10uM 

significantly decreased the average resistance of the same neurons to 0.44 + 0.04 MΏ and 

significantly decreased the average action potentials fired to 4.0 + 0.7 with a 0.05 nA current 

injection (n = 7, p<0.05; Figure 15D, E).  When the resistance was normalized to baseline values, 

application of 10uM THIP decreased the normalized resistance to 0.8 + 0.04 MΏ, which was 

statistically significant (n = 7, p<0.05; Figure 15E).      
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Figure 15. The role of phasic and tonic GABAA receptor currents in determining 

excitability of mNTS neurons A. Representative whole-cell current clamp recording from a 

mNTS neuron before (left trace) and after (right trace) application of 100uM Gabazine (GBZ). 

100uM GBZ increased the resistance of the cell and the number of action potentials (“spikes”) 

fired with a 0.05 nA current injection. B. Histograms of average number of spikes fired with a 

0.05 nA current injection (left graph) and normalized resistance (right graph) before and after 

application of 10uM GBZ; n = 5. C. Histograms of average number of spikes fired with a 0.05 

nA current injection (left graph) and normalized resistance (right graph) before and after 

application of 100uM GBZ, * p<0.05; n = 6. D. Representative whole-cell current clamp 

recording from a mNTS neuron before (left trace) and after (right trace) application of 10uM 

THIP. 10uM THIP decreased the resistance of the cell and the number of action potentials 

(“spikes”) fired with a 0.05 nA current injection. E. Histograms of average number of spikes 

fired with a 0.05 nA current injection (left graph) and normalized resistance (right graph) before 

and after application of 10uM THIP, * p<0.05; n = 7.   
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The effects of blockade of phasic and tonic GABAA receptor currents on synaptic activity of 

mNTS neurons: 

 Cell-attached recordings were made in 10 mNTS neurons using either an artificial 

cerebrospinal fluid (aCSF) or potassium gluconate (Kgluc) intracellular solution. Recordings 

were performed in the presence of an ionotropic glutamate receptor antagonist (CNQX, 10uM) 

and a glycine receptor antagonist (strychnine, 2 uM) to isolate only the inhibitory currents 

mediated by GABAA receptors. 

 For cell-attached recordings assessing the excitatory effect of 100uM GBZ on synaptic 

input to mNTS neurons, drug was only applied if the cell-attached recording demonstrated a 

level of baseline activity that did not appear to be maximal so that any excitatory effects could be 

detected.  Recordings were made with 10 mNTS neurons that displayed a baseline inter-event 

interval of 3734 + 1398 ms and a baseline event frequency of 1.3 + 0.5 Hz.  Application of the 

GABAA receptor antagonist gabazine (GBZ) at a dose of 100uM significantly decreased the 

interevent interval to 852 + 258 ms and increased the event frequency to 2.9 + 1.0 Hz (n = 10, 

p<0.05; Figure 16A, C).  

The effects of stimulation of tonic GABAA receptor currents on synaptic activity of mNTS 

neurons:  

Cell-attached recordings were made in 10 mNTS neurons using either an artificial 

cerebrospinal fluid (aCSF) or potassium gluconate (Kgluc) intracellular solution. Recordings 

were performed in the presence of an ionotropic glutamate receptor antagonist (CNQX, 10uM) 
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and a glycine receptor antagonist (strychnine, 2 uM) to isolate only the inhibitory currents 

mediated by GABAA receptors. 

For cell-attached recordings assessing the inhibitory effect of 10uM THIP on synaptic 

activity of mNTS neurons, drug was only applied if the recording displayed sufficient baseline 

activity such that an inhibition of events could be detected.  Recordings were made with 10 

mNTS neurons that displayed a baseline interevent interval of 896 + 152 ms and a baseline event 

frequency of 1.5 + 0.3 Hz.  Application of the GABAA receptor agonist THIP at a dose of 10uM 

significantly increased the interevent interval to 3081 + 492 ms and decreased the event 

frequency to 0.4 + 0.1 Hz (n = 10, p<0.05; Figure 16B, D). 
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Figure 16. The role of phasic and tonic GABAA receptor currents in determining synaptic 

input to mNTS neurons. A. Representative cell-attached recording from a mNTS neuron 

demonstrating changes in synaptic events with application of 100uM Gabazine (GBZ). B. 

Representative cell-attached recording from a mNTS neuron demonstrating changes in synaptic 

events with application of 10uM THIP. C. Graphical representation of changes in inter-event 

interval (IEI) (left and middle graphs) and event frequency (right graph) with application of 

100uM GBZ, * p<0.05; n = 10.  D. Graphical representation of changes in inter-event interval 

(IEI) (left and middle graphs) and event frequency (right graph) with application of 10uM THIP, 

* p<0.05; n = 10. 
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The role of GABAB receptor signaling in the mNTS in central control of basal 

gastric tone and motility 

The effects of GABAB receptor blockade in the area of the mNTS on gastric tone and motility: 

 Studies were performed using the GABAB receptor antagonist CGP 35348 microinjected 

into the area of the mNTS. Microinjection of CGP35348 (1nmol/30nl) in 5 rats produced a 

robust decrease in intragastric pressure (IGP) (-0.88 + 0.04 mmHg, p<0.05; Figure 17) and 

inhibition of phasic contractions that could be repeated after a 30 min recovery period.  In 

addition, microinjection of CGP 35348 produced a small but significant decrease in mean arterial 

blood pressure (-7.01 + 1.4 mmHg, p<0.05).  In 4 rats, the vehicle for CGP 35348 microinjected 

into the area of the mNTS had no effect on IGP (Figure 17A, left graph). 

 Studies were performed to assess the effect of sectioning the remaining (contralateral) 

cervical vagus nerve on CGP 35348-induced decreases in IGP and MAP.  In these experiments, 

two CGP 35348-induced decreases in IGP were obtained in 5 rats with only the vagus nerve 

contralateral to the mNTS microinjection site intact.  An interval of 30 minutes was used 

between the two responses.  Both responses were similar and therefore averaged (Figure 17A, 

right graph).  After 30 minutes of recovery following the second CGP 35348-induced decrease in 

IGP, the remaining (contralateral) cervical vagus nerve was sectioned and microinjection of CGP 

35348 was repeated.  Prior to sectioning the remaining vagus nerve, microinjection of CGP 

35348 resulted in a significant decrease in IGP (-0.88 + 0.04, p<0.05) and inhibition of phasic 

contractions.  After the remaining cervical vagus nerve was sectioned, microinjection of CGP 

35348 into the same site had no significant effect on IGP (+0.01 + 0.06 mmHg, p>0.05) or 

phasic contractions, but the decrease in MAP remained unaffected (-6.67 + 2.0 mmHg).  The 



89 

 

IGP data are summarized in Figure 17A and a representative experimental tracing is shown as 

Figure 17B.  Histological examination of the brain indicated that in each case the micropipette 

tip was located in the mNTS area. 
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Figure 17. GABAB receptor blockade in the mNTS. A. Histograms of averaged intragastric 

pressure (IGP) responses to unilateral microinjection of the GABAB receptor antagonist CGP 

35348 (1nmol/30nl) into the area of the mNTS as compared to vehicle (left graph) and as 

compared to microinjection of CGP 35348 after contralateral (bilateral) vagotomy (right graph). 

*p<0.05 unpaired t-test, #p<0.05 one sample t-test; n = 5 for CGP 35348 and n = 4 for vehicle. 

B.  Representative experimental tracing depicting changes in IGP following unilateral 

microinjection of CGP 35348 (1nmol/30nl) into the area of the mNTS. 
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The role of GABAA receptor signaling in the mNTS in the gastric tone and 

motility effects of mu-opioid receptor stimulation in the mNTS  

 The high level of ongoing GABA activity in the mNTS (tonic and phasic) led to an 

important question: with all of the ongoing inhibition occurring in the mNTS, how does any 

sensory input overcome this inhibition to engage the central componenets of the vago-vagal 

circuitry and produce meaningful changes at the level of the stomach? This question led me to 

hypothesize that an endogenous substance acts in the mNTS to suppress the ongoing GABA 

activity.  A likely candidate for this substance is an endogenous opioid like endomorphin-1 or 

endomorphin-2 (EM-1 and EM-2).  EM-1 and EM-2 are expressed in the mNTS and are 

juxtaposed with mu-opioid receptors in the mNTS (Martin-Schild et al., 1999).  In addition, it 

has been shown that EM-2 is released from vagal afferent terminals (Scanlin et al., 2008).  The 

first step of theses studies was to determine if mu-opioid receptor activation in the mNTS 

produces gastric effects similar to those observed with GABAA receptor blockade.  The next 

steps were to determine if mu-opioid receptor stimulation employed the same pathways as 

GABAA receptor blockade and to determine the effect of mu-opioid receptor stimulation on tonic 

and phasic GABA signaling.          

The effects of mu-opioid receptor stimulation in the mNTS on gastric tone and motility:  

 Studies were performed using the mu-opioid receptor agonist DAMGO microinjected 

into the mNTS area at a dose of 10fmol/30nl.  In 35 rats, microinjection of DAMGO into the 

mNTS area resulted in a significant decrease in intragastric pressure (IGP) (-0.61 + 0.04 mmHg; 

p<0.05) and a significant decrease in mean arterial pressure (MAP) (-8.8 + 0.9 mmHg, p<0.05).  

The decreases in IGP and MAP occurred immediately after microinjection, and reached a nadir 
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in ~1-1.5 minutes.  The average duration of the decrease in IGP was 2.6 + 0.3 min, and the effect 

could be repeated following a 1 hour interval.  In 4 rats, the vehicle for DAMGO (0.9%saline) 

microinjected into the mNTS area had no effect on IGP or MAP.   

Data obtained for DAMGO and vehicle microinjection are summarized in Figure 18A.  

An IGP recording from a representative experiment is shown as Figure 18B.  As can be noted, 

not only was there a decrease in tone, but there was also an inhibition of phasic contractions.  

Inhibition of phasic contractions occurred in 30 of the 35 rats studied.  In 5 rats, no phasic 

contractions were present in the baseline IGP recording.  The microinjection sites for the 

experiments summarized in Figure 18A are illustrated in Figure 19.  As can be noted, the 

micropipette tip in each case was located in the mNTS area, specifically in the area that runs 

parallel to the area postrema.  
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Figure 18. Mu-opioid receptor stimulation in the mNTS. A. Histograms of averaged IGP 

responses to unilateral microinjection of DAMGO (10fmol/30nl) into the mNTS as compared to 

vehicle (0.9%saline) microinjection *p<0.05 unpaired t-test; n = 35 for DAMGO and n = 4 for 

vehicle.  B. Representative experimental tracing depicting changes in IGP following unilateral 

microinjection of DAMGO (10fmol/30nl) into the mNTS. 



95 

 

    



96 

 

Figure 19. Microinjection sites- opioid studies. Camera lucida drawings of unilateral 

microinjection sites for all experiments presented in Figure 18A.  Numbers on the left side of 

each coronal section indicate the distance of each section from calamus scriptorius. Vehicle and 

DAMGO microinjections were performed in both left and right mNTS but are shown on only 

one side for the purpose of clarity. Abbreviations: XII- hypoglossal nucleus; AP, area 

postrema; DMV, dorsal motor nucleus of the vagus; mNTS, medial subnucleus of the tractus 

solitarius; TS, tractus solitarius.   
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I next sought information as to whether the effects of DAMGO on IGP and MAP were 

dose-related.  For this purpose, doses of DAMGO lower than 10fmol (i.e., 1 and 5fmol), and 

higher than 10fmol (i.e., 30 and 300fmol; and 1 and 100pmol) were tested.  Microinjection of 

DAMGO at a dose of 1fmol into the mNTS area produced a small but significant decrease in 

IGP (-0.09 + 0.01 mmHg, p<0.05; n = 3), and no significant change in MAP.  Microinjection of 

5fmol DAMGO into the mNTS area produced a significant decrease in IGP (-0.38 + 0.08 mmHg, 

p<0.05; n = 3) and a small decrease in MAP (-3.1 + 1.7 mmHg; p<0.05).  The decreases in IGP 

and MAP obtained with microinjection of DAMGO (1, 5, and 10fmol) are graphed in Figure 20 

and demonstrate a dose-related decrease in IGP (R = 0.98) and MAP (R = 0.96). 
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Figure 20. Dose-dependent effects of mu-opioid receptor stimulation. A. Graphical 

representation of the linear relationship between the changes in IGP with DAMGO microinjected 

into the mNTS at doses of 1fmol, 5fmol and 10fmol.  R = 0.98. B. Graphical representation of 

the linear relationship between the changes in MAP with DAMGO microinjected into the mNTS 

at doses of 1fmol, 5fmol and 10fmol.  R = 0.96.   
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With doses of DAMGO greater than 10fmol, the dose-response relationship was lost.  For 

example, when 30fmol/30nl of DAMGO was microinjected into the mNTS area in 6 animals, 

responses were variable; in 2 animals, a decrease in IGP occurred; in 2 animals, no change in 

IGP was observed; and in 2 animals, an increase in IGP was noted.  Averaging all the IGP 

responses indicated that no significant change had occurred (+0.12 + 0.25, p>0.05; n = 6).  The 

effect of 30fmol DAMGO on MAP was also variable and averaging all responses indicated no 

statistical change in MAP.  When a ten-fold higher dose of DAMGO (i.e. 300fmol) was tested, 

the responses observed were still variable, but a triphasic pattern on IGP was seen to emerge.  In 

the 4 rats studied, the general pattern of response to microinjection of 300fmol DAMGO was a 

brief decrease in IGP, followed by a transient increase in IGP, and finally an inhibition of IGP.  

However, the effects of 300fmol DAMGO on MAP were also variable, and, when averaged, 

were not statistically significant. 

When the dose of DAMGO was increased further to 1pmol and 100pmol, the triphasic 

pattern was more evident.  Microinjection of 1pmol DAMGO into the mNTS area in 4 rats 

resulted in an initial decrease in IGP (-0.64 + 0.11 mmHg) and inhibition of phasic contractions 

(Phase I); an increase in IGP (+0.38 + 0.07 mmHg), and an increase in phasic contractions (+2.9 

+ 0.75 contractions/minute) (Phase II); and a decrease in IGP (-1.1 + 0.35 mmHg) with 

inhibition of phasic contractions (Phase III).  In 4 additional rats, microinjection of 100pmol of 

DAMGO resulted in a decrease in IGP (-0.47 + 0.08 mmHg) and inhibition of phasic 

contractions (Phase I); an increase in IGP (+1.6 + 0.61 mmHg), and an increase in phasic 

contractions (+3.8 + 0.77 contractions/minute) (Phase II); and a decrease in IGP (-1.2 + 0.29 

mmHg) with complete inhibition of phasic contractions (Phase III).  All of the changes in IGP 

and increases in phasic contractions were significant.  There was no significant effect of 1pmol 
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and 100pmol DAMGO on MAP.  Representative traces of the high-dose effects of DAMGO 

microinjection on IGP and phasic contractions are depicted in Figure 21.  The data obtained for 

the 2 highest doses of DAMGO are summarized in Table 1.  Histological examination of the 

brain indicated that the micropipette in each experiment was located in the mNTS area. 
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Figure 21. Triphasic effects of high-dose mu-opioid receptor stimulation. Representative 

experimental tracings depicting changes in IGP following unilateral microinjection of 1pmol 

DAMGO (top trace) and 100 pmol DAMGO (bottom trace) into the mNTS. Roman numerals 

refer to specific phases of the triphasic effect on IGP.  
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Studies were then performed to assess the effect of sectioning the remaining 

(contralateral) cervical vagus nerve on DAMGO-induced decreases in IGP and MAP in 4 of the 

35 rats receiving the 10fmol dose of DAMGO.  In these experiments, two DAMGO-induced 

decreases in IGP were obtained with only the vagus nerve contralateral to the mNTS 

microinjection site intact.  An interval of one hour was used between the two responses.  Both 

responses were similar and therefore averaged (Figure 22A).  After one hour of recovery 

following the second DAMGO-induced decrease in IGP, the remaining (contralateral) cervical 

vagus nerve was sectioned and microinjection of DAMGO was repeated.  Prior to sectioning the 

remaining vagus nerve, microinjection of DAMGO resulted in a significant decrease in IGP (-

0.75 + 0.12, p<0.05).  After the remaining cervical vagus nerve was sectioned, microinjection of 

DAMGO into the same site had no significant effect on IGP (+0.05 + 0.03 mmHg, p>0.05).  

Contralateral vagotomy had no effect on DAMGO-induced decreases in MAP.  The IGP data are 

summarized in Figure 22A and a representative experimental tracing is shown as Figure 22B.  

Histological examination of the brain indicated that in each case the micropipette tip was located 

in the mNTS area (Figure 19). 
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Figure 22. Mu-opioid receptor stimulation after vagotomy. A. Histograms of averaged IGP 

responses to unilateral microinjection of DAMGO (10fmol/30nl) into the mNTS with the 

contralateral vagus nerve intact compared to microinjection of DAMGO after the remaining 

(contralateral) vagus nerve was sectioned. *p<0.05 paired t-test; n = 4.  B. Representative 

experimental tracing depicting changes in IGP following microinjection of DAMGO 

(10fmol/30nl) into the mNTS with the contralateral vagus nerve intact (left and middle traces) 

and after the remaining (contralateral) vagus nerve was sectioned (right trace).
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I performed studies to determine the efferent pathway involved in the DAMGO-induced 

decrease in IGP.  In these experiments, two DAMGO-induced decreases in IGP were obtained 

with an interval of one hour between the two responses.  After the second reproducible response 

was obtained, either atropine methylbromide (0.1mg/kg) or L-NAME (10mg/kg) was 

intravenously administered.  Ten minutes after the antagonist administration, DAMGO was 

microinjected into the mNTS area.  In 4 of the 35 rats whose data are summarized in Figure 18A, 

atropine methyl bromide was administered.  Prior to atropine, microinjection of DAMGO 

significantly decreased IGP (-0.82 + 0.26 mmHg, p<0.05).  After atropine administration 

DAMGO had no significant effect on IGP (-0.03 + 0.05 mmHg, p>0.05).  The IGP data are 

summarized in Figure 23A and a representative experimental tracing is shown as Figure 23B.  In 

4 additional rats whose data are summarized in Figure 18A, L-NAME was administered.  Prior 

to L-NAME, microinjection of DAMGO significantly decreased IGP (-0.43 + -0.04 mmHg, 

p<0.05).  After L-NAME administration DAMGO significantly decreased IGP (-0.39 + 0.05 

mmHg, p<0.05). There was no significant difference between the IGP effect of microinjection of 

DAMGO performed before L-NAME and microinjection performed after L-NAME (p>0.05).  

The IGP data are summarized in Figure 23C and a representative experimental tracing is shown 

as Figure 23D.  Histological examination of the brain indicated that in each case the micropipette 

tip was located in the mNTS area (Figure 19). 
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Figure 23. Vagal efferent pathway mediating the effects produced by mu-opioid receptor 

stimulation in the mNTS. A. Histograms of averaged IGP responses to unilateral microinjection 

of DAMGO (10fmol/30nl) compared to microinjection of DAMGO after intravenous atropine 

methyl bromide (Atr, 0.1mg/kg). *p<0.05 paired t-test; n = 4. B. Representative experimental 

tracings depicting the changes in IGP with unilateral microinjection of DAMGO before (left 

trace) and after intravenous atropine (right trace). C. Histograms of averaged IGP responses to 

unilateral microinjection of DAMGO (10fmol/30nl) compared to microinjection of DAMGO 

after intravenous L-NAME (10 mg/kg). *p<0.05 paired t-test; n = 4. D. Representative 

experimental tracings depicting the changes in IGP with unilateral microinjection of DAMGO 

before (left trace) and after intravenous L-NAME (right trace). 
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Studies of the effects of mu-opioid receptor stimulation on GABAA receptor currents in mNTS 

neurons: 

 Whole-cell voltage clamp recordings were made from 10 mNTS neurons using a 

potassium chloride (KCl) intracellular solution. Recordings were performed in the presence of an 

ionotropic glutamate receptor antagonist (CNQX, 10uM) and a glycine receptor antagonist 

(strychnine, 2 uM) to isolate only the inhibitory currents mediated by GABAA receptors.   

Voltage-clamp recordings were made from 10 mNTS neurons that displayed an average 

sIPSC frequency of 2.8 + 0.6 Hz, an average amplitude of 37.8 + 5.4 pA, and an average decay 

of 12.3 + 1.1 ms.  Application of the mu-opioid receptor agonist DAMGO in a concentration of 

100nM significantly decreased the frequency of inhibitory postsynaptic currents (IPSCs) to 1.2 + 

0.3 Hz but produced no change in amplitude or decay of IPSCs (Figure 24B).  Application of 

100nM DAMGO also produced an outward shunt in the holding current in 8/10 mNTS neurons 

recorded (Figure 24A, B).  The outward shunt in holding current is considered to be indicative of 

the blockade of a tonic current.  The average tonic current revealed with 100nM DAMGO was 

13.7 + 2.5 pA (n = 8; p<0.05). 
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Figure 24. The effects of mu-opioid receptor stimulation on phasic and tonic GABAA 

receptor currents in mNTS neurons. A. Representative whole-cell voltage clamp recording 

from a mNTS neuron.  Application of DAMGO (100nM) decreased phasic inhibitory 

postsynaptic currents (IPSCs) and inhibited tonic currents. B. Histograms of averaged tonic 

current (left graph) and IPSC frequency (right graph) with application of DAMGO (100nM) as 

compared to baseline values *p<0.05 paired t-test; n = 7. C. Histograms of averaged sIPSC 

amplitude (left graph) and decay (right graph) with application of DAMGO (100nM) as 

compared to baseline values *p<0.05 paired t-test; n = 7.    
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Studies of the effects of microinjection of endogenous ligands to the mu-opioid receptor into the 

area of the mNTS on gastric tone and motility: 

 Studies were performed using the endogenous mu-opioid receptor agonists 

Endomorphin-1 (EM-1) and Endomorphin-2 (EM-2) microinjected into the area of the mNTS.  

Both EM-1 and EM-2 were microinjected at a dose of 20fmol/30nl.  Microinjection of EM-1 into 

the mNTS area in 5 rats resulted in a significant decrease in IGP (-0.50 + 0.08 mmHg; p<0.05), 

and abolished phasic contractions.  A small but significant decrease in MAP (-4.4 + 0.95 mmHg; 

p<0.05) was also noted.  In 2 additional rats, microinjection of EM-1 at a higher dose 

(1pmol/30nl), like DAMGO, produced a triphasic effect characterized by a decrease in IGP, 

followed by a transient increase in tone and phasic motility, and ultimately resulted in a 

prolonged decrease in IGP and inhibition of phasic motility.   

Microinjection of EM-2 into the mNTS area in 4 rats also produced a significant decrease 

in IGP (-0.50 + 0.07 mmHg; p<0.05) and abolished phasic contractions.  A small but significant 

decrease in MAP (-4.8 + 0.52 mmHg; p<0.05) was also noted.  The IGP data for Em-1 and EM-2 

are summarized in Figure 25A and a representative experimental tracing of EM-1 and EM-2 

microinjection is shown as Figure 25B.  Histological examination of the brain confirmed that the 

micropipette tip in each case was located in the mNTS area.       



116 

 

Figure 25. Endogenous ligands to mu-opioid receptors. A. Histograms of averaged IGP 

responses to unilateral microinjection of 20fmol/30nl) EM-1 (left histogram, n = 5) and EM-2 

(middle histogram, n = 4) as compared to vehicle (right histogram). *p<0.05 one-way ANOVA. 

B. Representative experimental tracings depicting the changes in IGP with unilateral 

microinjection of EM-1 (left trace) and EM-2 (right trace) into the mNTS. 
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The effects of mu-opioid receptor blockade in the mNTS on gastric tone and motility: 

Two mu-opioid receptor antagonists were tested, namely, NLTX and CTOP (a mu-opioid 

receptor selective antagonist) to determine whether blockade of mu-opioid receptors would have 

any effect on either gastric tone or phasic contractions.  Microinjection of NLTX (25pmol/30nl) 

into the mNTS area in 4 rats produced no significant change in either IGP (-0.05 + 0.02, p>0.05), 

phasic contractions, or MAP (-2.4 + 2.3, p>0.05).  In addition, microinjection of CTOP 

(1pmol/30nl) into the mNTS area of 4 rats produced no significant change in either IGP (-0.03 + 

0.02, p>0.05), phasic contractions, or MAP (-1.15 + 1.3, p>0.05).  Histological examination of 

the brain indicated that the micropipette tip in each case was located in the mNTS area.               

The effects of mu-opioid receptor blockade in the mNTS on DAMGO-induced decreases in 

gastric tone and inhibition of phasic contractions: 

 Studies were performed to assess the effect of opioid receptor blockade on the decreases 

in IGP and inhibition of phasic contractions produced by microinjection of the 10fmol dose of 

DAMGO.  In these experiments, two inhibitory responses to microinjection of DAMGO were 

first obtained with a one hour interval between microinjections in 5 of the 35 rats whose data are 

summarized in Figure 18A.  NLTX (25pmol/30nl) was microinjected into the same site 50 

minutes after the second inhibitory response to DAMGO was obtained.  Ten minutes after NLTX 

injection, DAMGO was microinjected.  Prior to NLTX microinjection, DAMGO produced a 

significant decrease in IGP (-0.70 + 0.14 mmHg; p<0.05), inhibition of phasic contractions, and 

a significant decrease in MAP (-6.9 + 0.55; p<0.05).  After NLTX microinjection, DAMGO had 

no significant effect on IGP (-0.03 + 0.03 mmHg; p>0.05), phasic contractions, or MAP (-2.1 + 

0.79; p>0.05).  The IGP data are summarized in Figure 26A.  Representative experimental traces 
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depicting the changes in IGP and phasic contractions with microinjection of DAMGO before and 

after NLTX microinjection are shown in Figure 26B.  Histological examination of the brain 

confirmed that the micropipette tip in each case was located in the mNTS area (Figure 19).  

 Studies were also performed to assess the effect of mu-opioid receptor blockade on the 

change in IGP produced by microinjection of a higher dose of DAMGO (1pmol/30nl).  

Specifically, our goal was to determine whether all three phases of the changes in IGP produced 

by microinjection of 1pmol DAMGO were mediated by activation of mu-opioid receptors.  In 

these studies, the mu-opioid receptor specific antagonist, CTOP (1pmol/30nl) was first 

microinjected into the mNTS area of 4 rats.  Five minutes after CTOP microinjection, DAMGO 

was microinjected into the same site.  In the presence of CTOP, DAMGO had no significant 

effect on either IGP or phasic contractions, i.e., there was no change after DAMGO that 

resembled any of the three phases observed with DAMGO when microinjected without CTOP 

pretreatment.  Histological examination of the brain indicated that the micropipette was located 

in the mNTS area.                             
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Figure 26. Mu-opioid receptor stimulation after mu-opioid receptor blockade. A. 

Histograms of averaged IGP responses to unilateral microinjection of DAMGO (10fmol/30nl) 

compared to microinjection of DAMGO after microinjection of Naltrexone (NLTX, 

25pmol/30nl) into the mNTS. *p<0.05 paired t-test; n = 4. B. Representative experimental 

tracings depicting the changes in IGP with unilateral microinjection of DAMGO before (left 

trace) and after microinjection of NLTX (right trace) into the mNTS. 
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The effects of mu-opioid receptor stimulation in the mNTS on gastric tone and motility after 

GABAA receptor blockade in the mNTS:   

Two inhibitory responses to microinjection of DAMGO (10fmol/30nl) into the mNTS 

area were first obtained with a one hour interval between microinjections.  Gabazine 

(20pmol/30nl) was microinjected into the same site and ten minutes later DAMGO was 

microinjected again.  These experiments were performed in 5 of the 35 rats whose data are 

summarized in Figure 18A.  Prior to gabazine microinjection, microinjection of DAMGO 

produced a significant decrease in IGP (-0.46 + 0.02 mmHg, p<0.05) and MAP (-5.4 + 1.1 

mmHg, p<0.05).  In the presence of gabazine, microinjection of DAMGO had no significant 

effect on IGP (-0.04 + 0.02 mmHg, p>0.05) or MAP (-1.1 + 0.6 mmHg, p>0.05).  The IGP data 

are summarized in Figure 27A.  Representative experimental traces depicting the changes in IGP 

with microinjection of DAMGO (10fmol/30nl) before and after gabazine microinjection are 

shown in Figure 27B.  Histological examination of the brain confirmed that the micropipette tip 

in each case was located in the mNTS area (Figure 19). 

Microinjection of gabazine produced a decrease in IGP (-1.2 + 0.2 mmHg, p<0.05), 

phasic contractions, and a decrease in MAP (-10.0 + 3.2 mmHg; p<0.05), which were 

qualitatively similar to data discussed previously (Herman et al., 2009).  The decrease in baseline 

IGP produced by gabazine could confound the interpretation of the observed block of the 

DAMGO-induced decrease in IGP.  To determine whether any of the antagonistic effects of 

gabazine were due to the per se decrease in baseline IGP, sodium nitroprusside (SNP, 50 ug/kg 

iv) was administered at the end of each experiment. SNP always produced a robust decrease in 

IGP (see Figure 27B, inset), indicating that the stomach was still able to relax after gabazine.
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Figure 27. Mu-opioid receptor stimulation after GABAA receptor blockade. A. Histograms 

of averaged IGP responses to unilateral microinjection of DAMGO (10fmol/30nl) compared to 

microinjection of DAMGO after microinjection of Gabazine (GBZ, 20pmol/30nl) into the 

mNTS. *p<0.05 paired t-test; n = 5. B. Representative experimental tracings depicting the 

changes in IGP with unilateral microinjection of DAMGO before (left trace) and after 

microinjection of GBZ (right trace) into the mNTS. The IGP response to sodium nitroprusside 

(50ug/kg; IV) administered after the final DAMGO microinjection is shown (inset). 
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The effects of mu-opioid receptor stimulation in the mNTS on gastric tone and motility before 

and after ionotropic glutamate receptor blockade: 

Two inhibitory responses to microinjection of DAMGO (10fmol) into the mNTS area 

were first obtained with a one hour interval between microinjections.  Kynurenic acid (1nmol) 

was microinjected into the same site followed by DAMGO microinjection ten minutes later.  

These studies were performed in 4 of the 35 animals whose data are summarized in Figure in 

18A.  Prior to microinjection of kynurenic acid, DAMGO produced a significant decrease in IGP 

(-0.47 + 0.04 mmHg, p<0.05), inhibition of phasic contractions, and a decrease in MAP (-8.6 + 

3.4 mmHg; p<0.05).  In the presence of kynurenic acid, microinjection of DAMGO had no 

significant effect on IGP (+0.10 + 0.08 mmHg, p>0.05), phasic contractions, or MAP (-1.8 + 0.8 

mmHg; p>0.05).  The IGP data are summarized in Figure 28A.  Representative experimental 

traces depicting the changes in IGP and phasic contractions with microinjection of DAMGO 

before and after kynurenic acid microinjection are shown in Figure 28B.  Histological 

examination of the brain confirmed that the micropipette tip in each case was located in the 

mNTS area (Figure 19). 
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Figure 28. Mu-opioid receptor stimulation after ionotropic glutamate receptor blockade. A. 

Histograms of averaged IGP responses to unilateral microinjection of DAMGO (10fmol/30nl) 

compared to microinjection of DAMGO after microinjection of Kynurenic acid (KYN, 

1nmol/30nl) into the mNTS. *p<0.05 paired t-test; n = 4. B. Representative experimental 

tracings depicting the changes in IGP with unilateral microinjection of DAMGO before (left 

trace) and after microinjection of KYN (right trace) into the mNTS. 
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When kynurenic acid was microinjected into the area of the mNTS after two inhibitory 

responses to microinjected DAMGO, it produced robust effects on its own.  In these 

experiments, kynurenic acid was microinjected 50 minutes after the 2
nd

 dose of DAMGO and 

produced an increase in IGP (1.8 + 0.31 mmHg, p<0.05) and MAP (16.0 + 2.3 mmHg; p<0.05).  

It also initiated phasic contractions (Figure 26B), with a frequency of 3.0 + 0.2 

contractions/minute and an amplitude of 3.6 + 0.7 mmHg above baseline conditions.  These 

responses did not occur immediately, but had an average latency of 2.9 + 1 min, a peak effect at 

9.6 + 0.9 minutes and an average duration of 22.3 + 2.1 min.  

In a separate series of studies, kynurenic acid (1nmol) was microinjected into the area of 

the mNTS at a time when DAMGO-induced suppression of GABA signaling was near maximal, 

i.e., 5 minutes after DAMGO microinjection.  Microinjection of kynurenic acid in 3 rats 

produced a significant increase in IGP (+1.6 + 0.5 mmHg; p<0.05), frequency of contractions 

(3.0 + 0.4 contractions/minute; p<0.05) and amplitude of contractions (+10.6 + 3.7 mmHg; 

p<0.05).  The increases in tone and motility occurred immediately after microinjection, with 

peak effects occurring at 17.7 + 2.6 min after microinjection.  The average duration of the 

increases in tone and motility with microinjection of kynurenic acid in the presence of DAMGO 

was 33.2 + 2.9 min.  In addition, microinjection of kynurenic acid produced a significant 

increase in MAP (+5.0 + 0.5 mmHg; p<0.05).    

Experiments were also conducted to ascertain whether or not kynurenic acid 

microinjected into the area of the mNTS of naïve rats would have an effect on IGP.  

Microinjection of kynurenic acid (1nmol) was performed in 5 naïve animals (i.e., animals that 

had never been microinjected with DAMGO) and found to have no significant effect on IGP 
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(+0.12 + 0.08 mmHg, p>0.05) but did increase MAP (+7.1 + 2.4 mmHg p<0.05).  These data are 

summarized in Figure 29A.  Representative experimental traces depicting the change in IGP with 

microinjection of kynurenic acid in naïve animals (left trace) and 5 minutes after DAMGO 

microinjection (right trace) are shown in Figure 29B.  Histological examination of the brain 

confirmed that the micropipette tip in each case was located in the mNTS area. 
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Figure 29. Ionotropic glutamate receptor blockade per se and after mu-opioid receptor 

stimulation. A. Histograms of averaged changes in IGP tone in response to unilateral 

microinjection of KYN (1nmol/30nl) in a naïve rat and performed 5 minutes after DAMGO 

(10fmol/30nl) microinjection into the mNTS, respectively; n = 4. B. Representative experimental 

tracing depicting the changes in IGP with unilateral microinjection of KYN (1nmol/30nl) in a 

naïve rat (left trace), and performed 5 minutes after DAMGO (10fmol/30nl) (right trace). 
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The role of GABAA and mu-opioid receptor signaling mediating reflex-

induced changes in gastric tone and motility    

 The results of studies conducted with mu-opioid receptor activation in the mNTS were 

consistent with the hypothesis that endogenous opioids act to inhibit ongoing GABAA activity in 

the mNTS.  These results led to the hypothesis that suppression of ongoing GABA activity in the 

mNTS was a necessary component of vago-vagal reflex transmission.  To address this issue, I 

perfomed studies utilizing an experimental model for the receptive relaxation reflex (RRR) to 

test the hypothesis that mu-opoid receptor-mediated suppression of local GABA activity is 

required for the RRR to operate.   

Validation of the experimental model to study the receptive relaxation reflex (RRR): 

The initial goals of these studies were to validate an experimental model to test reflex-

induced changes in gastric motility.  For this purpose, I chose the experimental model of the 

receptive relaxation reflex (RRR).  The experimental model for the RRR involves brief (1 

minute) distension of the esophagus that produces a decrease in fundus tone.  Esophageal 

distension was performed in four animals and produced a decrease in fundus tone.  The average
 

decrease in fundus tone as measured in gram tension was
 
0.31 + 0.02 g (*p < 0.05). A repeat 

esophageal distension
 
performed 30 min after the initial distension produced a nearly

 
identical 

response (0.32 + 0.05 g, p < 0.05; see Figure 30).
 
 

Experiments were then performed to determine whether the decrease in fundus tone 

produced by the RRR was
 
mediated by the vagus nerves.  Thus, after obtaining two repeatable

 

fundus relaxation responses, I performed bilateral cervical
 
vagotomy and summarized the data in 
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Figure 30A.  As can be noted,
 
bilateral cervical vagotomy completely prevented the decrease in 

fundus tone produced by the RRR.  A
 
representative experiment appears as Figure 30B. Bilateral 

cervical
 
vagotomy per se significantly increased baseline fundus tone

 
by 0.28 + 0.06 g (*p < 

0.05).
 
 

The final step in validating this experimental model was to determine the efferent 

pathway mediating the decrease in fundus tone produced by the RRR.  For this purpose, I 

administered antagonists to the two efferent pathways (atropine methyl bromide and L-NAME) 

after obtaining two repeatable
 
fundus relaxation responses. 

 
Data from five rats are summarized 

in Figure 30C and indicate that
 
intravenously administered L-NAME in a dose of 10 mg/kg had

 

no effect on the RRR.  A representative experiment appears as
 
the upper traces of Figure 30D.  

L-NAME per se significantly increased
 
baseline fundus tone by 0.11 ± 0.04 g (p < 0.05).

  
Finally, 

the effect of intravenous atropine methylbromide was
 
tested in a total of five rats (2 of which 

were also administered L-NAME with no effect). The data are also summarized in Figure 30C
 

and indicate that atropine methylbromide in a dose of 0.1 mg/kg
 
completely blocked the RRR.  A 

representative experiment appears
 
as the lower traces in Figure 30D.  Atropine methylbromide 

per se
 
significantly decreased fundus tone by 0.12 ± 0.03 g

 
(p < 0.05). To determine whether 

some of the antagonistic
 
effects of atropine methylbromide might be due to the decrease

 
in 

baseline fundus tone by atropine per se, we administered
 
sodium nitroprusside (50 µg/kg iv) at 

the end of each
 
experiment. Sodium nitroprusside always produced a robust decrease

 
in fundus 

tone (see Figure 30B, inset), indicating that the fundus
 
still had the capacity to relax after 

atropine methylbromide
 
administration. 
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Figure 30.
 
The experimental model for studying reflex-induced changes in gastric tone and 

motility. A. Histograms of averaged control responses of the RRR compared with averaged RRR 

responses following bilateral cervical vagotomy. Pre3-Vx, responses 3 min preceding 

experiment; Vx, vagotomy. *p < 0.05 (n = 4). B. Representative experimental tracing depicting 

fundus tone changes during the 2 RRRs (left and middle) and after bilateral cervical vagotomy 

(right). A typical response to intravenous (IV) administration of sodium nitroprusside (SNP; 50 

µg/kg) is shown (inset). The 3 horizontal bars above each tracing indicate the time period of 

esophageal distension. C. Histograms of averaged control responses of the RRR compared with 

averaged RRR responses following either IV N
G
-nitro-L-arginine methyl ester (L-NAME) or IV 

atropine methylbromide. *p < 0.05 (n = 5). D. Representative experimental tracings depicting 

fundus tone changes during the RRR before (top left) and after (top right) IV L-NAME and 

before (bottom left) and after (bottom right) IV atropine methylbromide. Horizontal bars above 

each tracing indicate the time period of esophageal distension. 
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The effects of GABAA receptor blockade in the mNTS on reflex-induced changes in fundus tone: 

Distension of the esophagus was performed in 4 rats with a balloon inserted into the 

thoracic esophagus and produced an inhibition of fundus tone (-0.51 + 0.07 g; p<0.05).  

Esophageal distension was performed twice with a 30 minute interval between distensions.  

Results from distensions were similar and therefore averaged.  Twenty minutes following the 

second esophageal distension, the GABAA receptor antagonist gabazine (GBZ; 20pmol/30nl) 

was bilaterally microinjected into the mNTS area.  Microinjection of GBZ significantly 

decreased fundus tone and MAP.  Esophageal distension performed in the presence of 

microinjected gabazine produced no significant inhibition of fundus tone (-0.04 + 0.08 g; 

p>0.05).  These data are summarized in Figure 31A.  Representative experimental traces 

depicting the decrease in fundus tone with esophageal distension (first trace) and after bilateral 

microinjection of GBZ (20pmol/30nl; second trace) are shown in Figure 31B.  At the end of each 

experiment examination of the esophagus confirmed that the distension balloon in each case was 

located in the thoracic esophagus.   
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Figure 31. The effects of GABAA receptor blockade in the mNTS on reflex-induced changes 

in fundus tone. A. Histograms of changes in fundus tone with esophageal distension before and 

after bilateral microinjection of gabazine (GBZ, 20pmol/30nl) into the mNTS, *p<0.05 paired t-

test; n = 4. B. Representative experimental traces depicting the change in fundus tone with 

esophageal distension before bilateral GBZ microinjection (first trace), after bilateral GBZ 

microinjection (second trace). Black bars above each trace indicate period of esophageal 

distension and are equal to 1 minute. 
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The effects of mu-opioid receptor blockade in the mNTS on reflex-induced changes in fundus 

tone: 

Distension of the esophagus was performed in 7 rats with a balloon inserted into the 

thoracic esophagus and produced an inhibition of fundus tone (-0.23 + 0.02 g; p<0.05).  

Esophageal distension was performed twice with a 30 minute interval between distensions.  

Results from distensions were similar and therefore averaged.  Twenty minutes following the 

second esophageal distension, the mu-opioid receptor antagonist naltrexone (NLTX; 25 

pmol/30nl) was bilaterally microinjected into the mNTS area.  Microinjection of NLTX had no 

significant effect on fundus tone or MAP.  Esophageal distension performed in the presence of 

microinjected naltrexone produced no significant inhibition of fundus tone (-0.03 + 0.01 g; 

p>0.05).  After a one hour recovery period esophageal distension was performed again and found 

to produce a significant decrease in fundus tone (-0.16 + 0.02 g, p<0.05), illustrating a partial 

recovery to baseline. These data are summarized in Figure 32A.  Representative experimental 

traces depicting the decrease in fundus tone with esophageal distension before and after bilateral 

microinjection of NLTX (25pmol/30nl), and after a 1 hour recovery are shown in Figure 32B.  

At the end of each experiment examination of the esophagus confirmed that the distension 

balloon in each case was located in the thoracic esophagus.   
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Figure 32. The effects of mu-opioid receptor blockade in the mNTS on reflex-induced 

changes in fundus tone. A. Histograms of changes in fundus tone with esophageal distension 

before and after microinjection of naltrexone (NLTX, 25pmol/30nl) into the mNTS, *p<0.05 

paired t-test; n = 7. B. Representative experimental traces depicting the change in fundus tone 

with esophageal distension before bilateral NLTX microinjection (first and second traces), after 

bilateral NLTX microinjection (third trace), and one hour after bilateral NLTX microinjection 

(fourth trace). Black bars above each trace indicate period of esophageal distension and are equal 

to 1 minute
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The effects of mu-opioid receptor stimulation in the mNTS on reflex-induced changes in fundus 

tone: 

Distension of the esophagus was performed in 4 rats with a balloon inserted into the 

thoracic esophagus and produced an inhibition of fundus tone (-0.34 + 0.06 g; p<0.05).  

Esophageal distension was performed twice with a 30 minute interval between distensions.  

Results from distensions were similar and therefore averaged.  Twenty minutes following the 

second esophageal distension, the mu-opioid receptor agonist DAMGO (10fmol/30nl) was 

bilaterally microinjected into the mNTS area.  Microinjection of DAMGO decreased baseline 

fundus tone (-0.14 + 0.03 g; p<0.05).  Esophageal distension performed in the presence of 

DAMGO produced no significant inhibition of fundus tone (-0.05 + 0.03 g; p>0.05).  Esophageal 

distensions performed 30-60 minutes after DAMGO were still found to produce no significant 

decrease in fundus tone (-0.10 + 0.05 g, p>0.05). These data are summarized in Figure 33A.  

Representative experimental traces depicting the decrease in fundus tone with esophageal 

distension (first two traces) and after bilateral microinjection of DAMGO (third trace) are shown 

in Figure 33B.   At the end of each experiment examination of the esophagus confirmed that the 

distension balloon in each case was located in the thoracic esophagus. 
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Figure 33. The effects of mu-opioid receptor stimulation in the mNTS on reflex-induced 

changes in fundus tone. A. Histograms of changes in fundus tone with esophageal distension 

before and after microinjection of DAMGO ( 10fmol/30nl) into the mNTS, *p<0.05 paired t-test; 

n = 4. B. Representative experimental traces depicting the change in fundus tone with esophageal 

distension before bilateral DAMGO microinjection (first and second traces) and after bilateral 

NLTX microinjection (third trace). Black bars above each trace indicate period of esophageal 

distension and are equal to 1 minute.    
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The effects of intravenous mu-opioid receptor blockade on reflex-induced changes in fundus 

tone: 

Distension of the esophagus was performed in 7 rats with a balloon inserted into the 

thoracic esophagus and produced an inhibition of fundus tone (-0.25 + 0.04 g; p<0.05).  

Esophageal distension was performed twice with a 30 minute interval between distensions.  

Results from distensions were similar and therefore averaged.  Twenty minutes following the 

second esophageal distension, NLTX (10mg/kg) was intravenously administered.  NLTX had no 

significant effect on fundus tone but did significantly decrease MAP (-25.01 + 3.14 mmHg, 

p<0.05).  Esophageal distension performed in the presence of NLTX produced significantly less 

inhibition of fundus tone as compared to esophageal distension performed prior to naltrexone 

administration (-0.10 + 0.01 g; p<0.05).  These data are summarized in Figure 34A.  

Representative experimental traces depicting the changes in fundus tone with esophageal 

distension (first and second traces) and after intravenous naltrexone administration (third trace) 

are shown in Figure 34B.  At the end of each experiment physical examination confirmed that 

the distension balloon in each case was located in the thoracic esophagus. 
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Figure 34. The effects of peripheral mu-opioid receptor blockade on reflex-induced changes 

in fundus tone. A. Histograms of changes in fundus tone with esophageal distension before and 

after intravenous naltrexone (NLTX, 10mg/kg) administration, *p<0.05 paired t-test; n = 5. B. 

Representative experimental traces depicting the change in fundus tone with esophageal 

distension before (first and second traces) and after (third trace) intravenous NLTX 

administration. Black bars above each trace indicate period of esophageal distension and are 

equal to 1 minute.  
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Discussion 

 The major finding obtained in these studies is that local GABAergic signaling in the 

medial subnucleus of the tractus solitarius (mNTS) is an important factor in regulating functional 

activity within the vago-vagal reflex circuitry.  The strongest evidence supporting this assertion 

is the decrease in gastric tone and motility seen with microinjection of GABAA receptor 

antagonists into the area of the mNTS.  This response could not occur if the only signaling in the 

NTS was from vagal afferent terminals releasing L-glutamate onto second-order inhibitory NTS 

neurons that project to the DMV.  Synaptic transmission of this nature would not be altered by 

blockade of GABAA receptors, and therefore gastric tone would not be affected.  The robust 

effect on gastric tone observed with blockade of GABAA receptors in the area of the mNTS 

demonstrates that GABA is present in this area and is exerting a powerful activation on GABAA 

receptors.  In addition, in vitro studies from my thesis demonstrate that the ongoing GABAergic 

inhibition at the mNTS is comprised of both phasic and tonic forms.  These data underscore the 

significance of the in vivo studies as it demonstrates that there are multiple GABAergic 

inhibitory mechanisms in the mNTS.  Further, the lack of effect of blocking ionotropic glutamate 

receptors, unless preceded by the blockade of GABAA receptors, indicates that in the basal state, 

the high level of ongoing GABA activity overwhelms glutamatergic activity, including the 

glutamatergic signaling mediating incoming sensory input from the GI tract.   

 Another major finding of these studies is that activation of mu-opioid receptors in the 

mNTS with fentomole doses of agonist decreases gastric motility through suppression of the 

local GABA signaling (phasic and tonic).  The physiological relevance of these findings is 
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demonstrated in the studies illustrating that suppression of ongoing GABA activity in the mNTS 

by mu-opioid receptor activation is a critical component of the receptive relaxation reflex (RRR).  

The rationale for the experimental model used in studies on the mNTS  

Model of basal gastric tone and motility: 

To test the hypotheses proposed in my INTRODUCTION, several methodological 

requirements had to be addressed.  First, I needed an experimental model that included within it 

all the elements of the vago-vagal reflex circuitry.  The area of the mNTS targeted for drug 

microinjection receives sensory input from the upper GI tract by way of vagal afferents (Shapiro 

and Miselis, 1985; Altschuler et al., 1989).  In turn, neurons in the NTS project to the DMV, and 

this latter nucleus contains the preganglionic parasympathetic neurons that innervate the stomach 

(Kalia and Sullivan, 1982).  Evidence that the above neurons and hindbrain nuclei in the rat 

represent the vago-vagal reflex circuitry is as follows: (1) activation of the vagal sensory neurons 

by distending the upper GI tract excites NTS neurons and inhibits DMV neurons (McCann and 

Rogers, 1992; Zhang and Fogel, 2003); (2) activation of vagal sensory neurons by distending the 

upper GI tract results in an inhibition of gastric motility that is blocked by either bilateral 

microinjection of tetrodotoxin into the mNTS (Ferreira et al., 2005), bilateral cervical vagotomy 

(Ferreira et al., 2005; Herman et al., 2008), or intravenous administration of a quaternary form of 

atropine (Herman et al., 2008); (3) activation of NTS neurons with microinjection of L-glutamate 

at the site where vagal afferent nerves terminate results in inhibition of gastric motility that is 

blocked by bilateral cervical vagotomy (Ferreira et al., 2005); and (4) activation of DMV 

neurons with microinjection of L-glutamate increases gastric motility that is blocked by either 
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cervical vagotomy (Ferreira et al., 2005; Cruz et al., 2007) or intravenous administration of a 

quaternary form of atropine (Cruz et al., 2007). 

 Second, an important consideration for the experimental model used in these studies is 

the type of anesthesia. Some anesthetics are known to influence GABAergic signaling, 

specifically, to augment it (Krasowski and Harrison, 1999). This would be a significant confound 

in my experimental design as it could artificially magnify the impact of GABAA receptor 

signaling in the area of the mNTS on gastric motility.  Hence, in the present study, I used 

urethane as it has been reported not to augment GABAA receptor signaling in the NTS (Accorsi-

Mendonca et al., 2007).  Urethane does augment other types of signaling, e.g., signaling 

mediated by somatostatin (Yang et al., 1990) but how this altered signaling would influence my 

results is difficult to interpret without knowing what role, if any, somatostatin plays in the vago-

vagal reflex circuitry controlling gastric motility.     

Third, a key advantage to the model employed is the observation that vago-vagal reflex 

circuitry remains functional after sectioning one of the cervical vagus nerves.  This has been 

demonstrated by noting the same magnitude of inhibition of gastric motility with microinjection 

of excitatory substances into the NTS before and after unilateral vagotomy (Ferreira et al., 2000; 

Cruz et al., 2007).  Knowledge that vago-vagal circuitry is fully functional after sectioning one of 

the cervical vagus nerves (see Figure 3) enabled me to perform studies assessing whether the 

first synapse in the NTS acts as a „relay station‟, or if local processing takes place.  In addition, it 

allowed me to re-assess the nature of the DMV output pathways that regulate gastric motility by 

making it possible to selectively manipulate NTS neurons on one side of the brainstem that 

engage DMV neurons on the contralateral side of the brainstem (Figure 2).  This assured me that 
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the vago-vagal reflex circuitry could be engaged from the mNTS without the confounding effects 

of drug diffusion into the ipsilateral DMV, which is located ~100 um from the targeted NTS site.  

The disadvantage of this model is that the ipsilateral vagal afferent input into the targeted NTS is 

missing due to sectioning of the cervical vagus nerve on that side.  However, some vagal afferent 

input is present due to crossover of vagal sensory fibers from the contralateral intact vagus nerve 

(Figure 2) (Cottle, 1964; Beckstead and Norgren, 1979; Gillis et al., 1980; Kalia and Sullivan, 

1982).  Moreover, this disadvantage is far outweighed by the advantage of having gastric 

motility changes produced by selective NTS manipulation and not by contaminating effects of 

drug diffusion to the adjacent DMV producing direct stimulation of preganglionic gastric-

projecting fibers.  It is conceivable that the contralateral DMV could be affected by drugs 

microinjected into the area of the mNTS on the side of the medulla where the cervical vagus 

nerve was sectioned.  Rinaman and colleagues have reported that DMV dendrites cross the 

midline and enter the contralateral DMV (Rinaman et al., 1989).  This potential site of drug 

action could not be ruled out in our study.  However, it is unlikely that this site of drug action 

significantly contributes to the changes in intragastric pressure that I observed as direct drug 

action on DMV neurons would produce effects opposite to those that we obtained.   

In summary, the ipsilateral vagotomized rat is an important experimental model for 

studying the role of local processing in the the mNTS in determining activity of the vago-vagal 

circuitry.  The major advantage of this model is the ability to isolate drug effects to the mNTS 

and remove any confounding effects of direct drug actions on DMV neurons.  Previous studies 

that did not utilize this model can not rule out the confounding effects of drugs acting in the 

DMV in their experimental results.  This makes the interpretation of earlier studies difficult as 

the results may be confounded with DMV effects that attenuate or mask NTS-specific functions.   
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For example, in studies conducted by Sivarao et al., 1998 microinjection of bicuculline in a dose 

of 350 pmol into the area of the NTS and DMV produced an increase in gastric tone and motility  

(Sivarao et al., 1998)].  The authors attributed the gastric effects they observed to actions in the 

DMV, but without ipsilateral vagotomy, could not be certain of the specific site of action.  In 

addition, with the massive dose of drug microinjected it is likely that there was diffusion to the 

NTS, the effects of which (i.e., inhibiton of gastric tone and motility, as observed in my studies) 

were completely masked by the opposing actions in the DMV.     

 Model of reflex-induced changes in gastric tone and motility: 

 I employed an experimental model for the receptive relaxation reflex (RRR) to 

investigate the role of local mNTS GABA signaling in reflex-induced changes in gastric tone and 

motility.  The RRR is a physiological reflex responsible for preparing the stomach to receive 

food.  Swallowing of food stretches the esophagus and reflexively (i.e., by receptive relaxation) 

reduces fundus tone, thus relaxing the stomach to make space for incoming food.  The 

experimental model of the RRR provides me with a way to reflexively engage the central 

components of the vago-vagal circuitry and examine the role of various transmitters (i.e., GABA 

and endogenous opioids) in physiological reflex transmission.   

This experimental model has several important considerations.  First, the type of 

anesthetic employed in these studies is important in the reliable recording of the decrease in 

fundus tone see with activation of the RRR.  I chose isoflurane because of previous successful 

studies using this anesthetic to study hindbrain control of upper gastrointestinal function in the 

ferret (Niedringhaus et al., 2008).  Second, an important aspect of the experimental model of the 

RRR is the physiological stimulus used to evoke the RRR.  The esophageal distension balloon I 
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used is only 2 mm in an undistended state and increases to only 4mm when it is distended with 

0.1ml of water.  This provides a mild distension of the esophagus, mimicking the swallowing of 

a bolus of food.  This mild distension selectively activates vagal afferent nerves related to the 

vago-vagal reflex and avoids the possible confounding actions mediated by the activation of any 

pain fibers related to esophageal distension of a larger magnitude (Ferreira et al., 2005).  Third, 

an important advantage to this experimental model is that it contains all of the components of 

this reflex including 1) afferent vagal neurons with sensory elements in the thoracic esophagus, 

2) second-order noradrenergic neurons originating in the NTS (Pearson et al., 2007), and 3) 

efferent vagal neurons projecting to the fundus.  Studies not described in this thesis demonstrate 

that norepinephrine, acting at alpha2-adrenoreceptors located on DMV neurons, is the relevant 

neurotransmitter in the DMV that inhibits ongoing activity of DMV motor neurons, leading to 

the decrease in fundus tone seen in the RRR (Herman et al., 2008). 

The role of local mNTS GABA signaling in determining central activity of the vago-vagal 

circuitry in the basal state  

GABAA receptor signaling: 

 The major finding obtained in my thesis studies is that local GABAergic signaling in the 

medial subnucleus of the tractus solitarius (mNTS) overwhelms local glutamatergic signaling 

and is the important factor in regulating functional activity within the vago-vagal reflex circuitry.  

Several lines of evidence support this assertion: 1) blockade of GABAA receptors in the mNTS 

results in a profound decrease in resting gastric tone and motility; 2) this effect was observed 

with two different GABAA receptor antagonists: bicuculline and gabazine (Figure 4); and 3) 

blockade of ionotropic glutamate receptors in the mNTS results in no change in resting gastric 
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tone and motility (Figure 9A and 9C) unless preceded by the blockade of GABAA receptors 

(Figure 9A and 9B). 

An important question raised by these findings is how blockade of GABAA receptors in 

the area of the mNTS influences the vago-vagal reflex circuitry to produce such a robust 

decrease in gastric motility.  To emphasize the importance of addressing this question, I have 

diagrammed what was known about the vago-vagal reflex circuitry before I initiated my thesis 

studies (Figure 35A) and what I have incorporated in light of the results obtained in my studies 

on the role of GABA activity in the mNTS in determining resting gastric tone and motility 

(Figure 35B).      

Based on evidence of other investigators, I assume that the second-order NTS neuron 

projecting to the DMV is GABAergic.  The evidence for this is as follows: 1) Davis and 

colleagues report that glutamate photolysis in the NTS results in GABAA receptor-mediated 

IPSCs in DMV neurons (Davis et al., 2004); 2) trans-neuronal retrograde viral label from the 

stomach sequentially labels DMV motor neurons followed by NTS GABAergic neurons (Glatzer 

et al., 2007); 3) electrical stimulation of the solitary tract results in evoked IPSCs in the DMV 

(Travagli et al., 1991), 4) patch-clamp recordings of DMV neurons indicate that spontaneous 

inhibitory postsynaptic potentials (sIPSCs) are mediated by GABA (Fukuda et al., 1987; 

Travagli et al., 1991; Davis et al., 2004), 5) blockade of GABAA receptors in the DMV results in 

an increase in gastric tone and motility (Sivarao et al., 1998).  The only other second-order 

inhibitory NTS neuron that projects to the DMV is noradrenergic and there is no evidence for 

ongoing noradrenergic signaling in DMV neurons (Fukuda et al., 1987).  Microinjection of an 
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alpha2 adrenoreceptor antagonist into the DMV produced only a small decrease in fundus tone 

(Herman et al., 2008).          

Focusing on the neural input to NTS GABA neurons that project to the DMV, Glatzer et 

al. (Glatzer and Smith, 2005) reported that both inhibitory and excitatory synaptic input is 

present to premotor neurons retrogradely labeled with PRV from the stomach.  What determines 

the ongoing activity of DMV gastric-projecting neurons [which are known to exhibit pacemaking 

activity (Travagli et al., 1991)] is the balance between inhibition and excitation that is present in 

NTS interneurons.  In my experimental preparation, the balance is weighted towards inhibition 

due to high GABAergic activity.  Indeed, blockade of ionotropic glutamate receptor signaling 

with microinjection of kynurenic acid into the area of the mNTS had no effect on gastric tone 

(Figures 9A and 9C), presumably because of the overwhelming GABAergic inhibition of GABA 

premotor neurons.  Conversely, with microinjection of BMI and gabazine into the area of the 

mNTS, the input to the GABA premotor neurons is only excitatory and gastric tone is decreased.  

Finally, microinjection of kynurenic acid into the mNTS after prior microinjection of a GABAA 

receptor blocker produces an increase in gastric tone and motility (Figures 9A and 9B).  This is 

presumably due to loss of excitatory input to GABA premotor neurons, enabling the intrinsic 

pacemaking activity of the DMV neurons to take over and excite gastric smooth muscle to 

produce an increase in gastric motility. 

Finally, a critical component to understanding how GABAA receptor blockade in the 

mNTS results in decreased gastric tone and motility is knowledge of the relevant efferent 

pathway.  Thus, I  sought evidence for the presence of parallel excitatory and inhibitory DMV 

vagal pathways to the stomach proposed by others [(Chang et al., 2003; Travagli et al., 2003; 
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Rogers R.C., 2006; Travagli et al., 2006; Zhou et al., 2008) see Figure 35A] under basal and 

experimental conditions during the decrease in gastric motility produced by GABAA receptor 

blockade in the area of the mNTS.  Using intravenous administration of L-NAME or atropine 

methylbromide, I only obtained evidence for the functional presence of the cholinergic-

cholinergic excitatory pathway.  This was demonstrated by noting the positive effects of 

intravenous atropine methylbromide and the lack of effect of intravenous L-NAME under basal 

and experimental conditions.  Thus, under the experimental conditions of baseline activity and 

GABAA receptor blockade in the area of the mNTS, inhibition of gastric motility is due to 

withdrawal of the cholinergic-cholinergic excitatory pathway and is not due to activation of 

NANC postganglionic neurons.  Based on data of Takahashi and Owyang, activation of NANC 

postganglionic neurons may occur when the stomach is distended by larger fluid volumes than 

used in the present study (Takahashi and Owyang, 1997).  My data do not fit with the view that 

two parallel pathways from the DMV participate in the resting gastric motility.  On the contrary, 

it demonstrates that only one DMV pathway, namely, the cholinergic-cholinergic excitatory 

pathway is functionally relevant in the vago-vagal reflex circuitry examined in my study (Figure 

35B).                

In summary, my findings from an intact, in vivo rat preparation highlight the importance 

of intra-NTS GABAergic signaling in regulating functional activity within the vago-vagal reflex 

circuitry.  Prior to my studies, I had the perspective that the major factor in regulating functional 

activity of the vago-vagal reflex circuitry was sensory signaling from the GI tract.  Based on the 

robust changes in gastric tone brought about by blocking GABAA receptors in the area of the 

mNTS (changes that were even greater than those observed with L-glutamate microinjection), 

my view is that GABAA receptor signaling in the area of the mNTS is the major determinant of 
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vago-vagal reflex activity in the basal state.  Based on the finding that blockade of ionotropic 

glutamate receptors with kynurenic acid microinjection has no per se effect on measured gastric 

function, I suggest that ongoing GABAA receptor signaling functionally overwhelms all sensory 

input from the GI tract.  The prominence that we give to the importance of GABAA receptor 

signaling in the area of the mNTS has already been advocated by Mifflin for the regulation of 

sensory input from baroreceptors and arterial blood pressure [see review by Mifflin, (Mifflin, 

2001)].  
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Figure 35. Schematic representation of the role of local inhibitory interneurons in the 

mNTS in determining activity of the vago-vagal circuitry. A simplified schematic 

representation of proposed circuitry for local intra-NTS GABAergic signaling and the DMV 

efferent pathway controlling gastric motility prior to my thesis research (A) and including data 

from my thesis research (B). Black circles are GABA interneurons, grey circles are GABA 

projection neurons, and white circles are DMV preganglionic neurons. Oval is the Nodose 

sensory ganglion. Plus signs in the NTS represent excitatory (ionotropic glutamate receptor-

mediated) signaling. Minus signs represent inhibitory (GABAA receptor-mediated) signaling.  

The question mark placed in the NTS area reflects the lack of knowledge on definite 

organization of interneurons between the vagal afferent terminals and the NTS projection 

neurons. 
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GABAB receptor signaling: 

Data from my thesis studies demonstrate that there is a significant amount of GABAA 

receptor activity in the mNTS that determines resting gastric tone and motility.  In addition to the 

GABAA receptor-mediated signaling (discussed in the previous section), studies from my thesis 

indicate that there is ongoing GABAB receptor activity that contributes to gastric tone and 

motility in the basal state.  The impact of this local mNTS GABAB receptor activity is illustrated 

in the profound decrease in gastric tone and motility observed with blockade of GABAB 

receptors in the mNTS (Figure 17).  An important question raised by these findings is how 

blockade of GABAB receptors in the area of the mNTS results in such a robust decrease in 

gastric motility.  Unfortunately, further studies to determine the mechanism of the effects of 

GABAB receptor blockade in the mNTS on gastric tone and motility were outside the scope of 

my thesis.  However, considering my data in the relation to other studies examining the role of 

GABAB receptor signaling in the NTS suggests several potential mechanisms of action.   

One potential mechanism of action for GABAB receptor effects in the mNTS is through 

presynaptic effects resulting in inhibition of glutamate release from the vagal afferent terminals.  

Electrophysiological studies performed in NTS neurons have shown that application of the 

GABAB receptor agonist baclofen decreased spontaneous excitatory postsynaptic potentials 

(sEPSPs) and EPSPs evoked by stimulation of the solitary tract, suggestive of a presynaptic 

mechanism (Brooks et al., 1992).  However, it is difficult to attribute the gastric effects of 

GABAB receptor blockade solely to inihibition of glutamate in the mNTS as data from my 

studies indicate that complete blockade of ionotropic glutamate receptor signaling in the mNTS 

does not influence resting gastric tone and motility unless it is precipitated by GABAA receptor 

blockade (Figure 9A and 9C).   
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Another potential mechanism of action for GABAB receptor effects in the mNTS is 

through presynaptic inhibition of GABA release or postsynaptic hyperpolarization of GABA 

neurons.   Electrophysiological studies in NTS neurons found that application of baclofen 

decreased spontaneous inhibitory postsynaptic potentials (sIPSPs) and IPSCs evoked by 

stimulation of the solitary tract (Brooks et al., 1992).  This mechanism is consistent with my data 

as disinhibition of second-order inhibitory NTS neurons that project to the DMVwould result in a 

decrease in IGP (Figure 17).    

Data from my thesis studies are also consistent with the results of a recent study 

examining the role of GABAB receptors in glucose regulation that occurs in the NTS.  Lemus et 

al., 2008, found that microinjection of a GABAB receptor antagonist increased arterial glucose 

levels and glucose retention by the brain (Lemus et al., 2008).  The results of these studies 

indicate that ongoing GABAB receptor signaling in the NTS determines resting glucose levels, 

similar to my results suggesting that ongoing GABAB receptor signaling in the NTS contributes 

to resting gastric tone and motility.    
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Implications for phasic and tonic GABAA receptor signaling in mNTS network activity: 

 Data from my thesis studies demonstrate that gastric mNTS neurons possess a significant 

tonic current that affects both the excitability and synaptic activity of mNTS neurons.  The tonic 

current is evidenced in the upward shunt in holding current following application of a GABAA 

receptor antagonist based on the findings of Brickley et al., (Brickley et al., 1996; Semyanov et 

al., 2004), for review see Semyanov et al., (Semyanov et al., 2004).  This result was observed 

with three different GABAA receptor antagonists: gabazine, bicuculline and picrotoxin.  The 

tonic current was differentiated from phasic currents using dose-dependent effects of the GABAA 

receptor antagonist gabazine.  Application of gabazine in a concentration of 10uM abolished all 

phasic currents but produced no change in holding current.  Application of gabazine in a 

concentration of 100uM abolished all phasic currents and produced an upward shunt in the 

holding current.  In addition, application of the delta subunit-preferring GABAA receptor agonist 

THIP produced a downward shunt in holding current, indicative of activation of a tonic current 

(Jensen and Lambert, 1984; Krook-Magnuson and Huntsman, 2005). 

The ability to differentiate phasic and tonic inhibition using dose-specific effects of 

GABAA receptor antagonist is consistent with studies performed in the nucleus ambiguus and 

hippocampus (Stell and Mody, 2002; Bouairi et al., 2006) where a higher concentration of 

antagonist was required to reveal the tonic current.  Conversely, one study performed in thalamic 

neurons found that a lower concentration of gabazine selectively abolished the tonic current, 

leaving the phasic currents intact (Cope et al., 2005).  The authors proposed that the inverse 

dose-dependent relationship that they observed with regard to the tonic current was due to lower 

concentrations of ambient GABA in their preparation.  This proposal was supported by the 
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observation that the low dose of gabazine was unable to selectively block the tonic current when 

they increased ambient GABA in their preparation (Cope et al., 2005).  Microdialysis studies 

have shown that the ambient GABA concentration in the mNTS is relatively high (~2.5 nmol/mg 

tissue) (Sved and Sved, 1990), so the necessity of a high dose of gabazine to block the tonic 

current in  mNTS neurons is consistent with this proposal.  

 After demonstrating the presence of tonic currents in mNTS neurons, the next question 

was what impact the tonic current had on the excitability of these neurons (and, by extension, 

activity of the mNTS network as a whole).  To address this issue, I performed current-clamp 

recordings and examined the impact of blockade and stimulation of the tonic current on input 

resistance and firing frequency of mNTS neurons.  I found that blockade of the phasic currents 

using 10uM gabazine produced no significant change in either resistance or firing frequency.  

Blockade of both the tonic and phasic currents using 100uM gabazine significantly increased the 

resistance and firing frequency of mNTS neurons (Figure 15).  Conversely, stimulation of the 

tonic current using 10uM THIP significantly decreased the input resistance and firing frequency 

of mNTS neurons (Figure 15).  The results of these studies indicate that the tonic conductance in 

mNTS neurons is a powerful regulator of individual excitability of mNTS neurons.  These results 

indicating that tonic currents alter neuronal excitability are consistent with findings in the 

thalamus using the endogenous agonist of extrasynaptic GABAA receptors, taurine (Jia et al., 

2008). 

 In addition to the effects on individual neuron excitability, data from my studies indicate 

that the tonic current alters overall synaptic activity at mNTS neurons.  Similar to my findings on 

individual neuronal excitability, blockade of the tonic current with 100uM gabazine resulted in 
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an increase in synaptic events observed in cell-attached recordings.  Stimulation of the tonic 

current with 10uM THIP produced just the opposite effect, resulting in a decrease in synaptic 

events.  However, the ability to detect these changes in synaptic events was dependent on the 

baseline synaptic activity of a recording.  Gabazine was only able to produce an increase in 

synaptic events in recordings with low baseline activity.  Application of gabazine in recordings 

with high baseline activity did not appear to result in an increase in synaptic events, but it was 

not possible to determine if this was due to a lack of effect per se or because the baseline activity 

was already in a a maximal state.  The same was true for application of THIP to recordings with 

low baseline activity.  The different levels of baseline activity in individual recordings may 

reflect differences in the level of GABAA receptor mediated activity at different mNTS neurons, 

suggesting cell-type specific effects of tonic currents.  However, more studies are required to 

fully examine cell-type specific effects.              

Taken together, the results of my thesis studies indicate that GABAA receptor-mediated 

inhibition in the mNTS is composed of both tonic and phasic forms.  These results are 

particularly relevant to understanding the role of GABA activity in the mNTS when the impact 

of both types of inhibition is considered.  Phasic signaling provides a rapid means of inhibiting 

the mNTS on a cellular level whereas the tonic inhibition likely controls the overall “gain” of the 

network, as is the case for other brain regions such as the hippocampus and cerebellum [for 

review see (Semyanov et al., 2004)].  Thus, changes in synaptic inhibition may be important for 

communicating point-to-point signals (such as the vago-vagal reflexes) and changes in tonic 

inhibition may be important for maintaining overall activity of the vago-vagal reflex circuitry 

within a homeostatic range.  In vivo studies need to be designed and performed to understand the 

role of tonic and phasic cuurents in the context of GABAA receptor signaling in the mNTS. 
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Mu-opioid receptor-mediated modulation of mNTS synaptic activity  

 The data from my thesis demonstrate that activation of mu-opioid receptors in the mNTS 

area affects gastric motility.  To perform my studies, I chose the potent mu-opioid receptor 

agonist DAMGO in a range of doses (1fmol-100pmol).  The lowest doses (1-10fmol) 

encompassed the EC50 for DAMGO at the MOR, which is 208nM (Zhao et al., 2003).  Within 

this low-dose range (1-10fmol), I observed dose-dependent decreases in IGP and phasic 

contractions (Figure 18 and Figure 20).  When I studied doses of DAMGO that were many fold 

higher than the dose range that corresponds to the EC50 value, two interesting findings were 

noted.  First, in the dose range of 30-300fmol, no significant response was observed.  Second, 

with doses of 1 and 100pmol, a complex triphasic response was observed, consisting of an 

inhibition of gastric motility that is interrupted by a transient excitatory effect.   

The question raised by the high-dose effects of DAMGO is what is responsible for the 

excitatory effect?  One possibility is activation of a different opioid receptor.  However, data 

demonstrating blockade of the entire response to DAMGO with prior microinjection of the MOR 

specific antagonist, CTOP, and the observation that the entire response could be obtained with a 

high dose of EM-1, indicate that only the MOR was involved.  Another possibility is that at 

higher doses of DAMGO, MORs located on sensory vagal terminals in the mNTS (Aicher et al., 

2000) are activated and inhibit glutamate release, as has been previously described in in vitro 

studies (Glatzer et al., 2007).  A third possibility is that with higher doses of DAMGO there is 

diffusion to adjoining areas such as other NTS subnuclei, contralateral dorsal motor nucleus of 

the vagus (DMV), and/or area postrema, all sites that can alter gastric function (Bongianni et al., 

1998; Davis et al., 2004).  Preliminary data suggest that the increase in gastric motility observed 



166 

 

with higher doses of DAMGO could, in fact be due to diffusion to the DMV (Herman et al., 

unpublished data).         

Mu-opioid receptor agonists at the NTS have been examined in vivo, but using end-points 

different from gastric motility and using doses many fold higher than those used in the current 

study.  Two end-points used include the cough reflex and arterial blood pressure.  In the studies 

of the cough reflex, DAMGO was microinjected into the NTS in doses of 15-250pmol in 30-50nl 

(Mutolo et al., 2008).  At the lowest doses (15-25pmol) there was a reduction in cough number.  

The 15pmol dose of DAMGO is 1500 times the 10fmol dose used in our study.  In the studies of 

blood pressure, EM-2 microinjected into the NTS in doses of 10 and 20pmol in 100nl decreased 

blood pressure (Kasamatsu et al., 2004).  Ten pmol in 100nl is 150 times higher than the 20fmol 

dose of EM-2 used in our study.  Doses of 0.04, 0.2 and 1nmol EM-1 in 80nl increased blood 

pressure in a dose-dependent manner (Mao and Wang, 2005).  The lowest dose, 0.04nmol, is 75 

times higher than the dose of 20fmol EM-1 used in our study. 

Data from my thesis demonstrate the importance of proper dosing in the study of 

physiological mu-opioid receptor effects in the NTS.  Only doses within a low-dose range (as 

determined by receptor interaction studies) can provide reliable results in more complex, in vivo 

preparations.  The more complicated responses to higher, pharmacological doses of DAMGO 

that I observed could be the result of the confounding effects of diffusion or actions on other mu-

opioid receptors.  If similar dose-dependent effects occur in other systems, important effects of 

physiological mu-opioid receptor functions could be lost or overlooked due to opposing actions 

or experimental confounds such as diffusion.     

Evidence for modulation of local mNTS GABA activity: 
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 Data from my thesis studies suggest that mu-opioid receptor activation results in a 

decrease in gastric tone and motility by inhibition of local GABA neurons in the mNTS.  Several 

pieces of data support this suggestion: 1) the effects of mu-opioid receptor activation (with 

fentomole doses of agonist) on gastric tone and motility resemble the effects seen with GABAA 

receptor blockade in the mNTS (Figure 18); 2) the decrease in gastric tone and motility seen with 

mu-opioid receptor activation is prevented by prior blockade of GABAA receptors in the mNTS 

(Figure 27); 3) the gastric effects of both mu-opioid receptor activation and GABAA receptor 

blockade are mediated by unopposed glutamate signaling in the mNTS (Figure 8 and Figure 28); 

4) the inhibitory effects on gastric tone and motility produced by mu-opioid receptor activation 

and GABAA receptor blockade are both mediated by the cholinergic-cholinergic efferent 

pathway to the stomach (Figure 10 and Figure 23); and 5) application of DAMGO decreases 

both phasic and tonic GABAA receptor-mediated currents in mNTS neurons (Figure 24).  The 

similar results obtained with mu-opioid receptor activation and GABAA receptor blockade in the 

mNTS suggest a common mechanism involving inhibition of local GABA neurons in the mNTS 

and a subsequent disinhibiton of second-order NTS neurons projecting to the DMV.      

The findings from my thesis studies utilizing an intact, in vivo preparation are consistent 

with in vitro brainslice studies demonstrating that activation of mu-opioid receptors on the 

somatodendritic region of GABA neurons in the mNTS inhibits local GABA transmission 

(Glatzer and Smith, 2005; Glatzer et al., 2007).   

Lack of evidence for modulation of local mNTS glutamatergic activity: 

 In vitro studies indicate that MOR agonists decrease L-glutamate release from vagal 

afferent terminals (Glatzer and Smith, 2005; Glatzer et al., 2007; Poole et al., 2007).  However, 
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data from the present study suggest that this effect does not contribute to the decrease in IGP 

seen with microinjection of DAMGO in the low-dose range.  Similar to my previous study with 

GABAA receptor antagonists (Herman et al., 2009), the decrease in IGP produced by 10fmol 

DAMGO was blocked by prior microinjection of an ionotropic glutamate receptor antagonist, 

suggesting that the decrease in IGP is due to unopposed glutamate signaling.  Results from the 

present study also confirm that blockade of ionotropic glutamate receptors has no per se effects 

on IGP, but in the presence of DAMGO increases gastric tone and phasic contractions, 

suggesting that DAMGO is inhibiting local GABA activity and not glutamate release.  However, 

the possibility cannot be ruled out that with higher doses of DAMGO (i.e., 1 and 100pmol) mu-

opioid receptors located on vagal afferent terminals act to decrease glutamate release, resulting in 

the excitatory phase of the triphasic effects.       

 Integrating information from cellular studies with data from my in vivo studies leads me 

to propose the schematic depicted in Figure 36.  This schematic depicts the proposed circuitry 

responsible for the gastric effects of unilateral microinjection of a mu-opioid receptor agonist.  

Paired ovals are GABAA receptors located on second-order mNTS neurons that project ito the 

DMV.  Paired rectangles are mu-opioid receptors. My data suggest that stimulation of mu-opioid 

receptors (paired white rectangles) located on local GABA neurons inhibits these GABA neurons 

resulting in disinhibition of the second-order inhibitory NTS neuron that projects to the 

contralateral DMV and producing a decrease in gastric motility.  Projections to the ipsilateral 

DMV will not influence gastric motility as the ipsilateral vagus nerve has been sectioned.  Paired 

gray rectangles are possible locations of mu-opioid receptors based on previous anatomical and 

functional studies but that do not appear to contribute to the gastric effects observed with low-

dose microinjection of mu-opioid receptor agonists.
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Figure 36. Schematic representation of local circuitry involved in mu-opioid receptor 

stimulation in the mNTS. A simplified schematic representation of proposed circuitry for local 

intra-NTS mu-opioid and GABAA receptor signaling mediating changes in gastric tone and 

motility. Paired ovals are GABAA receptors located on second-order mNTS neurons that project 

ito the DMV.  Paired white rectangles are mu-opioid receptors thought to be involved in the 

gastric effects of mu-opioid receptor stimulation observed with low-dose agonist microinjection. 

Paired gray rectangles are possible locations of mu-opioid receptors based on previous 

anatomical and functional studies but that do not appear to contribute to the gastric effects 

observed with low-dose microinjection of mu-opioid receptor agonists. Plus signs represent 

excitatory (ionotropic glutamate receptor-mediated) signaling. White circles are mNTS neurons, 

black circles are DMV neurons. Minus signs represent inhibitory (GABAA receptor-mediated) 

signaling.    
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The role of local GABAA and mu-opioid receptor signaling in the mNTS in reflex-induced 

changes in gastric tone and motility  

GABAA receptor blockade in functional reflex transmission: 

 My data described in prevous sections provide strong evidence that local intra-NTS 

GABA signaling determines the activity of the vago-vagal reflex circuitry in the basal state and 

that mu-opioid receptor activation can suppress this ongoing GABA signaling to produce 

changes in resting gastric tone and motility.  However, the question remains if intra-NTS GABA 

signaling is involved in reflex transmission through the vago-vagal circuitry, specifically, does 

ongoing GABA signaling in the mNTS need to be inhibited for vago-vagal reflexes to operate?    

To address this issue I performed studies using an experimental model of the receptive relaxation 

reflex (RRR) where distension of the esophagus produces a decrease in fundus tone.  I found that 

blocking GABAA receptor signaling in the mNTS area prior to distending the esophagus 

completely prevented the decrease in fundus tone associated with the RRR.  The results of my 

studies indicate that removal of ongoing GABAA receptor signaling in the mNTS is the 

mechanism by which distension of the esophagus results in a decrease in fundus tone.   

This finding provides a new perspective as to how the RRR operates.  Prior to my thesis 

studies, it had been shown that blockade of ionotropic glutamate receptors in the mNTS with 

microinjection of kynurenic acid prevented the decrease in fundus tone produced by the RRR 

(Ferreira et al., 2005).  This finding supported the belief that the RRR simply involved 

monosynaptic glutamatergic stimulation of a second-order noradrenergic NTS neuron that 

inhibited the DMV and resulted in decreased cholinergic excitation at the fundus.  My data with 

blockade of GABAA receptors in the mNTS area indicate that suppression of ongoing GABA 
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signaling by sensory input in the mNTS is the essential mechanism by which vago-vagal reflexes 

operate (Figure 31).  In order for this mechanism to function, sensory input related to the RRR 

coming into the mNTS must employ an endogenous substance to suppress the ongoinjg 

GABAergic signaling.  My next studies sought to identify the endogenous substance responsible 

for the suppression of ongoing GABA activity responsible for the effects of the RRR.  Previous 

studies (discussed in the Introduction section) and my findings on the effects of mu-opioid 

receptor activation on resting gastric motility suggested that an endogenous mu-opioid receptor 

agonist would fulfill such a requirement.            

Mu-opioid receptor signaling in RRR transmission: 

 An additional major finding of my thesis research was that release of an endogenous mu-

opioid receptor agonist likely occurs during the RRR to provide the necessary suppression of 

ongoing intra-NTS GABA signaling.  My strongest evidence for this was the data demonstrating 

that microinjection of the mu-opioid receptor antagonist naltrexone into the mNTS completely 

blocked the decrease in fundus tone seen with the RRR (Figure32).  These data suggest that an 

endogenous opioid is released into the mNTS following distension of the esophagus and that this 

mechanism is responsible for the suppression of ongoing GABA signaling that is required for the 

sensory input to engage the vago-vagal reflex circuitry.  Previous studies have shown that the 

endogenous opioid endomorphin-2 is released from vagal afferent terminals (Scanlin et al., 2008) 

and it is likely that this is also what is occurring in my preparation using the RRR. 

 Further evidence that mu-opioid receptor-mediated suppression of ongoing intra-NTS 

GABA signaling is the mechanism by which the RRR operates are the data obtained with the 

effects of  mu-opioid receptor activation on the RRR.  I found that microinjection of the mu-
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opioid receptor agonist DAMGO into the mNTS just prior to esophageal distension also 

completely bocked the decrease in fundus tone seen with the RRR (Figure 33).  This result is 

consistent with the idea that mu-opioid receptor-mediated suppression of GABA signaling in the 

mTNS is the mechanism responsible for the RRR, because if suppression of GABA was only a 

permissive effect, then activation of mu-opioid receptors just prior to esophageal distension 

would result in an enhanced or unchanged decrease in fundus tone.  Instead, the decrease in 

fundus tone is completely prevented, suggesting that if any aspect of the pathway is removed, the 

effect is lost.  This idea is further supported by the observation that microinjection of DAMGO 

just prior to the reflex produced a decrease in fundus tone similar to that observed with the RRR.  

The results of my thesis studies demonstrate that microinjection of 3 mu-opioid receptor 

agonists, DAMGO, EM-1 and EM-2 into the mNTS all decreased intragastric pressure (IGP) and 

phasic contractions and microinjection of DAMGO also decreased fundus tone.  These results 

are consistent with findings obtained in humans.  It has been shown that intravenous morphine 

decreases gastric contractions (Penagini et al., 2004) and that endogenous opioids suppress 

fundic contractions (Geeraerts et al., 2008).  In addition, numerous studies report that 

systemically-administered morphine slows gastric emptying (Yee et al., 1991; Murphy et al., 

1997; Crighton et al., 1998; Wilder-Smith et al., 1999; Panchal et al., 2007).   

The question remains if any of the effects observed in humans coud be due to mu-opioid 

receptor actions in the mNTS.  Data from my thesis suggest that they could.  The most relevant 

evidence in support of this suggestion are the data demonstrating that the decrease in fundus tone 

seen with the RRR is significantly diminished following intravenous administration of the mu-

opiod receptor antagonist naltrexone (Figure 34).  It is possible that naltrexone could be exerting 



174 

 

effects directly at the level of the stomach to diminish the RRR, but the data discussed previsouly 

demonstrating that blockade of mu-opioid receptors in the mNTS also prevented the RRR Figure 

32), and the fact that the mNTS is known to have a permeable blood brain barrier (Gross et al., 

1990; Maolood and Meister, 2009) suggest that systemically administered naltrexone could also 

be exerting effects directly in the mNTS to alter vago-vagal reflex signaling.   

Summary of GABA activity in the mNTS 

Basal state: 

 My view of how local GABA activity in the mNTS area determines resting gastric 

motility is expressed in Figure 37A.  During the basal state, L-glutamate is released from afferent 

projections of the nodose ganglion into the area of the mNTS (Zhang and Fogel, 2003).  L-

glutamate fails to excite second-order inhibitory NTS neurons projecting to the DMV due to the 

high level of intrinsic inhibition produced by intra-NTS GABA signaling (Herman et al., 2009).  

This results in reduced inhibition at the DMV, allowing the spontaneous discharge of DMV 

neurons (Travagli et al., 1991) to determine the degree of cholinergic-cholinergic excitatory 

output to the stomach.  In the basal state the activity in the neurocircuitry provides a significant 

degree of gastric tone, and, in most cases, phasic contractions. 

Interactions with mu-opioid receptor signaling: 

 My view of how mu-opioid receptor activation in the mNTS inhibits local GABA activity 

to produce changes in resting gastric motility is expressed in Figure 37B.  Changes in resting 

gastric tone and phasic contractions can be brought about by decreasing the intra-NTS 

GABAergic signaling.  Blocking GABAA receptors located on the cell bodies of 2
nd

-order NTS 
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inhibitory projection neurons allows L-glutamate released from vagal sensory terminals to excite 

2
nd

-order neurons and decrease activity in the cholinergic-cholinergic excitatory pathway, 

producing decreases in IGP and phasic contractions.  This response is seen with microinjection 

of GABAA receptor antagonists into the mNTS (Herman et al., 2009).  In my thesis studies, I 

found that microinjection of MOR agonists into the mNTS area mimics the gastric effects of 

microinjection of GABAA receptor antagonists, presumably because MOR agonists excite MORs 

on the somatodendritic region of intrinsic GABA neurons and decrease GABA release (Figure 

37B).  Indeed, blockade of GABAA receptors in the mNTS prevents a MOR agonist 

microinjected into the mNTS from decreasing gastric tone and phasic contractions.   

Reflex state:  

 My view of how release of an endogenous opioid in the mNTS inhibits local GABA 

activity to produce reflex-induced decreases in fundus tone is expressed in Figure 37C.  The 

results of my thesis studies suggest that activation of the vago-vagal reflex results in the release 

of an endogenous opioid, most likely EM-2 (Scanlin et al., 2008).  The endogenous opioid acts 

postsynaptically on MORs on NTS GABA neurons to reduce the ongoing intra-NTS GABA 

signaling, enabling L-glutamate to excite the second order noradrenergic projection neuron and 

reduce DMV cholinergic-cholinergic excitatory drive to the stomach.  A noradrenergic neuron is 

the relevant 2
nd

 order neuron in the context of the RRR (Ferreira et al., 2005; Herman et al., 

2009).  The neurocircuitry in Figure 37B and 37C also explains why bilateral microinjection of 

DAMGO counteracts the RRR.  Microinjection of DAMGO into the mNTS reduces intra-NTS 

GABA signaling before the RRR has been activated by esophageal distension.  Upon activation 

of the RRR, there is very little GABAergic signaling to remove, and activity in the second order 
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noradrenergic neuron will remain relatively constant.  Consistent with this explanation is the 

finding that blockade of GABAA receptors in the mNTS with bilateral microinjection of 

gabazine, also diminishes the RRR (Figure 31).  
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Figure 37. Summary schematic representation of GABA in the mNTS and its role in the  

regulation of vago-vagal activity in the basal state, during mu-opioid receptor stimulation 

in the mNTS and during the receptive relaxation reflex. A. NTS circuitry in the resting state: 

a high level of inhibition produced by GABAergic interneurons suppresses the activity of 2
nd

 

order noradrenergic inhibitory neurons projecting to the DMV. This results in less inhibition at 

the DMV and unopposed cholinergic excitation at the level of the stomach. B. During activation 

of mu-opioid receptors (MORs) in the mNTS: MOR-induced hyperpolarization of GABAergic 

interneurons disinhibits the 2
nd

 order noradrenergic projection neurons, increasing inhibition of 

the DMV and decreasing gastric tone through withdrawal of cholinergic excitation. C. During 

activation of the RRR: esophageal distension causes the release of endogenous opioids from 

vagal afferent terminals that activate MORs located on GABAergic interneurons. MOR-induced 

hyperpolarization of GABAergic interneurons disinhibits the 2
nd

 order noradrenergic projection 

neurons, increasing inhibition of the DMV and decreasing gastric tone through withdrawal of 

cholinergic excitation. White rectangles represent MORs located on the somatodendritic region 

of local GABA interneurons. Grey rectangles represent GABAA receptors and black rectangles 

represent ionotropic glutamate receptors, both of which are located on 2
nd

 order noradrenergic 

NTS neurons that project to the DMV. 
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