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Abstract

This review is on how current knowledge of brainstem control of gastric mechanical function unfolded over nearly four
decades from the perspective of our research group. It describes data from a multitude of different types of studies involving
retrograde neuronal tracing, microinjection of drugs, whole-cell recordings from rodent brain slices, receptive relaxation
reflex, accommodation reflex, c-Fos experiments, immunohistochemical methods, electron microscopy, transgenic mice,
optogenetics, and GABAergic signaling. Data obtained indicate the following: (1) nucleus tractus solitarius (NTS)—dorsal
motor nucleus of the vagus (DMV) noradrenergic connection is required for reflex control of the fundus; (2) second-order
nitrergic neurons in the NTS are also required for reflex control of the fundus; (3) a NTS GABAergic connection is required
for reflex control of the antrum; (4) a single DMV efferent pathway is involved in brainstem control of gastric mechanical
function under most experimental conditions excluding the accommodation reflex. Dual-vagal effectors controlling cholin-
ergic and non-adrenergic and non-cholinergic (NANC) input to the stomach may be part of the circuitry of this reflex. (5)
GABAergic signaling within the NTS via Sst-GABA interneurons determine the basal (resting) state of gastric tone and
phasic contractions. (6) For the vagal-vagal reflex to become operational, an endogenous opioid in the NTS is released and
the activity of Sst-GABA interneurons is suppressed. From the data, we suggest that the CNS has the capacity to provide
region-specific control over the proximal (fundus) and distal (antrum) stomach through engaging phenotypically different
efferent inputs to the DMV.

Keywords Separate brainstem circuits - Somatostatin-GABA interneurons - Non-adrenergic non-cholinergic (NANC)
pathways - Optogenetics - Electron microscopy: whole-cell patch-clamp - Dorsal motor nucleus of the vagus - Nucleus
tractus solitarius

Preamble

The stomach has three primary motor functions (Hennig and
Spencer 2018). These are accommodation, mixing, and emp-
tying. Accommodation refers to the stomach muscle relaxing
to receive and to store ingested food. This function is carried
out by the proximal stomach which consists of the fundus
and corpus. The musculature is relatively thin and consists
of distensible smooth muscle layers (Schulze-Delrieu 1983),
displaying mainly tonic contractions. Mixing and emptying
functions are carried out primarily by the distal stomach,
consisting of the distal corpus, antrum and pylorus. Here,
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the musculature is thick and generates powerful phasic con-
tractions (Prove and Ehrlein 1982). Our review is focused
on brainstem neurocircuitries controlling tonic contractions
(that is, accommodation function), and phasic contractions
(that is mixing and emptying functions).

Introduction

Our journey to understand brainstem neuronal circuitries
controlling gastric mechanical activity was initiated by a
two-step series of experiments (Pagani et al. 1988). The
first step was to use retrograde neuronal tracing techniques
to identify potential “control centers” in the brainstem
that innervate smooth muscle and sphincters. The second
step was to determine whether activation of the brainstem
site that contains the most numerous labeled cell bodies
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influence gastric mechanical and sphincter function. This
approach resulted in the following findings: (1) all parts
of the stomach receive innervation from the dorsal motor
nucleus of the vagus (DMV). The fundus is innervated by
the lateral halves of the left and right DMVs, while the
antrum is innervated by neurons located primarily in the
medial portion of the DMV (Pagani et al. 1988); (2) direct
stimulation of the DM Vs produces increase in gastric tone
and phasic contractions. These are selective effects in the
sense that there are no significant changes in heart rate and
blood pressure (Pagani et al. 1985; Norman et al. 1985);
(3) there is evidence of a dual pathway of preganglionic
vagal fibers in the DMV controlling the function of the lower
esophageal sphincter (Rossiter et al. 1990). We discovered
that the rostral area of the DMV contained neurons which
upon activation would increase lower esophageal (LES)
pressure. In contrast, the caudal area of the DMV contained
neurons which upon activation would decrease LES pres-
sure; and (4) by microinjecting a retrograde tracer into the
DMV, we found a population of neurons in the caudal raphe
nuclei that project to the DM V. Activation of these neurons
causes an increase in gastric motility that is due to excitation
of vagal neurons in the DMV (Hornby et al. 1990).

Early on in our studies we became aware that the DMV
motoneurons receive an inhibitory GABAergic input (Trava-
gli et al. 1991). This occurred while performing whole-cell
current-clamp recordings from anatomically identified DMV
neurons in rat brain stem slices. Spontaneously occurring
tetrodotoxin-resistent miniature inhibitory synaptic poten-
tials were observed. Electrical stimulation in the tissue
surrounding the recording neuron was capable of evoking
orthodromic-evoked mixed inhibitory-excitatory postsynap-
tic potentials, and eventually, action potentials. Whole-cell
voltage-clamp recordings of the synaptic currents corre-
sponding to these synaptic potentials in the presence of phar-
macological antagonists of the neurotransmitters GABA,
glutamate, and glycine receptor subtypes indicated that the
inhibitory synaptic currents are mediated by GABA-acti-
vated chloride channels, while the excitatory synaptic cur-
rents are due to activation of ionotropic glutamate receptors.

In summary, our review is centered on identifying brain-
stem neuronal circuitries with emphasis on pathways con-
necting the NTS to the DMV. It also includes information
on the importance of local circuit neurons within the NTS
and the DMV in the operation of these circuits.
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Identification of Brainstem Neural Circuitry
Controlling Tonic and Phasic Contractions
of the Stomach Using Intravenously
Administered Nicotine

Our interest in locating neurons in the brainstem that con-
trol stomach mechanical function was magnified by our
studies of nicotine (Ferreira et al. 2000, 2001, 2002). For
our studies, we used anesthetized rats and recorded tonic—
and phasic contractions employing an inflated intragastric
balloon placed into the stomach cavity and a strain gauge
force transducer sutured to the fundus. Nicotine was given
intravenously (iv) in five increasing doses starting with
56.5 nmol/kg and was observed to decrease both gastric
tone and phasic contractions. The lower dose range of drug
only inhibited fundus tone. With higher doses, both fundus
tone and phasic contractions of the antrum were inhib-
ited. Prior bilateral vagotomy prevented the lower dose
range of nicotine from reducing fundus tone. This was a
provocative observation, that is, noting with low doses
of nicotine, decreases in tonic contractions of the fundus
without parallel decreases in phasic contractions of the
antrum. It suggested an independence of tonic and phasic
contractions of the stomach.

In an earlier study, we demonstrated that nicotine
microinjected into the medial subnucleus of the tractus
solitarius (mNTS) in doses ranging from 0.1 to 300 pmol
evoked decreases in intragastric pressure (IGP) (Ferreira
et al. 2000). Bilateral cervical vagotomy prevented this
effect. The nicotinic receptor antagonist, hexamethonium,
microinjected into the mNTS also prevented nicotine from
reducing IGP. Based on these findings, we hypothesized
that nicotine administered iv was acting in the mNTS
to inhibit fundus tone (Ferreira et al. 2002). To test our
hypothesis, we first microinjected hexamethonium bilat-
erally into the mNTS, and then administered nicotine iv.
We found that the iv effect of nicotine on fundus tone was
prevented signifying that the iv nicotine effect to produce
fundus relaxation resides in the mNTS.

To corroborate that iv nicotine was exciting mNTS neu-
rons, doses of this drug that inhibit fundus tone as reflected
by IGP—and strain gauge recordings from the fundus were
evaluated on c-Fos expression in brain stem nuclei (Ferreira
et al. 2002). The lower iv dose range of nicotine stimulated
c-Fos expression in the mNTS. In contrast, nicotine had
no effect on c-Fos expression in gastric projecting DMV
neurons.

Once having established the mNTS as the site of action of
iv nicotine, our goals were to identify the subtype of nAchR
responsible for the decrease in fundus tone, and the location
of the nAchR subtype. To identify the subtype, we tested
microinjected nicotine after blocking the a4p2 nAchR in the
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mNTS with the a4p2 antagonist dihydro -beta-erythroidine
(DHBE). In the presence of DHBE, nicotine microinjected
into the mNTS had no effect. We also tested cytisine, a drug
with its major agonist effect on the a3p4 nAchR but little
or no agonistic effect on the a4p2 nAchR. Cytisine micro-
injected into the mNTS had no effect on fundus tone but
did inhibit antral contractions. These data suggested that
nicotine acted on mNTS a4p2 nAchRs to inhibit the fundus.
In addition, nicotine acted on mNTS a3p4 nAchRs to inhibit
the antrum.

To find the location of the nAchRs in the mNTS, we knew
from reports of others that nAchRs are located on presynap-
tic nerve terminals, and when activated will increase release
of transmitter such as glutamate (Colquhoun and Patrick
1997; McGehee and Role 1995). Furthermore, glutamate is
known to be released by sensory nerve terminals in the NTS
(Talman et al. 1980). If nicotine was acting on vagal affer-
ent nerve terminals to release glutamate, pretreatment with
an antagonist of glutamate such as kynurenic acid should
block nicotine from inhibiting gastric mechanical activity.
Hence, we first microinjected kynurenic acid into the mNTS,
and followed it with nicotine microinjected into the same
site. Kynurenic acid pretreatment prevented nicotine from
reducing IGP. Kynurenic acid pretreatment also prevented

Fig. 1 Schematic of proposed

iv nicotine from inhibiting fundus tone (Ferreira et al. 2002).
These data suggested that the location of the a4p2 nAchR in
the mNTS is on vagal afferent nerve terminals. We did not
pursue studies to locate the a3p4n AchR subtype. Instead,
we refer to the report by Xu et al. (2015), indicating both a
presynaptic and a somatodendritic location. For the purpose
of constructing Fig. 1, we have placed this subtype receptor
at a postsynaptic site.

The possibility the motility of the fundus and the antrum
are controlled by different neural pathways was raised by
the finding that the lower doses of nicotine administered
either iv or locally into the mNTS decreased fundus tone
without decreasing antral contractions. Higher doses of the
drug affected both areas of the stomach. This possibility was
augmented by the finding that activation of a4p2 nAchRs
in the mNTS inhibited the fundus, while activation of a3p4
nAchRs in the mNTS inhibited the antrum. To pursue this
possibility further we posed the question of what ’"down-
stream’ signaling occurs within the mNTS and is this down-
stream signaling required for both the fundus and antrum
to operate.

Ruggiero and colleagues (Ruggiero et al. 1996)
reported that NADPH, a marker of nitric oxide synthase
(NOS) is present in the mNTS. To assess the role of NO
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in nicotine-induced fundus relaxation upon microinjec-
tion into the mNTS, we microinjected an inhibitor of NOS,
L-NAME, bilaterally into the mNTS, and repeated our nico-
tine microinjection. With inhibition of NO synthesis, nico-
tine no longer decreased IGP and tonic contractions of the
fundus. In contrast, L-NAME microinjected into the mNTS
had no effect on nicotine-induced reduction in phasic con-
tractions of the antrum. Thus, based on our nAchR studies at
the mNTS, and our studies of inhibiting the synthesis of NO
at the mNTS, it is clear that separation of pathways begins
at the mNTS.

Is the separation of pathways regulating fundus tone and
antrum contractions maintained at the level of the DMV?
Communication between the mNTS and the DMV has been
suggested to be through noradrenergic (Pickel et al. 1986;
Fukuda et al. 1987, Siaud et al. 1989; Bertolino et al. 1997),
GABAergic (Davis et al. 2004), and glutamatergic (Willis
et al. 1996) projection neurons. To test a role for noradren-
ergic signaling, we blocked the a2 adrenoreceptors at the
DMV. This was accomplished by microinjecting yohim-
bine into the DMV and activating nicotinic receptors at the
mNTS. Blockade of a2 receptors at the DM Vsite counter-
acted nicotine-induced decreases in IGP and fundus tone,
but it did not counteract nicotine evoked reduction in antral
contractions (Ferreira et al. 2002).

To test the role of GABAergic signaling, we blocked the
GABA , receptors at the DMV. This was accomplished by
microinjecting bicuculline into the DMV and activating nic-
otinic receptors at the mNTS. Blockade of GABA , receptors
at the DMV site counteracted nicotine evoked reduction in
antral contractions but did not counteract nicotine-induced
decreases in IGP and fundus tone (Ferreira et al. 2002).

To test for a role of glutamatergic signaling, we blocked
the glutamate receptor at the DMV. This was accomplished
by microinjecting kynurenic acid into the DMV and activat-
ing nicotinic receptors at the mNTS. Blockade of glutamate
receptors at the DMV site had no effect on nicotine-induced
inhibitory effects at either the fundus or the antrum (Ferreira
et al. 2002).

We also assessed whether there was ongoing signaling
between the mNTS and the DMV. Blockade of a2 adrenore-
ceptors at the DMV had no effect per se on gastric mechani-
cal activity. The same was true for blockade of glutamater-
gic receptors at the DMV. However, blockade of GABA ,
receptors at the DMV site resulted in significant increases in
IGP, fundus tone, and antral contractions indicating ongoing
signaling in this pathway (Ferreira et al. 2002).

We have constructed Fig. 1 to summarize our findings and
to illustrate how gastric mechanical function is controlled by
two distinct pathways. The left side of the figure shows how
the stomach communicates information to the brain. Signal-
ing from gastric muscle is relayed via vagal afferent nerves
to the nodose ganglion and forwarded on to the mNTS. The

@ Springer

transmitter released from these terminals is glutamate, which
in turn excites nitrergic neurons. The NO produced excites
the circuit that regulates the fundus. Activation of this circuit
requires NO which excites noradrenergic projection neurons
synapsing at the DMV. The released norepinephrine excites
a2 adrenoreceptors resulting in inhibition of DMV neurons
projecting to the proximal stomach (right side of the figure).
The end result is relaxation of the fundus. Thus, nicotine
activates a vago-vago reflex by exciting a4p2 nAchRs on
viscerosensory nerve endings in the mNTS causing IGP to
drop and fundus tone to decrease (Ferreira et al. 2002). This
is circuit number 1.

Signaling in the second circuit starts with nicotine excit-
ing postsynaptic «334 nAchRs located on second-order neu-
rons in the mNTS. We suggest that these second-order neu-
rons are GABAergic and project to the DMV. Activation of
GABA 4 receptors in the DMV inhibits output neurons that
innervate the distal stomach. Based on our c-Fos data show-
ing no excitation of DMV neurons, we suggest that nicotine
acting in the mNTS and engaging GABAergic projection
neurons, is suppressing the activity of cholinergic—cholin-
ergic excitatory drive to the antrum.

Additional evidence for a mNTS GABAergic pathway to
vagal motor neurons that respond to nicotine was reported by
Xu et al. (2015). Gastric-related and GABAergic inhibitory
synaptic input to the DMV from the NTS that is activated
by nicotine was shown using transgenic mice that express
enhanced green fluorescent protein under a GAD 67 pro-
motor in a subset of somatostatin-coexpressing GABAergic
neurons. In vivo retrograde pseudo-rabies viral labeling was
used to identify gastric-related vagal neurons. Patch-clamp
electrophysiology in brain stem slices was then used to show
that nicotine application increased excitatory postsynaptic
current (EPSCs) in approximately 80% of GABAergic NTS
neurons. Previous studies of this group had shown that the
majority of nAChRs in the NTS were of the a3f4subtype
which is consistent with our earlier conclusion and Fig. 1 of
this review (Ferreira et al. 2002).

Identified gastric-related DMV cells were also examined
for responses to nicotine application in the NTS. Brief focal
application of nicotine in the NTS significantly increased the
frequency of spontaneous inhibitory postsynaptic currents
(sIPSCs) in 67% of the cells tested (Xu et al. 2015).

What remains to be discussed from Fig. 1 is the nature of
the efferent projecting pathway out of the DMV affected by
nicotine. As shown, two pathways are depicted, one engaged
by NTS noradrenergic projection neurons (A2 Neuron) that
synapse with preganglionic cholinergic neurons. These
preganglionic neurons engage postganglionic neurons syn-
apsing at the fundus. Acetylcholine is the neurotransmitter at
both the ganglionic site and the postganglionic neuroeffector
junction. Evidence implicating inhibition of this choliner-
gic-cholinergic pathway in mediating the relaxation of the
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fundus by microinjected nicotine into the mNTS is our result
that ganglionic blockade by iv administered hexamethonium
prevents nicotine-induced fundus relaxation. The other path-
way is engaged by NTS GABAergic projection neurons that
also synapse with preganglionic cholinergic neurons. These
preganglionic neurons connect with non-cholinergic—non-
adrenergic neurons and is referred to as the NANC pathway
(Andrews 1990; Hornby. 2001). Excitation of this pathway
leads to relaxation of the stomach (e.g., antrum) due pri-
marily to the release of NO (Takahashi and Owyang 1997).
Like the cholinergic—cholinergic pathway, iv hexamthonium
would prevent engagement of this system. We did not test
hexamethonium on nicotine-induced inhibition of antral
contractions. Because nicotine did not increase c-Fos in
the DMV, we conclude that only inhibition of the cholin-
ergic—cholinergic excitatory pathway was responsible for
nicotine’s relaxing effect at both the fundus and the antrum.

A third DMV pathway has been proposed by Krowicki
et al. (1997); Zheng et al. (1999) and Krowicki et al. (1999).
This efferent pathway consists of DMV nitrergic neurons
directly synapsing with gastric smooth muscle. Hexam-
ethonium iv has no effect on this pathway (Krowicki et al.
1999). Since iv hexamethonium fully blocked the nicotine
effect, we have no evidence for involvement of DMV nitrer-
gic motor neurons. Consistent with no involvement was the
absence of nicotine-induced c-Fos expression in the DMV.

Four important findings emerge with our studies of nico-
tine. First, is the realization that NTS-DMYV noradrenergic
pathway may be important for control of gastric mechani-
cal function. Second, second-order nitrergic neurons in
the mNTS may be important in the control of fundus tone.
Third, two separate brainstem circuits regulate the proximal
(fundus) and distal (antrum) stomach. Fourth, a single DMV
efferent pathway is involved in brainstem control of gastric
mechanical function.

Confirmatory evidence that the fundus could be con-
trolled separate from the antrum and vice versa can be found
in studies by Talman and colleagues (Spencer and Talman
1986; Talman et al. 1991) Their experimental set up was
the anesthetized rat and gastric pressure was recorded from
an inflated balloon inserted at the junction of the antrum
and fundus. The balloon registered both tonic and phasic
components of mechanical activity. Glutamate was micro-
injected into the mNTS and decreased tonic gastric pressure
as well as inhibited gastric phasic activity (Spencer and Tal-
man 1986). Next, cholecystokinin (CCK) was studied in the
NTS in the same manner as glutamate (Talman et al. 1991).
CCK decreased tonic gastric pressure and phasic contraction
amplitude. The dose-response characteristics were similar
for both end points. It was, however, noted that on occa-
sion, decreases in tonic pressure occurred without changes
in either amplitude or frequency of contractions. The authors

1Saline
mm Nicotine

Rostrocaudal (mm)

0 4 8 12 16
cFos+TH Labeled Cells

Fig.2 Rostral-caudal distribution of double-labeled c-Fos+TH cells
in the NTS after intravenous infusion of either saline or nicotine.
Adapted from Fig. 8b of Ferreira et al. (2005)

suggest that “tonic and phasic gastric pressure may be inde-
pendently regulated by central mechanisms”.

Next, we sought additional evidence of nicotine activating
noradrenergic neurons in the mNTS (Ferreira et al. 2005).
We employed double-label immunocytochemical methods
to assess the effect of iv nicotine in the low dose range on
c-Fos expression in NTS noradrenergic neurons. The marker
of neurons containing norepinephrine is tyrosine hydroxy-
lase (TH). Even though TH also identifies neurons that con-
tain dopamine and epinephrine, it was useful as a marker
because neurons in the anatomical area of the NTS we were
interested in are primarily noradrenergic (Paxinos 1999).
In a 150 um section of brainstem just rostral to the calamus
scriptorius (CS), we observed that 19.7 + 4.2% of the TH
neurons were activated by nicotine (Ferreira et al. 2005).
These results appear in Fig. 2 and Table 1.

We also processed brains of rats receiving the low dose
range of iv nicotine for NOS immunoreactivity and for
c-Fos. We observed little effect of nicotine on c-Fos in NOS
immunoreactive neurons. This was surprising because our
studies with L-NAME microinjected into the mNTS clearly
demonstrated a critical signaling role of NO in the circuit
controlling the fundus. We speculate that glutamate release
by afferent vagal nerve terminals activate NOS containing
nerve terminals in the NTS neuropil. Consistent with this
speculation is the report by Lin and Talman (2000), that
NMDARI immunoreactivity is present in NOS immuno-
reactive neurons in the NTS. This released NO activates
close-by noradrenergic projection neurons that synapse in
the DMV (Fig. 3). Nitric oxide could also cause additional
release of glutamate from nearby vagal afferent terminals
(O’dell et al. 1991).
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Table 1 Effect of intravenous

o= Location of 150 um section =~ TH neurons No of neurons exhibiting both TH Total no. of
nicotine on .percentagt.: of TH relative to CS, mm activated % immunoreactivity and c-Fos TH-IR neurons
neurons activated at different present
rostro-caudal levels of the NTS
+1.05 1+ 20+3 6.6+3.3
+0.90 +1 22+3 19.7+4.2
+0.75 8+2 43+3 17.5+5.0
+0.60 8+5 43+11 15.8+6.6
+0.45 5+2 56+8 87+2.2
+0.30 3+1 73+5 41+1.8
+0.15 3+1 72+7 38+19
0(CS) 2+1 75+3 25+1.7
-0.15 1+0 63+6 1.4+0.6
-0.30 0 51+3 04+04
—-0.45 0 42+4 0
- 0.60 0 39+4 0
-0.75 0 30+2 0
—-0.90 0 27+5 0

Adapted from Table 1 in Ferreira et al. (2005)
Values are means + SE (data from five rats)

TH tyrosine hydroxylase, NTS nucleus tractus solitaries, CS calamus scriptorius, /R immunoreactive

Fig.3 Schematic of proposed neurocircuitry in the dorsal medulla
involved in the esophageal distension and nicotine-induced decreases
in IGP. ND nodose ganglion, GluR glutamate receptor, LES lower
esophageal sphincter, mAChR muscarinic acetylcholine receptor,
nAChR nicotinic acetylcholine receptor, NE norepinephrine, NO nitric
oxide, Not nitric oxide at the terminal. Adapted from Fig. 11 of Fer-
reira et al. (2005)
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Identification of Brainstem Neural Circuitries
Controlling Tonic and Phasic Contractions

of the Stomach Using Reflex-Induced
Changes in Gastric Reservoir Function

The neural pathways revealed by our study of nicotine led us
to hypothesize that these pathways are the same as those that
carry out vago-vagal reflexes that occur physiologically. To
test this we focused on reflexes that control gastric reservoir
function. According to Tack et al. (2012), there are two.
After swallowing food, a reflex is evoked by distension of
the esophagus. This distension leads to a rapid inhibition of
tone and is called the receptive relaxation reflex. Next, as the
stomach is filled by food, distension occurs. This distension
produces a long lasting relaxation of the proximal gut and
the phenomenon is called adaptive relaxation (Desai et al.
1991a, 1991b) or gastric accommodation (Tack et al. 2012).

We will refer to the two reflexes as receptive relaxation
and accommodation. The purpose of the receptive relaxation
reflex is to prepare the stomach to receive food, and the pur-
pose of the accommodation reflex is to enable the stomach
to accept large amounts of food with negligible increases in
intragastric pressure.

Brainstem Neuronal Circuitry for the Receptive
Relaxation Reflex

To create the receptive relaxation reflex (RRR) in anesthe-
tized rats, intragastric pressure (IGP) was recorded, and
a balloon catheter was used to produce distension of the
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thoracic esophagus (Ferreira et al. 2005). Using this prepa-
ration, the general neural circuitry for the RRR was deter-
mined. Esophageal distension (ED) consistently decreased
IGP. Bilateral cervical vagotomy, bilateral microinjection of
tetrodotoxin (a drug known to block nerve conduction) into
the mNTS, and iv atropine methyl bromide all prevented
the response. Spinal cord transection (to remove the sym-
pathetic nervous system) and iv L-NAME had no effect
on ED—induced decreases in IGP. These data suggested
that the RRR produced by ED was due to increased neural
signaling into the mNTS, inhibition of efferent vagus nerve
activity, and withdrawal of cholinergic-cholinergic signaling
to fundus smooth muscle. It also suggests that both sympa-
thetic nervous system and the NANC pathway played no
role in the RRR.

Next, the effect of ED was evaluated on the expression of
c-Fos in brainstem nuclei. As in the case with iv nicotine ED
increased c-Fos expression in the NTS, and this expression
was significant from — 0.6 mm caudal to CS to+ 1.05 mm
rostral to CS. Peak expression occurred at CS.

As in our studies with iv nicotine, we sought evidence for
ED activating noradrenergic neurons in the mNTS (Ferreira
et al. 2005). We used double-label immunocytochemical
methods on c-Fos expression in NTS noradrenergic neurons.
In a 150 um section of brainstem on either side of CS, as
many as 19.7 + 2.3% of the TH neurons present were acti-
vated by ED. Comparing the total number of TH-IR neurons
stimulated by ED to data from another laboratory, it was
similar to that reported by Willing and Berthoud (1997), for
distension of the stomach.

We also processed brains of rats subjected to ED for NOS
immunoreactivity. The number of NOS neurons expressing
c-Fos was less than the number of TH-immunoreactive neu-
rons expressing c-Fos.

Because other investigators conclude that ED activates a
NANC pathway originating in the DMV (Rogers et al. 2003;
Hermann et al. 2006) it was important to ask the question
of whether ED increases c-Fos in DMV neurons that pro-
ject to the stomach. Data analysis indicated that ED had no
physiological significant effect on c-Fos expression in these
neurons. It has been shown by (Willing and Berthoud 1997),
that DMV neurons are capable of expressing c-Fos. In their
studies, gastric distension produced robust increases in c-Fos
expression of DMV neurons.

Communication between the NTS and the DMV in our
nicotine experiments involving relaxation of the fundus was
through noradrenergic projection neurons. To test for a role
of noradrenergic signaling in the ED—induced decreases
in IGP, two different a2 adrenoreceptor antagonists were
microinjected bilaterally into the DMV in separate experi-
ments. These were yohimbine and SKF86466. Both coun-
teracted ED-induced reductions in IGP. In addition, experi-
ments were performed where the GABA , receptor channel

antagonist, picrotoxin, was microinjected bilaterally into the
DMV. Blockade of GABA , receptor channels had no signifi-
cant effect on ED-induced decreases in IGP.

To assess the role of NO in ED-induced decreases in IGP,
L-NAME was microinjected bilaterally into the mNTS and
ED repeated. With NO synthesis inhibited, ED no longer
decreased IGP. Similar experiments were performed with
L-NAME microinjected into the DMV. No effect was
observed on the RRR.

In summary, our data indicate that a noradrenergic path-
way originating in the NTS and projecting to the DMV
is part of the hindbrain circuitry for transmitting sensory
information from the esophagus to the DMV. Concurring
with this finding are the earlier observations of Fukuda et al.
(1987), using a rat brain slice preparation. They reported
that norepinephrine stimulated a2 adrenoreceptors present
on DMV neurons resulting in their inhibition. This finding
was corroborated by Valenzuela et al. (2004).

Rogers et al. (2003), were the first to demonstrate that
noradrenergic neurons were activated by ED. They showed
this using immunohistochemical procedures for detecting
changes in c-Fos and TH. ED increase TH neurons in the
NTS to colocalize c-Fos. They then performed pharma-
cological experiments with the a2 adrenoreceptor blocker
yohimbine, and the a1l adrenoreceptor blocker, prazosin. ED
was tested before and after application of these drugs to
the floor of the fourth ventricle. Each blocker antagonized
the RRR response by just over 50%, and the combination
produced nearly a full blockade of the RRR. In contrast to
Rogers and colleagues result, we found that just blockade
of a2 adrenoreceptors at the DMV would produce nearly
complete blockade of the RRR.

We suggest that Rogers and colleagues were unable to
fully block the RRR response with yohimbine because they
applied the drug to the floor of the 4th ventricle instead of
microinjecting it directly into the DMV. Because floor of the
4th ventricle application would enable yohimbine to diffuse
to wide areas of the brainstem, the concentration of the drug
reaching the DMV may have been inadequate.

Why did Rogers and colleagues choose to apply the drug
to the floor of the 4th ventricle? Their explanation was that
“previous work from their laboratory has shown that neu-
rons in NTSc (referring to the NTS subnucleus centralis)
area responsive to ED project throughout the entire DMN
(DMYV),” and this expansive area would not be covered by
microinjection of yohimbine. According to Paxinos and
Watson (2014), the total length of this columnar structure is
about 2.4 mm. The portion of the DMV that sends projec-
tions to the fundus is only about 0.65 mm in length, that is,
80% of all labeled DMV neurons are contained in the region
of -0.125 to+0.50 mm on either side of the calamus scrip-
torius (CS) (Pearson et al. 2007). Therefore, microinjection
of drug usually in volumes of 60 nl (Ferreira et al. 2005)
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should reach and block all a2 adrenoreceptors in that region
of the DMV.

Another point of concern in regard to the rationale used
by Rogers et al. (2003), in applying drugs to the floor of the
4th ventricle and not microinjecting drugs into the DMV,
is that it ignores the high possibility that the entire DMV
is not innervated by the noradrenergic input from the NTS.
Data of Pearson et al. (2007) indicate that just the area of
the DMV projecting to the fundus is innervated by noradr-
energic nerve terminals, and this region is about 0.65 mm
and not the entire length of the DMV.

Consistent with our finding that blockade of a2 adreno-
receptors at the DMV produces near complete block of the
RRR are again the results of Fukuda et al. (1987). These
investigators demonstrated that activation of the NTS
noradrenergic pathway to the DMV only affects a2 adreno-
receptors on DMV neurons. Alphal adrenoreceptors on the
same neuron are not affected (presumably, the al adrenore-
ceptor is extrasynaptic). The effect of the al adrenoreceptor
blocker observed by Rogers et al. (2003), might not have
been at the DMV, but at another site reached in the brain-
stem because prazosin had been applied to the floor of the
4th ventricle.

Data of our study also implicated nitric oxide as an
important signaling molecule in the mNTS in carrying out
ED—induced decreases in IGP. As with our nicotine study,
there was a lack of activation of NOS—containing NTS neu-
rons during ED as assessed by c-Fos expression. How we
reconcile the lack of activation of NOS—containing NTS
neurons with the L-NAME microinjection data has been dis-
cussed (see "Identification of brainstem neural circuitry con-
trolling tonic and phasic contractions of the stomach using
intravenously administered nicotine" section).

Most important, these data, in combination with our
earlier pharmacological microinjection data with nicotine
indicate that both ED and nicotine produce nitric oxide in
the NTS, which then activates noradrenergic neurons that
terminate on—and inhibit DMV neurons. These neural sign-
aling pathways are illustrated in Fig. 3. Furthermore, both
ED and nicotine engage a pathway that appears to affect the
proximal part of the stomach.

It was clear that our results differed from Rogers et al.
(2003) in several respects. First, blockade of a2 adreno-
receptors almost completely abolished the ED—induced
vago-vagal reflex. In their study, blockade of both a2 and
ol adrenoreceptors were required to antagonize the ED—
induced vago-vagal reflex. Rogers and colleagues suggested
that a2 adrenoreceptors are located on DMV neurons that
provide excitatory cholinergic input to the stomach. Upon
excitation, there is a decrease in cholinergic—cholinergic
drive to the stomach resulting in gastric relaxation. The a1
adrenoreceptors are located on DMV neurons that provide
inhibitory NANC input to the stomach. Upon activation,
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there is an increase in NANC drive to the stomach resulting
in gastric relaxation. Thus, the combination of al and a2
adrenoreceptor blockade suppresses the RRR by prevent-
ing the operation of two independent and parallel pathways
emanating from the DMV and give rise to the reflex. It is
important to keep in mind that in studying the role of adren-
oreceptors at the DMV, Rogers and colleagues applied drugs
to the floor of the 4th ventricle while we microinjected drugs
into the DM V.

Second, we found that the RRR involves only inhibition
of the cholinergic excitatory pathway emanating from the
DMYV; the NANC inhibitory pathway plays no role in giving
rise to this reflex. Our evidence was based on the ability of iv
atropine methylbromide to completely block the end organ
response. Our evidence was also based on the inability of iv
L-NAME to antagonize the end organ response. Addition-
ally, ED, while activating neurons in the NTS area as indi-
cated by c-Fos expression, had no effect on c-Fos expression
of DMV neurons that project to the stomach. If activation
of ol adrenoreceptors at the DMV were to be involved in
the RRR, an increase in c-Fos expression should be noted.
Rogers and colleagues do not report what effect ED has on
c-Fos expression in the DMV.

Third, inhibition of NTS NOS in our study abolished the
RRR but not in the Rogers et al. (2003) study. Again, it is
important to recognize that our data were obtained by micro-
injecting drug (L-NAME) into the NTS, whereas Rogers
et al. data were obtained by application of drug to the floor
of the 4™ ventricle.

Rogers and colleagues (see Herman et al. (2009)), contin-
ued their studies of the RRR by investigating the peripheral
pharmacological basis for the reflex. Studies were carried
out in Long-Evans rats anesthetized with 150-200 mg/kg
ip thiobutabarbital. ED was used to produce gastric relaxa-
tion. Intravenous administration of atropine methyl bro-
mide reduced gastric relaxation to 52 + 4.4% of the control
response. Intravenous administration of L-NAME reduced
it to 26.3 + 7.2% of the control response. Treatment with a
combination of the two drugs reduced the gastric relaxation
induced by ED to 4.0 + 2.5% of the control response. They
state that “our data provide a clear demonstration that the
gastroinhibitory control by the esophagus is mediated via a
dual vagal innervation consisting of inhibitory nitrergic and
excitatory cholinergic transmission.”

Rogers and colleagues, (Herman et al. 2006), suggest
that the significant differences between our studies are that
we did not use the same reflex-stimulating technique when
we activated mechanoreceptors in the esophagus. They also
criticized us for the anesthetic we used (mixture of urethane
and chloralose), and for the techniques employed for moni-
toring gastric tone. Because of their criticisms, we repeated
our 2005 study (Ferreira et al. 2005), using the same reflex-
stimulating technique as Rogers et al. (2003) and Herman
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et al. (2008); employed a different anesthetic (isoflurane);
and used their method of monitoring gastric tone (Herman
et al. 2009). In doing so, we confirmed our earlier findings
reported in Ferreira et al. (2005). Specifically, we found that
norepinephrine released at the DMV acts on a2 adrenore-
ceptors to inhibit activity in a cholinergic excitatory path-
way to the fundus. We found no evidence suggesting that
al adrenoreceptors located on a DMV NANC pathway was
involved in the operation of the RRR. Our study included a
test of blockade of al adrenoreceptors at the DMV. Bilateral
microinjection of prazosin into the DMV had no effect on
the fundus relaxation induced by ED. Additionally, microin-
jection of norepinephrine into the DMV mimicked the RRR
and its effect was prevented by prior administration of an
a2 adrenoreceptor antagonist. Finally, we found that intra-
venous atropine methybromide prevented the reflex-induced
fundus relaxation. In contrast, intravenous L-NAME had no
effect.

So, how do we reconcile differing results from two inde-
pendent laboratories? We suggest that the differing results
may be due to the flawed design of the experiments per-
formed by Rogers and colleagues. It may be due to a com-
bination of an inadequate atropine dose and a NTS effect
of L-NAME. Herman et al. (2006), used a dose of atropine
methyl nitrate of 50 ug/kg iv. Their rationale was based on
two cited references. They refer to the study of Takahashi
and Owyang (1997), who used a similar but not identical
dose regimen (50 ug/kg bolus and continuous infusion of
20 ug/kg/h) and reported that atropine had no effect on
the gastric accommodation reflex. Since the reflex was not
blocked, there is no way of knowing whether the muscarinic
receptors were blocked. They refer to P. Millard’s chapter in
a Textbook on clinical veterinary nursing (Millard 2003).
Millard lists the dose range of atropine (0.02-0.05 mg/kg)
that is found in the contents of an anesthetic emergency Kkit.
However, no reference is given for how the atropine dose
was determined and/or whether the dose range applied to
treating an anesthetic emergency in rats. We used a dose
of atropine methyl bromide (i.e., 0.1 mg/kg iv) that was
twice as high as that used by Herman et al. (2006). In a
previous study, we showed that this dose was effective in
preventing L-glutamate microinjection in the DMV from
increasing IGP (Cruz et al. 2007) In our 2008 study (Her-
man et al. 2008) we observed that 0.1 mg/kg intravenous
atropine methyl bromide counteracted approximately 85%
of the RRR.

Regarding the use of L-NAME by Herman et al. (2006),
the time interval between its administration and a test of the
RRR was 15 min. Ma et al. (1995), showed that in 12-14
mNTS neurons after L-NAME iv decreased their activity, an
effect that was maximal 12—15 min after its administration.
Thus, L-NAME does affect hindbrain neural activity in one
of the two major hindbrain nuclei making up the vago-vagal

reflex. In our study, the interval between L-NAME admin-
istration and the test of the RRR was 5—7 min. At this time
interval, L-NAME appeared to have a maximal effect as
indicated by the consistent rise in blood pressure. However,
it was ineffective in blocking the reflex response (Herman
et al. 2008).

Two other issues need to be mentioned regarding why we
are not able to replicate the results of Rogers and colleagues
regarding the role of the brainstem NANC pathway in the
RRR. One is anesthetic used. We employed isofluorane
in our 2008 study (Herman et al. 2008), whereas Rogers
and colleagues used a relatively high dose of a barbiturate,
thiobutabarbital, 150-200 mg/kg ip. The usual dose of this
anesthetic is 80—125 mg/kg ip bulk (Buelke-Sam et al. 1978;
Ellison et al. 1987; Laiprasert et al. 2001; Laycock et al.
1979; Sababi and Nylander 1996; Shirley and Walter 1995;
Tucker et al. 1982; Vitela et al. 2005). The concern here is
that there are data indicating that barbiturates are vagolytic
(Koppanyi et al. 1935; Morrison et al. 1951; Korner et al.
1968; Jackson and Richards 1977; Murthy et al. 1982). It is
possible that the heavily anesthetized rat with thiobarbiturate
had reduced cholinergic drive to the gut prior to studies of
the RRR. Our use of isoflurane for anesthesia (Herman et al.
2008), can also be criticized. After performing our study
we became aware of published data showing that isoflurane
anesthesia produces a significant depressant effect on GI
motility (Torjman et al, 2005). Thiobutabarbital may be the
better anesthetic to use for GI motility studies, but only if it
is used in the recommended anesthetic dose of 100 mg/kg
and not the high dose used by Rogers et al. (2003). We sug-
gest this based on data reported by Qualls-creekmore et al
(2010), showing that 100 mg/kg ip has no effect on gastric
emptying. Since it is well known that babiturates exhibit
dose-dependent effects (e.g., Heyer and Macdonald (1982)),
we anticipate that higher doses of thiobutabarbital would
reduce gastric emptying.

The second issue is not a flaw in the experimental design
but a difference in the strain of rats used between the two
independent laboratories. We use Sprague—Dawley rats,
whereas the Rogers laboratory use the Long—Evans rats, and
there are data indicating differing physiological phenom-
ena between the two strains (Faraday 2002; Tan et al. 2009;
Oltra-Noguera et al. 2015).

In addition to Rogers and colleagues finding for a posi-
tive role for a NANC pathway in the operation of the RRR
are the earlier findings of Abrahamsson and Jansson (1969),
obtained in a different species, the anesthetized cat. A bal-
loon was used to distend the esophagus while monitoring
gastric motility. Inflation of the balloon was produced by
either filling it with 2-20 ml of air or water. According to the
legend for Fig. 1, the amount of water used was 18 ml. Dis-
tending the esophagus produced relaxation of the stomach.
This response was prevented by bilateral cervical vagotomy

@ Springer



342

Cellular and Molecular Neurobiology (2022) 42:333-360

and was unaffected by iv atropine sulfate 0.5 mg/kg. The
response was also not affected by suppressing the sympa-
thetic nervous system with either iv guanethidine or cervical
spinal cord transection.

How to reconcile our findings with those of Abrahamsson
and Jansson? We suggest that the ED stimulus used by Abra-
hamsson and Janssen in the cat was excessive, possibly acti-
vating pain reflexes. In the experimental example shown
(Fig. 1), ED was produced by infusing 18 ml of water. We
inflated our balloon in the rat with either 0.7 ml of fluid (Fer-
reira et al. 2005), or 0.10 ml of fluid (Herman et al. 2008).

Brainstem Neuronal Circuitry
for the Accommodation Reflex

According to Rogers and Hermann (2012), “the concept of
dual vagal effectors controlling cholinergic and NANC input
to the stomach is now well accepted.” Their statement refers
to dual vagal effectors originating in the DMV as pictured
in Figs. 31.3 and 31.4 of their review. Based on our study of
the RRR and our study with nicotine, we disagree with the
conclusion of Rogers and Hermann (2012). Furthermore,
we have sought evidence for dual vagal effectors emanat-
ing from the DMV and controlling cholinergic and NANC
input to the stomach under many different experimental con-
ditions. These conditions in addition to RRR and nicotine
exposure are: (i) excitation of mNTS with microinjected
glutamate (Herman et al. 2009); (ii) excitation of mNTS by
locally blocking GABA , receptors (Herman et al. 2009);
(iii) excitation of mNTS neurons by activating melanocor-
tin-4 receptors (Richardson et al. 2013),; (iv) excitation of
mNTS neurons by activating mu opioid receptors (Herman
et al. 2010); (v) excitation of mNTS by stimulating GABAg
receptors (Cruz et al. 2019); (vi) electrical stimulation of the
DMV (Pagani et al. 1985); (vii) excitation of DMV neurons
with glutamate (Cruz et al. 2007); (viii) intravenous glucose
(Shi et al. 2005).; and (ix) intravenous cholecystokinin (Shi
et al. 2005). Under these nine different experimental condi-
tions plus under the experimental conditions of RRR and
nicotine exposure, we have not observed convincing evi-
dence for dual vagal effectors originating in the DMV and
projecting to the stomach.

One experimental condition that we have not investigated
is the brainstem neuronal circuitry for the accommoda-
tion reflex. Based on the impressive data of Takahashi and
Owyang (1997), we are convinced that a NANC pathway
originating in the brainstem is responsible for the gastric
relaxation produced by gastric distension. They used the
anesthetized rat to test the hypothesis that the accommo-
dation reflex is carried out by the vago-vagal reflex and
requires release of NO by postganglionic neurons inner-
vating the stomach. To activate the reflex, they infused
saline into the stomach to produce gastric distension while
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monitoring intragastric pressure (IGP) and stomach volume.
A saline volume of 6 ml was infused over 6 min. The choice
of 6 ml was based on an approximation of the volume of
gastric contents of rats weighing 225-250 g. Gastric dis-
tension produced an increase in IGP of 9.0 +1.0 cm H,0.
After vagotomy, gastric distension produced an increase of
16.8 +1.9 cm H,O. This suggested that a vago-vagal reflex
was eliciting the response of the stomach to gastric disten-
sion. Specifically, it suggested the vago-vagal reflex involved
release of an inhibitory substance that relaxed the gastric
smooth muscle, preventing a rise in IGP. Pretreatment with
iv L-NAME came close to mimicking the effect of vagot-
omy. Blockade of NO synthase with this drug resulted in an
IGP of 13.8 +1.9 cm H,O during gastric distension. Prior
administration of L-arginine to prevent the L-NAME effect
counteracted gastric distension-induced elevation of IGP.

To document the vago-vagal reflex nature of the gastric
distension response, hexamethonium was given iv prior to
distending the gut. Blockade of nicotinic ganglionic recep-
tors with this drug mimicked the effect of vagotomy (and
L-NAME). IGP increased to 14.5+1.8 cm H,O upon dis-
tension of the stomach with 6 ml of saline. These data pro-
vide strong evidence that a vago-vagal reflex consisting of
an efferent pathway originating in the DMV and engaging
nitrergic neurons in the gastric myenteric plexus exerts an
important role in the accommodation reflex.

An important concept that emerges from the study of
Takahashi and Owyang (1997) is that the magnitude of gas-
tric distension may be a determinant of the degree to which
the NANC arm of the vago-vagal reflex operates. With mini-
mal distension of the gut, the NANC pathway plays a minor
role (see Fig. 2 of Takahashi and Owyang (1997), but with
large distension, the role of the NANC pathway is magnified
(again see Fig. 2). Likewise, an interaction between rest-
ing IGP and neural induced responses were described by
Andrews and Lawes 1985). They reported that vagal nerve-
induced relaxation was minimal at low resting IGP (analo-
gous to minimal distension). At an IGP of 2.6 cm H,0 no
gastric relaxation was observed in the anesthetized ferret.
But at pressures of 8.0 and 12.0 cm H,O, relaxation of 2.3
and 3.5 cm H,0 occurred, respectively.

The accommodation reflex and the relationship between
gastric distension and/or IGP and neurally induced gastric
relaxation probably explains why Rogers and Travaglis’
laboratories are able to obtain evidence for NANC input
to the stomach. Both of these investigators and their col-
leagues use iv administration of the muscarinic receptor ago-
nist bethanechol to increase baseline gastric motility prior to
testing for a role of NANC pathways in their experimental
design. For example, Lewis et al. (2002) reported evidence
that CRF reduced gastric motility by activation of NANC
pathways. Indeed, part of the evidence documenting that
the RRR is mediated by NANC pathways was obtained by
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increasing baseline gastric motility and tone with bethane-
chol (Hermann et al. 2006). Travagli and colleagues (Hol-
mes et al. 2013) obtained evidence that oxytocin utilizes the
NANC pathway by testing this peptide in anesthetized rats
given iv bethanechol. We have administered bethanechol iv
to anesthetized rats and found that IGP more than doubles
(Cruz et al. 2007). It is our contention that iv bethanchol
by increasing IGP induces the accommodation reflex and
this is the reason that the Rogers and Travagli laboratories
often observe a role for NANC pathways in their studies.
Additionally, it should be noted that muscarinic receptors
are located on nitrergic neurons of the myenteric plexus
(Kortezova et al. 2004; Harrington et al. 2007). Activation
of these muscarinic receptors stimulates NOS (Kortezova
et al. 2004), and presumably engages the intrinsic nitrergic
axonal reflex described by Desai et al. (1991a) and Desai
et al. (1991b). Thus, prior to testing CRF, RRR, and oxy-
tocin, NANC pathways to gut smooth muscle could be active
because of the accommodation reflex and because of the
presence of the intrinsic nitrergic axonal reflex.

Ultrastructural Evidence for Separate
Vago-Vagal Reflex Circuits Controlling
the Fundus and Antrum

As described in "Identification of brainstem neural circuitry
controlling tonic and phasic contractions of the stomach
using intravenously administered nicotine" and "Identifica-
tion of brainstem neural circuitries controlling tonic and pha-
sic contractions of the stomach using reflex-induced changes
in gastric reservoir function" sections of our review, data
from our studies (Ferreira et al. 2002, 2005; Herman et al.
2008) addressing the question of CNS region-specific con-
trol over gastric mechanical function, indicate that inhibition
of gastric tone involved norepinephrine (NE)-induced inhibi-
tion of DMV gastric projecting neurons, whereas inhibition
of phasic contractions involved GABA-induced inhibition
of DMV gastric projecting neurons (Ferreira et al. 2002).
Approximately 80% of the inhibition of gastric tone was
blocked by microinjecting a2-adrenoreceptor antagonists
into the DMV, and approximately 80% of the inhibition of
phasic contractions was blocked by microinjecting a GABA
receptor channel antagonist into the DMV (Ferreira et al.
2002).

Anatomical Evidence for Selective Noradrenergic
Innervation of CNS Vagal Projections to the Fundus

In view of our physiological data identifying noradrenergic
projection neurons originating in the mNTS and selectively
influencing the proximal stomach, specifically, the fundus,
we hypothesized that noradrenergic nerve terminals synapse

with DMV fundus-projecting neurons. To test our hypoth-
esis, we used electron microscopy to examine whether
noradrenergic terminals form synapses specifically with
fundus-projecting neurons.

In one group of rats, the retrograde tracer, CTB-HRP
was injected into the gastric smooth muscle of the fundus
(Pearson et al. 2007). We observed that fundus-projecting
neurons were located in a lateral position in the DMV, and
from the CS to + 0.5 mm rostral to the CS. We focused our
attention on this part of the DMV and obtained ultrathin
sections for analysis of catecholaminergic synapses by
electron microscopy. In another group of rats, CTP-HRP
was injected into the gastric smooth muscle of the antrum.
We observed that antrum-projecting neurons were located
in a medial position in the DMV, just medial to the fundus-
projecting neurons. The peak number of DMV neurons
that projected to the antrum was also at CS to+ 0.5 mm
rostral to the CS. Thus, the same ultrathin sections taken
for EM analysis for the fundus, were used for the antrum
study.

Brainstems were processed histochemically for CTB-
HRP, and immunocytochemically for either dopamine
beta hydroxylase (DBH) or phenylethanolamine N-methyl-
transferase (PMNT) by dual-labeling electron microscopic
methods. Analysis of 482 synapses on 238 neurons that pro-
jected to the fundus informed us that 17.4+ 2.7% (n=4)
of synaptic contacts were with DBH-IR terminals. Of 165
fundus-projecting neurons, 4.4 + 1.5% (n=4) formed syn-
aptic contacts with PNMT-IR terminals. Analysis of 384
synapses on 223 antrum-projecting neurons revealed no
synaptic contact with DBH-IR terminals. These results pro-
vide proof that norepinephrine containing nerve terminals
synapse with DMV fundus-projecting neurons but not with
DMV antrum-projecting neurons. The data also suggest that
brainstem circuitry controlling the fundus is different from
circuitry controlling the antrum.

Our findings prompted the question of whether noradren-
ergic afferent input to DMV fundus-projecting neurons that
comprise only 17.4+ 2.7% of the total synapses is physi-
ologically significant. To address this question, we deter-
mined the effect of bilateral microinjection of a2 adrenore-
ceptor antagonists on ED-induced decreases in fundus tone
(Herman et al. 2008). Antagonism of a2 adrenoreceptors
at the DMV prevented approximately 85% of the fundus
relaxation produced by ED. The magnitude of antagonism
noted with a2 adrenoreceptor antagonists was similar to the
magnitude of antagonism with either iv atropine methyl bro-
mide or bilateral cervical vagotomy.

@ Springer



344

Cellular and Molecular Neurobiology (2022) 42:333-360

Anatomical Evidence for Selective GABAergic
Innervation of CNS Vagal Projections to the Antrum

Using methods similar to those for establishing that noradr-
energic terminals synapsing onto DMV fundus-projecting
neurons, we tested the hypothesis that GABAergic termi-
nals form synapses with DMV antrum-projecting neurons,
but not with DMV fundus-projecting neurons. Brainstems
were processed histochemically for CTB-HRP, and immu-
nocytochemically for glutamic acid carboxylase isoenzye
67 immunoreativity (GAD67-IR) by dual -labeling elec-
tron microscopic methods. Analysis of 214 synapses on
195 neurons that projected to the antrum informed us that
23.0+ 3.6% (n=4) of synaptic contacts were with GAD67-
IR terminals. The analysis of 220 synapses on 203 fundus-
projecting neurons indicated that only 7.9 + 3.1% (n=4) of
synaptic contacts were with GAD67-IR terminals. The dif-
ference between GAD67-IR synaptic contacts with antrum-
and fundus-projecting neurons was statistically significant
(p <0.05). Our results confirm that brainstem circuitry con-
trolling the antrum involves GABAergic transmission.

The origin of GABAergic input to antrum-projecting neu-
rons was not investigated in our study. Knowledge of the
source would allow us to seek the afferent inputs to GABAe-
rgic neurons synapsing onto DMV antrum-projecting neu-
rons. A likely source is the mNTS. Immunohistochemical
localization studies of GAD67-expressing neurons in the
rat brainstem have informed us that the most labeled cells
are found in the mNTS (Fong et al. 2005). In support of
this, Davis and colleagues, (Davis et al. 2004), performed
whole-cell patch-clamp recordings from DMV neurons in
rat brain slices and used glutamate photostimulation to acti-
vate distinct areas of the NTS. Upon stimulation Davis and
colleagues noticed that 65% of the DMV neurons showed
IPSCs. The IPSCs were blocked by a GABA , receptor chan-
nel antagonist, picrotoxin, indicating that they were medi-
ated by GABA. Davis and colleagues (Davis et al. 2004)
suggested “There is a predominance of inhibitory projec-
tions to the DMV originating from intact neurons of the
NTS.” Their suggestion was based on the observation that
IPSCs were found more frequently than EPSCs in DMV
recordings.

Thus, our results indicate that DMV antrum-projecting
neurons receive significant GABAergic afferent input. This
input, according to reports of others (Fong et al. 2005; Davis
et al. 2004; Wang et al. 2001) originates in the mNTS. This
anatomical evidence along with our pharmacological evi-
dence (Ferreira et al. 2002, 2005; Herman et al. 2008) pro-
vide compelling evidence that the GABAergic synapses at
the DMV are involved in mediating inhibition of contractil-
ity of the antrum evoked by activation of nAChRs.
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NTS GABAergic Interneurons: Critical
Regulators of the Vago-Vagal Reflexes

Introduction

Our own finding (Travagli et al. 1991) that informed us
that DMV motoneurons receive an inhibitory GABAergic
input compelled us to question the importance of brainstem
GABAergic signaling controlling gastric function. However,
it wasn’t until we became aware of the seminal findings of
Smith et al. (1998) and Fong et al. (2005) that we concen-
trated our efforts on addressing this question.

Smith et al. (1998) used whole-cell patch-clamp record-
ings of neurons in the dorsomedial NTS in what they
describe as a “modified brainstem-cranial nerve explant
preparation”. The unique feature of this preparation is
that vagal sensory nerves synapsing in the NTS can be
excited a distance away from the recording site thereby
eliminating the potential problem of directly activating
NTS neurons. Constant latency (interpreted as a monosyn-
aptic response) excitatory postsynaptic currents (EPSCs)
were the most common response observed upon stimulat-
ing the viscerosensory input. These EPSCs were shown
to be mediated by glutamate released from vagal affer-
ent nerves. In about 50% of the NTS cell recordings, the
constant latency EPSC was followed by variable latency
inhibitory postsynaptic currents (IPSCs), and on occasion,
a ’barrage’ of IPSC’s of variable latency and duration.
The IPSC’s were always preceded by a constant latency
EPSC, and both were blocked by a glutamate receptor
antagonist. Neurons that displayed IPSC’s also exhibited
spontaneous IPSCs. All evoked IPSCs were blocked by
the GABA , receptor antagonist, bicuculline. Finally, in
some recordings, the constant latency EPSP was followed
by a variable latency EPSC. Our interpretation of these
data is as follows: electrical stimulation of vagal sensory
nerves released glutamate which directly activated NTS
neurons (constant latency EPSCs). This, in turn, excited
local circuit GABAergic and glutamatergic neurons that
evoked the variable latency responses. Thus, brainstem
control of gastric function appears to be due to reflex-
induced excitation of local circuits (interneurons) in the
NTS and the resulting processed information is transmitted
by NTS projection neurons to the DMV.

In the second seminal study, (Fong et al. 2005) exam-
ined the distribution of GAD67, a marker for localization of
GABAergic cells and terminal processes in the rat brainstem
with a focus on the NTS. They looked at twelve distinct
regions of the NTS and found that the medial and central
subdivisions had the highest number of cells per hemisec-
tion and the highest number of varicosities. The cells were
described as ‘““small, round immunoreactive cell”. Fong et al.
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(2005) concluded “the findings from the current study sup-
port the notion that GABAergic neurons are an integral part
of the intrinsic NTS circuitry”.

With this as background, we set out to determine the
effect of removing local circuit GABAergic NTS signaling
on motor output from the DMV to the stomach.

Experimental Model for Evaluating Drug Effects
at the mNTS (Herman et al. 2009)

To perform our study, we required an experimental
preparation where blockade of GABA , receptors would
be restricted to the area of the mNTS and blockade of
GABA , receptors at the nearby DMV would not be a com-
plication. This was important because blockade of GABA ,
receptors is well known to have potent effects on gastric
mechanical events (Sivarao et al. 1998). We developed
an anesthetized rat model (a gastric balloon catheter was
used to monitor IGP) where drugs would be unilaterally
microinjected into the mNTS and the ipsilateral vagus
nerve would be sectioned. The contralateral vagus nerve
remained intact. Drug effect evoked from the mNTS would
be observed because neurons of the mNTS cross the mid-
line and engage the contralateral DMV. Gastric motility
responses obtained are prevented by sectioning the con-
tralateral vagus nerve. We had demonstrated this is our
earlier studies publications (Ferreira et al. 2000; Cruz et al.
2007). An excitatory substance was microinjected unilat-
erally into the mNTS and produced inhibition of gastric
mechanical activity. Ipsilateral vagotomy was performed

NN
AREN

ipsilateral
vagotomy

and repeat microinjection of the excitatory substance pro-
duced a response of the same magnitude. Section of the
contralateral vagus nerve prevented the response. Thus,
the vago-vagal reflex circuitry stays functional after sec-
tioning of one of the vagus nerves) (Fig. 4).

Microinjection experiments were conducted in the left
and right hemispheres, and the left hemisphere is shown
only as an example. Ach, acetylcholine; NO, nitric oxidee;
DMV, dorsal motor nucleus of the vagus; mNTS, medial
subnucleus of the tractus solitarius; + denotes activation;
— denotes inhibition. Adapted from Fig. 1 from Herman
et al. (2009).

Validation of the Experimental Model for Assessing
Neural Activity in the Area of the mNTS

and Characterization of DMV Pathways Providing
Baseline Neural Activity to the Stomach (Herman
etal. 2009)

We microinjected glutamate into the area of the mNTS with
both cervical vagus nerves intact. Glutamate produced a
decrease in IGP (Fig. 5A). Following ipsilateral cervical
vagotomy, glutamate was re-microinjected into the same
site. Glutamate evoked similar decreases in IGP as that
observed prior to ipsilateral vagotomy (Fig 5a). Glutamate
was re-microinjected into the same site of rats subjected to
sectioning of the remaining (contralateral) cervical vagus
nerve. Bilateral cervical vagotomy prevented glutamate
from decreasing IGP (Fig. 5a). A representative experiment
appears as part of Fig. 5a. The micropipette tip in each case
was located in the area of the mNTS.
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Fig.5 a Histograms of averaged intragastric pressure (IGP) follow-
ing unilateral microinjection of L-glutamate (glut; 500 pmol/30 nl)
into the area of the mNTS with both vagi intact (left histogram, left
trace), after ipsilateral vagotomy (ipsi vx; middle histogram, middle
trace) and after bilateral vagotomy (bilat vx; right histogram, right
trace)*P <0.05 1-way ANOVA, #P<0.05 1-sample t-test; n=4. b

To determine the DMV output pathways to the gut 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 to five rats had no significant effect on baseline IGP
(Fig. 5b). In contrast, iv administration of atropine methylbro-
mide to rats produced a significant reduction in IGP (Fig. 5b).
Representative experiments appear as part of Fig. 5b.

Studies of the Effects of GABA, Receptor Blockade
in the Area of the mNTS on Gastric Mechanical
Activity (Herman et al. 2009)

Our data indicate that in the ipsilateral vagotomized rat, we
have 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 from the DMV to the gut during baseline
conditions. Using this model, we microinjected the GABA ,
receptor channel antagonist bicuculline into the area of the
mNTS. The dose used was 20 pmol/30 nl and was based on
dose—response data obtained from an earlier study (Wasser-
man et al. 2002). Microinjection of bicuculline in rats pro-
duced a robust decrease in IGP (— 1.6 +£0.2 mmHg, P <0.05;
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histogram of averaged IGP responses (left) and representative experi-
mental traces (right) depicting changes in IGP following administra-
tion of NG-nitro-arginine methyl ester (L-NAME; 10 mg/kg iv; left
histogram, left trace) and atropine methylbromide (atropine; 0.1 mg/
kg iv; right histogram, right trace). #P<0.05 by 1-sample r-test;
n=4. Adapted from Fig. 2 of Herman et al. (2009)

Fig. 6a) that could be repeated after a 30 min recovery
period. In four rats the vehicle for bicuculline microinjected
into the area of the mNTS had no effect on IGP (Fig. 6a).
We also studied the GABA 4 receptor antagonist, gabazine.
Similar to bicuculline, microinjection of gabazine in rats
produced significant decreases in IGP (Fig. 6¢).

Next, we studied the effect of sectioning the remaining
(contralateral) cervical vagus nerve. Microinjection of bicuc-
ulline was then repeated and had no effect on IGP (Fig. 7a, b).

In summary, both bicuculline and gabazine microin-
jected into the mNTS produced large decreases in gastric
mechanical activity upon microinjection into the mNTS. This
response could not occur if the only signaling in the NTS was
from vagal afferent terminals releasing L-glutamate onto sec-
ond-order inhibitory NTS neurons that project to the DMV.
Neural signaling of this nature would not be altered by block-
ade of GABA , receptors, and therefore gastric mechanical
activity would not be affected. The powerful effect on gas-
tric mechanical activity observed with blockade of GABA ,
receptors in the area of the mNTS proves that GABA is pre-
sent in this area and is producing a significant activation of
GABA 4 receptors. Thus, GABAergic signaling in the area
of the mNTS is an important component in regulating func-
tional activity within the vago-vagal reflex circuitry.
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Fig.6 a Histograms of averaged IGP responses to unilateral microin-
jection of bicuculline methiodide (BMI; 20 pmol/30 nl) into the area
of the mNTS compared with vehicle (Veh; 0.9% saline). *P <0.05
unpaired r-test, #P <0.05 1-sample #-test; n=23 for BMI and n=4
for vehicle. b Representative experimental tracing depicting changes
in IGP following unilateral microinjection of BMI (20 pmol/30 nl)
into the area of the mNTS. ¢ Histogram of averaged IGP responses
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Fig. 7 a Histograms of averaged IGP responses to unilateral microin-
jection of BMI (20 pmol/30 nl) into the area of the mNTS after ipsi-
lateral vagotomy compared with microinjection of BMI performed
after contralateral (bilateral) vagotomy (contr vx). *P <0.05 unpaired
t-test, #P <0.05 1-sample 7-test; n=4. b Representative experimental
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to unilateral microinjection of gabazine (GBZ (20 pmol/30 nl) into
the area of the mNTS compared with vehicle (0.9% saline), *P <0.05
unpaired r-test, #P<0.05 1-sample r-test; n=5. d representative
experimental tracing depicting changes in IGP following unilateral
microinjection of GBZ (20 pmol/30 nl) into the area of the mNTS.
Adapted from Fig. 3 of Herman et al. (2009)
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traces depicting IGP responses following unilateral microinjection
of BMI (20 pmol/30 nl) into the area of the mNTS after ipsilateral
vagotomy (left trace) and after contralateral (bilateral) vagotomy
(right trace). Adapted from Fig. 5 of Herman et al. (2009)
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Studies of the Effects of Glutamate Receptor
Blockade in the Area of the mNTS on Gastric
Mechanical Activity (Herman et al. 2009)

We microinjected the glutamate receptor antagonist,
kynurenic acid, unilaterally into the mNTS. Kynurenic acid
microinjection had no effect on IGP. This was unexpected!
Why? Because with afferent vagal terminals releasing glu-
tamate onto second-order NTS neurons plus a barrage of
EPSCs occurring due to activity of local circuit glutamate
neurons (Smith et al. 1998), a profound change in NTS sign-
aling should ensue. This did not happen!

What was of great interest was our observation that uni-
lateral microinjection of kynurenic acid prevented bicu-
culline from decreasing IGP after microinjecting it into
the same site as kynurenic acid. Based on this result, we
concluded that the decrease in IGP produced by GABA ,
receptor blockade was due to unopposed glutamate released
from vagal afferent terminals in the mNTS stimulating NTS
inhibitory projection neurons to the DMV. This led us to
further conclude that activity within the vago-vagal reflex
circuitry was controlled not by sensory input but by intra-
NTS GABAergic signaling. This signaling has to be over-
whelming because of the high level of glutamate present in
the NTS caused by viscerosensory input and to activity in
local circuit glutamate neurons.

Studies on the Effects of Glutamate Receptor
Blockade in the Area of the mNTS on Gastric
Mechanical Activity After GABA, Receptors have
been Blocked (Herman et al. 2009)

Once GABA , receptors have been blocked at the mNTS,
unopposed glutamate released at vagal afferent nerve ter-
minals can excite NTS GABAergic projection neurons to
the DMV. This would inhibit vagal motor outflow to gastric
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Fig.8 a Histograms of averaged changes in IGP following unilat-
eral microinjection of vehicle, microinjection of Kyn (1 nmol/30 nl)
before unilateral microinjection of GBZ (20 pmol/30 nl), and micro-
injection of Kyn after microinjection of GBZ into the area of the
mNTS, *P<0.05 ANOVA, #P<0.05 1-sample #-test; n=4. b Rep-
resentative experimental tracing depicting changes in IGP following
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smooth muscle and IGP would exhibit a significant decrease.
Under these conditions, blockade of glutamate receptor
in the mNTS should now exert an effect to increase IGP.
Indeed, this is exactly what happens (see Fig. 8), confirm-
ing the powerful control that GABAergic tone at the mNTS
has in suppressing viscerosensory information at the NTS.

Studies to Determine the Vagal Efferent Pathway
to the Stomach that Mediates the Gastric Motility
Effects Produced by Blocking GABA, Receptors

in the Area of the mNTS

To test for the contribution of two parallel efferent DMV
pathways we assessed the effect of either iv L-NAME or
atropine methyl bromide on decreases in gastric mechanical
activity induced by GABA , receptor blockade in the mNTS.
Atropine methyl bromide prevented the effects of GABA
receptor blockade on gastric mechanical activity; L-NAME
had no effect.

Summary

To visualize how blockade of GABA , receptors in the area
of the mNTS results in such a powerful effect on gastric
mechanical activity, we suggest the proposed circuitry pre-
sented in Fig. 9. Signaling in this circuitry assumes that
vagal afferent nerves terminating in the mNTS are active
and release glutamate into the neuropil. Without signaling of
mNTS GABA interneurons, activation of mNTS GABA pro-
jection nerves would not lead to silencing of DMV gastric
output neurons. Because of the presence of mNTS GABA
interneurons, all signaling from vagal afferent nerves (vis-
cerosensory input) is halted, allowing the spontaneous activ-
ity present in DMV neurons to control gastric mechanical
activity. With stoppage of intra-nucleus mNTS GABAergic
signaling (in the presence of bicuculline or gabazine), the
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unilateral microinjection of Kyn (1 nmol/30 nl) into the area of the
mNTS after unilateral microinjection of GBZ, (20 pmol/30 nl). ¢
Representative experimental tracing depicting IGP responses follow-
ing unilateral microinjection of Kyn (1 nmol/30 nl). Adapted from
Fig. 7a—c from Herman et al. (2009)
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Fig.9 Simplified schematic representation of proposed circuitry for
local intra-nucleus tractus solitarius (NTS) GABAergic signaling and
the DMV efferent pathway controlling gastric motility. Black circles
are GABA interneurons, gray 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 (iono-
tropic glutamate receptor-mediated) signaling. Minus signs represent
inhibitory (GABA , 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 (question mark pertains to 2009; since
then, new information has become available—see Thek et al. (2019).
Adapted from Fig. 9 of Herman et al. (2009)

viscerosensory input is now controlling gastric mechanical
activity.

This schematic representation of proposed mNTS cir-
cuitry (Fig. 9) raises questions. First, what is the identity of
the GABA interneurons? Second, how are the interneurons
organized to integrate and modulate signaling in the mNTS?
Additionally, is GABA acting presynaptically to prevent
release of glutamate from vagal afferent nerve terminals? Is
GABA acting postsynaptically on second-order interneurons
synapsing on projection neurons in the mNTS?

Somatostatin-Gaba Interneurons

Sst-GABA Interneurons as Critical Regulators
of Neural Signaling at the NTS

Lewin and colleagues (Lewin et al. 2016), reported data
using brain stem sections from td Tomato reporter Sst-
IRES-Cre mice expressing red fluorescence in Sst-GABA
neurons in the vagal complex. These neurons are located
both in the DMV and NTS and those in the DMV produce
strong direct inhibition of DMV neurons. The demonstration
that these Sst-GABA neurons in the NTS are second-order

neurons just appeared in the paper of Thek et al. (2019).
These investigators mapped Sst neurons within the NTS
of rats and found approximately two-thirds that expressed
glutamic acid decarboxylase 67 (GAD67) (a marker for the
GABAergic neuron). They found that more than 50% of NTS
Sst neurons are directly activated by local stimulation of
vagal afferent input in the tractus solitarius of horizontal
brain slices. They also established with optogenetic studies
more details of how Sst neurons are part of the network of
neurons within the NTS using channelrhodopsin 2 (ChR2)
and yellow fluroescent protein (YFP) transgenic mice that
were bred with Sst reporter mice. They proved that Sst neu-
rons use both GABA and glycine to inhibit Sst-negative NTS
neurons and modify vagal afferent signaling. These investi-
gators also showed that although NTS Sst neurons represent
only a small percentage of NTS neurons, they extensively
make synaptic connections within the NTS to gate a majority
of non-Sst neurons. The crucial find in the Thek et al. study,
thus is that Sst neurons modulate viscerosensory signaling
by synaptic gating at the second-order neuron in the sensory
reflex processing but without directly affecting presynaptic
vagal afferent terminals. This is shown in Fig. 7 of their
paper Thek et al. (2019) and reproduced as Fig. 10 below.

In summary, activation of Sst inputs provide a powerful
inhibition of viscerosensory signal throughput postsynapti-
cally, with the ability to disengage second-order NTS neu-
rons from their sensory input. The authors suggest “that the
Sst inhibitory input within the NTS is pivotal in coordinat-
ing and modulating viscerosensory integration at its initial
stages.” This powerful phenomenon fits with the overwhelm-
ing role for GABA in blocking viscerosensory input in our
in vivo rat model of reflex control of gastric mechanical
function.

Sst-GABA Interneurons as Critical Regulators
of Neural Signaling at the DMV

Wang and Bradley (2010), described somatostatin positive
GABAergic neurons (Sst-GABA) in the brain stem with
electrophysiological and functional profiles similar to the
GIN neurons in this area (Gao et al. 2009, 2009), as well as
in the hippocampus and cortex regions (Oliva et al. 2000;
Halabisky et al. 2006; Taniguchi et al. 2011). Sst-GABA
neurons are a prominent inhibitor of upregulated network
dynamics of the brain (Fanselow et al. 2008; Fanselow and
Connors 2010; Gentet et al. 2012; Royer et al. 2012). Taken
together, the findings of these investigators prompted us to
study these neurons on gastric DMV motor neurons that
receive robust local GABA signaling as in the NTS.

To accomplish this, we used patch clamp electrophysi-
ology within brain slice preparations of transgenic adult
Sst-IRES-Cre mice expressing td Tomato fluorescence
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Fig. 10 Activation of Sst-positive neurons reliably gates sensory
primary afferent solitary tract (ST)-evoked action potential (AP)
throughout. a Photomicrograph of the horizontal brain stem slice
configure with light emitting diode (LED) fiber illuminating the
NTS; a bipolar electrical stimulation (ST elec) placed distally on the
ST and recording pipette in the NTS; 4 V, fourth ventricle (left). a
schematic diagram of the experimental setup where LED pulses acti-
vate SST neurons and electric shocks drive sensory afferent input to
a second-order NTS neuron is shown on the right.b Traces of whole-
cell recording from a representative non-Sst NTS neuron. Electrical
ST shocks (arrows evoked action potentials with high reliability (left;
10 traces overlaid in all cases, VH=— 63 mV. The same neuron was
hyperpolarized by 10 ms LED pulses (middle trace; note difference in
time and voltage scales; LED pulses delivered at the time indicated
by the solid blue box). Electrical ST shocks timed with LED pulses
effectively reduced action potentials throughout (right and bottom left
graph). ¢ Raster plot graphs from six cells show that AP responses to
ST stimulation were blocked or decreased during LED stimulation of
Sst neuron inputs (AP success represented by black bars in the ros-
ter plot). The percentage of ST shocks that elicited APs during con-
trol or LED stimulation periods are shown to the right of the raster
plot. For each neuron throughput was averaged across the ST only
and ST+ LED conditions (left graph). Across the group AP through-
out was significantly re8duced by Sst input activation (*#(4)=6.709,
P=0.003; paired t-test data are mean+ SEM). Adapted from Fig. 7
of Thek et al. (2019).

and distinct light-sensitive differential opsins. Optogenetic
interrogation and Cali] signaling within DMV neurons were
established (Lewin et al. 2016). Optogenetic stimulation of
Sst-ChR2 transgenic mouse showed prominent inhibition
of these gastric DMV neurons. Moreover, Sst-GABA neu-
rons could be detected by the transynaptic tracer, PRV-152
EGRP, in the DMV after injection into the antrum of the
stomach. Altogether, this shows that the Sst-GABA neuron
plays a seminal role in the vagal gastric circuit that mediate
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Fig. 11 Optogenetic stimulation of Sst-GABA-ChR2 neurons in the
DMV inhibits vagal output neurons in the nucleus that innervate
the gastric antrum. a Photomicrograph showing a recording elec-
trode in the DMV and the extent of the area (purple circle) illumi-
nated by optogenetic stimulation. Scale bar=200 pum. b Direct light
stimulation (blue bar) of a Sst-GABA-ChR2 neuron increases its
action potential frequency. ¢ Stimulatory effects of light on action
potential frequency in Sst-GABA neurons during current-clamp
recording (n=7; *¥*P<0.01). d and e A similar increase is seen in
action potential frequency of Sst-GABA neurons recorded in the
cell-attached mode (n=>5;*P <0.05). f Representative current-clamp
recording showing light-induced (blue bar) inhibition of action poten-
tial firing in a DMV antrum projection neuron. g Inhibitory effects
of Sst-GABA stimulation on action potential frequency of gastric
antrum-projecting neurons (n=14/18; ****P<(0.005). h Current
clamp recording demonstrating the repeatability of light-induced
inhibition in a DMV antrum projection neuron. i Voltage clamp
recording (VH=— 30) from the cell in (f) showing that light stimu-
lation (blue bar) is accompanied by an increase in IPSCs. j Light
stimulation robustly increases sIPSCs in antrum-projecting neurons
(n=11;***P<0.001), which is repeatable (k). 1 expanded view of
regions 1 and 2 in the tracing in (i), showing sIPSCs before (1, top)
and during light stimulation of Sst-GABA neurons (2, bottom). m
The decrease in light-induced action potentials is prevented by pre-
treatment with gabazine. n Representative tracing of action potentials
in a DMV antrum projection neuron that was unaffected by optoge-
netic stimulation. o Increase in IPSCs as a result of light stimulation
is blocked by gabazine. Blue bar=light with wavelength of 450—
490 nm. Adapted from Fig. 2 of Lewin et al. (2016)

mechanical activity in the antrum (Lewin et al. 2016). Light
stimulation in the DMV activated Sst-GABA-ChR2 neurons
(Fig. 11b—e) and suppressed action potentials in a majority
of DMV gastric antrum-related neurons (Fig. 11f, g).

To determine the neurotransmitter underlying the light-
induced inhibition of DMV neurons, we used the GABA ,
receptor antagonist, GABAzine, prior to exposure to blue
light in Sst-GABA-ChR2 neurons in the transgenic mouse.
Before GABAzine, light stimulation produced an increase
in frequency and amplitude of IPSCs. Stimulation of IPSCs
coincided with the light-induced inhibitory effect on action
potentials in DMV neurons (Fig. 2f). Both light-induced
inhibition of action potentials and light-induced stimula-
tion of IPSCs were eliminated by GABAzine (Fig. 11h-o).

To assess whether Sst-GABA neurons were the origin
of tonic suppression of DMV neurons, recordings were
made from brain stem slices obtained from transgenic
mice expressing the proton transporting opsin, ArchT in
Sst-GABA neurons. Exposure to light inhibited the action
potentials of DMV Sst-GABA-Arch T neurons. Recordings
were then taken from retrogradely labeled DMV neurons.
Optogenetic inhibition of Sst-GABA-ArchT neurons was
associated with a decrease in spontaneous postsynaptic cur-
rents in DMV neurons that projected to the antrum.

To assess whether Sst-GABA DMV neurons are under
tonic inhibition, they were exposed to a low extracellular
calcium concentration in the loose cell configuration. In the
presence of low calcium the frequency of action potentials
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increased two-fold. This increase was reduced by the SK
channel positive modulator, CyppA. Our results indicate that
Sst-GABA neurons are significant regulators of pre-motor
neurons that innervate the antrum. This control over vagal
output occurs by a tonically active GABAergic pathway.
Moreover, our results indicate that the DMV Sst-GABA
neurons are under tonic inhibitory drive.

In summary, our studies have revealed an important role
for Sst-GABA neurons in local GABA signaling that has
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strong inhibitory effect on vagal output to the stomach. We
show that Sst-GABA neurons are anatomically connected to
DMYV output neurons that project to the antrum; are func-
tionally connected to DMV output neurons that innervate the
antrum; are an important source of tonic inhibition of DMV
output neurons that innervate the antrum; and also are under
tonic inhibitory drive.

We propose that the inhibitory input onto DMV out-
put neurons arises largely from output neurons in the
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nucleus and not from those in the NTS. Light stimulation
was restricted primarily to the DMV (Fig. 11) and so both
cell bodies and their terminals within the nucleus would
be stimulated, thereby producing the strongest rhodopsin-
mediated effect on output neurons to the antrum. Moreover,
our in vivo studies demonstrate opposite intragastric pres-
sure responses induced by local GABA blockade in the two
nuclei (Ferreira et al. 2002; Herman et al. 2009). Blockade
of GABA in the NTS decreases gastric mechanical activity
(Ferreira et al. 2002; Herman et al. 2009), whereas, in the
DMV, it increases motility (Ferreira et al. 2002; Herman
et al. 2009).

Identifying Ways to Control

the Overwhelming Effect of Gabaergic
Gating of Viscerosensory Information
Arriving at the NTS

In seeking to understand how the CNS could control neural
activity in the vago-vagal reflex circuitry, we focused on the
powerful influence that GABA interneurons in the mNTS
had in blocking out viscerosensory information coming from
the stomach. This powerful effect was observed in vivo (Her-
man et al. 2009) and in vitro (Thek et al. 2019). Based on our
studies (Lewin et al. 2016) and studies of Thek et al. (2019)),
we refer to these interneurons as Sst-GABA neurons. Since
some of these Sst-GABA neurons are second-order neurons
(Glatzer and Smith 2005; Glatzer et al. 2007; Thek et al.
2019) we asked what other endogenous substances are active
at this *gating’ site? One category of substances that stood
out was the endogenous opioids. According to the anatomi-
cal studies of Martin-Schild et al., and Pierce and Wessen-
dorf, endorphins are present at sensory afferent terminals
and in second-order sensory neurons in the NTS (Martin-
Schild et al. 1999; Pierce and Wessendorf 2000). Staining
for endomorhin-1 occurs in cell bodies in the dorsomedial
NTS. This is the area mainly contacted by gastric sensory
afferents (Shapiro and Miselis 1985).

According to the electrophysiological studies of Glatzer
et al. (2007), endorphin-1 modulates intrinsic inhibition in
the dorsal vagal complex. Whole-cell recordings were made
from NTS and DMV neurons in brain stem slices from rats
and transgenic mice that expressed enhanced green fluores-
cent protein (EGFP) under the control of a GAD 67 pro-
moter (EGFP-GABA neurons) to identify opioid mediated
effects on GABAergic Circuitry. Their study showed that p
opiod receptors are functional on GABAergic NTS neurons
and that they inhibit both local GABAergic transmission
and GABA projection neurons to the DMV. Taken together,
these findings suggested to us that p opioid receptor stimula-
tion at the mNTS might mimic the effect that we observed
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with microinjected GABA receptor antagonists at this site
(see our earlier findings, i.e., Herman et al. (2009)).

For these studies of the effects of y opioid receptor
stimulation (and blockade) at the mNTS, we used the same
rat preparation described in our earlier publications (Cruz
et al. 2007; Herman et al. 2008, 2009) Initially, we examined
the effects of microinjected DAMGO [ED-Ala2, mePhe4,
Gly9ol)5] enkephalin, an agonist of the mu opioid receptor
on IGP (Herman et al. 2010). DAMGO, 1-10 fmol, micro-
injected into the NTS produced dose-dependent reductions
in IGP. The endogenous p opioid receptor agonists endo-
morpin-1 and endomorphin-2 microinjected in a dose of
20 fmol into the mNTS produced effects similar to those
of 10 fmol DAMGO. The effects of 10 fmol DAMGO in
the mNTS were blocked by vagotomy and by blockade of
opiod receptors, GABA receptors and ionotropic glutamate
receptors in the mNTS. We also tested the effect of block-
ade of u opioid receptors on esophageal distension (ED)
induced reductions in fundus tone. Bilateral microinjection
of the opioid receptor antagonist naltrexone, while having no
effect on fundus tone per se, blocked ED-induced decreases
in fundus tone. Our data demonstrate that (1) activation of u
opioid receptors in the mNTS, like bicuculline and gabazine,
inhibits gastric mechanical activity, (2) the mechanism of
mu opioid receptor effects in the mNTS is through suppress-
ing local circuit GABA activity, and (3) blockade of u opioid
receptors in the mNTS counteracts the ED response. Our
data suggest that opioids play an important physiological
role in mediating an important vago-vagal reflex, the RRR,
through release of an endogenous opioid in the mNTS. In
contrast, an endogenous opioid has no role in controlling
brainstem reflex circuitry at rest. We therefore speculate that
for ED-induced fundus relaxation to occur, release of an
endogenous opioid is required in the mNTS to counteract
the overwhelming GABAergic drive that normally blocks
all viscerosensory input to the mNTS.

As in most of our studies described in our review, we
performed experiments to determine whether the efferent
pathway involved in the DAMGO-induced decrease in IGP
was comprised of cholinergic excitatory, non-adrendergic-
non-cholinergic inhibitory, or both types of nerves (the
so-called dual pathways). Again, intravenous administered
L-NAME failed to alter the DAMGO-induced decrease in
IGP. In contrast, intravenous administered atropine methyl
bromide prevented DAMGO microinjected into the mNTS
from decreasing IGP. Thus, DAMGO-induced inhibition of
gastric motility is mediated by the vagus nerves, specifically
through withdrawal of the cholinergic-cholinergic excitatory
efferent pathway.
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Summary and Conclusions

GABAergic Signaling is Essential for the Brainstem
to Exert Control Over Gastric Mechanical Activity

Based on our review, GABAergic signaling at the mNTS
and DMV, as well as the mNTS/DMV GABA connection,
come into view as vitally important to brainstem control of
gastric tone and phasic contractions. GABAergic signaling at
the mNTS determines the basal (resting) state of gastric tone
and phasic contractions and mediates the changes in gastric
mechanical function when the vago-vagal reflex becomes
operational. This is revealed by blocking GABA , receptors
in the mNTS during the basal state which results in robust
decreases in both gastric tone and gastric phasic contrac-
tions. Activation of the vago-vagal reflex using a physiologi-
cal stimulus, i.e., esophageal distension [we refer to this as
the receptive relaxation reflex (RRR)], requires GABAergic
signaling at the mNTS. Thus, blockade of GABA , recep-
tors in the mNTS with bilateral microinjection of gabazine
diminishes the RRR [unpublished data cited in Herman
et al. (2010)]. In light of this finding, we suggest that the
RRR occurs because GABAergic tone is ’dialed down’ in
the mNTS, allowing the tonically released glutamate from
viscerosensory nerve endings to excite mNTS-noradrenergic
projection neurons synapsing with DMV fundus projection
neurons. The released norepinephrine acts on postsynaptic
a2 receptors to produce relaxation of the fundus (see Fig. 3).

What is it that ’dials down” GABAergic signaling at the
mNTS? Based on our study results with DAMGO and nal-
trexone (Herman et al. 2010), we suggest that it is an endog-
enous opioid released by viscerosensory nerve endings in
the mNTS. Opioids have long been known to inhibit the
release of GABA in the brain (Christie et al. 2000; Wilson-
Poe et al. 2017), and neurons that contain endogenous opi-
oids are present in the mNTS (Martin-Schild et al. 1999;
Pierce and Wessendorf 2000). Indeed, Scanlin et al. (2008),
report that activation of neurons in the nodose ganglion
releases endomorphin-2. We demonstrate that the ¢ opioid
receptor antagonist, naltrexone, administered locally (into
the mNTS) and systemically, significantly diminishes the
RRR. Taken together, we propose that esophageal distension
releases an endogenous opioid at the mNTS which reduces
GABA release, enabling the glutamate present at the mNTS
to engage the noradrenergic projection system to inhibit fun-
dus tone. Blockade of p opioid receptors by naltrexone had
no effect per se on gastric mechanical activity indicating
that opioids in the mNTS are not functional in the basal
state. Instead, endogenous opioids are exerting an effect at
the onset of the RRR.

Relating our findings in the rat to data obtained in humans
and to other reflexes, our results are consistent with the

finding that naloxone counteracts the gastric accommoda-
tion reflex in humans (Geeraerts et al. 2008). Microinjection
of opioid antagonists into the mNTS does not alter cardio-
vascular reflexes (Viard and Sapru 2006) and does not affect
the cough reflex (Mutolo et al. 2008). These findings sug-
gest that endogenous opioids in the mNTS might selectively
mediate vago-vagal reflexes.

In addition to neurons that contain endogenous opioids
existing in the NTS (Martin-Schild et al. 1999; Pierce and
Wessendorf 2000), and having the power to dial down
GABAergic signaling, there are a substantial number of
pro-opiomelanocortin (POMC)-expressing neurons present
in the NTS (Bronstein et al. 1992; Padilla et al. 2012; Wang
et al. 2015). POMC neurons release peptides (e.g., a mel-
anocyte stimulating hormone) that can activate melanocor-
tin-4 receptors, and activation of these receptors suppresses
GABAergic signaling much like that observed with activa-
tion of u opioid receptors (Richardson et al. 2013; Lewin
et al. 2016).

Viewed through the lens of the findings of Thek et al.
(2019), we have a greater understanding of how local
GABAergic signaling occurs at the mNTS. Sst-GABA
interneurons are involved and directly activated by vis-
cerosensory input. All non-Sst-GABA interneurons receive
input from Sst-GABA interneurons, and when activated sup-
press tractus solitarius (ST)—induced action potentials at
second-order NTS neurons, indicating robust modulation of
viscerosensory input. Thus, Sst-GABA inhibitory network
innervates widely within the NTS and has the potential to
gate viscerosensory input such as vagal sensory input from
the GI Tract.

Sst-GABA interneurons are also important in the DMV
(Lewin et al. 2016). They are capable of inhibiting DMV
output neurons to the stomach, and they themselves are
under inhibitory influence. Their exact role in the operation
of the vago-vagal reflex remains to be identified. GABAergic
tone is ongoing at the DMV as demonstrated by the finding
that blockade of GABA , receptors at this site increases gas-
tric mechanical activity (Sivarao et al. 1998).

The GABA projection neurons presumably originating in
the NTS and synapsing onto DMV output neurons, represent
a key component of one of the vago-vagal reflex circuits.
We discovered this circuit when we performed our studies
with nicotine (Ferreira et al. 2002 and Fig. 1). This is the
circuit that we propose controls phasic contractions of the
antrum. It is well accepted that functional neurons that con-
nect the NTS to the DMV are GABAergic (Travagli et al.
2003). But the evidence that Travagli and colleagues cite is
not convincing. Some of the referenced evidence for GABA
projection neurons is taken from the study of McCann and
Rogers (1992). A reading of this paper reveals no evidence.
Evidence is also cited in the study of Sivarao et al. (1998).
These investigators report that microinjection of bicuculline
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into the DMV of the anesthetized rat while monitoring IGP
and pyloric motility evoked increases in both endpoints of
mechanical activity. The responses were prevented by bilat-
eral vagotomy and by prior microinjection of the GABA ,
receptor agonist, muscimol, into the DMV. However, the
source of GABAergic tone was not studied. Finally, evidence
is taken from one of our studies with Travagli as the lead
author (Travagli et al. 1991). Using the in vitro brain slice
preparation of the rat, we reported that all synaptic activity
at vagal motor neurons is abolished by a combination of
GABA , and excitatory amino acid antagonists. We did not
determine whether the NTS was the source of the GABA ,
synaptic activity recorded from DMV neurons.

We have been able to obtain convincing evidence that the
mNTS is the source of GABA activity in the DMV (Cruz
2006). We accomplished this by using the experimental
model shown as Fig. 4. This experimental model required
relating drug-induced perturbations in synaptic events in
the area of the NTS to downstream changes in the DMV as
reflected by changes in IGP. As mentioned in our descrip-
tion of Fig. 4, we needed to avoid the confounding effect of
microinjected drugs into the NTS from affecting the nearby
DMV. To avoid any possible DMV effects of microinjected
drugs, unilateral microinjection into the mNTS was per-
formed in rats with the ipsilateral vagus nerve sectioned
but with the contralateral vagus nerve still intact. This was
possible because glutamate unilaterally microinjected into
the mNTS can evoke vagal—mediated decreases in IGP via
activation of an inhibitory pathway originating in the micro-
injected NTS that projects to the contralateral DMV (Fig. 4).

For our study, glutamate was microinjected into the
mNTS of four rats with only the contralateral vagus nerve
intact. This evoked an average decrease of 0.28 + 0.1 mmHg
(P <0.05) in the IGP, and a decrease of 17.0+ 2.5 mmHg.s
in AUC (area under the motility curve recording) (P <0.05).
Bicuculline (40 pmol) was microinjected into the contralat-
eral DMV and glutamate microinjected into the mNTS was
then repeated. After injection of bicuculline, the glutamate
effect on gastric motility was completely antagonized. Glu-
tamate microinjection after bicuculline now increased IGP
by 0.23 + 0.1 mmHg (P <0.05) and no effect was observed
on AUC (- 1.23 + 18.1 mmHg.s, P>0.05). The data indi-
cate that signaling between the NTS and the DMV involves
GABAergic projection neurons as depicted in Fig. 1.

Two Separate Circuits Exist for the Brainstem
to Selectively Control the Pylorus and the Antrum

Our studies with low iv doses of nicotine resulted in the
discovery that there are at least two distinct and separate
circuits that control gastric mechanical activity (Ferreira
et al. 2002). Low iv doses (doses affecting a4p2 nAChRs) of
nicotine selectively affected the fundus without affecting the

@ Springer

antrum. These low iv doses were shown to engage noradren-
ergic (A2) neurons in the mNTS via a nitrergic mechanism
(Fig. 3) which resulted in activation of o2 adrenoreceptors
on DMV neurons projecting to the fundus. High iv nicotine
doses brought into play the second circuit, namely, the cir-
cuit that controls the antrum. Nicotine acting at the mNTS
engaged GABA projecting neurons directly (no nitrergic
mechanism was involved), and activation of GABA , recep-
tors inhibited DMV projecting neurons to the antrum. Com-
paring and contrasting these two circuits, it was noted that
the 'noradrenergic’ circuit is not active during the basal or
resting state and becomes active in the presence of low iv
doses of nicotine and with esophageal distension (Ferreira
et al. 2005). In contrast, the "GABAergic’ circuit is active
both during the basal or resting state as well as when the
vago-vagal reflex is engaged.

Our ultrastructural anatomical data provide the strongest
evidence for the existence of two separate brainstem circuits
controlling gastric mechanical activity (Pearson et al. 2007,
2011). Using electron microscopy, we observed norepi-
nephrine containing nerve terminals synapsing with DMV
fundus-projecting neurons but not with antrum-projecting
neurons. Examination of synapses on DMV neurons that
projected to the antrum indicated synaptic contacts with
GAD67 immunoreactive terminals. Thus, noradrenergic
synapses at the DMV appear to mediate decreases in tone of
the fundus while GABAergic synapses at the DMV appear
to mediate decreases in phasic contractions of the antrum.

Additional evidence for the existence of two different
functional circuits operating to produce vago-vagal reflex-
induced changes in gastric mechanical activity was obtained
from our studies of melanocortin signaling in the brainstem
(Richardson et al. 2013). We reported that -MSH and mel-
anotan II, an agonist of the MC-4 receptors, microinjected
into the DMV (unlike glutamate) did not affect gastric tone.
Only changes in gastric phasic contractions occurred. We
suggest that the reason tone was not affected is because
MC-4 R mRNA expression is mainly restricted to the medial
portion of the DMV (Mountjoy et al. 1994; Kishi et al.
2003; Liu et al. 2003). Preganglionic neurons in the DMV
are topographically organized such that those projecting to
the antropyloric region of the stomach are more medially
situated than those that project to the fundus (Shapiro and
Miselis 1985; Pagani et al. 1988; Pearson et al. 2007). Thus,
microinjection of agonists of the MC-4 receptor would exert
an effect in the medial DMV (location of antrum-projecting
neurons) but not in the lateral DMV (location of fundus-
projecting neurons).

In view of our finding describing two separate brainstem
circuits, one controlling primarily the fundus, and the other
controlling primarily the antrum, we suggest that drug tar-
geting to correct disorders of the fundus could be aimed
at the a4p2 receptor in the mNTS (Ferreira et al. 2002).
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Additionally, since NO is required for the functioning of the
reflex involving the fundus but not the antrum (Ferreira et al.
2002), the nitrergic system is a potential second target for
drug therapy. For drug targeting to correct disorders of the
antrum, one could aim therapy at the MC-4 receptor located
in the medial portion of the DMV.

Characterization of the DMV Efferent Vagal
Pathways Influencing Mechanical Behavior
of the Stomach

Rogers and Hermann (2012), conclude that the concept of
dual vagal effectors to the stomach “is now well accepted.”
We strongly disagree. Our results do not support dual path-
ways emanating from the DMV controlling gastric motility.
Instead, using multiple different experimental conditions,
we have obtained evidence for the functional presence of
just the cholinergic-cholinergic excitatory pathway. The dif-
ferent experimental conditions we have used to study the
nature of the efferent component of the vago-vagal reflex are
as follows: (i) esophageal distension (Ferreira et al. 2005;
Herman et al. 2008), (ii) exposure to nicotine (Ferreira et al.
2002), (iii) excitation of mNTS with glutamate (Herman
et al. 2009), (iv) excitation of mNTS by locally blocking
GABA , receptors (Herman et al. 2009), (v) excitation of
mNTS neurons by activating MC-4 receptors (Richardson
et al. 2013), (vi) excitation of mNTS neurons by activating
mu opioid receptors (Herman et al. 2010), (vii) excitation of
mNTS by stimulating GABAj receptors (Cruz et al. 2019),
(viii) direct stimulation of the DMV (Pagani et al. 1985),
(ix) excitation of DMV neurons with glutamate (Cruz et al.
2007), (x) intravenous glucose (Shi et al. 2005), and (xi)
intravenous cholecystokinin (Shi et al. 2005). Our evidence
for the role of a single pathway, i.e., cholinergic-cholinergic
excitatory pathway was based on the following type of evi-
dence: (i) blockade of the response by a muscarinic receptor
antagonist that does not cross the blood brain barrier, atro-
pine methyl bromide, (ii) lack of blockade by L-NAME, an
inhibitor of nitric oxide synthase; and (iii) lack of increased
c-Fos expression in the DMV with iv nicotine, esophageal
distension, and iv cholecystokinin.

There are reports of other investigators who also fail to
find a NANC pathway. Some of these reports have to do
with intra-cerebroventricular (ICV)—and microinjection
of drugs into the brain and assessing whether responses
obtained were prevented by either iv administered atropine
or L-NAME. Bulbul and colleagues studied apelin which
had been shown to inhibit gastric emptying. Apelin, admin-
istered either ICV or by microinjection decreased gastric
mechanical activity. Atropine, but not L-NAME countered
the effect (Biilbiil et al. 2018; Biilbiil and Sinen 2018). Trav-
agli and colleagues also report lack of evidence of a NANC

pathway in two of their studies (Anselmi et al. 2017; Jiang
et al. 2018). In a non-drug study, (Kobashi et al. 2002) failed
to obtain evidence of dual DMV pathways to the stomach of
the rat. In their study, they showed that activation of water-
responsive vagal afferents in the superior laryngeal nerve
produced gastric inhibition. Neurophysiological recordings
revealed a decrease in the firing rat of DMV neurons in
response to the administration of water into the larynx. Intra-
venous atropine abolished the inhibition of gastric motility
induced by administration of water into the larynx (Kobashi
et al. 2000). No evidence for reflex-induced activation of an
inhibitory DMV pathway was obtained.

In our earliest study of the nature of efferent vagal path-
ways to the GI tract, we did observe in the cat, that glutamate
microinjection into the caudal DMV, i.e., 0.5-1.5 mm caudal
to obex [i.e., calamus scriptorius (CS)] produced decreases
in IGP and pyloric motility (Rossiter et al. 1990). Decreases
in lower esophageal pressure were also noted. We did not at
the time attempt to identify whether these responses were
mediated by withdrawal of cholinergic excitatory tone, acti-
vation of NANC inhibitory pathway, or both. Later, we did
an extensive investigation of this issue in the rat (Cruz et al.
2007). In 39 out of 43 experiments, microinjection of gluta-
mate into different areas of the DMV rostral to CS resulted
in vagal mediated excitatory effects on motility. We observed
little evidence for inhibitory effects. Microinjection of gluta-
mate into the DMV caudal to CS produced vagally mediated
gastric inhibition that was resistant to L-NAME.

Could the caudal DMV contain the neurons that are
responsible for the NANC pathway? Our answer is no, and
for the following reasons: (i) investigators that have con-
cluded that a vagal NANC pathway exists base their conclu-
sion largely on the finding that L-NAME blocked the gastric
relaxation response (Hermann et al. 2006; Lewis et al. 2002;
Takahashi and Owyang 1997). Because L-NAME does not
antagonize glutamate-induced gastric inhibition evoked
from the caudal DMV (Niedringhaus et al. 2008; Cruz et al.
2007),we conclude that the neural circuitry studied by the
other investigators does not contain the caudal DMV neurons
that we studied. (ii) As mentioned above, methods used to
inhibit gastric mechanical activity in the rat (e.g., esophageal
distension, iv nicotine, iv cholecystokinin, and iv glucose
(Shi et al. 2003), does not activate c-Fos in caudal DMV
neurons that project to the stomach, (iii) studies of others
have shown that excitation of vagal afferent nerves caused
by gastric distention inhibits more than 85% of the DMV
efferent neurons (McCann and Rogers 1992; Zhang et al.
1998; Zhang and Fogel 2002). If a DMV-NANC pathway
was involved, then a significant percentage of DMV neu-
rons should have been excited. (iv) Studies of a vago-vagal
reflex involving the superior laryngeal nerve showed that
activation of water-responsive afferents led to inhibition of
gastric motility, but only inhibition of caudal DMV neuronal
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discharge (Kobashi et al. 2002). In order for DMV pregan-
glionic neurons synapsing with NANC enteric neurons to
play a role in reflex-induced inhibition of gastric motility,
caudal DMV neurons would have to exhibit activation. In
the same study, lesion of the caudal DMV had no effect on
reflex-induced inhibition of gastric motility. However, lesion
of the intermediate DMV did inhibit the response.

There are data from one study that differ from our find-
ing that microinjection of L-glutamate into different areas
of the DMV result primarily in vagal mediated excitatory
effects on motility. Zhou et al. (2008), report findings indi-
cating that microinjection of L-glutamate can change IGP
either by activating preganglionic neurons that synapse with
intragastric neurons leading to either gastric contraction or
gastric relaxation. The latter response was shown to occur
through release of both NO or vasoactive intestinal peptide
(VIP). Their experimental conditions were similar to ours
(i.e., Ferreira et al. (2000) and Cruz et al. (2007) in terms
of using Sprague—Dawley rats, measuring IGP, distension
of the stomach, and using ipsilateral vagotomy to show
the DMV origin of IGP responses. However, one aspect of
their study was different. This was the dose of microinjected
L-glutamate employed. Zhou and colleagues microinjected
10 pmol L-glutamate in 20 nl into the DMV. Ferreira et al.
(2000) determined the dose of L-glutamate to use by per-
forming a dose-response curve. Using a 60 nl volume, it
required a dose of 30 pmol to even notice a response, and the
EDS50 dose was 344 pmols. Spencer and Talman 1986, chose
a dose of 300 pmol contained in 25 nl volume to activate the
mNTS. Their dose was selected from dose-response data
using a range of L-glutamate doses from 3 to 1500 pmol.
Cruz et al. (2007) used 500 pmol in 30 nl to obtain repeat-
able IGP responses from microinjecting L-glutamate into
both the mNTS and the DMV. Based on our studies (i.e.,
Ferreira et al. 2000 and Cruz et al. 2007), and the study of
Spencer and Talman (1986), 10 pmol in 20 nl is ineffective
in activating brainstem nuclei involved in controlling gastric
mechanical activity.

We have tried to understand why we fail to find evidence
confirming other investigators of dual DMV output path-
ways controlling gastric mechanical activity. The reasons
we believe are based on different methodology and are
described under "Identification of brainstem neural circuit-
ries controlling tonic and phasic contractions of the stomach
using reflex-induced changes in gastric reservoir function"
section and in the "Discussion" section of several of our
papers (Ferreira et al. 2005; Cruz et al. 2007, 2019; Herman
et al. 2008). Methodological issues include use of different
methods for delivering drugs into the brain [other investiga-
tors use microinjection into the dorsal vagal complex (which
includes the NTS, the DMV and the area postrema instead of
the DMV) and application of drug to the floor of the 4th ven-
tricle]; failure to use appropriate doses (concentrations) of
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drugs (see “Discussion” section in Cruz et al. (2007)) need
to use bethanechol to elevate baseline levels of IGP (see
“Identification of brainstem neural circuitries controlling
tonic and phasic contractions of the stomach using reflex-
induced changes in gastric reservoir function” section); tech-
niques used to record gastric mechanical activity, and anes-
thetic issues. We suggest that except for the accommodation
reflex, the DMV pathway to the gut that functions physi-
ologically is a tonically active vagal cholinergic—choliner-
gic connection. Excitation and inhibition of gastric tone and
gastric contractions occur through increases and decreases in
neuronal discharges of these cholinergic—cholinergic vagal
neurons, respectively.
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