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Abstract
During disease, infection, or trauma, the cytokine tumor necrosis factorα (TNFα) causes fever,
fatigue, malaise, allodynia, anorexia, gastric stasis associated with nausea, and emesis via
interactions with the central nervous system. Our studies have focused on how TNFα produces a
profound gastric stasis by acting on vago-vagal reflex circuits in the brainstem. Sensory elements
of this circuit (i.e., nucleus of the solitary tract [NST] and area postrema) are activated by TNFα.
In response, the efferent elements (i.e., dorsal motor neurons of the vagus) cause gastroinhibition
via their action on the gastric enteric plexus. We find that TNFα presynaptically modulates the
release of glutamate from primary vagal afferents to the NST and can amplify vagal afferent
responsiveness by sensitizing presynaptic intracellular calcium-release mechanisms. The
constitutive presence of TNFα receptors on these afferents and their ability to amplify afferent
signals may explain how TNFα can completely disrupt autonomic control of the gut.
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Immune system activation in response to infection or injury initiates a constellation of
physiological and behavioral changes that include fever, fatigue, listlessness, loss of
appetite, malaise, nausea, emesis, hypersensitivity to touch or pain, and significant changes
in sleep patterns (Hermann, Holmes, and Rogers 2005). This Ȝsickness behaviorȝ represents
an attempt by the host to reorganize its physiological priorities following injury or infection.
For example with infection, an elevation in body temperature may help destroy the
microorganisms, and the loss of appetite and emesis will minimize ingestion and cause
elimination of pathogens and toxins. The reduction in activity caused by allodynia and
increased sleep will act to immobilize the host, thus conserving available energy resources
(Turrin and Plata-Salaman 2000).

These physiological changes are caused by the endocrine-like and paracrine-like actions of
signal molecules called cytokines. Cytokines are released by immune effector cells as well
as a variety of nonimmune cell types (e.g., Guzik and others 2006; Muller and Meineke
2007). The production of cytokines by the immune system in response to infection or injury
plays a critical role in coordinating the host’s defense (e.g., Correa and others 2007; Kaisho
and Akira 2006). The process is triggered by interactions with transmembrane proteins,
Toll-like receptors that are mainly expressed on antigen-presenting cells such as
macrophages or dendritic cells and provoke the release of proinflammatory cytokines (e.g.,
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tumor necrosis factor–α, interleukin–1, interleukiu–6; Kaisho and Akira 2006). In addition
to coordinating the immune attack, cytokines also cause the acute physiological reactions in
the host, such as those considered part of “sickness behavior, ” to eliminate the “challenge”
and restore homeostasis.

A number of noninfectious pathophysiological processes including autoimmune disorders
(Chatzantoni and Mouzaki 2006), metastatic carcinoma (Kurzrock 2001), trauma (Beattie
and others 2002), ischemia (Stoll, Jander, and Schroeter 2002), and radiation exposure
(Muller and Meineke 2007) are also associated with elevated levels of TNFα. These disease
processes are strongly associated with delayed digestive processes, visceral malaise, nausea,
and emesis (e.g., Hermann, Holmes, and Rogers 2005; Kasner and others 2001; Turrin and
Plata-Salaman 2000). In clinical trials in which TNFα levels have been elevated
pharmacologically, profound nausea, cachexia, and emesis followed (e.g., Esper and Harb
2005; Moritz and others 1989). Recent work on the mechanism of action of TNFα within the
CNS suggests that the severe disruption in autonomic control caused by this cytokine occurs
as a result of direct effects on gastric regulatory circuitry in the caudal brainstem (Hermann,
Holmes, and Rogers 2005; Rogers and others 2005; Rogers, Van Meter, and Hermann
2006).

Brainstem Visceral Autonomic Control
The dorsal vagal complex (DVC) constitutes the basic neural circuitry of the vago-vagal
reflex control of gastrointestinal function (e.g., gastric motility, tone, and acid secretion).
This dorsal hindbrain region is composed of the visceral sensory nuclei of the solitary tract
(NST) and the area postrema (AP) and their interconnections with the dorsal motor nucleus
of the vagus (DMV; Rogers and others 1995; Fig. 1). This region possesses vascular
characteristics of a circumventricular organ with fenestrated capillaries and enlarged
perivascular spaces (Gross and others 1990). Additionally, dendrites from neurons of the
DVC have been seen to penetrate the ependymal layer and enter the floor of the fourth
ventricle (Rogers and McCann 1993; Shapiro and Miselis 1985). Thus, this complex is in
position to monitor blood-borne and cerebrospinal fluid–borne chemicals, hormones,
peptides, cytokines, and toxins and evoke appropriate physiological responses (Rogers and
others 1995).

Nausea and vomiting are adaptive responses that have evolved to defend the body against
toxins and pathogens incidentally ingested with food. However, both of these responses are
inappropriate in clinical settings (such as during chemotherapy or radiation therapy) or
noninfection pathologies such as metastasis or trauma, in that vomiting, under these
circumstances, does not remove a “toxin.” Indeed, emesis and nausea significantly
compromise clinical management of the primary disease process and often lead to strong
aversions to further treatment (Andrews and Horn 2006).

Gastric hypomotility or stasis is commonly perceived as nausea and is a requisite for
vomiting (Andrews and Horn 2006). It should not be surprising that the basic neural
circuitry that regulates normal gastrointestinal function is also involved in generating emesis
(Andrews and others 1990). Current theories of the mechanisms of nausea and emesis
suggest that vagal afferents from the gut are hypersensitized by agonist substances such as
serotonin and substance P (Andrews and Horn 2006).

Most vago-vagal control of gastric motility and tone is inhibitory. That is, activation of
vagal afferents by distension of the stomach, intestine, or esophagus results in a marked
reduction in gastric motility and tone (McCann and Rogers 1992; Zhang and others 1992);
refer to the schematic in Figure 1. The predominant relationship is that activated vagal
afferents excite NST neurons, which, in turn, inhibit spontaneously active neurons in the
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dorsal motor nucleus of the vagus (DMN). These spontaneously active DMN neurons,
acting through the enteric plexus, normally provide the source of tonic cholinergic activation
of the stomach. A second type of nonspontaneously active DMN neuron is activated by NST
activation. This subgroup (referred to as the nonadrenergic, noncholinergic efferent
pathway, or NANC) of DMN neurons normally provides gastric inhibition by also working
through the enteric nervous system of the gut. The net result is that activation of NST
neurons leads to potent inhibition of gastric function by coordinating the function of two
parallel and antagonistic vagal pathways to the stomach (Hermann, Nasse, and Rogers 2005;
Rogers and others 1999; Rogers and others 2003). An example of the normal function of this
circuit is seen when a bolus of food is swallowed (i.e., causing esophageal distension). The
fundus of the stomach transiently relaxes (i.e., drop in tone and/or motility) to allow the
increase in gastric volume without an accompanying increase in pressure.

TNFα and Brainstem Control of Gastrointestinal Function
There is a strong correlation between pathological states that demonstrate gastric stasis,
nausea, and emesis that also are associated with elevated, circulating TNFα levels (e.g.,
Beattie and others 2002; Chatzantoni and Mouzaki 2006; Hermann, Holmes, and Rogers
2005; Kasner and others 2001; Kurzrock 2001; Muller and Meineke 2007; Stoll, Jander, and
Schroeter 2002; Turrin and Plata-Salaman 2000). These observations lead to the hypothesis
that TNFα might act on the neural circuits that control gastrointestinal function.

Kinouchi and others (1991) published studies demonstrating that the CNS had binding sites
for TNFα and that the brainstem had a particularly high density of such binding sites.
Around this time period, it was demonstrated that TNFα could cross the blood-brain barrier
via a specific and saturable transport system (Gutierrez and others 1993). Subsequently,
Nadeau and Rivest (1999) reported the constitutive expression of messenger RNA for the
type 1-TNF receptor (TNFR1) on circumventricular brain regions, although the residence of
TNF-receptors on elements of the DVC had not been demonstrated.

Our initial studies demonstrated that microinjections of TNFα directly into the DVC produce
a profound dose-related suppression of gastric motility. In these studies, strain gauges were
secured to the antral portion of the stomach of anesthetized rats. Basal gastric motility and
tone is minimal under anesthesia. Therefore, maximal gastric motility was evoked via vagal,
cholinergic stimulation (i.e., application of 0.2 nanomoles of thyrotropin-releasing hormone
[TRH] onto the floor of the fourth ventricle. TRH is normally released as a neurotransmitter
within the DVC by afferent projections from the raphe nuclei. TRH directly activates DMN
neurons that, in turn, excite the stomach, making this peptide a convenient tool for
specifically activating vagal efferent pathways to the stomach [Rogers and others 2005]).
This stimulated gastric motility could be rapidly suppressed by microinjections of TNFα
directly into the DVC. This induction of gastric stasis had a threshold in the subfemtomolar
range (0.02 femtomoles) and was dependent on intact vagal pathways (Hermann and Rogers
1995; Fig. 2).

Mechanism of TNFα Action in the Brainstem to Cause Autonomic
Dysfunction

Although the previously described studies were instructive about a possible site of action
and dose range of TNFα to produce gastric stasis, it was necessary to demonstrate that
endogenously and systemically produced TNFα could also evoke such effects. In this set of
studies (Hermann and others 1999), endogenous production of TNFα (and other cytokines)
was provoked by the systemic administration of lipopolysaccharide (LPS). Without the
availability of a specific antagonist for TNFα, we relied on a TNFα-specific adsorbing
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construct, etanercept (Enbrel, Amgen), to suppress the effects of TNFα. hi this case,
application of the TNF-adsorbant to the fourth ventricular surface (i.e., directly above the
DVC) blocked both the TNF-induced activation of NST neurons (as demonstrated by the
activation of cFOS; compare left and right panels of Fig. 3) and the induction of gastric
stasis (Fig. 4) that was normally elicited by systemic LPS challenge (Hermann and others
2002; Hermann and others 2003). These data verified that peripherally generated,
endogenous TNFα can gain access to neurons of the DVC and act there to inhibit gastric
motility.

Up-regulation of the immediate early gene product, cFOS, serves as a marker for neuronal
activation (Rinaman and others 1993). Activation of NST neurons by TNFα was
demonstrable using immunohistological techniques to stain for cFOS generation (Fig. 3 and
Fig. 5; Emch and others 2001). Given that the majority of afferents to the NST are
glutamatergic (Torrealba and Muller 1999), we hypothe-sized that one means of activation
of NST neurons by TNFα may be via its interaction with glutamatergic vagal afferents. To
test this concept, we co-injected TNFα along with antagonists of glutamate (e.g., NBQX or
MK-801) directly into the DVC and monitored cFOS activation. These glutamatergic
antagonists suppressed TNFα-induced cFOS generation in NST neurons, suggesting that
TNFα may act to alter vago-vagal reflex functions through presynaptic modulation of
glutamate release from afferents (compare Fig. 5B with C or D; Emch and others 2001) or
amplify the influence of glutamate through rapid trafficking of AMPA glutamate receptors
on postsynaptic neurons (Pickering and others 2005).

Recent studies of the mechanics of reflex control of the stomach have revealed that
noradrenergic neurons in the NST and their connections with gastric vagal efferents are
especially important to inhibitory vago-vagal control of the stomach (Rogers and others
1999; Rogers and others 2003). These same neurons may also be important to the
development of toxin-induced or CCK-induced anorexia (Rinaman 2003). This confluence
of observations showing that TNFα may regulate gastric function by acting within the NST
and that noradrenergic neurons may be particularly important to the coordination of
inhibitory reflex control lead us to consider that TNFα action within the NST may
preferentially affect putative noradrenergic neurons.

Our preliminary double immunohistochemical studies (manuscript in preparation) looking at
the phenotype of NST neurons that are activated (i.e., cFOS-positive) by exposure to TNFα
reveal a significant and dose-dependent elevation in cFOS expression in NST neurons that
also contain the enzyme tyrosine hydroxylase (i.e., indicative of adrenergic neurons; Fig. 6).
In addition to involvement in inhibitory gastric reflex control (Rogers and others 1999;
Rogers and others 2003), dorsal medullary noradrenergic neurons may be generally involved
in processing anorexigenic stimuli that not only can affect gastric function but can support
aversive conditioning and otherwise severely depress feeding behavior (Rinaman 2003).
Together, these results suggest that TNFα action at vagal afferents may selectively activate
catecholamine neurons in the NST that are involved in gastric reflex control as well as in the
generation of anorexia and aversion conditioning.

TNFα Potentiation of Vago-Vagal Reflex Responsiveness
Electrophysiological studies (Emch and others 2000; Emch and others 2002) have shown
that nano-injection of TNFα into the DVC produces an activation of identified NST
(sensory) neurons (Fig. 7) and an inhibition of identified DMN (motor) neurons (Fig. 8).
According to the basic vago-vagal reflex circuit outlined in Figure 1, these
neurophysiological observations are consistent with the physiological observations of
gastroinhibition. That is, activation of NST neurons that form the afferent limb of vago-
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vagal gastric control circuitry causes a reflex gastroinhibition mediated by vagal efferents
(Rogers and others 2005). Of particular interest was the observation that sensory neurons
exposed to TNFα displayed a hypersensitivity to natural stimulation that out-lasted the
exposure to the TNFα. That is, identified NST neurons (i.e., those neurons that were
responsive to gastric distension) that were briefly exposed to small amounts of TNFα (0.03
femtomoles; 5-second exposure) were hyperresponsive to subsequent exposures to identical
magnitudes of gastric distension (Emch and others 2000); compare Figure 7A and 7C. This
prolonged potentiation of the NST response to stimulation after exposure to TNFα may
provide a basis by which elevated circulating levels of TNFα (e.g., during illness) may
amplify visceral sensory input to the brain. In the case of vago-vagal reflex circuits, this
enhanced vagal afferent input to the NST would, ultimately, evoke gastroinhibition (refer to
Fig. 1 and 2).

Constitutive Expression of TNF-Receptors on Vagal Afferents
There are two cell surface receptor types for TNFα: TNF receptor type-1 (TNFR1; also
referred to as p55, p60, or CD 120a) and TNF receptor type-2 (TNFR2; also referred to as
p75, p80, or CD 120b). The TNFR1 receptor possesses the domain responsible for the
cascade of cellular signaling molecules that can affect a myriad of cellular functions through
stress-activated kinase pathways. Under some circumstances, TNFR1 receptor activation
also initiates apoptosis through caspase pathways (e.g., Shamash and others 2003).
However, the TNFR2 receptor may contribute to the initiation of this cascade via a couple of
mechanisms (Chan and Lenardo 2000). These type 2 receptors also exist in a soluble form
(e.g., sTNFR2). As such, sTNFR2 is thought to function as a ligand-passing molecule
(Tartaglia and others 1993), thus acting as a TNFα-transport molecule subserving TNFR1
activation. In the capacity of a TNFα-transport molecule, one can hypothesize a role for the
sTNFR2 receptor to prolong the inflammatory response by the intermittent delivery and
release of TNFα to TNFR1. There have also been reports that the TNFR2 receptor may play
an important signaling role in chronic inflammatory conditions such as Crohn’s disease
(Holtmann and others 2002).

Although there have been reports of high density of binding sites for TNFα within the
brainstem (Kinouchi and others 1991) and constitutive expression of messenger RNA for the
TNFR1 on circumventricular organs (Nadeau and Rivest 1999), specific details of the
residence of TNF-receptors on elements of the DVC was only demonstrated recently.

The immunohistochemical demonstration of TNF receptors on vagal afferents (Hermann
and others 2004) required the use of a heat-induced antigen retrieval technique. (Details
about this immunohistochemical technique can be found in Hermann and others [2004] and
its references.) This protocol allowed us to demonstrate that dense TNFR1-
immunoreactivity (TNFR1-ir) is constitutively present on central (but not peripheral) vagal
afferents in the solitary tract and nucleus (Fig. 9A–9C as well as on afferents entering the
spinal trigeminal nucleus (Fig. 9F–9H). Fibers in cross-section present as fine filamentous
strands of dark reaction product as they diverge to enter the medial solitary nucleus located
dorsal to the DMN at the level of the AP. Adjacent histological sections from the same
animal indicate that only TNFR1, and not TNFR2, is constitutively expressed in the fibers of
the solitary tract as well as spinal trigeminal and AP afferents (refer to original manuscript—
Hermann and others [2004]).

Curiously, TNFR1-immunoreactivity was not observed in the peripheral vagal trunks, even
though it was observed in the nodose ganglion and the centripetal vagal fibers that leave the
ganglion and proceed to the brainstem (see Hermann and others 2004). This observation
suggests that peripherally generated TNFα does not require the peripheral vagus to activate
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neurons in the NST (this result coincides well with our previous physiological work:
Hermann, Emch, and others 2001; Hermann and others 2002; Hermann and others 2003) but
can readily access this part of the hindbrain.

Note that TNFR1 is also present in dorsal root afferents entering the dorsal horn of the
spinal cord (Fig. 9E). Its presence there has been linked to the effect of TNFα to increase
sensitivity to pain, touch, and temperature. Spinal afferents from the viscera also enter the
dorsal horn, and these afferents relay data about overdistension, irritation, ischemia, and
chemical irritation—that is, visceral pain (Beyak and others 2006). In view of the previous
discussion, one would expect that TNFα might also sensitize visceral pain afferents and the
spinal autonomic processes that regulate intestinal secretomotor function. Indeed, a couple
of studies describe a co-incidence between elevated levels of TNFα and either a reduced
threshold of distension-pain–induced contractions of the large intestine (Coelho and others
2000) or visceral-rectal hypersensitivity (Liebregts and others 2007).

The presence of receptors such as TNFR1 on afferent fibers and presumptive terminal
endings could play a significant role in determining the “gain” or “volume” of normal
incoming sensory information. A consequence of this enhanced dynamic range of sensory
processing could explain hypersensitivity or elicit different-motor responses to otherwise
similar stimuli.

Mechanism of Action of TNFα at Vagal Afferent Terminals in the NST
Agonist effects on central vagal afferents have been inferred by a combination of methods.
lmmunohistochemical demonstration of agonist receptors on vagal afferents supports the
hypothesis that agonists directly modulate vagal afferent neurotransmission. Electrical
recordings and calcium imaging as well as histochemical studies of explant cultures of
nodose ganglion cells (i.e., cell bodies of origin for central vagal afferents) reveal that these
cells possess functional receptors for a number of potential signal molecules (e.g., Corp and
others 1993; Doyle and others 2002; Ellacott and others 2002; Glass and Pickel 2002;
Hermann and others 2004). However, results obtained from these studies could be subject to
interpretive difficulties. For example, the receptor population in the nodose cell body may
not accurately reflect the distribution or functionality elsewhere in the afferent fiber or
terminal; the nodose receptor population may not be exposed to the agonist under
physiological conditions; the transduction machinery in the terminal may not be the same as
in the cell body; or the extraction and culture methods used to prepare nodose cells may
significantly alter receptor population and functionality (e.g., Hermann and others 2004;
Lancaster and others 2001).

Results from in vitro whole cell voltage and current clamp studies of NST neurons strongly
imply that some agonists act directly on vagal afferents (Jin and others 2004). The essential
effects of vagal input to NST neurons studied using these methods (i.e., the generation of
glutamatergic postsynaptic currents) are not controversial. However, observations of the
modulation of that process can be open to interpretation given that agonists and drugs acting
on receptors and transduction processes in the presynaptic terminal may also act on the
recorded postsynaptic cell.

An additional anatomical feature complicates the physiological analysis of vagal afferent
inputs to NST neurons. Whereas other in vitro model systems such as the hippocampus,
cerebellum, tectum, and cortex possess highly structured and laminar relationships between
afferent inputs and neurons receiving those inputs, the vagal-NST relationship is diffuse
(Doyle and others 2004). As a consequence, imaging and neurophysiological methods
appropriate for study of en mass discharge properties of a whole field of well-structured
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presynaptic afferents must be replaced by methods capable of imaging, at a minimum, small
clusters of varicosities. This may be accomplished by taking advantage of the ability to track
the flux of calcium reporter dyes as an index of cellular activity.

The dominant factor controlling transmitter release from presynaptic terminals is
cytoplasmic calcium (Fill and Copello 2002). The presynaptic calcium pool linked to vesicle
exocytosis is under the control of several factors such as voltage-gated and ligand-gated
calcium channels on the presynaptic membrane as well as intracellular calcium storage pools
in the endoplasmic reticulum. The regulation of these sources of cytoplasmic calcium is
responsible for short-term modulation of synaptic transmission (Fill and Copello 2002; Lelli
and others 2003). Therefore, visualization of terminal and preterminal cytoplasmic calcium
levels in vagal afferents in the NST, in situ, could provide a powerful tool to investigate the
transduction mechanisms by which agonists affect change in vagal afferent synaptic
transmission. Additionally, these calcium-imaging methods may be used in adult rodents,
whereas in vitro whole-cell patch or intracellular recording methods are usually restricted to
neonates and juveniles because of the overgrowth of the neuropil and glia. The development
of methods for direct analysis of vagal afferent terminal calcium responses yielded a
powerful tool for examining presynaptic regulatory mechanisms (Rogers, Nasse, and
Hermann 2006).

To perform these studies, vagal afferent cell bodies in the nodose ganglion were prefilled
with the calcium reporter dye calcium green 1-dextran. This dye is transported to the
terminals in the NST within two days, at which time, medullary slices are prepared for in
vitro live cell imaging (Rogers, Nasse, and Hermann 2006; Rogers, Van Meter, and
Hermann 2006).

By applying calcium-imaging methods to vagal afferent terminal varicosities in vitro, we
find that TNFα has a weak effect, at best, to directly increase the presynaptic calcium signal,
hence, transmitter release. However, TNFα strongly amplifies terminal calcium signals
produced by other agonists (such as ATP) that also have their site of action at the terminal
(Fig. 10). ATP activates a transmembrane calcium flux by causing P2X3 ligand-gated cation
channels to open. As a consequence, ATP causes glutamate release from vagal afferents
onto second-order NST neurons (Jin and others 2004). Although the direct entry of calcium
into the terminal region certainly activates the transmitter release mechanism, entering
calcium can also serve as a trigger for the release of endoplasmic reticulum (ER)–stored
calcium through the calcium-induced calcium release (CICR) mechanism (Bardo and others
2006); see Figure 11. Two parallel processes regulate this release of stored calcium:
ryanodine channels and the lP3-calmodulin release mechanism (Hoesch and others 2002).
Calcium entering the terminal interacts with binding sites on the ryanodine channel to
provoke release of ER calcium stores. (Note the unusual naming of the ryanodine channel
based on the name of the channel antagonist, ryanodine; this could be the basis for
unnecessary confusion.) Our results suggest that TNFα operates predominantly via the
ryanodine channel stores release mechanism (i.e., ryanodine blocks the TNFα effect on
ATP-evoked calcium release). In contrast, U73122, an lP3 synthesis inhibitor, does not
interfere with the TNFα effect. Whereas our immunohistochemical studies demonstrated that
both receptor types are expressed on central vagal afferent fibers, our pharmacological
studies indicated that the lP3 receptor did not play a role in TNFα modulation of the ATP-
evoked calcium mobilization.

The mechanisms by which agonist molecules affect the function of ryanodine receptors,
hence, presynaptic potentiation and depression, are incompletely understood. However,
studies of the relationship between TNFα and ryanodine receptor function in nonneural
tissues strongly suggest that TNFα can increase the expression of the transmembrane
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ectoenzyme ADP-ribosyl-cyclase (also called CD38; Deshpande and others 2003). CD38
generates cADP ribose (cADPR). This product is a potent activator of the ryanodine
channel. cADPR, acting on presynaptic ryanodine channels, may serve as a potent positive
modulator of CNS neurotransmission (Barata and others 2004; Collin and others 2005). Our
studies show that 8-Br-cADPR, a selective antagonist of cADPR, completely blocks the
action of TNFα to augment calcium signaling in vagal afferents. Although this result
suggests a connection between TNFα receptor activation and up-regulation of CD38-
mediated cADPR production, the time course of the effect is problematic. Whereas CD38
transcription can be up-regulated by exposure to TNFα in as little as three hours (Iqbal and
others 2006), the effects we observe here develop within minutes.

It has been suggested that the effectiveness of CD38 in regulating cytoplasmic calcium is a
function of the delivery of substrate (NAD+) and the destination of the cADPR product.
Connexin hemichannels or nucleoside transporters (De Flora and others 2004) may perform
these functions. Trafficking of the CD38 molecule itself has also been suggested as a
mechanism for controlling the production of cADPR, hence, the activity of the ryanodine
channel (De Flora and others 2004). Although the connection between TNF receptor
activation and the rapid regulation of CD38 is not presently clear, convincing evidence
suggests that TNFα can potently affect neurotransmission through rapid control of receptor
trafficking (Pickering and others 2005).

TNFα and Neurodegeneration
Although the principal thrust of this review has been the role of the TNF receptor to
augment signaling in the dorsal vagal complex, a substantial literature suggests that under
some circumstances, activation of the TNFR1 receptor is a key step in the initiation of
neuronal apoptosis after injury (e.g., Beattie and others 2002; Hermann, Rogers, and others
2001; Shamash and others 2003; Stoll, Jander, and Myers 2002). Indeed, vagal efferent
neurons are among the few that completely degenerate after peripheral axotomy (Laiwand
and others 1987), and it is very likely that the TNPR1 receptor is involved in the process that
eliminates these visceral motorneurons after damage.

Recall from our earlier discussion that constitutive TNFR1 immunostaining was
predominantly on vagal afferent fibers and varicosities in the DVC. Under normal
circumstances, immunostaining was not apparent above background levels in the neurons of
the NST or DMN. However, damage to the DMN (via vagotomy) caused a substantial
expression of the receptor that is correlated with the disappearance of DMN neurons over
time.

The nodose ganglion (i.e., the source of the cell bodies of origin for vagal afferents)
surrounds fibers of the efferent vagus. At the nodose ganglion, the vagus is already a mixed
sensory-motor nerve. Cutting the vagus distal to the nodose ganglion leaves primary afferent
vagal fibers entering the brainstem intact and connected with their respective cell bodies;
cutting the vagus proximal to the nodose disconnects central vagal afferents from their cell
bodies and causes them to degenerate. However, in either case (proximal or distal section),
the efferent vagal fibers are cut. Supra-nodose vagotomy effectively disconnects the primary
afferent cell bodies from central afferent fibers. Following such a vagotomy, there was a
complete absence of TNFR1-ir in the afferent fibers of the solitary tract and in the solitary
nucleus (Fig. 12).

Within three days after unilateral vagotomy, vagal efferent neurons ipsilateral to the
vagotomy demonstrated a dramatic increase in TNFR1-ir throughout the entire rostro-caudal
extent of these nuclei (i.e., in both the dorsal vagal motor nucleus [DMN; Fig. 12] and the
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nucleus ambiguus [NA]; refer to Hermann and others 2004). This increase in the number of
neurons expressing TNFR1-ir was quantified across time postvagotomy. The number of
neurons expressing TNFR1-ir peaked at one week and began to decline over time. This
decline in the number of TNFR1-ir neurons corresponded to a drop in the total number of
vagal motorneurons on the vagotomized side. At higher magnification, these neurons show
signs of Wallerian degeneration (Shamash and others 2003) as characterized by the large,
eccentric nuclei (Fig. 12: lower panel). This increase in TNFR1-ir in axotomized neurons
may play a pivotal role in the connection between the occurrence of the injury and the
initiation of processes (apoptotic or necrotic) resulting in elimination of damaged neurons
(Hermann and others 2004).

The role of TNFα as a potential mediator of posttrauma neurodegeneration is now well
established (e.g., Hermann and others 2004; Schafers and others 2002; Shubayev and Myers
2002; Stoll, Jander, and Myers 2002). TNFα levels (as well as receptor expression) rise in
the vicinity of nerve fibers and their cell bodies following axon injury, probably as a
consequence of the recruitment of cytokine-secreting macrophages into the immediate
surround of the damaged cell (Griffin and others 1993). TNFα action through the TNFR1
receptor initiates a cascade of events resulting in the degradation of the axonal cytoskeleton
and neuronal apoptosis (Shamash and others 2003). TNFα can accelerate macrophage-
induced damage by up-regulating the expression of intercellular adhesion molecules, making
macrophage-neuron interactions more efficient. This effect is mediated by the TNFR1
receptor (Schafers and others 2002). Our results suggest that degenerative changes in vagal
motor neurons could be further potentiated after injury by a significant up-regulation of the
TNFR1 receptor itself.

The details regarding the connection between cell injury and the up-regulation of the TNFR1
receptor is not clear, but a possible pathway may be inferred from recent investigations. It
has been shown (Ji and others 2002) that vagotomy causes the rapid up-regulation of the
NMDA—calcium-nNOS signal pathway in DMN neurons ipsilateral to vagus nerve section.
This same signal pathway has, in turn, been implicated in the up-regulation of several
apoptotic gene products including the TNFR1 receptor (Laabich and others 2001). It is now
well known that TNFα binding with p55 (i.e., TNFR1) receptors can initiate apoptosis
through the caspase family (Haviv and Stein 1998). Caspase-3 is also up-regulated in DMN
neurons ipsilateral to the vagal trunk section (Ji and others 2002).

About the time that we began formulating the hypothesis that TNFα caused a sensitization of
vagal afferent terminal glutamate release (Emch and others 2000; Emch and others 2001),
we also observed the connection between damage to the peripheral vagus, expression of the
TNFR1 receptor in the DMN, and the correlated elimination of vagal motor neurons. Given
that TNFα levels are elevated after CNS injury (e.g., Beattie and others 2002; Griffin and
others 1993), perhaps neurodegeneration is exacerbated by TNF-induced release of
glutamate and damage-induced increased expression of TNFR1; in essence, another example
of amplification. To test this hypothesis, we microinjected small amounts (3.5 femtomoles)
of TNFα into the spinal cord and observed dramatic cFOS activation of neurons, astrocytes,
and microglia in the grey matter surrounding the injection site (Hermann, Rogers, and others
2001). This same dose of TNFα provoked neurodegeneration within 90 minutes when paired
with a benign dose (150 pmoles) of the glutamate agonist kainate. The neurodegeneration
was blocked by AMPA-glutamate antagonists. These results supported the hypothesis that
TNFα may act within the CNS to provoke presynaptic glutamate release, and perhaps, to
increase the strength of postsynaptic glutamate signaling in normal and pathophysiological
conditions (Pickering and others 2005). This effect would, of course, be accelerated by the
overexpression of TNFR1 receptors that also occurs after neuronal trauma (Hermann and
others 2004).
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Overview of TNFα Effects on Visceral Sensory Processing
Factors that elicit TNFα release also cause a profound autonomically mediated
hypersensitization of gastrointestinal control reflexes. At the level of the intact animal, the
result is a dramatic suppression of gastric motility, tone, and transit that is accompanied by
the perception of nausea, and, frequently, emesis. The actions of TNFα are directed
principally at the central afferent projections of the vagus nerve, which terminate in the
NST. TNFα acts at these afferent terminals to increase cytosolic calcium concentrations
through action on ryanodine channels. The net effect of this change in calcium flux is the
amplification of glutamate release from these terminals through sensitization of terminal
calcium-induced calcium release (CICR) mechanisms. The propagation of this amplification
of NST neurons’ responsiveness to other incoming information is reflected in the DVC
reflex network to ultimately produce the observed effects on the stomach (e.g., gastric stasis,
perception of malaise). TNFα can also sensitize (trigeminal and spinal somatosensory and
visceral afferents, presumably through a similar mechanism. The end result for
somatosensory sensation is allodynia. The effect on visceral sensation mediated by spinal-
visceral afferents is probably a lowered threshold for visceral pain and for distension-
induced contractions of the intestine. Although TNFα adsorbent compounds (e.g., Enbrel)
show promise in relieving many of the CNS reflex-mediated ill effects of TNFα production,
there are very few reports in the literature available on which an evaluation can be made.
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Fig. 1.
Components of gastric vago-vagal reflexes. Top: Coronal histological section through
caudal hindbrain. Components of the dorsal vagal complex have been high-lighted by the
uptake of horseradish peroxidase via the vagus nerve. Bottom: Schematic describing
essential details of vago-vagal gastric motility control reflexes. 1) Vagal mechanosensors
from the esophagus, antrum, and duodenum are activated by contact with food. These
afferents enter the brainstem and collect as the solitary tract. Vagal afferents terminate on
neurons in the nucleus of the solitary tract (NST). 2) Neurons in the NST are activated by
vagal afferents that release glutamate onto postsynaptic NST neurons. Different phenotypes
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of NST neurons direct different aspects of the efferent vagal response. 3) For example,
inhibitory NST neurons (RED) use GABA or NE to inhibit tonically active and excitatory
DMN neurons that normally act to increase gastric tone and motility. 4) Other excitatory
NST neurons (GREEN: probably glutamatergic) activate an inhibitory (NANC) vagal
efferent pathway to the stomach. 5) The net result is a vagally mediated inhibition of gastric
motility. The esophageal-gastric relaxation reflex (Rogers and others 2005), for example,
uses this essential circuitry. 6) This reflex circuitry is contained in a circumventricular
region of the brainstem out-side the blood-brain barrier. Considerable evidence suggests that
neural elements in this vago-vagal reflex network can be dramatically modulated by
hormones, cytokines, and other chemical agents in the circulation that arrives via fenestrated
capillaries (BLUE ARROWS). Not shown are the multitude of neural inputs from the
brainstem and hypothalamus that adjust vagal reflex functions appropriate to changes in
behavior and internal state, as well as parallel ascending projections from the NST
associated with the control of feeding behavior (Berthoud 2002). Also not shown is the
parallel reflex path connecting gastric distension with a vagally mediated increase in gastric
acid output (Rogers and others 2005). AP = area postrema; DMN or DMV = dorsal motor
nucleus of the vagus; NA = nucleus ambiguus; NST = nucleus of the solitary tract; ST =
solitary tract of vagal fibers.
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Fig. 2.
Polygraph records of strain gauge activity monitoring gastric motility: Effects of TNFα.
Basal gastric motility and tone of a food-deprived and anesthetized animal are minimal.
Therefore, gastric motility was maximally stimulated by application of the peptide
thyrotropin-releasing hormone (TRH; i.e., vagal, cholinergic stimulation) directly onto the
exposed brainstem (TRH-icv). (A) Top trace: When stimulated gastric motility has plateaued
(~ 5 to 10 minutes after TRH application), unilateral microinjection of 20nl of phosphate
buffered saline (PBS; vehicle) was made into the left dorsal vagal complex (DVC). No
change in motility was observed. Bottom trace: When the same volume of TNFα (0.02
femtomoles) was microinjected into the DVC, gastric motility was rapidly suppressed for
prolonged periods of time (in excess of two hours in this example). (B) Central TNFα effects
on gastric motility depend on intact vagal pathways. Polygraph tracing of gastric motility in
a unilaterally vagotomized animal: Minimal basal gastric motility is maximally stimulated
by application of TRH onto the brainstem surface (TRH-icv). Unilateral microinjection of
the highest dose of TNFα (20 femtomoles) into the DVC of the vagotomized side is no
longer effective in suppressing gastric motility. Adapted with permission from Hermann and
Rogers (1995).
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Fig. 3.
Endotoxin challenge provokes production and release of proinflammatory cytokines
including TNFα into the systemic circulation. Pretreatment with the TNF-adsorbant
construct (TNFR:Fc) directly within the dorsal vagal complex blocked cFOS-activation
(right panel) of NST cells in response to systemic lipopolysaccharide (LPS) exposure. In
contrast, pretreatment with only the Fc fragment did not prevent cFOS-induction (left
panel). The middle panel outlines structures of interest in adjacent panels. AP = area
postrema; DMN = dorsal motor nucleus of the vagus; NST = nucleus of the solitary tract; ST
= solitary tract. Scale bar = 400 micron. Adapted with permission from Hermann and others
(2003).
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Fig. 4.
Raw polygraph records of strain gauge activity monitoring gastric motility. Both records
were obtained at ~90 minutes after systemic (IV) administration of lipopolysaccharide (LPS)
i.e., circulating proinflammatory cytokine levels are elevated. (A) This animal had received
LPS (IV) and continuous ventricular perfusion (intracerebroventricular [ICV]) of the Fc
fragment vehicle control. ICV application of thyrotropin-releasing hormone (TRH) is unable
to override the suppressive effects of the endogenously produced TNFα. (B) This animal
received LPS (IV) and continuous ventricular perfusion of the TNFR:Fc adsorbant construct
(ICV). Presumably, the endogenously produced TNFα is adsorbed and effectively
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neutralized as it passes through the ventricular flow. In this case, application of TRH to the
floor of the fourth ventricle is able to maximally stimulate gastric motility. Adapted with
permission from Hermann and others (2002).

Hermann and Rogers Page 20

Neuroscientist. Author manuscript; available in PMC 2014 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Photomicrographs of coronal histological sections through the NST immunohistochemically
processed for cFOS-activation. Immunoreactivity for cFOS-activation is characterized by
darkly stained nuclei. (A) control injection of PBS (20nL) directly into the DVC results in
few cFOS-(+) cells in the NST and DMN; (B) injection of TNFα (0.2 femtomoles) induces a
significant increase in cFOS expression; (C) co-injection of the same amount of TNFα with
the AMPA glutamate receptor antagonist, NBQX, suppresses cFOS production to control
levels; (D) co-injection of TNFα with the NMDA antagonist, MK-801, also reduces cFOS
activation. These data support the hypothesis that TNFα may excite NST neurons by
increasing presynaptic (i.e., vagal afferents) glutamate neurotransmission. AP = area
postrema; DMN = dorsal motor nucleus of the vagus; NST = nucleus of the solitary tract; ST
= solitary tract. Adapted with permission from Emch and others (2001).
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Fig. 6.
TNFα activation of adrenergic cells in the nucleus of the solitary tract (NST). Preliminary
data suggest that TNFα may specifically cause the activation of adrenergic neurons in the
NST. This figure shows that microinjection of TNFα into the medial NST provokes cFOS
activation (seen as brown nuclear staining) of virtually every adrenergic neuron (tyrosine
hydroxylase [Th]–positive immunore-activity is seen as black cytoplasmic staining) in the
area. These neurons do not express cFOS at rest nor fallowing vehicle (PBS) microinjection
(not shown here, but see Fig. 5).
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Fig. 7.
Effects of gastric distension, PBS, or TNFα microinjection on a single neuron of the nucleus
of the solitary tract (NST). A–C are records from the same neuron. (A) Upper trace on left:
Raw oscillograph record of the identification of a gastric distension related neuron in the
NST. Distension of the antrum (lower trace) produces a brisk increase in the firing rate of
the NST neuron; phase-locked to the stimulus. Upper trace on right: Integrated rate-meter
record of the same event. Inset: 20 superimposed NST spikes; profile of identified NST
neuron responding to gastric distension alone. (B) integrated record of neuronal activity.
(Upper) Control injection of PBS (3nL delivered at arrow) has no effect on the neuron’s
firing rate; same neuron as recorded in A. Inset shows the neuron’s signature spike profile.
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(Lower) TNFα (0.03 femtomoles) microinjected onto the same NST neuron causes
activation of identified neuron. Scale bar = 1 minute. (C) Response to gastric distension of
the same NST neuron depicted in A, now 30 minutes after exposure to and recovery from the
TNFα injection seen in B. Note the greatly potentiated response to gastric distension that
significantly outlasts the stimulus. Inset shows superimposed, individual NST spikes
identifying this neuron as the same as that seen in A. Scale bars for insets: 200uV/2.5msec.
Adapted with permission from Emch and others (2000).
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Fig. 8.
TNFα inhibits tonically active gastric dorsal vagal motor nucleus (DMN) neurons. (A) A raw
oscilloscope spike record shows a reduction in neuronal activity (upper trace) during gastric
balloon distension (lower trace), identifying the cell as a DMN neuron. (B) Response of the
same DMN neuron to application of TNFα (0.03 femtomoles) at the arrow (note the
difference in lime scales); spontaneous activity is inhibited. (C) One hour after TNFα
application, DMN firing rate of the same neuron in response to gastric distension returns to
normal. (D) Intracellular recordings of in vitro brain slices also demonstrate that
spontaneous activity of DMN neurons is inhibited by TNFα (10pM). Adapted with
permission from Emch and others (2001).
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Fig. 9.
Constitutive expression of TNF receptor type 1 immunoreactivity (TNFR1-ir) on afferents in
the medullary brainstem of the rat. (A) Ponto-medullary junction area illustrating the entry
of vagal sensory nerve fibers staining positively for TNFR1-ir. Trigeminal afferents in the
spinal nucleus of the trigeminal nerve are also TNFR1-ir positive. (B) Vagal afferent fibers
in the solitary tract (ST) staining for TNFR1-ir. (C) Vagal afferent fibers diverging from the
ST and entering the medial solitary nucleus (mNST). (D) TNFR1-ir positive vagal afferent
fibers continue through the mNST and ramify widely through the area postrema (higher
magnification in inset on left). (E) TNFR1-ir on afferents in the dorsal root entry zone (the
section shown is the cervical spinal cord). (F) TNFR1-ir labeled trigeminal afferent fibers
penetrate the surface of the inferior cerebellar peduncle (ICP) and diverge within the spinal
trigeminal nucleus (SN V). (G) Higher power detail of TNFR1-ir–positive fibers on the
brainstem surface penetrating the ICR (H) Higher power detail of TNFR1-ir afferent fibers
in the SN V. Abbreviations: AP = area postrema; ICP = inferior cerebellar peduncle; mNST
= medial solitary nucleus; SN V = spinal nucleus of trigeminal nerve; ST = solitary tract; X
aff = vagal sensory nerve fibers. Scale bars: F = 1000 micron; A = 500 micron; B, C, G, H =
100 micron; D = 200 micron; E = 20 microns. Adapted with permission from Hermann and
others (2004).
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Fig. 10.
Modulation of vagal afferent terminals responses to ATP by exposure to TNFα. A low-
power field brainstem slice contains a section of the nucleus of the solitary tract (NST);
numerous calcium green-labeled central vagal afferent terminals are visible. A–D depict the
exact same field of this brainstem slice under different perfusion conditions. A and B were
taken before exposure of the slice to 1nM TNFα; C and D were taken just after 10-minute
exposure to TNFα. (A) Varicosities at rest just before perfusion of the slice with ATP
(100uM). (B) Varicosities in the same field as A showing the peak effect of ATP. (C)
Varicosities at rest. (D) Varicosities in the same field as C showing the peak effect of ATP
after the slice was exposed to TNFα. (E) Relative fluorescence plot of the initial response to
ATP to elevate the calcium signal in the varicosity that is indicated by the arrow (see B)
before TNFα exposure. (F) Relative fluorescence plot of the response to ATP to elevate the
calcium signal in the same varicosity indicated by the arrow (see D) after TNFα exposure.
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This TNF amplification of the calcium signal is sensitive to ryanodine (see Fig. 11).
Adapted with permission from Rogers, Van Meter, and Hermann (2006).

Hermann and Rogers Page 28

Neuroscientist. Author manuscript; available in PMC 2014 March 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 11.
TNFα can amplify terminal calcium signaling by activating ryanodine channels. ATP acts at
terminal ligand-gated (P2X3 receptor) cation channels to produce an increase in
intraterminal calcium. This increase, in turn, activates calcium-induced calcium release
(CICR) mechanisms. TNFα apparently amplifies this effect via the generation of cAOP
ribose (cADPR), a known ryanodine channel agonist molecule. CD38 generates cADPR;
TNFα drives CD38 transcription (Iqbal and others 2006) and may enhance CD38 trafficking.
Adapted with permission from Rogers, Van Meter, and Hermann (2006).
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Fig. 12.
Neurodegeneration after vagotomy. (A) Montage of micrographs illustrating the overall
effects on TNF receptor type 1 immunoreactivity (TNFRI-ir) staining within the medulla
two weeks after unilateral vagotomy (left side) at the supra-nodose level. Supra-nodose
vagotomy effectively disconnects the primary afferent cell bodies from central afferent
fibers. These unilateral vagotomies allowed each animal to serve as its own control;
comparisons between left (vagotomized) and right (control) sides could be made directly.
(Right) Control side: brainstem side contralateral to the vagus nerve section. Note the
constitutive presence of TNFR1-ir vagal afferents in the solitary tract (ST) and tenth nerve
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(X) afferent pathway. Also note the lack of TNFR1-ir in the dorsal motor nucleus of the
vagus (DMN) on this side of the brainstem. (Left) Side ipsilateral to the supra-nodose
vagotomy. Note the complete absence of TNFR1-ir in the afferent fibers of the ST on this
side. In contrast, the neurons in the DMN on this side show enhanced TNFR1-ir. Following
vagotomy there is also an increase in staining of the efferent fibers leaving the DMN
neurons (at *) relative to the control side. Scale bar = 0.5 mm. (B) Photomicrographs of
medullary brainstem sections demonstrating the time course of the up regulation of TNFR1-
ir in DMN neurons on the side ipsilateral to the vagotomy (left side) relative to the control
(right) side. Within three days following unilateral vagotomy, neurons of the DMN (and
nucleus ambiguus [NA], data not shown), ipsilateral to vagal section, demonstrated a
dramatic increase in TNFR1-ir throughout the entire rostro-caudal extent of these nuclei.
This increase in the number of neurons expressing TNFR1-ir was quantified across time
postvagotomy; the number of neurons expressing TNFR1-ir in each nucleus peaked at one
week and began to decline over time. The absolute number of DMN neurons on the
vagotomized side also declined over time. Panels i–v illustrate changes in the appearance of
TNFR1-ir in DMN neurons on the side of the vagotomy (left) versus control (right) over the
course of time. Scale bar = 500 microns. (C) High-power views of the DMN overtime. Note
Wallerian degeneration of the DMN as characterized by the large, eccentric nuclei. Scale =
100 micron. Adapted with permission from Hermann and others (2004).
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