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Brief Communications

Tumor Necrosis Factor Potentiates Central Vagal Afferent
Signaling by Modulating Ryanodine Channels

Richard C. Rogers, Montina J. Van Meter, and Gerlinda E. Hermann
Laboratory of Autonomic Neuroscience, Pennington Biomedical Research Center, Baton Rouge, Louisiana 70808

Disease processes such as infection, leukemia, and autoimmune disorders are often associated with nausea, emesis, and anorexia. A
common denominator of these rather disparate states is the production of the early, proinflammatory cytokine tumor necrosis factor-o
(TNF) in significant quantities. Recent studies have shown that TNF may act as a neuromodulator in the hindbrain to produce malaise by
potentiating visceral afferent signaling at the central processes of the vagus nerve. However, the mechanism by which TNF produces this
signal amplification is not known. Our time-lapse calcium imaging studies of individual central vagal afferent varicosities in the caudal
brainstem slice preparation show that, although TNF has minimal direct effects to elevate terminal intracellular calcium levels, TNF does
potentiate the terminal afferent responses to other stimuli through a ryanodine-based, calcium-induced calcium release mechanism.
Such a scheme may explain how TNF sensitizes visceral as well as somatosensory primary afferents.
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Introduction

Activation of the immune system in response to infection, injury,
or chronic disease is associated with high levels of cytokine re-
lease. The primary function of cytokine production is elimina-
tion of the source of the “challenge.” However, a constellation of
debilitating physiological and behavioral events is often associ-
ated with immune activation. These include fever, fatigue, loss of
appetite, gastric stasis, nausea, and hypersensitivity to touch or
pain (Hermann et al., 2005a).

Tumor necrosis factor-a (TNF) is one of the early, proinflam-
matory cytokines. Cancer or exposure to radiation evokes pro-
duction of TNF by non-immune cell types as well (Vassalli,
1992). Systemic injection of TNF can mimic many of the auto-
nomic signs associated with illness, such as increased body tem-
perature, gastric hypomotility, suppressed appetite, as well as
nausea and vomiting (Hermann et al., 2005a).

The dorsal vagal complex (DVC) contains the basic neural
circuitry for the vago-vagal reflex control of gastrointestinal
function (e.g., gastric motility, tone, and acid secretion). This
medullary complex is composed of the sensory nuclei of the sol-
itary tract (NST) and the area postrema and their interconnec-
tions with the dorsal motor nucleus of the vagus (Rogers et al.,
1995). Most vago-vagal control of gastric motility and tone is
inhibitory, i.e., activation of vagal afferents by distension of the
stomach, intestine, or esophagus results in a marked reduction in
gastric motility and tone by initiating gastric vago-vagal reflexes
(Rogers et al., 2005). Gastroinhibition may be perceived as nau-
sea and serves as an essential prodrome to emesis (Syed et al.,
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2005). Indeed, this region of the caudal brainstem is also essential
for the generation of the emetic motor program (Blessing, 1997).

The DVC possesses vascular characteristics of a circumven-
tricular organ with fenestrated capillaries and enlarged perivas-
cular spaces (Gross et al., 1990). Additionally, dendrites from
neurons of the DVC penetrate the ependymal layer and enter the
floor of the fourth ventricle (Rogers and McCann, 1993). There-
fore, this complex is in position to monitor blood- and CSF-
borne chemicals, hormones, peptides, and cytokines (Hermann
etal., 2005a) and evoke appropriate physiological responses such
as gastric stasis (Rogers et al., 1995).

Peripherally generated TNF causes gastric stasis by acting at
the DVC (Hermann et al., 2002; Hermann et al., 2005a). TNF
injected directly into the NST also causes a substantial reduction
in gastric motility. This effect may be attributable to the TNF-
mediated activation of vagal afferent fibers synapsing on NST
neurons that form part of the vagal gastroinhibitory reflex (Rog-
ers et al., 2005). This hypothesis is supported by immunohisto-
chemical studies showing that the TNF receptor type 1 is highly
concentrated on vagal afferent fibers and terminals in the NST
(Hermann et al., 2004). Indeed, our neurophysiological studies
suggested that TNF amplifies the responsiveness of vagal afferent
pathways to otherwise innocuous sensory signals (Emch et al.,
2000). To test this hypothesis, we developed a live-cell calcium
imaging method designed to address the mechanism by which
TNF activates or amplifies vagal afferent signaling at the level of
the terminal varicosity.

Materials and Methods

Long—Evans rats of either gender (100-200 g body weight; Simonsen
Laboratories, Gilroy, CA)were maintained on ad libitum food and water
in a 12 h light/dark cycled room with constant temperature and humid-
ity. All experimental protocols were performed according to the guide-
lines set forth by the National Institutes of Health and were approved by
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the Institutional Animal Care and Use Committees at the Pennington
Biomedical Research Center.

Vagal afferent labeling for in vitro calcium imaging. A complete descrip-
tion of the in vitro vagal afferent labeling procedure was published pre-
viously (Rogers et al., 2006). Briefly, a glass microinjection pipette was
filled with a mixture of 20% CalciumGreen 1-dextran 3000 molecular
weight conjugate (CG) (Invitrogen, Carlsbad, CA), 1% Triton X-100,
and distilled water for calcium imaging experiments (# = 30 rats). A
similar mixture with 5% rhodamine dextran 3000 molecular weight
[FluoroRuby (FR); Invitrogen] was used to identify vagal afferent fibers
and terminals in the NST (n = 5); this prelabeled tissue was exposed to
immunohistochemical demonstrations of the distribution of ryanodine
receptors (RyRs) and IP; receptors (IP;Rs) in these vagal processes.

Rats were anesthetized with pentobarbital (30 mg/kg, i.p.; Nembutal;
Abbott Labs, Chicago, IL). Using aseptic technique, the nodose ganglion
was exposed at the jugular foramen. The micropipette containing either
CG or FR was connected to a source of pulsed air pressure. The tip of the
pipette was guided by hand through the sheath of the nodose ganglion.
Pressure pulses (2—10 psi) were applied to the pipette and dye was in-
jected; total injected volume was ~100 nl. The cervical wound was closed
with 4-0 nylon suture, and animals were returned to their home cage for
2-5 d to allow anterograde transport of dextran-conjugated constructs.

Brainstem slice preparation. Animals were anesthetized with ethyl car-
bamate (urethane, 1.5 g/kg body weight, i.p.; Sigma, St. Louis, MO); this
anesthesia readily washes out of tissue and does not have long-term
effects on the activity of neurons in these slices (Hara and Harris, 2002).
After decapitation and swift removal of the brainstem to cold (~4°C),
carbogenated (95% O,/5% CO,) cutting solution, 300-um-thick slices
were cut coronally with a sapphire knife on a vibratome (model 15005
Vibratome, St. Louis, MO). Slices were placed in a scintillation vial con-
taining carbogenated normal Krebs’ solution (29°C) for ~1 h before
conducting experiments.

Slices are transferred to a temperature-regulated recording chamber
maintained at 33°C with a solution flow rate of 3 ml/min. Stability of the
slice preparation is of paramount importance to the imaging of small
fibers and terminals. The confocal depth of field of 1-2 um is just suffi-
cient to image terminal varicosities and fibers that are, themselves, no
more than 3—4 um in diameter (Rogers et al., 2006). No drift can be
tolerated. To solve this problem, we opted to support the recording
chamber on a large fixed stage (Gibralter platform; Burley, Victor, NY);
this fixed stage supports and moves the microscope in the x—y plane.

In vitro drugs and solutions. The cutting solution contained the follow-
ing (in mm): 110 choline chloride, 25 NaHCO;, 2.5 KCl, 7 MgSO,-7H, 0O,
1.25 NaH,PO,, 10 glucose, and 0.5 CaCl,-2H,0O (bubbled with 95%
0,/5% CO, during the entire cutting process). Normal Krebs’ solution
contained the following (in mwm): 124 NaCl, 25 NaHCO;, 3.0 KCl, 1
MgSO,-7H,0, 1.5 NaH,PO,, 10 glucose, and 1.5 CaCl,-2H,0, pH 7.3
(bubbled with 95% O,/5% CO,, continuously; osmolarity was 300 = 10
mOsm).

When specified below (see Experimental design), one of the following
drugs was added to the normal Krebs’ solution (note that the specified
concentrations of reagents are based on references cited for similar in
vitro studies): 100 um ATP was used to activate P2X, ligand-gated cation
channels on vagal afferent terminals (Jin et al., 2004; Shigetomi and Kato,
2004); 1 nm TNF [comparable with the circulating concentration after a
significant immune challenge (Hermann et al., 2002)]; 10 uMm ryanodine
[ryanodine endoplasmic reticular calcium channel antagonist at this
concentration (Lancaster et al., 2002)]; 10 uwm U73122 (1-[6[[(17B)-3-
methoxyestra-1,3,5(10)-trien-17-ylJamino|hexyl]-1 H-pyrrole-2,5-dione)
[selective inositol 1,4,5 tris-phosphate synthesis inhibitor (Hermann et
al., 2005b)]; and 100 um 8-bromo-cADP ribose (8-BR-cADPR) [an an-
tagonist of intracellular cADPR action (Deshpande et al., 2003)].

Imaging instrumentation. Time-lapse laser confocal calcium imaging
was performed with an Ultraview Nipkow disk imager (model CSU21;
PerkinElmer, Boston, MA) combined with a digital camera (Orca-ER;
Hamamatsu, Shizouka, Japan) on a Nikon (Tokyo, Japan) E600FN fixed-
stage upright microscope equipped with 10X and 40 X water immersion
objectives. CalciumGreen preloaded fibers were visualized using the 488
nm excitation/509 nm emission filter arrangement. Data were collected
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at a rate of three frames per second. At 400X total magnification, full
frames were ~75 X 100 wm of brainstem slice area.

In vitro calcium signal analysis. Relative changes in cytoplasmic cal-
cium were expressed as changes in fluorescence: (AF/F )%, where F is the
fluorescence intensity within an area of interest (e.g., the outline of a
vagal afferent fibers or varicosities) before stimulation, and AF is the
change from this value during neuronal activity (Helmchen, 2000). Back-
ground fluorescence (i.e., non-involved areas adjacent to the area of
interest) was subtracted from both AF and F. A responsive component
was classified as one in which an agonist substance (e.g., TNF or ATP)
produced a calcium signal elevation (AF/F) of 5% or greater.

Drug challenges and statistical analysis. Initial studies focused on the
direct actions of TNF to generate calcium signals within vagal afferent
varicosities in the NST. Here, TNF was applied to the perfusion chamber
for 1-10 min while fluorescence intensity of CG-labeled varicosities was
monitored.

In subsequent experiments, ATP was applied to the bath for 30 s to
activate a ligand-gated calcium release mechanism known to operate on
vagal afferents (Jin et al., 2004; Shigetomi and Kato, 2004). The exposure
to ATP was repeated 10 min later to provide a “time control.” Thus, the
experimental design of these studies was such that each varicosity served
as its own control. Next, we determined whether TNF could modulate
the primary ATP effect. In this case, 30 s exposure to ATP occurred first,
followed by 10 min perfusion with TNF, followed by a second 30 s expo-
sure to ATP.

Last, to evaluate the likely basis for any TNF modulatory effects on
ATP-evoked activity, other slices were continuously perfused with nor-
mal Krebs’ solution that also contained one of the antagonist drugs ry-
anodine or U73122 or 8-Br-cADPR, reagents known to influence the
control over intracellularly stored calcium. The ATP-TNF-ATP chal-
lenge was repeated against a background of one of these antagonist drugs.
Thus, these studies were performed to account for any direct effects of the
antagonists on the direct ability of ATP to alter relative calcium levels in
afferent terminals.

Given that each varicosity was exposed to ATP twice (e.g., before and
after exposure to TNF), each varicosity acted as its own control. This
pattern was followed even when we were evaluating the actions of specific
antagonists (see above). As such, paired Student’s ¢ tests were used for
comparisons; values of p < 0.05 were considered statistically significant.

RyR and IP;R immunohistochemistry on identified vagal afferent fibers.
Rats that had received FR injections into the nodose ganglion were anes-
thetized with urethane and transcardially perfused with PBS and then
PBS containing 4% paraformaldehyde. Brainstems were removed and
postfixed overnight in a solution of 4% paraformaldehyde in 20% su-
crose and PBS. The caudal brainstem containing the NST region was
sectioned (40 um) on a freezing microtome. Tissue sections were reacted
with a primary antibody directed against either RyR [ascites; mouse
monoclonal; MA3-925 (Affinity BioReagents, Golden, CO); 1:500,
which reacts specifically with the 565 kDa protein identified as the ryan-
odine receptor in rat as determined by Western blot] or IP;R [1 mg/ml
rabbit polyclonal; AB1622 (Chemicon, Temecula, CA); 1:50 raised
against the C-terminal epitope (KDSTEYTGPESYV) of the human IP;
type 1 receptor as determined by ELISA]. Both antibodies have been used
together to examine the distribution of these two intracellular calcium
regulatory channels in previous studies (Clark and Petty, 2005). After
rinsing, sections reacted with the primary antibodies (as well as controls
with no exposure to primary antibody) were treated with donkey anti-
mouse or rabbit secondary antibody (1:500) conjugated with an Alexa
488 fluorophore (Invitrogen). Sections were air dried and coverslipped
with Vectashield Hard Set (Vector Laboratories, Burlingame, CA). The
medial NST at the level of the area postrema was then examined with the
Ultraview confocal microscope.

Results

Forty brainstem slices from 10 rats were exposed to TNF alone.
Only five terminal varicosities were observed to be responsive in
these preparations (Fig. 1). We next examined the effects of TNF
to modulate cytoplasmic calcium signals generated by ATP. For
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Direct effect of TNF on vagal varicosities. One of the few central vagal afferent
processes observed that responded directly to TNF (1 nm for 1 min) alone: 4, before TNF stimu-
lation; B, during TNF stimulation; , relative fluorescence plot generated by area of interest (i.e.,
area encompassed by the varicosity indicated by the arrow).

Figure 1.

time control purposes, slices were exposed to two applications of
ATP with an intervening 10 min interval of normal Krebs’ solu-
tion alone. Of the 80 responsive varicosities recorded, the first
ATP application caused a relative increase in CG fluorescence
(AF/F)% of 36 = 2.1%. The second application of ATP 10 min
later (i.e., time control) produced a diminished change in CG
fluorescence (AF/F)% of 27 *+ 2.7% (Figs. 2, 3). This decline in
calcium response to the second application of ATP, relative to the
first, was statistically significant (paired ¢t test; t = 4.044; df = 79;
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1 min

Figure 2. Modulation of vagal afferent terminals responses to ATP by exposure to TNF. A
low-power field containing numerous calcium green-labeled central vagal afferent terminals in
the NST is shown. A and B were taken before exposure of the slice to 1 nm TNF. A, Varicosities at
rest just before perfusion of the slice with ATP (100 wum). B, Varicosities in the same field as A
showing the peak effect of ATP. C and D were taken just after 10 min exposure to TNF. C,
Varicosities at rest. D, Varicosities showing peak effect of ATP. E, Relative fluorescence plot of
the initial response of ATP to elevate calcium signal in the varicosity indicated by the arrow
(refer to B) before TNF exposure. F, Relative fluorescence plot of the response of ATP to elevate
calcium signal in the same varicosity indicated by the arrow (refer to D) after TNF exposure. This
TNF amplification of the calcium signal is sensitive to ryanodine (see Fig. 3).

p < 0.0001). In contrast, perfusion of slices for 10 min with TNF
between the first and second application of ATP (n = 128 vari-
cosities) resulted in an enhanced ATP-generated calcium signal
from (AF/F)% of 34 * 2.2% (first ATP) to 48 * 3.2% (second
ATP). This increase in calcium signal is significant (paired ¢ test;
t = 4.569 df = 127; p < 0.0001), particularly in light of the fact
that, normally, the magnitude of the second response is smaller
than the first (Figs. 2, 3).

When the intracellular calcium release antagonist ryanodine
was applied, the TNF-induced augmentation of the ATP effect
was blocked. Under these conditions, the first ATP application
produced (AF/F)% of23.3 = 1.9%, and the post-TNF ATP stim-
ulation produced the same result, i.e., (AF/F)% of 22.8 + 1.9%
(n = 63 varicosities). A similar result was obtained with a cADP
ribose antagonist (8-Br-cADPR); the pre-TNF ATP application
yielded (AF/F)% of 15.5 = 1.4%, whereas the post-TNF ATP
stimulus produced (AF/F)% of 12.3 £ 1.3% (n = 29 varicosi-
ties). However, U73122 was not able to block the TNF augmen-
tation of the ATP-induced increase in vagal afferent terminal
calcium; TNF produced a significant elevation in vagal afferent
calcium signals (AF/F)% of 32 = 2.2% (first ATP) versus 50 =
4.1% (second ATP) (t = 5.8; df = 81; p < 0.0001).

Immunohistochemical studies revealed a substantial differ-
ence in the presence of RyRs versus IP;Rs in vagal afferent vari-
cosities (Fig. 4). A total of 23 histological sections taken from five
animals were examined: 12 were exposed to primary antibodies
for RyR, 11 to antibodies for IP;R. Sixty-three percent of the 6090
FR-labeled vagal varicosities (i.e., 3893 of 6090, 63%) were im-
munoreactive positive to RyR staining, whereas only 20% of the
6316 FR-labeled vagal varicosities (i.e., 1469 of 6316) were IP;R
immunoreactive positive.
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Figure3. TNF-mediated amplification of presynaptic calcium signal. 4, Time control, effects
of two separate exposures of the brainstem slice to 100 wum ATP (i.e., no exposure to TNF). Data
are presented as mean == SE. *p < 0.0001; n = 80 varicosities. B, Exposing slices to 1 nm TNF
amplified the second response to ATP. *p << 0.0001; n = 128 varicosities. , Exposing the slice
t0 10 m ryanodine plus 100 wm TNF effectively blocked the effect of TNF to amplify terminal
calcium signals produced by ATP (n = 63 varicosities). D, Similarly, blockade of receptors for
cADP ribose by 8-Br-cADPR suppressed TNF effect to amplify the ATP response (n = 29 varicos-
ities). E, Blockade of P, production by U73122 had no effect on the ability of TNF to amplify the
ATP response. *p << 0.0001; n = 82 varicosities. F, TNF can amplify terminal calcium signaling
by activating ryanodine channels. ATP acts at terminal ligand-gated cation channels to produce
an increase in intra-terminal calcium that activates CICR through ryanodine channels. TNF ap-
parently amplifies this effect based on the generation of cADP ribose, a known ryanodine ago-
nist molecule. (D38 generates cADP ribose; TNF drives CD38 transcription (Igbal et al., 2006)
and may enhance (D38 trafficking.

Discussion

TNF has been implicated as an activator or amplifier of glutama-
tergic neurotransmission in somatosensory and visceral afferents
as well as in the intrinsic innervation of the hippocampus and
spinal cord (Pickering et al., 2005). This feature of TNF action
may explain the multifunctional aspects of the effects of cytokine
on the CNS. Disease processes provoking elevated TNF release
cause allodynia and nausea as a consequence of effects on spinal
and vagal afferents, respectively (Hermann et al., 2005a; Picker-
ing et al., 2005). Furthermore, TNF release secondary to neuro-
trauma or neuroinfection may accelerate neurodegeneration and
contribute to dementia by augmenting glutamate neurotransmis-
sion (Pickering et al., 2005). Previous studies have suggested that
TNF may cause some of the augmentation of glutamate transmis-
sion by increasing the membrane trafficking of the AMPA receptor
postsynaptic to glutamatergic inputs (Stellwagen et al., 2005). Other
work implicated a TNF amplification effect at presynaptic sites
(Emch et al., 2000; Beattie et al., 2002; Hermann et al., 2005a; Rogers
et al., 2005; Stellwagen et al., 2005), but a physiological mechanism
explaining this action had not been advanced.

By applying calcium imaging methods to vagal afferent termi-
nal varicosities in vitro, we find that TNF has a weak effect, at best,
to directly increase the presynaptic calcium signal, hence, trans-
mitter release. However, TNF strongly amplifies the terminal cal-
cium signal produced by ATP. ATP activates a transmembrane
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Figure 4.  Immunohistochemical demonstration of receptors in vagal afferents. Top, Ryan-
odine receptors (green dots) are highly expressed in the central processes of vagal afferents
prelabeled with rhodamine dextran (red fibers). Colocalization of these components is evident
by the yellow areas. Bottom, IP; receptor (green dots) immunoreactivity, although present, is
significantly less common in identified vagal afferent terminal processes (red fibers). Scale bar,
100 m.

calcium flux by causing P2X; ligand-gated cation channels to
open. As a consequence, ATP causes glutamate release from vagal
afferents onto second-order NST neurons (Jin et al., 2004). Al-
though the direct entry of calcium into the terminal region cer-
tainly activates the transmitter release mechanism, entering cal-
cium can also serve as a trigger for the release of endoplasmic
reticulum (ER)-stored calcium through calcium-induced cal-
cium release (CICR) mechanism (Bardo et al., 2006). Two paral-
lel processes regulate this release of stored calcium: ryanodine
channels and the IP;—calmodulin release mechanism (Hoesch et
al,, 2002). Calcium entering the terminal interacts with binding
sites on the ryanodine channel to provoke release of ER calcium
stores. Our results suggest that TNF operates predominantly on
the ryanodine stores release mechanism as ryanodine blocks the
TNF effect on ATP-evoked calcium release, whereas U73122, an
IP, synthesis inhibitor, has no effect. Although our immunohis-
tochemistry studies demonstrated that both receptor types are
expressed on central vagal afferent fibers, our pharmacological
studies indicated that the IP; receptor did not play a role in TNF
modulation of the ATP-evoked calcium mobilization. However,
there is no a priori reason to believe that TNF might not modulate
other afferent responses through the IP; (or some other) trans-
duction mechanisms that impact stored calcium release.

The mechanisms by which agonist molecules affect the func-
tion of ryanodine receptors, hence, presynaptic potentiation and
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depression, are incompletely understood. However, studies of
the relationship between TNF and ryanodine receptor function
in non-neural tissues strongly suggest that TNF can increase the
expression of CD38 (Yusulfi et al., 2001; Deshpande et al., 2003).
CD38 (the transmembrane ectoenzyme ADP-ribosyl-cyclase)
generates CADP ribose. 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 neu-
rotransmission (Barata et al., 2004; Collin et al., 2005). Our stud-
ies show that 8-Br-cADPR, a selective antagonist of cADPR, com-
pletely blocks the action of TNF to augment calcium signaling in
vagal afferents. Although this result suggests a connection be-
tween TNF receptor activation and upregulation of CD38-
mediated cADPR production, the time course of the effect is
problematic. Although CD38 transcription can be upregulated
by exposure to TNF in as little as 3 h (Igbal et al., 2006), the effects
we observe here develop much more rapidly.

It has been suggested that the effectiveness of CD38 in regu-
lating cytoplasmic calcium is a function of the delivery of sub-
strate (oxidized nicotinamide-adenine dinucleotide) and the des-
tination of the cADPR product. Connexin hemichannels or
nucleoside transporters (Zocchi et al., 1999; De Flora et al., 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 chan-
nel (De Flora etal., 2004). Although the connection between TNF
receptor activation and the rapid regulation of CD38 is not pres-
ently clear, convincing evidence suggests that TNF can potently
affect neurotransmission through rapid control of receptor traf-
ficking (Stellwagen et al., 2005).

The present results provide a physiological explanation for the
mechanism by which TNF sensitizes afferent nerve pathways to
the CNS. TNF induces the production of cADPR, which in turn,
sensitizes the ryanodine ER calcium release mechanism to aug-
ment the calcium-induced calcium release. This, in turn, sensi-
tizes presynaptic neurotransmission mechanisms. Because TNF
also induces the trafficking of postsynaptic AMPA glutamate re-
ceptors (Stellwagen et al., 2005), TNF emerges as a powerful pos-
itive, pleiotropic modulator of glutamate neurotransmission.
This effect may be the basis for many of the neuropathological
events associated with the release of this cytokine.
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