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Brief Communications

Tumor Necrosis Factor Activation of Vagal Afferent
Terminal Calcium Is Blocked by Cannabinoids

Richard C. Rogers and Gerlinda E. Hermann

Laboratory of Autonomic Neuroscience, Pennington Biomedical Research Center, Baton Rouge, Louisiana 70808

The early proinflammatory cytokine tumor necrosis factor (TNF) is released in significant quantities by the activated immune system in
response to infection, leukemia, autoimmune disorders, and radiation sickness. Nausea, emesis, and anorexia are common features of
these disorders. TNF action on vagal afferent terminals in the brainstem is a likely cause of the malaise associated with these disorders.
Our previous work has shown that TNF action to excite vagal afferents occurs as a result of sensitization of ryanodine channels in afferent
nerve terminals. For millennia, cannabinoids (CB) have been used to combat the visceral malaise associated with chronic disease,
although the mechanism of action has not been clear. Previous work in culture systems suggests that CB1 agonists can suppress neu-
rotransmission by downregulating ryanodine channels through a protein kinase A (PKA)-dependent mechanism. Laser confocal calcium
imaging methods were used to directly examine effects of CB1 cannabinoid agonists and TNF on visceral afferent signaling in the rat
hindbrain. CB1 agonists blocked the effects of TNF to amplify vagal afferent responsiveness; blockade of PKA with H89 also eliminated the
TNF amplification effect. These results help to explain the effectiveness of cannabinoids in blocking the malaise generated by TNF-

releasing disease processes by opposing effects on ryanodine channels.

Introduction

Immune activation in response to infection, injury, or chronic
disease causes high levels of cytokine release. Tumor necrosis
factor-a (TNF) is one of the early, proinflammatory cytokines
released under these conditions. TNF is produced by a variety of
cell types including macrophages, lymphoid cells, mast cells, en-
dothelial cells, cardiac myocytes, adipose tissue, and fibroblasts,
as well as neurons, microglia, and astrocytes (Barrientos et al.,
2008; Bashir et al., 2009; Hedayat et al., 2010; Park and Bowers,
2010; Maenhaut and Van de Voorde, 2011). Thus, infection, can-
cer, heart failure, or exposure to radiation can evoke production
of TNF by both immune and nonimmune cell types.

Disease states causing release of large quantities of TNF are
associated with “signs” of illness such as fever, gastric hypomo-
tility, suppressed appetite, nausea, and vomiting. Systemic injec-
tions of TNF elicit the same signs of illness observed in chronic
disease (see review, Hermann and Rogers, 2008).

TNF causes gastrointestinal symptoms (gastric stasis) by act-
ing on vagal afferent fibers synapsing on medullary nuclei of the
solitary tract (NST) that form vagal gastroinhibitory reflexes
(Rogers et al., 2006b; Hermann and Rogers, 2008, 2009). Our
neurophysiological studies suggested that TNF amplifies the re-
sponsiveness of vagal afferent pathways to otherwise innocuous
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sensory signals (Emch et al., 2000). Calcium imaging of vagal affer-
ent terminals in NST slice preparations show that TNF effects are
due to sensitization of the ryanodine-based calcium-induced-
calcium-release (CICR) mechanism (Rogers et al., 2006b).

Cannabinoid (CB) agonists have been used to ameliorate the
malaise of chronic disease for thousands of years (Ben Amar,
2006). More recently, cannabinoids have been used in response
to antineoplastic therapies that are associated with the generation
of large amounts of TNF (Pogrebniak et al., 1991; Gorter, 1999;
Machado Rocha et al., 2008). CB1 receptors in the brain have
been associated with the anti-illness effects of cannabinoids (Da-
vis et al., 2007; Slatkin, 2007).

One possible consequence of CB1 receptor activation is the
suppression of the presynaptic CICR mechanism mediated by
ryanodine channels (Zhuang et al., 2005). Specifically, activation
of the CB1 receptor in cultured neurons activates the G-protein
subunit G; (i.e., decreases activity of cAMP-dependent protein
kinase), ultimately, deactivating protein kinase A (PKA).

Ryanodine CICR channels are upregulated by PKA phosphory-
lation (Lanner et al., 2010). PKA may also upregulate CD38, the
enzyme responsible for generating cyclic ADP ribose (cADPR), a
potent activator of CICR ryanodine channels (Deshpande et al.,
2003; Rogers et al., 2006b). Activation of PKA is one of many mech-
anisms the TNF transduction apparatus can engage (Pan et al.,
1997).

The following live cell imaging study of vagal afferent termi-
nals in the NST tests the hypothesis that TNF effects to amplify
visceral afferent synaptic transmission will be blocked by CB1
agonists and agents that block PKA.

Materials and Methods

Long—Evans rats of either sex (200-300 g) were obtained from the breed-
ing colony located at Pennington Biomedical Research Center. Animals
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were maintained in a room with a 12:12 h light-dark cycle with constant
temperature and humidity, and given food and water ad libitum. All
experimental protocols were performed according to the guidelines set
forth by the National Institutes of Health and were approved by the
Institutional Animal Care and Use Committees at the Pennington Bio-
medical Research Center.

Vagal afferent prelabeling for in vitro calcium imaging. Techniques for
performing calcium imaging studies of identified vagal afferent fibers
and varicosities have been described in detail (Rogers et al., 2006a,b;
Rogers and Hermann, 2008). Before surgery, glass microinjection pi-
pettes are pulled from 1.8 mm OD starbore capillary tubing (Radnoti
Glass Technologies) using Narishige Model 1D puller. Tips are beveled at
~20° angle on a rotating diamond-coated glass disk (Sutter BV-10); final
tip diameter ~50 wm. Micropipettes were filled with 20% CalciumGreen
1-dextran 3000MW conjugate (CGD; Invitrogen) in a solution of 1%
Triton X-100 and distilled water.

Rats are anesthetized with pentobarbital (Nembutal, 50 mg/kg, i.p.;
Abbott Laboratories). Using aseptic technique, the nodose ganglion is
exposed at the jugular foramen. The nodose appears as a pink trans-
lucent swelling of the vagus at the posterior lacerated foramen (Green,
1935). The micropipette containing CGD is connected to a source of
pulsed air pressure (Picospritzer, General Valve) and the tip of the
pipette is guided by hand through the sheath of the nodose ganglion.
Pressure pulses (~2-10 psi) are applied to the pipette; dye is injected
to fill the ganglion. Total injected volume is ~500 nl. The cervical
wound is closed and animals are returned to their home cage for 2-5
d to allow anterograde transport of CGD to central vagal varicosities.

Brainstem slice preparation. After anterograde transport, animals are
reanesthetized with urethane (ethyl carbamate,
1.5 g/kg i.p.; Sigma-Aldrich); 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 de-
capitation and swift removal of the brainstem
to cold, carbogenated, cutting solution (~4°C;
95% 0,3 5% CO,; see recipe below, In vitro
drugs and solutions), 300-um-thick slices are
cut coronally through the medulla with a sap-
phire knife on a vibrating microtome (Leica
model VT1200). Slices are then transferred to a
scintillation vial containing carbogenated nor-
mal Krebs (see recipe below, In vitro drugs and
solutions) at 29°C for ~1 h before conducting
experiments.

Perfusion chamber. Individual brain slices
are transferred to the temperature-regulated
perfusion chamber (Delta T4 culture dish, Bi-
optechs) maintained at 33°C with a solution
flow rate of 3 ml/min. The confocal depth of
field of 1-2 um is just sufficient to image ter-
minal varicosities and fibers that are, them-
selves, no more than 2-3 wm in diameter (Rogers et al., 2006a).
Therefore, no drift can be tolerated. To solve this problem, we sup-
port the recording chamber on a large fixed stage (Gibralter platform;
Burley); this fixed stage supports and moves the microscope in the X-Y
plane. To maximize slice stability, we have redesigned the chambers such
that the brainstem slices are supported by nylon hosiery mesh while being
perfused. Additionally, slices placed in the chamber are held fast with a
harp-type pressor foot made from 22 gauge gold wire and individual
nylon hosiery fibers (Figure 1). Slices rapidly settle into the mesh and are
then essentially immobilized for the duration of the experiment. This
chamber redesign has qualitatively improved slice stability and viability.

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

15micron

Figure 2.

|

Response of (GD-prelabeled vagal afferent varicosities in the NST to ST electrical stimulation and exposure to TNF. 4,
Field of varicosities at rest, i.e., before ST stimulation or exposure to TNF. (Circled varicosity is same in all images and was used to
generate the relative calcium plotin D.) B, Same field at the peak of the effect of ST stimulation alone. €, Same field responding to
second ST stimulation (i.e., after exposure to TNF). D, Plot of the effect of ST stimulation on relative terminal calcium. Red, plot of
changein fluorescence in response to ST stimulation before TNF; black, response plot after TNF. (Note: Although responses of other
varicosities in the field were not plotted here, they show similar response patterns.)
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Figure 1. Cross-sectional (4) and top view (B) drawings of recording chamber. Stocking
mesh and harp arrangement in this chamber design qualitatively increased the stability of the
slice when compared with the conventional chambers with coverslip floors. This design also
improves viability of the cells by allowing both subfusion and superfusion of the slice (4).

150% AFIF

Where specified in the Experimental Design section below, one of the
following drugs was added to the Normal Krebs (note: specified concen-
trations of reagents are based on references cited for similar in vitro
studies): 2 nm TNF (comparable to the circulating concentration follow-
ing a significant immune challenge (Peprotech; Hermann et al., 2002);
500 nM WIN 52212-2 (WIN2, CB1 agonist; Sigma-Aldrich; Derbenev et
al., 2004); 500 nm WIN 52212-3 (WIN3, inactive enantiomer of WIN2;
Sigma-Aldrich; Derbenev et al., 2004); 1 uM H89 (PKA antagonist; Sig-
ma-Aldrich; Rogers and Hermann, 2008); combination of TNF plus
WIN2; combination of TNF plus WIN3; combination of TNF plus H89.

Imaging instrumentation. Time-lapse laser confocal calcium imaging
was performed with a Nikon Fast Scan laser confocal head equipped with
a Luca EMCCD camera (Andor Technology). Imaging equipment was
coupled to a Nikon F1 fixed stage upright microscope equipped with 10X
and 40X water-immersion objectives. At 400X total magnification,
full frames of view represented ~200 X 150 wm of brainstem slice
area. CGD preloaded fibers were visualized using a 488 nm excitation/
509 nm long pass emission filter arrangement. Changes in intracellu-
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Figure 3.  TNF amplification of vagal terminal calcium responses are suppressed by (B1
agonist (WIN2) and a PKA antagonist (H89). Responses from individual prelabeled vagal termi-
nals to two exposures of ST stimulation (spaced 10 min apart) were evaluated. The first (control)
stimulation was used as a basis of comparison for the results of the second ST stimulation. Thus,
results are reported as percentage responses relative to the first ST stimulation. ANOVA
Fi7,243) = 28; p << 0.0001; Tukey multiple-comparison post-tests. Time control: second stim-
ulation evoked a change in fluorescence that averaged 99.5 = 4.0% of the response evoked
during the first stimulation. TNF alone: 2 nm TNF amplified the afferent response to ST stimu-
lation by an average of 179.5 = 19.0% relative to the first (control) ST stimulation (statistically
larger than time control responses; *p << 0.05). WIN2 alone: 500 nm (B1 agonist by itself
depressed the relative calcium response to ST stimulation (statistically smaller than time control
responses; *p << 0.05). WIN3 alone (inactive enantiomer of WIN2) and H89 alone (PKA an-
tagonist) had no effect on the ST stimulated calcium signal. WIN2 + TNF: (B1 agonist blocked
the effects of TNF to amplify vagal terminal responses to ST stimulation (WIN2 + TNF: 78.0 ==
7.2% response relative to first ST stimulation versus TNF alone: 179.5 == 19.0%; statistically
significantly smaller than TNF alone responses; #p << 0.05). WIN3 + TNF:inactive (B1 antag-
onist had no effect on TNF amplification of afferent input. H89 + TNF: suppression of PKA
activity (see Fig. 4) also blocked the effects of TNF to amplify vagal terminal responses to ST
stimulation (statistically smaller than TNF alone responses; #p << 0.05).

vesicle release
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lar calcium levels (fluorescence) were collected at a rate of three
frames per second; confocal fluorescent signal was processed by
Nikon Elements AR software.

Electrical stimulation of the solitary tract. A concentric bipolar electrode
(tip diameter = 50 wm) was placed in the solitary tract (ST) using a
Burleigh three-axis microdrive. Stimulation current trains (four pulses,
200 wA, 0.5 ms, 20 Hz) were generated by a WPI A310 stimulator (World
Precision Instruments) coupled to a stimulus isolation unit. These stim-
ulation parameters are sufficient to activate both A- and C-fiber primary
vagal afferents (Andresen and Yang, 1995; McDougall et al., 2009;
McDougal et al., 2011). Delivered current was continuously monitored
on an oscilloscope by measuring the voltage drop across a 1000 () resis-
tance in line with the positive (center) electrode.

In vitro calcium signal analysis. Relative changes in cytoplasmic cal-
cium in response to agonist solutions are expressed as changes in fluo-
rescence: (AF/F)%, where F is the fluorescence intensity within the ROI
(e.g., the outline of a vagal afferent fiber or varicosity) before stimulation;
AF is the change from this value during neuronal activity (Helmchen,
2000). Background fluorescence (i.e., noninvolved areas adjacent to the
area of interest) is subtracted from both AF and F. A responsive fiber or
varicosity was classified as one in which a stimulus pulse train delivered
to the ST-evoked calcium signal elevation (AF/F) of 3% or greater (ex-
ample in Figure 2).

Experimental design and analysis. As seen previously (Rogers et al.,
2006a,b; Kline et al., 2009; Austgen et al., 2011), electrical stimulation of
the ST produces a brisk and highly repeatable increase in intracellular
calcium in vagal afferent terminals. Thus, we can rely on comparing
“before” and “after” responses of individual varicosities or fibers under
the various experimental conditions. Therefore, the basic experimen-
tal design consisted of two sets of electrical stimulation pulses delivered
to the ST. The initial train of stimulation occurred under normal Krebs
perfusion of the slice to establish the basic response profile of the
prelabeled vagal afferent terminals under observation. A 10 min “rest
period” followed during which the slice was perfused with either normal
Krebs (i.e., “time control”) or one of the exper-
imental conditions [i.e., TNF (alone), WIN2
(alone), WIN3 (alone), H89 (alone), or combi-
nations of TNF plus one of the antagonists (as
listed above)]. At the end of the 10 min time/
drug treatment period, a second stimulation
train was again applied to the ST. The magni-
tudes of responses to these two stimulation
trains were compared.

Thus, each fiber or varicosity was exposed to
the same electrical stimulation twice (i.e., be-
fore and after exposure to a drug treatment
condition) and could serve as its own control.
Differences in response between the first (con-
trol) and second (treatment) stimulations were
calculated; data are presented as percentage re-
sponse after experimental condition relative to
response after initial stimulation. Results across
treatments were subjected to one-way ANOVA
followed by Tukey multiple-comparison post-
tests; values of p < 0.05 were considered statisti-
cally significant.

THC
A7 \WIN2

Results
Averaged relative responses of prelabeled
vagal afferent fibers and varicosities to

Figure 4.  Summary diagram explaining present results in context with previous observations of TNF and (B1 effects on excit-
ability. Our previous results (Rogers et al., 2006b) showed that TNF has a potent effect to amplify calcium release from ER stores,
ultimately via sensitization of the ER ryanodine receptor. This effect is obtained through upregulation of the (D38-catalyzed
production of cADPR, a potent ryanodine receptor agonist. Stimulation of (D38, as well as the ryanodine mechanism itself, can be
initiated through PKA phosphorylation. Activation of PKA through G -adenylcyclase is one of many transduction mechanisms
“adapted” to the TNFR1 receptor. The ryanodine-ER calcium release CICR “amplifier” is also activated by calcium entry through
voltage-gated calcium channels (VGCC) in the terminal membrane. Activation of the CB1 receptor initiates a G; mechanism,
opposing the transduction events set in motion by the TNFR1 receptor. Additionally, activation of the (B1 receptor damps calcium
flux through VGCC's.

electrical stimulation are presented in Fig-
ure 3. As previously observed, electrical
stimulation of the ST produced a brisk
and highly repeatable increase in intracel-
lular calcium in vagal afferent terminals.
Treatment of the medullary slice prepa-
ration with TNF produced a significant
increase in the evoked release of intracel-
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lular calcium relative to that evoked under normal Krebs’ condi-
tions (TNF: 179.5 = 19.0% versus Control: 99.5 = 4.0%). The
CB1 cannabinoid agonist, WIN2, caused a significant reduction
ofthe ST-evoked calcium release (56.7 = 5.3%) while the inactive
analog, WIN3, had no such effect (98.6 * 5.5%). The combina-
tion of WIN2 plus TNF markedly reduced the ST-evoked re-
sponse relative to TNF alone (78.0 = 7.2% versus 179.5 =
19.0%). In contrast, WIN3 had no effect on the TNF amplifica-
tion of stimulus-evoked calcium levels in vagal afferent terminals
(172.0 = 10.0%). Additionally, while the selective PKA antago-
nist (H89) blocked the effect of TNF to augment vagal terminal
responsiveness to stimulation (69.3 = 7.2%) alone, it did not
have an effect (82.0 = 5.7%) to diminish the vagal terminal in-
crease in intracellular calcium in response to ST stimulation by
itself.

Discussion

Cannabinoids appear to be effective in ameliorating the visceral
malaise common to cancer and other chronic disease processes
(Kalant, 2001; Hall et al., 2005; Parker et al., 2011). Cannabinoids
are also useful in suppressing neuropathic pain associated with
chronic inflammation (Thaler et al., 2011). Visceral malaise and
pain associated with chronic disease are, at least in part, due to the
activation of TNF synthesis and release (Hermann et al., 2005;
Hermann and Rogers, 2008). These symptoms are probably due
to TNF effects on presynaptic release mechanisms used by both
pain and visceral afferent pathways (Pickering et al., 2005; Her-
mann and Rogers, 2008; Youn et al., 2008).

The dorsal vagal complex contains the circuitry for vago-vagal
reflex control of gastrointestinal function (e.g., gastric motility,
tone, and acid secretion). This medullary region is composed of
the sensory NST, the area postrema, and their interconnections
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 visceral vagal afferents results in a marked re-
duction in gastric motility and tone by initiating gastric vago-
vagal reflexes (Rogers and Hermann, 2012). Gastroinhibition
(i.e., gastroparesis) is perceived as nausea and serves as an essen-
tial prodrome to emesis (Syed et al., 2005). Indeed, this region of
the caudal hindbrain is also essential for the generation of the
emetic motor program (Blessing, 1997). TNF sensitizes glutama-
tergic afferent transmitter release via its action on the regulation
of vagal afferent terminal calcium levels (Pickering et al., 2005;
Rogers et al., 2006b; Hermann and Rogers, 2008). TNF is also
effective in amplifying glutamatergic synaptic strength by up-
regulating postsynaptic AMPA receptor numbers (Stellwagen et
al., 2005). TNF induces gastroparesis and visceral malaise by am-
plifying vagal afferent signaling to vago-vagal reflex mechanisms;
cannabinoids may ameliorate these symptoms by directly oppos-
ing these cellular effects of TNF.

Cytoplasmic calcium concentration is the dominant factor in
determining the amount of transmitter released from nerve ter-
minals (Katz and Miledi, 1967). Regulation of availability of cy-
toplasmic calcium to drive vesicular release underlies several
synaptic plasticity mechanisms including long-term potentiation
(LTP; Katchman and Hershkowitz, 1993; Collin et al., 2005).
Vagal and spinal pain, touch, and temperature afferents demon-
strate LTP when exposed to TNF (Emch et al., 2000; Liu et al.,
2007). TNF amplifies transmitter release by activating ryanodine
channels in the endoplasmic reticulum (Rogers et al., 2006b)
through the activation of CD38 and the synthesis of cyclic ADP-
ribose; a potent ryanodine agonist. In turn, this causes an increase
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in CICR and potentiation of neurotransmitter release (Pollock et
al., 2002; Lelli et al., 2003).

Studies in cultured hippocampal neurons suggested that acti-
vation of the CB1 receptor initiates a chain of transduction events
leading to downregulation of ryanodine channel activity through
the withdrawal of PKA-mediated phosphorylation of the channel
(Zhuang et al., 2005). Thus, CB1 agonists should inhibit
ryanodine-mediated CICR and oppose the action of TNF. As
expected, the active CB1 agonist WIN2 (but not WIN3) reduced
stimulus-evoked terminal calcium (expected as a function of its
effects on voltage-gated calcium channels; Huang et al., 2001;
Hoddah et al., 2009; Fig. 4). The suppression of TNF signaling by
H89 (Figs. 3, 4) is consistent with the hypothesis that the CB1
receptor can act through PKA. However, it is certainly possible
that a generalized suppression of PKA could block TNF signaling
through mechanisms other than inhibition of CICR.

We believe that this is the first demonstration of the likely
intracellular mechanism used by CB1 analogs to block the effects
of TNF on neurotransmitter mechanisms that cause pain and
visceral malaise. These results may explain how cannabinoids can
be effective in the treatment of the allodynia and visceral malaise
of chronic disease (Walker and Hohmann, 2005; Davis et al.,
2007; Slatkin, 2007).
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