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Abstract

Neural circuits regulate cytokine production to prevent potentially damaging inflammation. A
prototypical vagus nerve circuit, the inflammatory reflex, inhibits tumor necrosis factor—a
production in spleen by a mechanism requiring acetylcholine signaling through the a7 nicotinic
acetylcholine receptor expressed on cytokine-producing macrophages. Nerve fibers in spleen lack
the enzymatic machinery necessary for acetylcholine production; therefore, how does this neural
circuit terminate in cholinergic signaling? We identified an acetylcholine-producing, memory
phenotype T cell population in mice that is integral to the inflammatory reflex. These
acetylcholine-producing T cells are required for inhibition of cytokine production by vagus nerve
stimulation. Thus, action potentials originating in the vagus nerve regulate T cells, which in turn
produce the neurotransmitter, acetylcholine, required to control innate immune responses.

Neural circuits regulate organ function in order to maintain optimal physiological stability,
providing homeostasis to the body’s internal environment. The vagus nerve, named by the
Latin word for “wandering,” is a paired structure that arises in the brain stem and travels to
visceral organs, where it regulates physiological responses to environmental changes, injury,
and infection. In the immune system, electrical stimulation of the vagus nerve inhibits
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cytokine release; attenuates tissue injury; and ameliorates inflammation-mediated injury in
endotoxemia, sepsis, and other cytokine-dependent models of inflammatory disease (1-4).
This neural circuit, termed the inflammatory reflex, requires action potentials arising in the
vagus nerve, and acetylcholine interacting with the a7 subunit of the nicotinic acetylcholine
receptor (NAChR) expressed on cytokine-producing macrophages in spleen (5). Selective
cholinergic agonists significantly inhibit cytokine production in spleen and improve
outcome in experimental models of inflammatory disease (6-12).

Vagus nerve fibers terminate in the celiac ganglion, the location of neural cell bodies that
project axons in the splenic nerve to innervate the spleen (13, 14). Electrical stimulation of
either the vagus nerve above the celiac ganglion or the splenic nerve itself significantly
inhibits tumor necrosis factor—a (TNF-a) production by red pulp and marginal zone
macrophages, the principal cell source of TNF-a released into the circulation during
endotoxemia (15-17). Paradoxically, nerve fibers in spleen, originating in the celiac
ganglion, are adrenergic, not cholinergic, and utilize norepinephrine as the primary
neurotransmitter (18). Thus, although the spleen has been shown to contain acetylcholine
(19, 20), the cellular source of this terminal neurotransmitter in the inflammatory reflex is
unknown. Because lymphocytes can synthesize and release acetylcholine (21, 22), we
reasoned that they might be the source of acetylcholine that relays functional information
transmitted by action potentials originating in the vagus nerve to the spleen.

To determine whether vagus nerve stimulation induces increased acetylcholine release in the
spleen, we measured acetylcholine in perfusate samples collected by microdialysis.
Acetylcholine levels were elevated within minutes after electrical vagus nerve stimulation
and reached peak levels within 20 min (Fig. 1A). This indicates that action potentials
originating in the vagus nerve can enhance acetylcholine release in the spleen. Previous
work indicated that adrenergic nerve endings in the spleen terminate in the T cell region of
the white pulp and that splenic nerve stimulation enhances norepinephrine release from
spleen (23, 24). To determine the effect of norepinephrine on acetylcholine release, we
incubated spleen lymphocytes in the presence of norepinephrine. Norepinephrine
significantly stimulated acetylcholine release by spleen lymphocytes (Fig. 1B), which
suggested that functional stimulation of adrenergic splenic neurons can stimulate spleen
lymphocyte acetylcholine release.

Next, to evaluate the role of T cells in mediating the inflammatory reflex, we studied the
effect of vagus nerve stimulation in nude mice, which are devoid of functional T cells. As
expected, vagus nerve stimulation in control BALB/c mice significantly suppressed serum
TNF-a production during endotoxemia (Fig. 1C). Vagus nerve stimulation failed to
attenuate serum TNF-a in nude mice, which indicated that T cell deficiency impairs the
inflammatory reflex (Fig. 1D). To identify acetylcholine-producing T cells required for the
integrity of the inflammatory reflex, we used ChAT(BAC)-EGFP mice, which express
enhanced green fluorescent protein (EGFP) under the control of transcriptional regulatory
elements for ChAT, the enzyme that catalyzes the biosynthesis of acetylcholine (25). Flow
cytometry revealed that ChAT-EGFP™ cells were 2.6 + 0.4% of total spleen CD3* T cells
(Fig. 2A), which indicated that only a relatively small subset of total spleen T cells express
ChAT. ChAT-EGFP was expressed in 4.4 + 0.7% of CD4* cells, but in only a negligible
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number (0.2 + 0.1%) of CD8* T cells (Fig. 2B). When CD4* cells were further divided into
CD44high cDE2L!W memory and CD44!°W CD62LN9" naive T cell populations, ChAT-
EGFP™ cells were predominantly observed in the CD44Md" CD62L!°W population (Fig. 2C).
Among the total memory CD4* CD44Nigh CD62L'oW cells, 10.5 + 2.1% were ChAT-EGFP*
T cells (Fig. 2D).

To examine the capacity for acetylcholine synthesis by T cells, spleen CD4* CD44high
CD62L'oW ChAT-EGFP* and CD4* CD44Ndh CD62L!W ChAT-EGFP~ cells were collected
by cell sorting, and acetylcholine was measured in supernatants of these cells under basal
conditions. Acetylcholine production was significantly elevated in supernatants of CD4*
CDA44high CDE2L1oW ChAT-EGFP* cells, as compared with CD4* CD44high cDg2Llow
ChAT-EGFP~ (Fig. 2E and F). To functionally characterize these acetylcholine-producing T
cells, spleen CD4* CD44Migh CD62L!°W ChAT-EGFP™ cells were stimulated with plate-
bound CD3-specific antibody. Levels of interleukin-17A (IL-17A), 1L-10, and the T helper 1
cytokine interferon-y (IFN-v) were significantly elevated in supernatants 48 hours after
stimulation (fig. S1), whereas the T helper 2 cytokines IL-4 and IL-6 were not significantly
elevated (fig. S1). This suggested that ChAT expression is not restricted to a discrete
functional T cell subset and raised the possibility that T cell acetylcholine-synthesizing
capacity might be linked to T cell activation status. To examine this, ChAT-EGFP
expression was analyzed on CD4* CD44Ndh CD62L!°W ChAT-EGFP™ T cells after
stimulation with CD3-specific antibody. Flow cytometry analysis revealed a significant
increase in ChAT-EGFP expression within 48 hours after T cell stimulation (fig. S2), which
suggested that T cell activation enhances expression of ChAT and acetylcholine release.

The spatial relation between ChAT-EGFP* T cells and splenic nerve fibers was explored by
immunofluorescence analysis of spleen sections to reveal that ChAT-EGFP expression in T
lymphocytes localized primarily in the white pulp (Fig. 3A and B). ChAT-EGFP™ cells in
the white pulp were adjacent to splenic nerve fibers expressing tyrosine hydroxylase, the
rate-limiting enzyme in catecholamine synthesis (Fig. 3C). As expected, splenic nerve fibers
failed to express ChAT-EGFP, in agreement with earlier results, which indicated that splenic
nerves are adrenergic and do not produce acetylcholine (15, 18). Synaptophysin, a
glycoprotein expressed at neural synapses, was localized adjacent to ChAT-EGFP* cells in
white pulp parenchyma (Fig. 3D). Together with previous results indicating that splenic
nerve endings form synapse-like structures on T lymphocytes (23), the termination of these
synaptophysin-positive nerve fibers on ChAT-EGFP* T cells provides an anatomical basis
for splenic nerve fibers interacting with acetylcholine-producing T cells. Extensive prior
work has established that splenic nerve signals modulate T cell responses by signal
transduction through B-adrenergic receptors (26—-28). Analysis of mMRNA levels of
adrenergic receptors p1, B2, and 3 in CD4* CD44Mgh CD62L'°W ChAT-EGFP™ spleen cells
revealed expression of adrenergic receptors B1 and 2, but not B3 (fig. S3). This agrees with
previous work that B-adrenergic receptors on T cells underlie the mechanism of adrenergic
splenic nerve signaling (26-28).

In order to assess the role of acetylcholine-producing T cells in the inflammatory reflex,
CD4* CD44Nigh CDG2L!oW ChAT-EGFP* cells obtained by cell sorting were adoptively
transferred to nude mice. VVagus nerve stimulation significantly decreased serum TNF-a

Science. Author manuscript; available in PMC 2015 August 25.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rosas-Ballina et al.

Page 4

levels in endotoxemic nude mice reconstituted with CD4* CD44Migh CD62L oW ChAT-
EGFP* cells (Fig. 4A) but not in controls reconstituted with CD4+ CD44high cpe2L low
ChAT-EGFP™ cells (Fig. 4B). The fate of adoptively transferred CD4* CD44Midh cD62L oW
ChAT-EGFP™* T cells in this nude mouse model was examined by flow cytometry and
histological analysis of spleen sections. We found that CD4* CD44Nigh CD62L!oW ChAT-
EGFP* and CD4* CD44Mdh CD62L!°W ChAT-EGFP™ T cells harvested from spleens of
recipient nude mice remained ChAT-EGFP* and ChAT-EGFP-, respectively (fig. S4A and
B). We also observed significant accumulation of ChAT-EGFP* cells in the vicinity of
synaptophysin-positive nerve fibers in white pulp (fig. S4C). The localization of ChAT-
EGFP* T cells in the white pulp of nude mice after adoptive transfer was indistinguishable
from that of ChAT-EGFP* T cells observed in transgenic ChAT(BAC)-EGFP mice (Fig. 2).
Together, these results indicate that acetylcholine-producing T cells populate the spleen after
adoptive transfer and localize to the region of splenic neurons under functional control of
action potentials originating in the vagus nerve.

It remained theoretically possible that some other unanticipated effect of these cells not
related to acetylcholine restored the inflammatory reflex. Accordingly, we next utilized
small interfering RNA (siRNA) to deplete (knockdown) ChAT in spleen CD4* T cells (fig.
S5). Scrambled or ChAT siRNA-transfected CD4™ T cells were adoptively transferred into
nude mice. Vagus nerve stimulation attenuated serum TNF-a levels in mice that received
CD4* T cells transfected with control siRNA (Fig. 4C), but failed to attenuate TNF-qa. in
nude mice that received CD4* T cells transfected with ChAT siRNA (Fig. 4D). Vagus nerve
stimulation also significantly reduced serum IL-6 and IL-10 levels in nude mice that
received CD4* T cells transfected with control siRNA, but not in nude mice that received
ChAT siRNA-treated T cells (fig. S6). Together, these data indicate that T cells with an
intrinsic capacity to synthesize acetylcholine are required for the integrity of the
inflammatory reflex.

It had been previously established that the inflammatory reflex requires an intact splenic
nerve (15) and a7 nAChR expression in effector cytokine-producing cells in spleen (16).
These results were previously difficult to rectify with observations that splenic nerves are
adrenergic and do not produce the neurotransmitter, acetylcholine, required to interact with
a7 nAChR. As early as 1965, investigators had observed that electrical stimulation of the
splenic nerve induced acetylcholine release in spleen, but the cell source of this
acetylcholine had been contested (29-32). The present findings show that vagus nerve
stimulation also increases acetylcholine release from spleen and that spleen lymphocytes
release acetylcholine in response to norepinephrine. It is likely that the regulatory effect of
acetylcholine-synthesizing T cells described here is not restricted to the spleen, because
CD4* CD44high cD62L!oW ChAT-EGFP* T cells are also present in lymph nodes and
Peyer’s patches (fig. S7), which are innervated by adrenergic neurons (33). Further,
polyclonal activation of T cells also up-regulates ChAT-EGFP expression (fig. S2) (34) and
augments acetylcholine production and release (35), which together make plausible the
possibility that T cell activation status modulates the activity of the inflammatory reflex.

A major finding of this study is the surprising functional role for acetylcholine-producing
memory T cells as integral components of a neural information system that controls innate
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immune responses. It should be possible to target these cells as therapeutic modalities for
inflammatory and autoimmune diseases.
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Fig. 1.

Vagus nerve stimulation increases acetylcholine levels in the spleen and requires T
lymphocytes to attenuate TNF-a in endotoxemia. (A) BALB/c mice (n = 5) were subjected
to vagus nerve stimulation (5 min), and spleen acetylcholine levels were determined in
dialysate samples by mass spectrometry. Results are expressed as a percentage of the
average levels of three consecutive samples + SEM obtained before vagus nerve stimulation
(basal). P < 0.05 at 20 min compared with basal [repeated measures analysis of variance
(ANOVA) and the Dunnett post hoc test]. VNS, vagus nerve stimulation. (B) Acetylcholine
was measured by mass spectrometry in supernatants of nonadherent spleen cells in the
presence or absence of norepinephrine at the indicated concentrations. Data were obtained
from pooled cells stimulated in duplicate. Results are expressed as the mean of two
experiments. *P < 0.05 compared with unstimulated cells (two-tailed t test). (C) BALB/c
mice (four or five per group) and (D) BALB/c nude mice (five per group) were subjected to
sham surgery or vagus nerve stimulation followed by endotoxin injection. Serum was
obtained 90 min after endotoxin administration, and TNF-a was measured by enzyme-
linked immunosorbent assay (ELISA). Results are means £ SEM. *P < 0.05 compared with
the sham group (two-tailed t test).
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Spleen acetylcholine-synthesizing T cells express a memory T cell phenotype. (A) ChAT-
EGFP expression in spleen CD3* T cells of wild-type and ChAT(BAC)-EGFP mice. (B)
Expression of ChAT-EGFP in CD4" and CD8" spleen T cells. (C) CD44 and CD62L
expression in spleen CD4* cells (left), and ChAT-EGFP expression in CD4* CD44high
CD62L!°W and CD4* CD44'°W CD62LN9N spleen cells (middle and right, respectively). (D)
Percentage of ChAT-EGFP~ and ChAT-EGFP* cells among spleen CD4* CD44high
CD62L!W cells, n = 5. (E) Spleen CD4* CD44Ndh CD62L1°W ChAT-EGFP~ and CD4*
CD44Nigh cD6E2L oW ChAT-EGFP™ cells were obtained by cell sorting. (F) Acetylcholine
concentration was determined in supernatants of cells under resting conditions. Data were
obtained from pooled cells cultured in duplicate. Results are the means of two experiments.
*P < 0.05 compared with CD4* CD44Mgh CDE2L'oW ChAT-EGFP~ cells (two-tailed t test).
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Fig. 3.

Ac?etylcholine-synthesizing T cells in spleen are located in the proximity of
catecholaminergic nerve endings. (A and B) Immunofluorescent micrographs of ChAT-
EGFP (green) expression by T cells in spleen white pulp (CD3, red). (C) Immunofluorescent
micrographs of ChAT-EGFP™ cells (green) and nerve fibers stained with tyrosine
hydroxylase (TH, red). (D) Fluorescent micrographs of splenic nerve endings
(synaptophysin, red) juxtaposed (arrows) to ChAT-EGFP* (green) cells in the white pulp.
CA, central artery. (A) x400 magnification, (B) x630 magnification, (C) x400
magnification, (D) x630 magnification. Images are representative of spleen sections (n=3
to 5) from five experiments.
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Fig. 4.
Vagus nerve stimulation requires acetylcholine-synthesizing T cells to attenuate TNF-a in

endotoxemia. Indicated groups of mice were subjected to sham surgery or vagus nerve
stimulation followed by endotoxin injection. Serum was obtained 90 min after endotoxin
administration, and TNF-a was measured by ELISA. (A) BALB/c nude mice receiving
spleen CD4* CD44high CDE2L oW ChAT-EGFP* cells, eight mice per group. (B) BALB/c
nude mice receiving spleen CD4* CD44Nigh CD62L1°W ChAT-EGFP- cells, six or seven
mice per group. (C) BALB/c nude mice receiving spleen CD4* cells transfected with control
scrambled siRNA, five or six mice per group. (D) BALB/c nude mice receiving spleen
CD4" cells transfected with ChAT siRNA, six or seven mice per group. Results are means +
SEM. *P < 0.05 compared with the respective sham group (two-tailed t test).
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