








capsule, our own observations indicate there is little difference
in acetylcholine esterase staining following vagal transection in
other regions of the spleen.
One question raised by our data is, “How can mesothelial

cells alter the immune cell profile within the spleen?” Perhaps

mesothelial cells directly secrete acetyl-choline onto the splenic
capsule, altering local splenic monocyte or T cell activation state.
Alternatively, mesothelial cells could act via a more complex
signaling process. In this regard, it is interesting that we observe a
dense network of nerves directly below the splenic capsule on

FIGURE 9. Neuronal-like structures identified within mesothelial cells connecting to the splenic capsule. (A and B) Osmium-stained electron micro-

graphs of mesothelial cells on the inferior edge of a Sprague Dawley rat splenic capsule located close to the branch point of a connection. Mesothelial cells

were identified by their location above the collagen layer of the splenic capsule and their numerous microvilli. Structures within the mesothelial cell

cytoplasm resemble similar structures fond in neuronal tissue. In these images, electron-dense structures similar to that of synaptic junctions (S) can be

observed between two circular structures. In (A), one of these low-density circular structures contains a single mitochondrion. These structures are similar to

that observed in dendrites (D) of neuronal cells. More densely filled structures run adjacent to the dendritic structure separated by (S), which resemble axons

(A) in their arrangement with the dendritic structures and greater electron density. No clear vesicular structures were observed within (A). (C and E) Many

of the “axonal-looking” structures (A) were found to contain a dense elongated core, similar to synaptic ribbons (R) observed in the axons of rapidly firing

neural cells. (D and F) Shown are urethane-stained sections, which provide less ultrastructural contrast but allow Ag-specific staining. Immunogold labeling

of Abs against ribeye, a core component of synaptic ribbons, demonstrated gold particle deposition on the dark-banded structures within mesothelial cells

that resembled synaptic ribbons (R). (G) In this low-magnification osmium-stained section, a tissue connection with the splenic capsule can be observed.

Mesothelial cells, identified by their microvilli, can be seen lining the entire length of the connection before making contact with other mesothelial cells on

the splenic surface. At higher magnification,.15 object pairs, similar to that observed in (C and D), containing all of axon- (A), ribbon- (R), and dendritic-

(D) like structures can be seen in this image. (H and I) Paraffin-embedded sections of rat spleen stained with anti-ribeye, a core component of synaptic

ribbons. As shown in (H), mesothelial cells located on structures that connect to the splenic capsule as well as mesothelial cells immediately adjacent to

these junctions stain positive for ribeye. As demonstrated in (I), mesothelial cells in areas where these junctions are not present are negative for ribeye,

whereas the splenic parenchyma is positive.
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which the mesothelial cells reside (Fig. 10, Supplemental Video).
Although it has been previously reported that the splenic capsule
is innervated, this innervation was reported to consist primarily of
tyrosine hydroxylase–positive sympathetic nerves that arise from
blood vessels that supply the splenic parenchyma (58). In differ-
ence, we find that the majority of capsular nerves stain negative for
tyrosine hydroxylase and instead stain lightly positive for acetyl-
choline esterase and PGP9.5. Importantly, and consistent with
previous reports, acetylcholinesterase staining was not altered in
this region of the spleen following either manipulation of the spleen
or subdiaphragmatic vagal denervation, suggesting these nerves are

not of vagal origin (57). Given their close anatomical arrangement,
we speculate that mesothelial cells may release paracrine factors,
such as acetylcholine, that alter the signaling of these capsular
([perhaps sympathetic (57)]) nerves, which may then modulate the
anti-inflammatory response within the splenic parenchyma. Such
a signaling pathway could potentially explain why sympathetic
denervation of the spleen results in loss of cholinergic anti-
inflammatory responses, as sympathetic denervation has been
demonstrated to abolish acetylcholinesterase staining in the region
in which these underlying nerves are located (57). Importantly, we
found no evidence that simple manipulation of the spleen altered

FIGURE 10. Dense network of acetylcholine esterase–positive nerves immediately below the splenic capsule. (A and D) Thin (5 mm) sections through

the frontal plane of the splenic capsule indicate strong and diffuse positive staining for the pan-neuronal marker PGP9.5 in the capsular layer. (A) Original

magnification 35. (D) Original magnification 320. (B and E) Thin (5 mm) sections through the frontal plane of the splenic capsule indicate strong positive

staining for the sympathetic neuronal marker tyrosine hydroxylase in the capsular layer, with tyrosine hydroxylase–positive tissue forming a lose web of

interconnected nerves. (B) Original magnification 35. (E) Original magnification 320. (C and F) Thin (5 mm) sections through the frontal plane of the

splenic capsule indicate strong and diffuse positive staining for the parasympathetic neuronal marker acetylcholine esterase in the capsular layer. (C)

Original magnification 35. (F) Original magnification 320. (G) The splenic capsule viewed at 403 on a confocal microscope. Tissue was loaded with the

Ca2+-sensitive indicator fluo-4. Note a dense layer of nerve tissue can be observed directly below the mesothelial cell layer across the entire splenic capsule.

The density of this neural web is much greater than that observed in (B) and (E) in tissue stained positive for tyrosine hydroxylase, indicating additional

nerve tissue is present. Activation of these nerves can be stimulated by electrical field stimulation (see supplement). (H) Transmission electron microscopy

indicates that nerves sit directly below the splenic capsule. Black arrow indicates capsular mesothelial cell. White arrow indicates nerve closely associated

with the splenic capsule. Bar, 5 mm. (I) Nerves are identified by the presence of intracellular vesicles typical of synaptic junctions.
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sympathetic innervation of the spleen, as indicated by tyrosine
hydroxylase staining (Supplemental Fig. 4).
In summary, we report that oral NaHCO3 activates splenic

anti-inflammatory pathways in both rats and humans. Our novel
finding provides a potentially practical and/or cost-effective and
relatively safe method to activate splenic anti-inflammatory
pathways in humans and therefore may have significant thera-
peutic potential for inflammatory disease. We provide both
functional (flow cytometry) and anatomical and histological
evidence that the signals that mediate this response are trans-
mitted to the spleen via a novel neuronal-like function of me-
sothelial cells. To our knowledge, this is the first evidence that
mesothelial cells may have a role in transmitting cholinergic signals
to distal sites and, combined with evidence that gastric acid secretion
is required to promote an anti-inflammatory response to NaHCO3,
raises the possibility that there may be no direct interface between the
nervous and immune systems. Future studies testing the efficacy of
oral NaHCO3 to limit injury in models of inflammatory disease will
be required to determine the therapeutic potential of this stimuli.
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