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2020.—Early-life adversity contributes to the development of func-
tional bowel disorders later in life through unresolved mechanisms.
Here, we tested the hypothesis that early-life adversity alters ana-
tomical and functional interactions between mast cells and enteric
glia. The effects of early-life stress were studied using the neonatal
maternal separation (NMS) stress mouse model. Anatomical rela-
tionships between mast cells and enteric glia were assessed using
immunohistochemistry and mast cell reporter mice (Mcpt5<';
GCaMP5g-tdT). Immunohistochemistry was used to assess the
expression of histamine, histamine 1 (H1) receptors, and glial fibril-
lary acidic protein. Functional responses of glia to mast cell media-
tors were assessed in calcium imaging experiments using
Sox10°ERT2: GCaMP5Sg-tdT mice and cultured human enteric glial
cells. NMS increases mast cell numbers at the level of the myenteric
plexus and their proximity to myenteric ganglia. Myenteric glia
respond to mediators released by activated mast cells that are blocked
by HI receptor antagonists in mice and humans and by blocking neu-
ronal activity with tetrodotoxin in mouse tissue. Histamine replicates
the effects of mast cell supernatants on enteric glia, and NMS
increases histamine production by mast cells. NMS reduces glial
responses to mast cell mediators in mouse tissue, while potentiating
responses in cultured human enteric glia. NMS increases myenteric
glial fibrillary acidic protein expression and reduces glial process
length but does not cause neurodegeneration. Histamine receptor
expression is not altered by NMS and is localized to neurons in
mice, but glia in humans. Early-life stress increases the potential for
interactions between enteric glia and mast cells, and histamine is a
potential mediator of mast cell-glial interactions through H1 recep-
tors. We propose that glial-mast cell signaling is a mechanism that
contributes to enteric neuroplasticity driven by early-life adversity.

NEW & NOTEWORTHY Early-life adversity places an individual
at risk for developing functional gastrointestinal disorders later in
life through unknown mechanisms. Here, we show that interactions
between mast cells and glia are disrupted by early-life stress in
mice and that histamine is a potential mediator of mast cell-glial
interactions.
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INTRODUCTION

Functional bowel disorders are common disturbances of neu-
rogastroenterology that cause debilitating pain and altered intes-
tinal functions (24). The etiology of functional bowel disorders
is complex and may involve genetic, environmental, psychoso-
cial, and inflammatory triggers (25, 41). Stress during the early-
life critical developmental period is particularly dangerous and
is strongly associated with the development of irritable bowel
syndrome (IBS) later in life in humans (11, 17, 18) and animals
(45, 53, 54, 56). How early-life stress drives IBS pathophysiol-
ogy remains poorly understood.

Mast cells, hematopoietic-derived innate immune cells, have
been implicated as a major immune player in the pathogenesis
of functional bowel disorders. Furthermore, intestinal mast
cells are persistently increased in number and activation in
adults from rodent and porcine models of early-life adversity,
thus highlighting a potential interaction between functional
bowel disorders, early-life adversity, and mast cells (6, 7, 53).
Mast cells contribute to the maintenance of intestinal homeo-
static functions, such as host defense, vascular permeability,
peristalsis, tissue repair, and nociception (8, 73). However,
increased numbers and excessive degranulation and release of
mast cell mediators can have a profound impact on gut func-
tions, such as increased sensory nociception, intestinal perme-
ability, and altered motility and secretion, which are thought to
underly clinical symptoms of functional bowel diseases such as
IBS (3, 4, 20, 33, 52, 57). Mast cells release mediators that
include histamine, serotonin, proteases, and neurotrophins that
contribute to dysmotility and visceral pain by sensitizing enteric
neurons and the terminals of sensory neurons in dorsal root gan-
glia (2, 4, 16, 48, 72). Mast cell activation and close proximity
to enteric nerve fibers in IBS patients correlated with worse
symptom severity (22, 51). On the basis of this evidence, it is
plausible that increased mast cell activity in IBS could contrib-
ute to altered intestinal functions through effects on cells in the
enteric nervous system.

The sensitization of enteric neurons by mast cell mediators is
well characterized, but whether mast cells exert similar effects
on enteric glia remains unknown. Similar to mast cells, enteric
glia regulate homeostasis within the enteric nervous system, and
alterations in glial functions contribute to the pathophysiology
of IBS (21, 36, 46). Enteric glia regulate enteric neural reflexes
that coordinate motility and secretions, neuroinflammation, and
nociception (13, 30, 42, 43, 69), and changes in glial
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morphology are associated with neuroplasticity following early-
life stress (28). Therefore, it is possible that mast cells drive neu-
roplasticity, in part, through actions on glial cells.

Here, we tested the hypothesis that the long-lasting effects of
early-life adversity include changes to mast cell-glial interac-
tions. We tested our hypothesis using the neonatal maternal sep-
aration and early weaning (NMS) stress model, mast cell
reporter mice, and functional calcium imaging with genetically
encoded indicators in enteric glia. Our results show that mast
cell abundance at the level of the myenteric plexus is increased
in adult mice that previously experienced NMS, and that these
mast cells are closely associated with myenteric glia. Mast cells
from NMS mice release a greater amount of mediators, includ-
ing histamine, that activate Ca>* responses in mouse and human
enteric glia through H1 receptors. However, the mechanisms
and location of H1 receptors differ between mice and humans.
These data suggest that communication between mast cells and
enteric glia is affected by early life stress and could contribute
to the increased risk and severity of IBS in individuals with a
history of early-life adversity.

MATERIALS AND METHODS

Animals. All experimental protocols were approved by the
Michigan State University Institutional Animal Care and Use
Committee (IACUC) in specific pathogen-free conditions in facili-
ties accredited by the Association for Assessment and Accreditation
for Laboratory Care (AAALAC) International. Mice were main-
tained in a temperature-controlled environment (Optimice cage sys-
tem; Animal Care Systems, Centennial, CO) on a 12:12-h light-dark
cycle with access to water and a minimal phytoestrogen diet (Diet
Number 2919; Envigo, Indianapolis, IN) ad libitum.

Sox10°7FRT2-GCaMP5g-1dT and Mcpt5C™;GCaMP5g-tdT  mice
were generated as previously described (44) to express the genetically
encoded Ca®" indicator GCaMPSjg in enteric glia and mast cells,
respectively. Briefly, Sox/0“"**®"? mice (a gift from Dr. Vassilis
Pachnis, The Francis Crick Institute, London, UK) and Mcpr5S©™ mice
[a gift from Dr. Soman Abraham, Duke University and developed by
Dr. Axel Roers (59)] were crossed with PC::G5-tdT mice (B6;129S6-
Polr2a™! (CAG-GCaMPSe.-tdTomato)Tvid 1.y cleson Laboratory, stock num-
ber 024477; RRID:IMSR_JAX:024477) to generate Sox/0“ERT2+/~
GCaMPSg-tdT'~ and Mcpt5€*~:GCaMP5g-tdT*'~ mice (hereafter
referred to as Sox/0"**"2.GCaMP5g-tdT and Mcpt5<"*;GCaMP5g-
tdT mice, respectively). Mice of both sexes were used for experiments
when they reached 8-12 wk of age. Mice were genotyped by
Transnetyx (Cordova, TN). Sox/0"“*R2.GCaMP5g-tdT mice were
fed tamoxifen citrate (400 mg/kg) for 1 wk to induce GCaMP5g-
tdTomato (GCaMP5g-tdT) expression and allowed to recover for at
least 1 wk before experiments.

Human enteric glial cells. In vitro studies of human enteric glial
cells (hEGCs) were approved by the Institutional Ethics Review Board
at The Ohio State University under the Institutional Review Board no.
2012H0231 and no. 2017H0441. hEGCs were prepared from isolated
ganglia, as previously described (47, 65) and were derived from five
surgical specimens obtained from patients after informed patient con-
sent was obtained. Surgical specimens were obtained from colectomy
cases (open or laparoscopic) from distal colon (descending or sigmoid).
Individuals ranged in age from 50 to 66 yr and included both male and
female subjects.

Neonatal maternal separation and early weaning model of
early life stress. C5TBL/6 pregnant nulliparous dams (The Jackson
Laboratory, Bar Harbor, ME) were isolated before giving birth. The
first day the pups were observed was designated as postnatal day 0
(PDO0). At postnatal day (PD1) female and male C57BL/6 wild-type
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mice pups were randomly assigned to two groups: /) normally handled
(NH), in which mice pups were raised under standard protocols undis-
turbed and weaned at PD28 or 2) neonatal maternal separation (NMS),
in which mice pups were subjected to 3-h periods of neonatal maternal
separation on PD1-16 plus early weaning at PD17. Pups in the NH
group remained undisturbed with their mother in their home cages dur-
ing the entire NMS period and received no special handling other than
necessary changes to their bedding, water, and food. Pups in the NMS
group were separated from their mother for 3 h each day (Zeitgeber +
3-6) and were placed in a separate cage in individual cups containing
small amounts of their own bedding. NMS mothers were placed in a
separate clean cage with food and water during the separation. After
the 3-h separation period, the mother and pups were returned to their
original cage and remained untouched until next day of separation.
Adult mice were euthanized for experiments at 10 wk of age.

Bone marrow-derived mast cells isolation and generation. Bone
marrow progenitor cells (BMMCs) were harvested from femurs of 10-
wk-old female and male C57BL/6 mice and cultured in 182 cm? tissue
vented culture flasks with complete media (cRPMI) containing RPMI
1640 with L-glutamine (Corning, Corning, NY), supplemented with
10% heat-inactivated FBS (Gibco Waltham, MA), 100 U/mL penicil-
lin, 100 pg/mL streptomycin, 1 mM HEPES, 1 mM nonessential amino
acids, and 1 mM sodium pyruvate (Corning, Corning, NY), 5 ng/mL
recombinant mouse IL-3, and 5 ng/mL recombinant mouse stem cell
factor (SCF) (R&D Systems Minneapolis, MN). Cells were incubated
in a humidified 5% CO, and 95% air at 37°C. The media were changed
twice a week to eliminate adherent cells by transferring the cell suspen-
sion to a 50-mL conical polypropylene centrifuge tube, and centrifug-
ing for 5 min at 1,500 rpm at 20°C. The culture flasks were changed
every time the medium was changed. After 4 wk of culture, <95% of
the cells were identified as mast cells, as determined by toluidine blue
staining (1%, pH 1), and cell-surface expression of FceRI and c-Kit
was confirmed by flow cytometry. Experiments were carried out within
67 wk of culture initiation.

BMMC IgE-DNP stimulation. BMMCs (2 x 10° cells/mL) were
sensitized with 0.8 pg/mL of mouse monoclonal anti-2,4-dinitrophenol
(DNP) IgE antibody and later stimulated with O and 62 ng/mL of DNP-
HSA for 1 h (inactivated and activated BMMCs, respectively). Cell cul-
ture supernatants and cell lysates (RIPA buffer lysis) were stored at
—80°C for further analysis. Viability of the cells throughout experi-
ments >98% was assessed by trypan blue dye exclusion test in an auto-
mated Cell Counter (LUNA, San Mateo, CA). Histamine release levels
from activated BMMCs were measured using the Oxford Biomedical
Research histamine EIA (cat. no. EA31, Oxford, MI).

Circular muscle myenteric plexus whole mount preparation.
Colons were carefully removed from euthanized mice and immediately
placed in ice-cold DMEM/Ham’s F-12 nutrient mixture (DMEM;
Gibco, Thermo Fisher Scientific, Waltham, MA) containing 3 pM ni-
cardipine and 1 pM scopolamine. Colons were then transferred to a
Sylgard-coated petri dish (Dow-Corning, Midland, MI) filled with
chilled DMEM, secured with insect pins, and opened along the mesen-
teric border. The full thickness of the colon was pinned flat, mucosa
facing down, and the serosa and longitudinal muscle were removed by
microdissection (see Ref. 26). The resulting live whole mount consists
of intact myenteric plexus lying atop circular muscle, submucosal
plexus, and mucosa.

Ca*™ imaging. Live whole mounts of the colonic myenteric plexus
were prepared for Ca** imaging, as previously described (44). For fluo-
rescence imaging, we used an upright Olympus BX51WI fixed-stage
microscope (Olympus, Center Valley, PA) fitted with a x20 water-
immersion objective [ XLUMPIlanFI N, 1.0 numerical aperture (n.a.)]
and a Lambda DG-4 Plus xenon light source (Sutter, Novato, CA).
Fluorescence of GCaMP5g was excited by light passed through a 485-
nm, 20-nm band-pass filter and detected by reflected light passing
through a 515-nm, long-pass filter. tdTomato fluorescence was excited
by light passed through a 535-nm, 20-nm band-pass filter and detected
by reflected light passing through a 610-nm, 75-nm bandpass emission
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filter. Glial cells were identified by tdTomato fluorescence in
Sox10°"*FR2.GCaMP5g-tdT samples. Images of GCaMP5g fluores-
cence were acquired at a rate of 1 Hz with an Andor Neo sCMOS cam-
era controlled by Metamorph 7.1 software (Molecular Devices, San
Jose, CA). Whole mounts were continually superfused with 37°C
Krebs buffer consisting of (in mM): 121 NaCl, 5.9 KCl, 2.5 CaCl,, 1.2
MgCl,, 1.2 NaH,PO,, 10 HEPES, 21.2 NaHCO3, 1 pyruvic acid, 8 glu-
cose (pH adjusted to 7.4 with NaOH) with 3 pM nicardipine and 1 M
scopolamine at a flow rate of 2-3 mL/min. BMMC supernatants (1:5),
histamine (10 pM), and ADP (100 uM) were diluted in Krebs buffer
and bath applied. The voltage-gated sodium channel inhibitor tetrodo-
toxin (TTX; 1 uM) and the histamine type 1 receptor (H1R) antagonist
desloratadine [10 pM, based off previous studies (9, 70)] were diluted
in Krebs buffer and applied for 5 min before imaging.

hEGCs were incubated with 2 pM Fluo-4/AM (Molecular Probes,
Eugene, OR) in DMEM with no FBS for 30 min at 37°C and replaced
with fresh media for an additional 30 min. For fluorescence imaging,
we used an upright Nikon Eclipse FN1 microscope (Nikon, Tokyo,
Japan) with a x20 water-immersion objective (Nikon Fluor, 0.50 n.a.).
The Fluo-4 signal was detected through a Fura-4 filter cube/dichroic set
(excitation filter model ET480/x40 center wavelength at 480-nm with
40-nm bandwidth, T510lpxrxt beamsplitter, and ET535/50-nm emis-
sion filter center at 535-nm with 50-nm bandwidth), and images of
Fluo-4 fluorescence were acquired at 7 Hz with an ANDOR iXon Ultra
897 EMCCD camera controlled by NIS Elements Advanced Research
software (Nikon). Cells were continuously superfused with
36.5°C+0.5°C oxygenated Krebs buffer consisting of (in mM): 120
NaCl, 6.0 KCl, 1.2 MgCl,, 1.35 NaH,PO,, 14.4 NaHCO;, 2.5 CaCl,,
and 12.7 glucose) at a flow rate of 4.0 mL/min. BMMC supernatants
and histamine (1:5 and 10 pM, respectively) were diluted in Krebs
buffer and bath applied. Pyrilamine (1 uM) was based off previous
studies (4, 14, 72) and diluted in Krebs buffer and applied for 30 min
before application of histamine or supernatant. The washout period was
at least 3045 min.

Whole mount immunohistochemistry. Colons from euthanized NH
and NMS mice were collected, fixed overnight in Zamboni’s fixative at
4°C, and processed for immunohistochemistry (IHC), as described pre-
viously (31). Antibody details are supplied in Table 1. Briefly, longitu-
dinal muscle myenteric plexus (LMMP) preparations were rinsed three
times (10 min each) in PBS containing 0.1% Triton X-100 (PBST) fol-
lowed by a 45-min incubation in blocking solution [containing 4% nor-
mal donkey serum (NDS), 0.4% Triton X-100, and 1% BSA]. Primary
antibodies were diluted in blocking solution and were applied overnight
at room temperature. LMMPs were rinsed three times with PBS after
removal of primary antibodies the following day and secondary anti-
bodies (diluted in blocking solution) were applied for 2 h at room

Table 1. Primary and secondary antibodies used in study
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temperature. Finally, LMMPs were rinsed in 0.1 M phosphate buffer
and mounted on slides with bicarbonate-buffered glycerol consisting of
a 1:3 mixture of 142.8 mM sodium bicarbonate and 56.6 mM carbonate
to glycerol. Images were acquired through the x60 (Plan-Apochromat,
1.42 n.a.) oil-immersion objective of an inverted FluoView FV1000
confocal microscope (Olympus, Center Valley, PA).

hEGC immunocytochemistry. hEGCs were seeded onto laminin-
coated glass-bottom dishes (MatTek, Ashland, MA) and cultured for 7—
10 days. Cells were fixed in 4% paraformaldehyde for 10 min at room
temperature and processed for immunocytochemistry (ICC), as previ-
ously described (37). Antibody details are supplied in Table 1. Briefly,
cells were permeabilized for 1 h in blocking solution (containing 10%
NDS and 0.5% Tween 20 in PBS). Primary antibodies were diluted in
1% NDS blocking solution and applied overnight at 4°C. hEGCs were
rinsed three times with PBS after removal of primary antibodies the fol-
lowing day and secondary antibodies (diluted in 1% NDS blocking so-
lution) were applied for 2 h at room temperature. Finally, hEGCs were
rinsed in PBS and incubated for 5 min with DAPI (NucBlue Fixed Cell
ReadyProbes Reagent, Thermo Fisher Scientific) followed by a quick
wash with PBS. Fresh PBS was added before images were acquired
through the x20 (Nikon Fluor, 0.5 n.a.) objective of a Nikon Eclipse
Ti-S inverted microscope (Nikon).

Chemicals and reagents. Chemicals and reagents were purchased
from Millipore Sigma (Burlington, MA) unless otherwise stated.

Data analysis. Raw Ca” imaging files were analyzed with
Metamorph 7.1 software, where regions of interest (ROIs) were drawn
around enteric glial cells within a ganglion and the relative fluorescence in-
tensity was measured. Analysis and generation of traces were performed
using GraphPad Prism 6 (GraphPad Software, La Jolla, CA) and NIS
Elements Advanced Research software (Nikon). Traces represent
the change in fluorescence (AF/F) over time (as described by Ref.
61) for glial cells within a single ganglion and hEGCs from a single
experiment, where appropriate. N values represent individual glial
cells and numbers of experiments in different cultures for Ca®*
imaging experiments (Sox]OC"’ERTZ;GCaMPSg—th, and hEGCs,
respectively).

Cell counts, distance, ganglionic expression, and glial morphology
data were analyzed offline using FIJI software (National Institutes of
Health, Bethesda, MD). Cell counts were performed using the cell
counter plug-in of FIJI software. Mast-cell and histamine+ cell numbers
are presented as number per x20 high-powered field (HPF) calculated
by counting the number of tdTomato-immunoreactive mast cells in
Mcpt5S©;GCaMP5g-tdT mice and histamine+ cells in C57BL/6 mice,
respectively. Distance to ganglia was measured from center of the mast
cell soma to the edge of the nearest ganglion, and zoning distance was
based on the width of mast cells. Enteric neuron numbers are presented

Antibody Source Catalog No. Resource ID Dilution
Primary antibodies
Chicken anti-GFAP Abcam, Cambridge, MA ab4674 AB_304558 1:1,000
Rabbit anti-Histamine Millipore Sigma, Burlington, MA H7403 AB_260077 1:200
Goat anti-H1R LifeSpan Biosciences, Seattle, WA LS-B1745 AB_2092486 1:200
Rabbit anti-H1R Alomone, Israel AHR-001 AB_2039915 1:200
Biotin mouse anti-HuC/D Abcam, Cambridge, MA A21272 AB_2535822 1:200
Rabbit anti-dsRed Takara, Mountain View, CA 632496 AB_10015246 1:1,000
Mouse anti-S1003 Millipore Sigma, St. Burlington, MA $2532 AB_477499 1:200
Goat anti-tdTomato Sicgen, Portugal AB8181-200 AB_2722750 1:1,000
Secondary antibodies
Streptavidin Dylight 405 Jackson Laboratories, West Grove, PA 016470084 AB_2337248 1:400
Donkey anti-chicken Alexa Fluor 488 Jackson Laboratories, West Grove, PA 703-545-155 AB_2340375 1:400
Donkey anti-goat Alexa Fluor 488 ThermoFisher, Waltham, MA A11055 AB_2534102 1:400
Donkey anti-mouse Alexa Fluor 568 ThermoFisher, Waltham, MA A10037 AB_2534013 1:400
Donkey anti-rabbit Alexa Fluor 594 Jackson Laboratories, West Grove, PA 711-585-152 AB_2340621 1:400

GFAP, glial fibrillary acidic protein; HIR, histamine type 1 receptor.
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as ganglionic packing density, which was calculated by tracing the gan-
glionic area and counting the number of HuC/D-immunoreactive neu-
rons within the defined ganglionic area. The relative ganglionic
expression of glial fibrillary acidic protein (GFAP), histamine, and
HI1R were measured by recording the mean gray values of GFAP, hista-
mine, and HIR within a defined ganglionic area. Glial morphology was
characterized by measuring total process length and process thickness,
as previously described (21). Cell counts and ganglionic expression
data expressed as arbitrary fluorescence units (AFU) were performed
on a minimum of 10 ganglia per animal and averaged to obtain a value
for that animal. N values represent the number of cells in experiments
assessing glial morphology, the number of cell cultures in hEGCs, and
the number of animals in other experiments.

Statistical analysis. Data were analyzed using Prism 6 and are
shown as means = SE. Data were analyzed by one-way or two-way
ANOVA with a Bonferroni post hoc test or Student’s ¢ test, where
appropriate. A P value <0.05 was considered significant, and a P value
<0.07 but >0.05 was considered a trend.

RESULTS

Mast cell numbers increase at the level of the myenteric
plexus following NMS and are in close proximity to enteric
glia. We used Mcpt5¢;GCaMP5g-tdT mice to genetically tag
mast cells as a means to accurately study their association with
enteric glia, which were identified by post hoc labeling for glial
fibrillary acidic protein (GFAP) (Fig. 1). tdTomato+ mast cells
at the level of the myenteric plexus in the colon were predomi-
nantly localized near myenteric ganglia with an average of
9.0+1.9 and 7.9£2.5 cells per x20 optical field in NH male
and female controls, respectively (Fig. 1, A, C, and E). Male
mice exposed to NMS had a significantly greater (by 97%) num-
ber of mast cells (P < 0.05) compared with NH male mice (Fig.
1, B, D, and E). We next assessed the proximity of mast cells to
myenteric ganglia by measuring the distance of each mast cell
to the closest ganglion. Overall, the average distance of all mast
cells to ganglia trended toward a decrease in NMS male mice,
but did not reach statistical significance (NH: 42.0£5.6 vs.
NMS: 28.7£1.2 pm, P = 0.0519, Fig. 1F). We reasoned that
this data set might be skewed by cells that are distant from
myenteric ganglia and might not accurately reflect the true prox-
imity of mast cells to ganglia. To test this possibility, we ana-
lyzed the number of mast cells in bins of various distances from
myenteric ganglia (Fig. 1G). Here, the data clearly show an
increase in the number of mast cells less than 25 pm in male and
female NMS animals (P < 0.001 and P < 0.01, respectively;
Fig. 1G) and within 50 um to myenteric ganglia in male NMS
animals (P < 0.05; Fig. 1G). Together, these data support prior
observations suggesting increased mast cells following NMS (5,
6, 53) and extend these observations to show that mast cells are
increased in the myenteric plexus. The close apposition between
mast cells and enteric neurons and glia in NMS animals (Fig.
1D) suggests an increased potential for interactions.

Effects of mast cell mediators on glial Ca** responses.
Enteric glia express receptors for many mast cell-derived medi-
ators such as histamine, proteases, serotonin, and growth factors
(30, 72). The abundance and close proximity of mast cells to
glia following NMS could increase the potential for mast cell
mediators to influence glia (Fig. 1). We began testing how mast
cell mediators influence glial activity by challenging whole
mount preparations of myenteric plexus from Sox]0“"“*f72;
GCaMP5g-tdT mice with supernatants from cultured mast cells
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and recording glial activity with the genetically encoded Ca**
indicator GCaMP5g (Fig. 2). We tested inactivated and acti-
vated mast cell supernatants from BMMCs and used the P2Y1
receptor agonist ADP as a positive control to drive broad glial
activity (13, 43, 44). Glial responses to inactivated mast cell
supernatants were rare and only occurred in 7.0£4.6% of cells
(Fig. 2, A, top, and B). These responses were minor and were
only 5.4+ 1.8% as large as ADP responses (Fig. 2C). Exposing
enteric glia to supernatants derived from activated mast cells
evoked Ca’* responses in more than half (59.0£5.1%) of en-
teric glia (Fig. 2, A, bottom, and B), and these responses were
24.8+4.5% as large as glial responses to ADP (Fig. 2C).
Therefore, activated mast cells derived from normal animals
release substances that stimulate enteric glia.

We next tested whether supernatants from activated BMMCs
derived from mice that underwent NMS differ in their ability to
stimulate enteric glia (Fig. 2, D—F). In males and females, the
percentage of enteric glia responding to supernatants derived
from activated mast cells from NMS mice was lower than
observed for mast cell supernatants from NH mice (Males: %
responding: 51.3+9.8% NH vs. 13.6+£9.8% NMS, P < 0.01;
Females: % responding: 58.9+5.1% NH vs. 23.2+3.9% NMS,
P < 0.001; Fig. 2, D and E). The magnitude of glial responses
to activated mast cell supernatants from male NMS mice was
unchanged (P > 0.05; Fig. 2F) but was lower for supernatants
from activated mast cells derived from female NMS mice (%
ADP response: 47.4+8.7 NH vs. 3.8£0.5 NMS, P < 0.001;
Fig. 2F). These data show that NMS causes changes in mast
cells that affect their production of mediators that ultimately
activate enteric glia.

Histamine is a mediator of mast cell-glia communication.
Histamine is a well-known mast cell mediator that contrib-
utes to visceral pain by sensitizing sensory nerves (3, 72), and
mast cells are increased in IBS (20, 57). Histamine also
reduces activity within the enteric nervous system through
presynaptic inhibition at cholinergic synapses (40, 62). Given
that histamine released during antigenic degranulation of mast
cells produces presynaptic inhibition in enteric microcircuits
(27), is a mediator that reduces enteric neuron activity in IBS
(49) while enhancing activity in dorsal root ganglion (DRG)
sensory neurons (4), and both enteric and DRG neurons com-
municate with enteric glia (21), we hypothesized that an
increase in histamine may explain the dichotomous effects
of mast cell mediators on glia (Fig. 3). tdTomato+ mast cells
at the level of the myenteric plexus displayed histamine im-
munoreactivity in the colons of Mcpt5~"*;GCaMP5g-tdT
mice (Fig. 3B), supporting its potential role in mediating
interactions. Cultured BMMCs derived from mice exposed
to NMS exhibited a greater ability to release histamine upon
sensitization and stimulation with IgE/DNP (ng/10° cells:
99.01£17.82 NH vs. 156.46+£24.39 NMS, P < 0.05, Fig.
3A). Conversion of these values to molarity indicates that
NMS mast cells produce local concentrations of histamine in
the 10-20 uM range, and we chose this concentration for
subsequent experiments.

On the basis of the increased ability of mast cells to release
histamine following NMS, we hypothesized that histamine is a
mediator of mast cell-glial interactions. To this end, we tested
whether Ca®* responses in myenteric glia driven by mast cells
supernatants are sensitive to histamine type 1 receptor (H1R)
antagonism. In support of this, glial Ca®* responses evoked by
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Fig. 1. Mast cells are more abundant and are localized close to myenteric ganglia in animals exposed to neonatal maternal separation (NMS). A—D: confocal images
of the colonic myenteric plexus in samples from Mcpt5<"*;GCaMP5g-tdT mice showing glial fibrillary acidic protein (GFAP) immunoreactivity (grayscale; A—D) to
mark enteric glia and tdTomato immunoreactivity (red, A-D) to mark mast cells. Images show representative fields from male normally handled (NH; A and C) and
NMS (B and D) mice. Mast cell numbers and proximity to enteric glia (B and D, overlay and zoom) increase in NMS mice. Scale bars (B and D) =40 pum and 20 pm
and apply to A and B and C and D, respectively. E-G: quantification of mast cells (E), average distance to ganglia (F), and the number of mast cells present at various
distances from myenteric ganglia (G) in male and female NH and NMS mice. n = 3 or 4 animals per group, *P < 0.05, **P < 0.01, ***P < 0.001, two-way

ANOVA.

activated mast cell supernatants from NH and NMS mice were
reduced by the HIR antagonist desloratadine (10 uM; Fig. 3, C
and D). Overall, the percentage of cells responding to mast cell
supernatants from NH mice decreased following HIR antago-
nism (% responding: 57.5+12.3 Pre vs. 30.3+£6.7 Post, P <
0.05), but the percentage of cells responding to mast cell

supernatants from NMS mice was unaffected (Fig. 3G). HIR
antagonism decreased maximal glial responses to mast cell
supernatants from NH and NMS mice (average peak of respond-
ing glial cells: 0.24+£0.05 AF/F Pre vs. 0.0910.02 AF/F Post
and 0.11£0.02 AF/F Pre vs. 0.06£0.02 AF/F Post, P < 0.01
and P < 0.05, NH and NMS, respectively; Fig. 3H) and glial
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responses when normalized to maximal responses evoked by
ADP (% ADP response: 24.5+5.7 Pre vs. 8.6+2.6 Post and
4.7+0.8 Pre vs. 2.4 +£0.9 Post, P < 0.001 and P < 0.05, NH and
NMS, respectively, Fig. 3). These data show that glial Ca**
responses evoked by supernatants from activated mast cells
derived from either NH or NMS mice are driven, in part, by
histamine.

If histamine is a mediator of mast cell-glia interactions, then
histamine should be sufficient to activate enteric glia. We tested
whether histamine activates enteric glia by challenging whole
mount preparations of myenteric plexus from Sox/0<"“*RT?;
GCaMP5g-tdT mice with histamine (10 M) pre- and post-HIR
antagonism (Fig. 3F). Overall, glial responses to histamine were
infrequent (29.4£6.6% cells responding), and this observation
is consistent with what has been observed in prior work with
cultured guinea pig enteric glia [31% (35)]. The percentage of
cells responding to histamine trended toward a decrease

Male Female

following HIR antagonism but did not reach statistical signifi-
cance (% responding: 29.4+6.6 Pre vs. 16.7+2.2 Post, P =
0.0570; Fig. 3G). However, HIR antagonism did decrease max-
imal glial responses (average peak of responding glial cells:
0.13£0.04 AF/F Pre vs. 0.02+0.02 AF/F Post, P < 0.05; Fig.
3H). Normalizing these histamine responses to ADP trended to-
ward a decrease following HIR antagonism but did not reach
statistical significance (% ADP response: 9.9+5.1 Pre vs.
1.5+ 1.2 Post, P = 0.0665; Fig. 3I). These results show that his-
tamine produces glial activity that is similar to that evoked by
supernatants from NMS mast cells.

HIRs are expressed by sensory neurons innervating myen-
teric ganglia (72) that communicate with enteric glia to drive
neuroinflammation (21). We tested whether glial responses to
histamine required the activation of neuronal HIRs by repeating
the histamine experiments in the presence of TTX (1 uM, Fig.
3F). Overall, TTX reduced the percentage of enteric glial cells
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Fig. 3. Histamine is a mediator of mast cell-glia communication. A: activated bone marrow-derived mast cells (BMMCs) [2x 10° cells/mL, stimulated with 0 and 62
ng/mL 2 4-dinitrophenol (DNP)] from neonatal maternal separation (NMS) mice release more histamine compared with activated BMMCs from normally handled
(NH) mice. B: confocal images of the colon from Mcpt5<";GCaMP5g-tdT mice showing histamine immunoreactivity (grayscale) and tdTomato immunoreactivity
(red) to mark mast cells. Scale bar (B, overlay)=20 um. C and D: representative traces of Ca* responses in myenteric glial cells evoked by exposure to activated
BMMC supernatant from NH and NMS mice pre- and post-histamine type 1 receptor (H1R) antagonism with desloratadine (10 pM, left and right, respectively). E:
representative traces of Ca”* responses in myenteric glial cells evoked by exposure to histamine (10 pM) pre- and post-H1R antagonism with desloratadine (10 uM,
left and right, respectively). F: representative traces of Ca** responses in myenteric glial cells evoked by exposure to histamine (10 pM) pre- and post-TTX (1 pM,
left and right, respectively). G—I: quantification of the effects of HIR antagonism on the number of responding cells (G), peak glial Ca>* responses evoked (H), and
glial responses normalized to ADP responses (/). Data are representative of recordings in n = 17-63 glial cells from at least three ganglia from at least three mice and

7-16 BMMC cultures. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s 7 test.

responding to histamine (% responding: 39.3+10.9 Pre vs.
13.7£5.4 Post, P < 0.05; Fig. 3G). TTX did not decrease the
maximal glial responses to histamine (average peak of respond-
ing glial cells: 0.17+0.08 AF/F Pre vs. 0.06+£0.03 AF/F Post,
P > 0.05; Fig. 3H). However, TTX did decrease glial responses
to histamine when normalized to ADP responses (% ADP
response: 17.8£4.7 Pre vs. 8.0£3.6 Post, P < 0.05; Fig. 37). On
the basis of these data, histamine appears to evoke glial responses

through direct mechanisms and through indirect mechanisms that
involve communication between sensory nerves and enteric glia.

Effects of NMS on enteric neuron survival, glial reactivity,
and histamine signaling proteins. Neuroplasticity driven by
neuroinflammation contributes to the pathophysiology of IBS
and involves reactive gliosis and enteric neuron death (21, 67).
These effects are driven by communication between sensory
nerves and enteric glia (21), and our data above suggest that
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similar mechanisms may contribute to the effects of mast cells
on the ENS following NMS. We assessed whether mice that
underwent NMS showed lasting signs of neuroinflammation, as
quantified by assessing GFAP expression and glial morphology
as measures of glial reactivity, and by assessing enteric neuron
survival by quantifying neuron numbers with HuC/D labeling
(Fig. 4). Male and female mice that underwent NMS exhibited
comparable neuron density to control NH mice (P > 0.05, data
not shown). However, ganglionic GFAP protein expression, a
marker of glial reactivity, was increased in both male and
female mice exposed to NMS (Fig. 4, A—F, and G). Likewise,
glial process length was decreased in both male and female
mice exposed to NMS while glial process thickness was
unchanged (Fig. 4, H and I). These observations are consistent
with prior work, suggesting reactive gliosis in the rat NMS
model (28, 64) and show that early-life adversity drives a glial
phenotype consistent with reactive gliosis in mice without caus-
ing overt neurodegeneration.

Given that our data suggested that histamine could contribute
to the effects of mast cell mediators on glia, we quantified gan-
glionic histamine and HIR expression to determine whether
alterations in histamine stores or response elements could con-
tribute to neuroplasticity following NMS. Ganglionic histamine
immunoreactivity was primarily localized to enteric glia and a
subset of enteric neurons in NH mice (Fig. 4, A—C). Labeling
was lost when the primary antibody was preadsorbed with an
excess of 5.4 mM histamine (50), confirming the specificity of
this antibody for histamine (Fig. 4C). Male mice exposed to
NMS exhibited a marked increase in ganglionic histamine im-
munoreactivity in myenteric glia and a subset of enteric neurons
[arbitrary fluorescence units (AFU): 661.78 £51.88 male NH
vs. 1168.97 £ 117.94 male NMS, P < 0.05, Fig. 4, A—C, and J],
but histamine immunoreactivity was not changed in female
mice exposed to NMS (P > 0.05; Fig. 4/). Histamine+ cell
number outside the myenteric plexus increased in male mice
exposed to NMS (histamine+ cells per HPF: 21.00 £ 1.23 male
NH vs. 43.93£4.61 male NMS, P < 0.05; Fig. 4K), while hista-
mine+ cell number was not changed in female mice exposed to
NMS (P > 0.05; Fig. 4K). Ganglionic HIR immunoreactivity
was primarily localized to neuronal cell bodies and varicosities
(Fig. 4, D-F). However, punctate labeling was also observed in
GFAP+ glial processes, so it is possible that a subset of glia
express HIRs. HIR labeling was lost when the primary anti-
body was preadsorbed with 5x molar excess of control peptide
(Fig. 4F). HIR expression was not changed in male or female
NMS mice (P > 0.05, Fig. 4L). These data suggest that reactive
gliosis and sex-specific alterations in histamine handling by glia
could contribute to the pathophysiology of NMS.

Histamine and mast cell supernatants evoke Ca’* responses
in hEGCs through histamine type I receptors. Our data show
that mast cells release mediators that influence the activity of
enteric glia in mice. To determine whether these results are
translatable to humans, we tested the effects of histamine and
mast cell supernatants on hEGC activity using Ca®* imaging
(Fig. 5). Histamine induced robust Ca®* responses in cultured
hEGCs, and these responses were blocked by HIR antagonism
with pyrilamine (1 uM, P < 0.05; Fig. 5, A and B). Next,
we determined whether mast cell supernatants induce Ca”*
responses in hEGCs (Fig. 5, C—E). Supernatants from activated
mast cells isolated from NMS mice elicited activity in a signifi-
cantly greater population of glia than supernatants from NH
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mice (% cells responding: 20% NH vs. 60% NMS, P < 0.05,
Fig. 5, C and D). HIR antagonism blocked the majority of
responses evoked by NMS-activated supernatants (% respond-
ing cells: 60.7% Pre vs. 6.6% Post, P < 0.0001, Fig. 5D) and by
NH-activated supernatants in hEGCs from a separate culture (%
responding cells: 44.9+5.79% Pre vs. 16.2+2.41% Post; P <
0.001). Peak response of the responding hEGCs were used as a
measurement of the magnitude of glial Ca®* responses. Glial
Ca®* responses evoked by activated mast cell supernatants from
NMS mice were similar in magnitude to those evoked by hista-
mine (average peak response: 0.80+0.13 AF/F histamine vs.
0.62+0.24 AF/F NMS aBMMC, P > 0.05, Fig. 5E). HIR an-
tagonism reduced the peak response in hEGCs evoked by NMS-
activated supernatants (average peak response: 0.62 +0.24 AF/F
Pre vs. 0.07+0.03 AF/F Post, P < 0.05, Fig. 5E) and by NH-
activated supernatants in hEGCs from a separate culture (aver-
age peak response: 0.78 £0.08 AF/F Pre vs. 0.35+£0.04 AF/F
Post, P < 0.05). Together, these data show that human enteric
glia have the capacity to detect and respond to histamine
through HIR pathways and that NMS mast cells stimulate
greater glial activity through this mechanism.

Human enteric glia display histamine type 1 receptor immu-
noreactivity. Our data show that HIR expression in the mouse
colon is mainly localized to neurons and possibly a subset of en-
teric glia. However, human enteric glia display more robust ac-
tivity in response to histamine and mast cell mediators that is
sensitive to HIR antagonism. These observations would suggest
that human enteric glia display more widespread HIR expres-
sion than their mouse or guinea pig counterparts. We tested this
concept by assessing HIR expression in human enteric glia
(Fig. 6). S100B-immunoreactive hEGCs displayed robust HIR
immunoreactivity, and labeling was lost when the primary anti-
body was preadsorbed with 5x molar excess of control peptide
(Fig. 6, A and B, respectively). These data support the conclu-
sion that human enteric glia display widespread HIR expres-
sion, which allows them to directly respond to histamine in
humans.

DISCUSSION

Early-life adversity is a major risk factor for the subsequent
development of functional gastrointestinal disorders such as IBS
in humans (11, 17, 18). Likewise, early-life stress in animals
produces features of functional gastrointestinal disorders,
including dysmotility and visceral hypersensitivity (45, 53, 54,
56). Although the underlying mechanisms are unresolved, mast
cell activation and changes in glial activity have been separately
linked to early-life adversity and IBS. Here, we show that these
processes are linked and that increased communication between
mast cells and glia in the mouse colon may contribute to the
heightened pathophysiology of functional GI diseases in indi-
viduals with a history of early-life adversity. This conclusion is
supported by prior work that showed perturbing glial metabo-
lism with the drug fluorocitrate corrects heightened intestinal
motor responses in the rat NMS model (28). Our data show that
mast cells are more abundant at the level of the myenteric plexus
following NMS and are in close apposition to enteric glia. These
mast cells have an enhanced ability to release mediators, including
histamine, which we identify as a mediator of mast cell-glial inter-
actions. The ability of histamine and mediators released by acti-
vated mast cells to drive Ca®* responses in both mouse and human
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Fig. 4. Neonatal maternal separation (NMS) alters glial fibrillary acidic protein (GFAP) expression, glial process length, and histamine content in the mouse colon
myenteric plexus. A—F: confocal images showing GFAP immunoreactivity (green, A—F'), histamine immunoreactivity (magenta, A—C), and histamine typel receptor
(H1R) immunoreactivity (magenta, D—F) in the myenteric plexus of male normally handled (NH) and NMS mice (A—F). GFAP immunoreactivity (green, A—F) and
histamine immunoreactivity, primarily glial (magenta, A—C), increase in male NMS mice. Note histamine+ cell outside myenteric ganglion of male NMS mice (B).
HIR immunoreactivity is primarily localized to neuron cell bodies and neuronal varicosities (D—F, arrowheads in zoom). Scale bars (F, x60 and zoom) =20 pm and
5 pum and applies to A—F (x60 and zoom, respectively). G—L: quantification of GFAP (G), process length (H), process thickness (/), histamine (/), histamine+ cells
per high-powered field (HPF) (K), and HIR (L) mean gray values in male and female NH and NMS mice. n = 16 glia and n = 4-6 animals per group, *P < 0.05,
P < 0.01, #**¥P < 0.0001, two-way ANOVA.

enteric glia suggests that this mechanism is translationally relevant, considered an important factor in the pathophysiology of diar-
although the specific mechanisms vary depending on species. rhea-predominant IBS (IBS-D) (3, 51, 57, 66). Increased mast

Enteric mast cells regulate innate immunity during general cell numbers and degranulation alter intestinal homeostatic
inflammatory responses (71), and an increase in mast cells is functions in IBS (3, 4, 20, 33, 52, 57) and have a major
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Fig. 5. Histamine and mast cell supernatants induce Ca**

responses in human enteric glial cells (hEGCs) through histamine

type 1 receptors. A: representative traces showing Ca>* responses

in hEGCs (individual cells and experimental average traces in

black and green, respectively) evoked by histamine (10 pM) and

the effects of histamine typel receptor (HIR) antagonism on

those responses (pyrilamine, 1 pM). AF/F, change in fluores-

cence. B: quantification of the effect of HIR antagonism on the

percentage of hEGCs responding to histamine. C: representative

traces showing Ca>" responses in hEGCs evoked by histamine,

activated mast cell (BMMC) supernatants from normally handled

(NH) and neonatal maternal separation (NMS) mice, and the

effects of HIR antagonism in glia responsive to exogenous hista- "u\':

mine. D and E: quantification of the percentage of hEGCs <

responding (D) and their peak responses (AF/F; E). Data are rep- X

resentative of recordings in 260-301 hEGCs from n = 5-14 8

experiments. *P < 0.05, **P < 0.01, ****P < 0.0001 Student’s A
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influence on neuronal activity. However, conflicting data in
human cohorts suggest varying roles of mast cells in IBS (57,
60). Mast cells are localized close to enteric and primary affer-
ent nerve fibers in the intestine (19), and mast cell mediators
contribute to the sensitization of enteric and sensory afferent
nerve fibers in IBS (4, 7, 14, 16, 55, 72). Similarly, chronic
stress in adult rats produces persistent visceral hypersensitivity
through mechanisms that involve an increase in mast cells (10).
Our observations show that similar mechanisms contribute to
neuroimmune disruption in animals that experience early-life
stress. In this study, we used Mcpt5<"¢;GCaMPS5g-tdT mice to
genetically tag mast cells and observed an increase in mast cell
numbers at the level of the myenteric plexus following NMS.
Similarly, we observed an increase in histamine+ cells sur-
rounding myenteric ganglia in male mice exposed to NMS.
Importantly, mast cells in mice that experienced early life stress
are closely associated with enteric glia and produce more hista-
mine than mast cells from control animals. Given that enteric glia
surround and interact with nociceptive nerve fibers (21), these
interactions could impact visceral sensitivity. Together, these
observations support an increased potential for interaction between
mast cells and enteric glia, which may be a mechanistic link
between early-life adversity and increased risk and severity of
functional bowel diseases.

One mechanism by which enteric glia could impact visceral
sensitivity is by regulating the availability of histamine sur-
rounding enteric neurons. Interestingly, ganglionic histamine
immunoreactivity appeared to be concentrated in myenteric glia
and increases in male animals following NMS. Histamine also
appeared to increase in a subset of enteric neurons following
NMS and may be due to histamine accumulation following exci-
tatory or inhibitory signaling effects (7, 14, 55). Similar popula-
tions of neuroglia such as astrocytes regulate histamine
availability in the nervous system and degrade histamine
through mechanisms that involve the enzyme histamine N-meth-
yltransferase (HNMT) (74). HNMT expression is altered in the
mucosa of the small intestine in individuals with IBS-D, sug-
gesting that changes in histamine degradation could contribute
to IBS. Interestingly, the difference in glial histamine content
was only observed in male mice. Sex is an important biological
factor that influences susceptibility to early-life stress and IBS
(38, 39, 52, 53). Sex differences in mast cells, themselves, also
occur, and female mast cells possessed higher concentrations of
granule mediators, including histamine (39). Thus, sex-depend-
ent differences in glial histamine handling and mast cell hista-
mine secretion could influence IBS path-ophysiology.

Excitatory effects of mast cell mediators have been observed
in enteric neurons (7, 14, 55) and DRG sensory neurons (4, 16,
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Fig. 6. Histamine type 1 receptors (H1R) localize to human enteric glial cells (hEGCs). A and B: representative epifluorescence images of HIR immunoreactivity
(green), S100B immunoreactivity (red), and DAPI staining (blue) in cultured hEGCs. Scale bar (B; overlay) = 100 pm and applies to A and B. n =3 cell cultures.

72). However, the main effects of histamine on enteric and
DRG neurons differ. Histamine can promote long-lasting excita-
tion of certain enteric neurons through cell body effects, but pri-
marily acts to suppress synaptic transmission through actions at
presynaptic terminals of nicotinic synapses (40, 62). Histamine
released during antigenic degranulation of mast cells exerts its
effects on enteric microcircuits in this manner (27). In contrast,
histamine primary acts to sensitize dorsal root ganglion (DRG)
sensory neurons through HIR-dependent mechanisms (2, 4,
72). These differences in the effects of histamine likely
underlie the apparent contradictory effects of supernatants
derived from individuals with IBS. Ostertag et al. (49)
showed that an IBS cocktail containing histamine reduces the
responsiveness of submucosal neurons, while other studies
focusing on DRG sensory neurons have shown excitatory
effects (2, 4, 72). Similarly, IBS supernatants have an inhibi-
tory effect on glial activity and decrease ATP-induced Ca**
activity in cultured rat enteric glia (36).

Our data show that mediators released by activated mast cells
excite enteric glia in mice and humans but that their ability to do
so differs following exposure to NMS and between mice and
humans. Glial responses to histamine and mast cell mediators in
mouse tissue involve multicellular signaling between intrinsic
enteric neurons, extrinsic primary afferent neurons, and enteric
glia, since suppressing neuronal activity with TTX reduced the
ability of enteric glia to respond to histamine. Likewise, hista-
mine receptors are broadly expressed by intrinsic and extrinsic
neurons (7, 72) that communicate with glia (21, 32), and our
data show that HIR immunoreactivity is mainly localized to
neuron cell bodies and varicosities in the mouse colon myen-
teric plexus. Therefore, increased histamine secretion by mast
cells following NMS would function to decrease neuron-glia
communication through inhibitory effects on synaptic transmis-
sion (40, 62). In contrast, cultured human enteric glia display
widespread HIR expression and respond to histamine directly.
Since there is no cellular intermediary in this interaction, human

enteric glia display robust responses to histamine that are poten-
tiated when mast cells release additional histamine following
NMS. Whether the differences in HIR expression observed here
reflect species differences or differences in experimental set-
tings is not entirely clear; however, RNA sequencing data sug-
gest that the former is most likely. Available transcriptional
profiles of human and mouse enteric glia show significant
HRH1 expression in human enteric glia, while it is undetectable
in enteric glia from mice (21, 23, 75).

A subset of mouse enteric glia does exhibit responses to hista-
mine that are resistant to TTX, suggesting direct actions. Similar
Ca®* responses to histamine have been observed in cultures of
guinea pig (35) and rat enteric glia (36). Such direct actions may
explain the ability of IBS supernatants to reduce the expression of
connexin-43 in cultures of rat enteric glia (43) and promote glial
proliferation in response to histamine in vivo (34). Mast cells
release a number of mediators that include serotonin, proteases,
and neurotrophins (2, 4, 48, 73) that may also influence glial
responses in situ. While the current study demonstrated that NMS
mast cells release more histamine and NMS mast cell superna-
tants evoked greater Ca>* activity in enteric glia, a limitation of
the current study is that the effect of mediators released by mast
cells were assessed only in MP preparations from NH mice but
not NMS mice. It is plausible that NMS tissue might have a dif-
ferent response to mast cell mediators, compared with NH tissue.
NMS mast cells exert an inhibitory effect similar to the IBS
supernatants, and this might be an important question for future
work. It is also possible that histamine may alter the potential of
glial Ca* signaling by other yet unstudied mast cell mediators. A
potential limitation is the difference between primary derived
BMMCs used in this study and native intestinal mast cells.
BMMCs are derived directly from bone marrow progenitors and
develop in culture lacking exposure to tissue maturation factors
and are phenotypically less mature, exhibiting reduced abundance
of gene expression (1) and reduced concentrations of granule
mediators such as histamine (39). Despite the reduced levels of
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mediators, BMMCs express a similar repertoire of mediators and
receptors compared with tissue mast cells.

The increase in GFAP expression and decrease in total glial
process length observed in the myenteric plexus of animals
exposed to early-life stress is consistent with a “reactive” gliosis
phenotype in enteric glia. Similar changes in glial morphology
and GFAP content have been reported in the rat model of NMS
(28, 64). The increase in GFAP immunoreactivity and accompa-
nying structural changes occurred in both male and female mice
after NMS and suggest a transition to a reactive glial-like pheno-
type (12, 29, 63, 68). Reactive gliosis is considered beneficial by
protecting neural networks and integrity from damage during
disease and injury (15, 63). Interestingly, reactive gliosis is
driven by intense activity in nociceptive sensory neurons in the
myenteric plexus (21), and mast cell mediators sensitize and
activate visceral sensory nerves (4, 16). The activation of reac-
tive gliosis in the context of acute inflammation also produces
enteric neurodegeneration, but we did not observe a loss of en-
teric neurons in NMS mice. The NMS model does not induce
significant inflammation, other than mast cell activation, and
this supports the relevance of the model in terms of IBS and is a
potential reason that we did not observe neurodegeneration.
Mast cells do reduce the survival of enteric neurons in culture,
but this effect is mediated by PAR2, IL6, and prostaglandin D2
and does not involve histamine (58). It is also possible that NMS
causes intrinsic changes to glia that are not driven by interac-
tions with mast cells or histamine. This conclusion is consistent
with our observations here since features of gliosis were
observed in both males and females, but the density of hista-
mine-positive cells was only increased in males. Therefore, glial
intrinsic changes could work in tandem with changes in mast
cells to contribute to the effects of early-life stress on gastroin-
testinal functions.

In conclusion, our results identify intercellular signaling
mechanisms between mast cells, enteric glia, and neurons
that are mediated by histamine and altered by early-life
stress. Higher numbers of mast cells surrounding enteric
ganglia increase the potential for mast cell mediators, includ-
ing histamine, to influence glia through direct and indirect
mechanisms. Altering glial activity is anticipated to disrupt
neuronal signaling and contribute to neuroplasticity given
the key roles of glia in the regulation of neuronal signaling
and homeostasis. Understanding the mechanisms whereby
early-life stress alters mast cell-glial interactions, and the de-
velopment of visceral pain and dysmotility will provide new
insight into the pathogenesis and increased risk for func-
tional gastrointestinal disorders such as IBS, especially at-
risk individuals with a history of early-life adversity.
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