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Abstract  33 
 34 
Background: Psychological stress and heightened MC activation are linked with important 35 

immunological disorders including allergy, anaphylaxis, asthma, and functional bowel 36 

diseases, but the mechanisms remain poorly defined. We have previously demonstrated that 37 

activation of the corticotropin releasing factor (CRF) system potentiates MC degranulation 38 

responses during IgE-mediated anaphylaxis and psychological stress, via CRF receptor 39 

subtype 1 (CRF1) expressed on MCs.  40 

 41 

Objective: In this study, we investigated the role of CRF receptor subtype 2 (CRF2) as a 42 

modulator of stress-induced MC degranulation and associated disease pathophysiology.  43 

 44 

Methods: In vitro MC degranulation assays were performed with bone marrow derived MCs 45 

(BMMCs) derived from WT and CRF2-deficient (CRF2
-/-) mice and RBL-2H3 MCs transfected 46 

with CRF2-overexpressing plasmid or CRF2-siRNA.  In vivo MC responses and associated 47 

pathophysiology in IgE-mediated passive systemic anaphylaxis (PSA) and acute 48 

psychological restraint stress were measured in WT, CRF2
-/-, and MC-deficient KitW-sh/W-sh 49 

knock-in mice.  50 

 51 

Results: Compared with WT mice, CRF2
-/- exhibited heightened serum histamine levels and 52 

exacerbated PSA-induced anaphylactic responses and colonic permeability. In addition, 53 

CRF2
-/- mice exhibited increased serum histamine and colonic permeability following acute 54 

restraint stress. Experiments with BMMCs and RBL-2H3 MCs demonstrated that CRF2 55 

expressed on MCs suppresses store-operated Ca2+ entry (SOCE) signaling and MC 56 
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degranulation induced by diverse MC stimuli. Experiments with MC-deficient KitW-sh/W-sh mice 57 

systemically engrafted with WT and CRF2
-/- BMMCs demonstrated the functional importance 58 

of MC-CRF2 in modulating stress-induced pathophysiology.   59 

 60 

Conclusions: MC CRF2 is a negative, global modulator of stimuli-induced MC degranulation 61 

and limits the severity of IgE-mediated anaphylaxis and stress-related disease pathogenesis.   62 

 63 

Key messages 64 

• Loss of CRF2 function induces exacerbated MC degranulation, IgE-mediated 65 

anaphylaxis and psychological stress-induced intestinal barrier dysfunction. 66 

• MC-specific CRF2 suppresses degranulation induced by diverse MC stimuli via 67 

negative regulation of SOCE. 68 

• Further characterization of the mechanisms by which CRF2 negatively modulates MC 69 

activation could lead to novel therapeutic approaches for stress-related immunological 70 

disorders associated with MC hyperactivity.   71 

 72 

Key words: Mast cell, corticotropin releasing factor receptor, stress, anaphylaxis, allergy, 73 

intestinal permeability   74 

 75 

Capsule summary: Targeting CRF2 and (or) downstream pathways has potential as a new 76 

therapeutic approach to limit excessive MC activation and intestinal permeability which 77 

initiate and perpetuate highly prevalent and burdensome diseases including allergy, 78 

anaphylaxis and functional bowel disorders.            79 

 80 
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Abbreviations: BMMC (Bone marrow derived mast cell), CRF1 (Corticotropin Releasing 81 

Factor Subtype 1), CRF2 (Corticotropin Releasing Factor Subtype 2), Mast cell (MC), PMC 82 

(Peritoneal mast cell), SOCE (store operated Ca2+ entry) WT (Wild-type)  83 

 84 

Introduction   85 

Psychological stress has a major influence on immune function and is a risk factor in 86 

many immune-related disorders. While numerous studies have investigated the influence of 87 

different stress paradigms on immune function and disease susceptibility, the underlying 88 

signaling pathways remain to be elucidated. Mast cells have become recognized as important 89 

early immune effectors cells in the stress response and stress-related pathophysiology. Mast 90 

cells are strategically positioned close to neurovascular units and host-environmental 91 

interfaces (e.g. mucosal epithelial barriers) and express a repertoire of receptors to sense 92 

and respond rapidly to a continuous array of stress signals from neuroendocrine, 93 

immunological and environmental origins.  Upon activation, MCs release an array of 94 

preformed granule mediators including histamine proteases, and select cytokines via 95 

degranulation which trigger rapid and robust physiologic effects such as changes in blood 96 

flow, increased endothelial and epithelial permeability, hyper-secretion and immune cell 97 

activation and recruitment (1-6). While stress-induced MC degranulation and the associated 98 

tissue pathophysiology likely represents an critical host defense strategy to mobilize critical 99 

resources for the fight or flight response and enhance immune function, excessive MC 100 

activation can be detrimental and has been linked with the onset and severity of diseases 101 

including allergy, asthma and IBS (7-11).  102 
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The CRF system is well-established as a major stress regulatory system in the body 103 

(12)  and is composed of a family of peptides related CRF and related family of urocortins 104 

(Ucn I-III) which mediate their actions via GPCR’s CRF1 and CRF2 .  The role of the CRF 105 

system has been extensively studied in the CNS with regards to HPA axis regulation and 106 

neurobehavioral paradigms (12, 13). More recently, the CRF system has been shown to be 107 

highly active in peripheral immunological and infectious challenge conditions (14-17), 108 

suggesting an important role in immune function. Comparatively, little known about the role of 109 

the CRF system in regulating the function of specific immune cells such as the MC.  MCs 110 

express both CRF1 and CRF2 (18-20) and can synthesize and release ligands CRF and Ucn 111 

(21, 22). Pharmacological stimulation of CRF receptors on human and rodent MCs in vitro  112 

was shown to induce canonical GPCR signaling pathways, such as cAMP Ca2+ and pERK, 113 

and the selective release of de novo synthesized growth factors and cytokines (18, 19, 23), 114 

whereas CRF receptor ligands did not induce degranulation. The in vivo role of MC-115 

expressed CRF receptors has remained elusive; however, we recently demonstrated that 116 

CRF1 expressed on MCs acts as a positive modulator of stress-induced MC degranulation 117 

and associated tissue pathophysiology in response to anaphylaxis and psychological stress 118 

(22).  In the present study, we demonstrate that the complementary CRF receptor subtype, 119 

CRF2, is a negative modulator of MC degranulation and associated pathophysiological 120 

responses to immunological and psychological stressors, thus further supporting a critical 121 

homeostatic role for the MC-specific CRF system in mast cell activation and MC-associated 122 

diseases.  123 

 124 

METHODS 125 
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Ethics statement  126 

All protocols were approved by the North Carolina State University (Protocol 09-047B) and 127 

Michigan State University’s Institutional Animal Care and Use Committee (Protocol 03/15-128 

039-00).  129 

 130 

Animals 131 

Founding breeders for all mice strains were obtained from the Jackson Laboratories (Bar 132 

Harbor, ME) and were housed in accordance with guidelines from the American Association 133 

for Laboratory Animal Care and Research Protocols. C57BL/6 (Stock no. 000664) and KitW-134 

sh/W-sh mice (Stock no. 012861) used in this study were derived from homozygous breeders. 135 

Heterozygous CRF2
+/- mice (B6; 129-Crhr2tm1Jsp/J; Stock no. 010842) were purchased and 136 

bred to obtain wild-type CRF2
+/+ and knockout CRF2

-/-mice. The knockout CRF2
-/- mice have 137 

three exons, which encode for the third intracellular loop of CRF2 cytoplasmic region, 138 

replaced with a neomycin resistance cassette as described earlier (24).  Standard PCR was 139 

used to genotype and confirm WT and CRF2
-/- mice and BMMCs confirm both in house and 140 

via commercial services (GeneTyper, New York, New York) using PCR protocols published 141 

at www.jax.org. 142 

 143 

Passive systemic anaphylaxis 144 

Wildtype and CRF2
-/- female mice (8 weeks of age) were sensitized by intraperitoneal 145 

injection (i.p.) with 20 µg of IgE monoclonal anti-dinitrophenyl in 100 µl PBS. The following 146 

day, mice were challenged with 1 mg of DNP in 100 µl PBS (i.p.). The mice were constantly 147 

observed and rectal body temperature recorded for 0, 15, 30, 60 and 120 minutes post DNP 148 
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challenge (TH-5 Thermalert, Physitemp, Clifton, NJ). Mice were sacrificed at 0 min and 30 149 

min post-DNP injection for serum collection via cardiac puncture and stored at -80⁰C until 150 

serum histamine level was quantified using a commercial EIA kit (Oxford Biomedical 151 

Research). Antalarmin experiments: PSA was performed as indicated above with the 152 

additional treatment group of antalarmin-treated CRF2
-/- mice. Antalarmin (15 mg/kg) was 153 

injected (i.p.) in to male mice 15 minutes prior to DNP challenge. Mice were sacrificed 30 min 154 

post-DNP injection and plasma was collected via cardiac puncture for later histamine 155 

analysis.  156 

 157 

Histamine measurements 158 

Histamine concentrations were quantified in serum, plasma, and in cell pellets and 159 

supernatants from stimulated MC cultures with a histamine EIA kit (Oxford Biomedical 160 

Research, Rochester Hills, MI).  161 

 162 

Quantification of tissue mast cell numbers 163 

Small intestinal mesentery windows from wildtype and CRF2
-/- mice were whole mounted on 164 

glass slides and fixed with Carnoy’s fixative and stained with Toulidine blue as described 165 

previously (25). The heart and ear from the same mice were fixed in 4% paraformaldehyde 166 

embedded in paraffin, deparaffinized sections were stained with Toluidine blue. Toluidine 167 

blue stained mast cells were counted in five, non-overlapping microscopic fields at a 168 

magnification of 400x. Each filed contained tissue sections that filled the entire hpf. 169 

Mesentery mast cells were counted in at least six mesenteric widows per mouse 170 

(n=4/genotype). Prior to performing tissue counts, each slide was coded so that counts were 171 
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performed in a blinded manner. The average number of mast cells per high power field (hpf) 172 

was then calculated for each tissue and within each genotype.  173 

 174 

White Blood Cell Differential Count 175 

Blood was collected via cardiac puncture from wildtype and CRF2
-/- female mice and placed 176 

into EDTA-treated tubes (Microvette, Nümbrecht, Germany). Blood smears were performed 177 

followed by a differential white blood cell count (# basophils/100 WBCs). 178 

 179 

Ussing chamber studies 180 

Distal small intestine (ileum) was harvested from each mouse immediately after euthanasia 181 

and opened along the anti-mesenteric border. The intestinal mucosa was stripped from the 182 

seromuscular layer in oxygenated (95% O2, 5% CO2) Ringer solution (in mmol/l: 154 Na+, 6.3 183 

K+, 137 Cl-, 0.3 H2PO4, 1.2 Ca2+, 0.7 Mg2+, 24 HCO3
-; pH 7.4) and mounted in 1.13 cm2 184 

aperture Ussing chambers (World Precision Instruments, Inc., Sarasota, FL). Ileal mucosa 185 

was bathed on the serosal and mucosal sides with 10 ml Ringer’s solution. The serosal 186 

bathing solution contained 10 mM glucose, which was osmotically balanced on the mucosal 187 

side with 10 mM mannitol. Bathing solutions were oxygenated (95% O2, 5% CO2) and 188 

circulated in water-jacketed reservoirs maintained at 37°C. The spontaneous potential 189 

difference (PD) was measured using Ringer-agar bridges connected to calomel electrodes, 190 

and the PD was short-circuited through Ag-AgCl electrodes using a voltage clamp that 191 

corrected for fluid resistance. Tissues were maintained in the short-circuited state, except for 192 

brief intervals to record the open-circuit PD. Transepithelial electrical resistance (TER, 193 

measured as Ω⋅cm2) was calculated from the spontaneous PD and short-circuit current (Isc), 194 
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as previously described(26). After a 30-min equilibration period on the Ussing chambers, 195 

TER was recorded at 15 min intervals over a 1-h period and then averaged to derive the 196 

basal TER values for a given animal. After a 30 min equilibration period on Ussing chambers, 197 

FD4 (Sigma, 100 mg/ml) was added to the mucosal bathing reservoir of the Ussing 198 

chambers. After a 15 min equilibration period, standards were taken from the serosal side of 199 

each chamber and a 60 min flux period was established by taking 0.5 ml samples from the 200 

mucosal compartment. The quantity of FD4 was established by measuring the fluorescence 201 

in mucosal reservoir fluid samples in a fluorescence plate reader at 540 nm. Data are 202 

presented as the rate of FD4 flux in ng FD4.min.cm2  203 

 204 

Culture of bone marrow derived mast cells (BMMCs) and RBL-2H3 cells 205 

Bone marrow cells derived from female WT and CRF2
-/- mice of approximately 4-6 weeks of 206 

age. Isolated bone marrow progenitor cells were cultured in RPMI 1640 media (with L-207 

glutamine) supplemented with FBS (10%), sodium pyruvate (1 mM), MEM nonessential 208 

amino acids (1X), HEPES buffer (10 mM), penicillin (100 U/ml) and streptomycin (100 µg/ml) 209 

and recombinant cytokines [stem cell factor (5 ng/ml) and interleukin-3 (5 ng/ml)]. After four 210 

weeks, cultures comprised mainly of mast cells (93%) as determined by toluidine blue 211 

(Sigma-Aldrich, St. Louis, MO) staining, and flow cytometry analysis (BD LSR II, East 212 

Lansing, MI) using fluorescently labeled c-Kit (Biolegend, San Diego, CA), high-affinity IgE 213 

receptor (FcƐRI) antibodies (eBioscience, San Diego, CA) and CRF2 anti-Rabbi. Media and 214 

supplements were purchased from Corning Cellgro (Manassas, VA) and recombinant 215 

cytokines from R&D Systems (Minneapolis, MN). The rat basophilic leukemia cell MC line 216 

(RBL-2H3) were grown in MEM media with 10% fetal bovine.  217 
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 218 

Confocal immunofluorescence staining 219 

BMMCs and peritoneal mast cells were obtained from 8 week old female c57Bl/6 mice as 220 

previously described (25).  Cells were pelleted, washed once with 1x PBS, cytospun onto 221 

slides, and fixed with 4% PFA for 20 minutes at 4°C .  Slides were blocked at room 222 

temperature for 1 hour with blocking buffer (10% normal donkey serum, 0.3% Triton X-100) in 223 

1x PBS, permeabilized (0.1% triton x100), and incubated with goat anti-CRF1 (Novus 224 

Biologicals, NBP1-00175) and rabbit anti-CRF2 (Novus Biologicals, NBP100-56485) in 225 

dilution buffer at a concentration of 1:100 diluted in 1% BSA in a humidified chamber 226 

overnight at 4⁰C.  Slides were washed three times for five minutes and then incubated in with 227 

anti-rabbit-Cy3 and anti-goat-FITC secondary antibodies in dilution buffer (1:300) for 1 hour 228 

at room temperature in the dark.  Slides were washed three times for 5 minutes with 1x PBS 229 

and ProLong Diamond Antifade Mountant with DAPI (Thermo Fisher, P36971) was added 230 

prior to being cover-slipped.  Confocal images were obtained with Olympus FV 1000 confocal 231 

laser scanning microscope, (Olympus America, Center Valley, PA). 232 

 233 

β-Hex assay 234 

RBL 2H3 cells or murine BMMCs (2×106 cells/ml) were sensitized overnight at 37°C with 1  235 

µg/ml anti-dinitrophenyl (DNP)-IgE (Sigma-Aldrich) in complete RPMI medium with cytokines. 236 

The following day cells were washed and resuspended in Tyrode’s buffer and BMMCs were 237 

seeded in a 96 well plate (0.45×106 cells/well). The cells were equilibrated for an hour and 238 

stimulated with indicated concentrations of dinitrophenyl-albumin (DNP) (Sigma-Aldrich) for 1 239 

h at 37°C. For A23187 and c48/80 stimulation, unsen sitized BMMCs were stimulated for 1 h. 240 
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β-Hex activity was measured by addition of p-nitrophenol-N-acetyl-α-D-glucosaminide in 0.1 241 

M sodium citrate (pH 4.5) for 1 hour at 37°C. The r eaction was terminated with 0.1 M 242 

carbonate buffer (pH 10.0) and the absorbance was recorded at 405 nm. The percent 243 

degranulation was calculated by dividing optical absorbance of the supernatant by the sum of 244 

optical absorbance by the supernatant and cell pellet (lysed with 0.1% Triton X-100) and 245 

multiplying by 100.   246 

 247 

CRF2 over-expression and knockdown in RBL-2H3 MCs 248 

Lenti ORF clone of CRF2 (CRHR2), transcript variant 1, and mGFP tagged plasmid were 249 

obtained from Origene (Rockville, MD) (Cat No: RG222881). CRF2 shRNA clone 250 

(MSH028936-LVRU6MH) were purchased from GeneCopoeia (Rockville, MD). DH5 alpha 251 

competent cells were obtained from Invitrogen (Cat no: 18265017) and the plasmids were 252 

transfected and plated on selective antibiotic resistance LB plates according to the 253 

manufacturers protocol. After overnight incubation at 37⁰C, a single colony was picked for 254 

each individual clones and inoculated on 2.5 ml LB media containing antibiotics and kept for 255 

8 hours at 37⁰C at 200 rpm. A total of 600 µl of culture inoculum was transferred in to 300 ml 256 

of LB broth on a sterile 1 L flask with antibiotics and kept at 200 rpm at 37⁰C overnight. 257 

Plasmid was extracted and the concentration was measured according to the manufacturer’s 258 

protocol (Qiagen Cat No: 12662). 259 

Human embryonic kidney cell 293Ta lentivirus cells were seeded at a concentration of 260 

1.5x106 cells per well (6 well) and 2.5 µg of CRF2 over-expressed or CRF2 shRNA along with 261 

respective control eGFP or Scrambled shRNA plasmid control DNA were transfected using 262 

Lentiviral packaging kit (Origene Cat No: TR30022) according to manufacturer’s protocol. 263 
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After overnight incubation at 37⁰C with 5% CO2, the transfection media was replaced with 264 

normal 5% DMEM media with polybrene (1 µl of 4 mg/ml). 48h after transfection, the 265 

supernatant was collected from the 6 well plate and filtered onto a Nalgene ultracentrifuge 266 

tube and 5 ml of 20% sucrose was added into the bottom of the tube. Centrifuged at 25,000 267 

rpm for 2 hour at 4⁰C and the supernatant was discarded and the lentiviral over-expressing 268 

CRF2 plasmid or CRF2 shRNA, pellet was re-suspended with 150 µl of 4% lactose and kept 269 

on ice for 15 min and centrifuged at a high speed for 1 min. Lentiviral aliquots were stored at -270 

80⁰C until transfection. 271 

Lentivirus tittering was done and RBL-2H3 at a concentration of 2.5x105 cells were 272 

plated on a 12 well plate and grown over night. Lentivirus over expressing CRHR2 or CRF2 273 

shRNA plasmid at MOI of 40 and polybrene at a final concentration of 8 µg/ml was added in 274 

to each well and centrifuged the plate at 300 g for 60 min at 30⁰C. The plate was incubated at 275 

37⁰C for overnight and the media was replaced with 15% MEM. After 48 h of transfection, the 276 

cells were trypsinized and transferred onto T75 flasks. The RBL-2H3 over expressing CRF2 277 

or CRF2 shRNA tagged with GFP (CRF2 Over expressed) or mCherry (CRF2 shRNA) were 278 

sorted on the flow cytometry (Becton Dickinson FACSAria II, UNC, Chapel Hill, NC) based on 279 

the GFP or mCherry positive cells and multiplied and the RBL-2H3 cell aliquots were stored 280 

at liquid nitrogen for further study.   281 

 282 

CRF2 siRNA knockdown in RBL-2H3 cells 283 

Overnight grown RBL-2H3 cells were seeded at a concentration on 5x105 in a 6 well plate 284 

were transfected with CRF2 siRNA (NM-022714, sigma) or scrambled siRNA (SIC00-1, 285 

sigma) of 150 ng using Qiagen Hi-perfect transfection reagent according to its manufacturer’s 286 
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protocol. Six hours post transfection normal growth media added to each well and incubated 287 

at 37°C with 5% CO 2 for 48 hour. After the incubation, transfected cells were primed with 288 

over-night IgE or not and stimulated with 1 hour DNP or A23187 (non IgE primed) and the β 289 

hexosaminidase, histamine and calcium mobilization assay was done as described above. 290 

 291 

Human mast cell experiments with LAD2 cells 292 

LAD2 cells provided by A. Kirshenbaum (NIH, USA) were cultured in StemPro-34 (Life 293 

Technologies, Carlsbad, CA) media supplemented with StemPro-34 Nutrient Supplement 294 

((Life Technologies) l-Glutamine (2 mM) ((Life Technologies), Penicillin (100 295 

U/ml)/Streptomycin (100 µg/ml) and rhSCF (Peprotech Inc., Rocky Hill, NJ) (100 ng/ml). Cell 296 

density was kept below 0.5 x 106/ml. and half the amount of media was replaced weekly. 297 

Cells were sensitized overnight with 100 ng/ml biotinylated human IgE (US Biologicals). On 298 

the following day, cells were washed with Tyrode’s buffer to remove excess IgE and 299 

stimulated with (vehicle, 0.1% BSA in PBS), streptavidin (100 ng/ml), and 1-100 nM of human 300 

Astressin 2B (A2B) (kind gift from Jean Rivier, The Salk Institute, La Jolla, CA).  Release of β 301 

hexosaminidase was measured after 1 hour of stimulation as described above.   302 

  303 

RT-PCR 304 

Total RNA was extracted from heart tissue and BMMCs using TRIzol Reagent (Invitrogen) 305 

followed by DNase treatment and purification using the PureLink RNA mini kit (Life 306 

Technologies). cDNA was synthesized and amplified using the SuperScript® III One-Step 307 

RT-PCR System with CRF2 specific primers (5′-TCGGGCAGGGTAGGACAG-3′ and 5′-308 

CGGGCAGACGGTGACAGA-3′) designed to include the full mouse CRF2 coding region 309 
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(Sztainberg et al., 2009). Total RNA was isolated from RBL-2H3 cells using Qiagen RNAeasy 310 

kit and transcribed to cDNA using the Maxima First Strand cDNA Synthesis Kit (Thermo 311 

Fisher Scientific, Waltham, MA). CRF2 expression was determined using CRF2 specific 312 

primers (Forward Rat 1_Crhr2: ACTCTACTATGAGAATGAGCAG and Reverse Rat 1_Crhr2: 313 

TGACGATGTTGAACAGAAAC; Sigma-Aldrich). 314 

Intracellular Ca2+ measurements 315 

RBL-2H3 cells and murine BMMCs derived from WT and CRF2
-/- mice were used for this 316 

study. On the day of the experiment, cells were washed and re-suspended in calcium assay 317 

buffer. Changes in intracellular calcium in response to stimulus were detected using the Fluo 318 

4 NW Calcium assay kit (Thermo Fisher Scientific) according to manufacturer’s instructions. 319 

Briefly, cells were loaded at 37 °C for 30 min with  the fluorescent Ca2+ indicator, Fluo 4 NW, 320 

in the presence of Probenecid, followed by incubation at room temperature for another 30 321 

min. Changes in fluorescence was measured by stimulating the cells by adding different 322 

concentrations of DNP/HSA or A23187 or c48/80. Change in fluorescence was measured 323 

using the FDSS/µCELL kinetic plate reader (hamamatsu) or Fluoroskan Ascent FL microplate 324 

reader (Thermo Fisher Scientific) at 480 nm excitation and 540 nm emission. The ratio was 325 

calculated by average increase in fluorescence divided with the baseline was determined for 326 

each time point after the addition of stimulus. 327 

 328 

Store operated Ca2+ entry (SOCE) channel expression 329 

BMMC lysates were prepared by re-suspending cells in RIPA buffer (Thermo Fisher 330 

Scientific) containing protease and phosphatase inhibitors (Thermo Fisher Scientific) at 4°C. 331 

Lysates were sonicated and centrifuged at 21,000 x g for 10 min. The protein concentration 332 
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was measured using DC Protein Assay Kit (Bio-Rad). Cellular proteins were separated by 333 

SDS-PAGE and transferred to a polyvinylidene difluoride membrane. The membranes were 334 

blocked with 5% w/v BSA in Tris-buffered saline (TBS) with 0.1% Tween 20 (TBS-T) for 1 335 

hour at room temperature, washed in TBS-T, incubated with the following Rabbit Anti-Human 336 

antibodies: STIM1 (alomone labs #ACC-063;1:500 dilution), Anti-TRPC1 (alomone labs 337 

#ACC-010;1:600 dilution), Anti-Orai1 (alomone labs #ACC-060;1:400 dilution), and β-actin 338 

(cell signaling, 4970, 1:1000) diluted in 5% w/v BSA in TBS-T for overnight at 4°C or 2 hours 339 

at room temperature, and then washed with TBS-T. Subsequently, the membranes were 340 

incubated with rabbit polyclonal secondary antibody (cell signaling 7074; 1:2000) for 1 hour at 341 

room temperature, washed with TBS-T and incubated in SuperSignal West Pico 342 

Chemiluminescent Substrate (Thermo Fisher Scientific). Bands were visualized with 343 

ChemiDoc MP Imager (Bio-Rad Laboratories) and the Image Lab software (version 4.1) was 344 

used for densitometric analysis.  345 

 346 

Restraint stress model 347 

Female mice were placed in individual transparent 50 ml plastic conical tubes, modified with 348 

air holes, for a 3 h period. Control mice remained in their original home cages for 3 h without 349 

food and water to avoid confounding effects of water or feed intake during the 3 h 350 

experimental period. Following RS, mice were immediately euthanized by CO2 inhalation, and 351 

serum and ileal mucosa were collected for measurement of serum histamine and intestinal 352 

permeability, respectively. 353 

 354 

BMMC engraftment in KitW-sh/W-sh mice   355 
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Female KitW-sh/W-sh mice (8-10 weeks of age) were injected intraperitoneally with 1x107 BMMCs 356 

(suspended in 200 µl of sterile 1x PBS) derived from CRF2
+/+ (WT) or CRF2

-/- mice. At 16 357 

weeks of age (4 weeks post-engraftment), engrafted mice were sacrificed by CO2 inhalation. 358 

Intestinal mesentery window sections were harvested fixed in Carnoy’s fixative and stained 359 

with Toluidine blue to confirm engraftment of BMMCs. 360 

 361 

Statistical analysis  362 

In vivo and in vitro studies are presented as means ± SE from a representative experiments 363 

with an n=6-8 animals/treatment group (unless otherwise specified). Experimental results 364 

were repeated in a minimum of 2 independent experiments while some experiments were 365 

repeated in greater than 2 independent experiments (noted in figure legends).  Comparisons 366 

between multiple experimental groups was performed using a 1 or 2-Way ANOVA where 367 

appropriate with a Tukey’s post-test. Comparisons between two treatments were analyzed 368 

using an unpaired two-tailed t test. Values of p<0.05 were considered statistically significant. 369 

All statistical analyses and calculations were performed using GraphPad Prism 5 software 370 

(San Diego, CA, USA). 371 

 372 

RESULTS 373 

CRF2-deficiency exacerbates PSA-induced mast cell degranulation, anaphylaxis and 374 

intestinal permeability 375 

To first define the role of CRF2 in MC-associated disease in vivo, we compared MC 376 

responses and associated pathophysiology in a MC-dependent model of PSA. Compared 377 

with WT mice, CRF2
-/- mice exhibited higher (by 4.1 fold) serum histamine levels, measured 378 
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at 30 min post-PSA challenge (5017 ± 919 ng/ml and 1208 ± 235 ng/ml in CRF2
-/- and WT 379 

mice, respectively, P<0.001, Fig. 1A). In agreement with serum histamine levels, CRF2
-/- 380 

mice exhibited a greater peak reduction in body measured at 30 minutes post-DNP challenge 381 

(∆-4.55±0.85°C and ∆-6.8±0.54°C in WT and CRF 2
-/- mice, respectively, P=0.04, Fig. 1B). 382 

Measurement of cardiac blood volume reduction, an index of  systemic vasodilation and fluid 383 

extravasation induced by PSA (27, 28), was also greater in CRF2
-/- mice at 30 and 120 min 384 

post-DNP challenge, compared with WT mice (Fig. 1C), thus indicating a more severe 385 

hypovolemic shock response in CRF2
-/- mice. Intestinal permeability, measured as increased 386 

FD4 flux rate and reduced TER across ileal mucosa mounted on Ussing chambers, was 387 

greater in CRF2
-/- mice compared with WT mice 120 min post-PSA (Fig. 1D, E). 388 

Quantification of tissue MCs by Toluidine blue staining of heart, intestinal mesentery and skin 389 

showed that WT and CRF2
-/- mice had similar distributions and numbers of tissue MCs (Fig. 390 

1F-H). Further, circulating basophil numbers were similar between WT and CRF2
-/- confirming 391 

that elevated histamine levels in CRF2
-/- mice, were not due to increased basophil numbers. 392 

Given that many mast cell-dependent diseases exhibit a female sex bias and our previous 393 

studies demonstrating sex differences in mast cell responses (25), we also compared the 394 

influence of CRF2 deficiency on PSA-induced serum histamine responses in female and male 395 

mice. These studies confirmed our previous research showing that females exhibit a greater 396 

release of serum histamine compared with males, CRF2
-/- deficiency exacerbated serum 397 

histamine responses in both female and male mice (Supplemental Fig 1). Therefore, we 398 

conducted subsequent experiments in predominantly in female mice.    Together, these 399 

experiments revealed a significant in vivo role for CRF2 in IgE-mediated MC degranulation, 400 

anaphylaxis and intestinal permeability. 401 
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 402 

CRF2 expressed on MCs is a negative modulator of MC degranulation  403 

Corticotropin releasing factor receptors are widely expressed in numerous cell types, 404 

including MCs (20, 29, 30), but little is known regarding the localization or functional role of 405 

CRF2 in MC function.  Using confocal microscopy, CRF2 was found to be localized to the both 406 

the surface and intracellularly in BMMCs and peritoneal (tissue) mast cells (Fig. 2). Further, a 407 

nuclear staining pattern of CRF2 was also observed predominantly in BMMCs compared 408 

PMCs. Flow cytometry confirmed the surface expression of CRF2 in BMMCs (Supplemental 409 

Fig. 2G). CRF1 showed a different pattern of expression with a predominant surface 410 

localization in PMCs and BMMCs with some intracellular staining was observed mostly in 411 

BMMCs.   To explore the functional role of MC CRF2
-/-, we conducted in vitro degranulation 412 

assays with BMMCs derived from WT and CRF2
-/- mice.     In line with in vivo PSA studies, 413 

CRF2
-/- BMMCs exhibited exacerbated degranulation responses measured as enhanced β-414 

hex release following IgE-FcƐR1 cross-linking (Fig. 3A). Transmission electron microscopy 415 

(TEM) revealed a more activated appearance of CRF2
-/- BMMCs following IgE/DNP, 416 

compared with WT BMMCs, thus supporting β-hex data (Fig. 3D).  To determine whether the 417 

exacerbated MC degranulation responses observed in CRF2
-/- BMMCs were specific to IgE-418 

FcƐR1-mediated pathways, WT and CRF2
-/- BMMCs were also stimulated with non-IgE 419 

dependent MC stimuli including the c48/80, which acts via the G-protein coupled receptor, 420 

Mrgpb2  (31), and A23187, which acts on downstream SOCE mechanisms from intracellular 421 

(e.g. endoplasmic reticulum, ER) and extracellular stores (32).  Similar to IgE stimulus, CRF2
-422 

/- BMMCs exhibited exacerbated β-hex release in response to both A23187 and c48/80 (Fig. 423 

3 B, C). Because our previous work demonstrated that CRF1 potentiates stimuli-induced mast 424 
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cell degranulation (22), we investigated whether enhanced degranulation in CRF2
-/- BMMCs 425 

could be due to a reciprocal upregulation of CRF1 expression. Quantitative PCR showed that 426 

compared with WT BMMCs, CRF2 expression was down-regulated in CRF2
-/- BMMCs (by ~ 427 

40%) but CRF1 expression was not significantly altered (Supplemental Fig. 3 A,B). It should 428 

be noted that because the loss of CRF2 activity in CRF2
-/- BMMCs (derived from CRF2

-/- mice) 429 

is a result of a functional deletion of a c-terminal region, CRF2 is still expressed as shown in 430 

Supplemental Fig. 3A, but at a lower level than WT BMMCs.   There were no significant 431 

differences between WT and CRF2
-/- BMMCs with regards to the cellular content of β-hex 432 

content or phenotype determined by c-kit/FcƐR1 expression by flow cytometry analysis 433 

(Supplemental Fig. 2), confirming that enhanced degranulation in CRF2
-/- BMMCs were not 434 

due to an increased intracellular granule mediator content or aberrant MC phenotype.   435 

To further examine the link between CRF2 expression on MCs and degranulation 436 

responses, we transfected CRF2-plasmid into RBL-2H3 MCs to enhance CRF2 expression. 437 

We confirmed the specificity of the CRF2-over expression by qPCR which revealed and 438 

upregulation of CRF2 expression (by 6.4 Fold; Supplemental Fig. 3C) compared with the 439 

empty GFP (eGFP) plasmid, while having no significant effect on CRF1 expression 440 

(Supplemental Fig. 3D).  CRF2 over-expressed RBL-2H3 MCs exhibited suppressed 441 

IgE/DNP-mediated β-hex release (by 47%), compared with empty plasmid controls (Fig. 3E).  442 

We also knocked down CRF2 expression in RBL-2H3 MCs with CRF2-directed siRNA, which 443 

resulted in a 2-fold increase in β-hex release following IgE/DNP stimulation, compared with 444 

scrambled siRNA controls (Fig. 3F). Pharmacological inhibition of CRF2 with the selective 445 

antagonist Astressin 2b (A2B) enhanced IgE-FcƐR1-induced β-hex release in both rat RBL-446 
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2H3 and human LAD2 MCs (Fig. 5), thus confirming the genetic experiments and 447 

translational significance to human MCs.  448 

Given our previous work showing that MC CRF1 potentiates MC degranulation while in 449 

the present study CRF2 suppresses MC degranulation, we hypothesized that MC CRF1 and 450 

CRF2 might function in concert to regulate or balance MC degranulation responses. To test 451 

this hypothesis, we pre-treated CRF2
-/- mice with the CRF1 selective antagonist Antalarmin 452 

followed by induction of IgE-mediated PSA. Antalarmin significantly attenuated the 453 

exacerbated PSA-induced histamine release in CRF2
-/- mice (Supplemental Fig. 4).       454 

 455 

CRF2 negatively regulates SOCE in MCs  456 

We next explored the mechanism by which CRF2 caused suppression of stimuli-457 

induced MC degranulation. Because CRF2 was shown to negatively modulate MC 458 

degranulation induced by diverse MC stimuli that utilize upstream, receptor-dependent 459 

pathways (IgE-FcεR1, and c48/80) or downstream, receptor-independent pathways (A23187) 460 

mechanisms, we hypothesized that CRF2 was targeting a common downstream signaling 461 

mechanism utilized by MC degranulation stimuli. SOCE from intracellular (endoplasmic 462 

reticulum and golgi) and extracellular stores is essential for MC granule exocytosis and 463 

degranulation (33). Therefore, we conducted Ca2+ mobilization experiments with WT and 464 

CRF2
-/- BMMCs loaded with the Fluo 4 Ca2+ indicator dye. These experiments showed that 465 

CRF2
-/- BMMCs exhibited heightened IgE/DNP Ca2+ mobilization following IgE/DNP 466 

stimulation (Fig. 5).  Furthermore, CRF2
-/- BMMCs also exhibited heightened Ca2+ signaling in 467 

response to other MC stimuli including A23187, c48/80 and the muscarinic 3 receptor agonist 468 
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carbachol (Fig. 5) overall demonstrating the global inhibitory role of CRF2 in response to 469 

diverse MC stimuli.   470 

We next conducted similar experiments in Ca2+-replete or Ca2+-free conditions (1 mM 471 

EDTA) to determine whether the heightened Ca2+ signaling in CRF2
-/- BMMCs was due to 472 

enhanced release from intracellular stores such as the ER or via influx of extracellular Ca2+ 473 

via plasma membrane channels. As anticipated, removal of extracellular Ca2+ with EDTA 474 

significantly reduced Ca2+ signals induced by IgE/DNP in both WT and CRF2
-/- BMMCs (Fig. 475 

6A, B). However, EDTA did not ablate the heightened Ca2+ signaling in CRF2
-/- BMMCs, 476 

compared with WT BMMCs (Fig. 6B, C) indicating heightened Ca2+ release from intracellular 477 

stores in CRF2
-/- BMMCs.  CRF2

-/- BMMCs also exhibited increased expression of SOCE 478 

channels including the ER Ca2+ sensor stromal interacting molecule-1 (STIM1), and plasma 479 

membrane channels transient receptor potential canonical-1 (TRPC1) and Orai1 (Fig. 6D-I). 480 

Together these data indicate that CRF2 is a negative and global modulator of stimuli-induced 481 

Ca2+ signaling with actions on intracellular release and subsequent extracellular Ca2+ entry.  482 

 483 

CRF2
-/- mice exhibit elevated serum MC histamine and intestinal permeability in 484 

response to acute restraint stress 485 

In vitro MC culture experiments revealed that MC CRF2 exerted suppressive effects on 486 

MC degranulation induced by a diverse array of potent MC stimuli. Given these findings, we 487 

hypothesized that the global effects of CRF2 on MC degranulation, would extend to non-IgE-488 

dependent in vivo models of MC degranulation. To test this hypothesis, we compared MC 489 

degranulation responses, via measurement of serum histamine levels, in WT and CRF2
-/- 490 

mice following a 1-hour period of psychological restraint stress. Compared with WT mice, 491 
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CRF2
-/- mice exhibited higher serum histamine levels following restraint stress (97.7 ± 5.9 492 

ng/ml and 68.2 ± 7 ng/ml in CRF2
-/- and WT mice, respectively, P<0.01, Fig. 7A). We also 493 

assessed colonic permeability measured as FD4 flux rates on Ussing chambers, which 494 

showed a significantly elevated FD4 flux rate in CRF2
-/- mice following restraint stress, 495 

compared with WT mice. (Fig. 7B). Together, these data indicate that CRF2 plays a global 496 

role in controlling MC degranulation and associated tissue pathophysiology induced by 497 

diverse stressors.   498 

 499 

MC CRF2 is a negative modulator of stress-induced intestinal permeability 500 

The above experiments demonstrated an important role for CRF2 as a negative 501 

modulator of MC-dependent intestinal permeability induced by PSA and restraint stress. 502 

Further, in vitro experiments demonstrated the role of MC-specific CRF2 in the control of 503 

stimuli-induced mast cell degranulation.  We next determined the in vivo significance CRF2 504 

expressed on MCs utilizing a MC knock-in model. MC-deficient KitW-sh/W-sh mice were 505 

systemically engrafted with BMMCs derived from either WT or CRF2
-/- mice. Twelve weeks 506 

post-engraftment, mice underwent 3 h of restraint stress and colonic permeability was 507 

measured in Ussing chambers. Compared with KitW-sh/W-sh mice engrafted with WT BMMCs, 508 

CRF2
-/- engrafted mice exhibited the greater colonic permeability responses, measured as 509 

FD4 flux rates (Fig. 8A). WT and CRF2
-/- mice exhibited similar reductions in colonic TER 510 

following restraint stress (Fig. 8B). Toluidine blue staining and MC counts in intestinal 511 

mesenteric tissue confirmed an equal engraftment rate between WT and CRF2
-/- BMMCs in 512 

MC-deficient  513 

KitW-sh/W-sh mice (Fig. 8C).  514 
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 515 
DISCUSSION 516 
 517 

Stress is an important risk factor in the clinical onset and severity of important 518 

immunological disorders including allergy, asthma and functional and inflammatory GI 519 

disorders. Mast cells (MCs) play a central role in many immunological disease and have 520 

gained recognition as a critical immune effector cell in the stress response.  Mast cells are 521 

rapidly activated (within minutes) of exposure to diverse stressors including psychological, 522 

chemical and physical stressors resulting in the release of preformed granule mediators (e.g. 523 

histamine, proteases, TNF, etc.) via degranulation. Released MC mediators evoke profound 524 

physiologic effects in local and systemic tissues such as increased epithelial and endothelial 525 

permeability, neuronal activation and circulatory changes.  While stress-induced MC 526 

activation likely represents an early defense or alarm mechanism to mobilize resources 527 

necessary for the individual to response appropriately to the stressor, excessive or prolonged 528 

MC activation is harmful leading to immune dysregulation and tissue damage and 529 

exacerbation of disease. While the major mast cell stimuli have been identified; how 530 

environmental factors such as stress play a role in exacerbating or limiting MC activation 531 

remain poorly understood.  Here we demonstrated a novel function for CRF2 expressed on 532 

MCs as a negative modulator of stimuli induced MC degranulation and MC-dependent 533 

pathophysiology associated with anaphylaxis and acute psychological stress.           534 

Previous studies conducted in vitro with human and rodent MCs demonstrated that 535 

MC express both CRF1 and CRF2 receptors (22, 23) and that CRF receptor ligands can 536 

induce canonical GPCR pathways including cAMP and phoshoERK signaling (19, 22, 34). 537 

However, the precise role of the MC CRF system modulating MC function and MC-mediated 538 

disease pathogenesis has remained elusive. We recently demonstrated that CRF1 receptor 539 
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signaling in the MC is a potentiator of stimuli-induced MC degranulation and system and 540 

intestinal pathophysiology induced by PSA and psychological restraint stress (35). In the 541 

present study, our data revealed that, in contrast to CRF1, CRF2 exerts inhibitor actions on 542 

MC degranulation as loss of CRF2 activity in in MCs, via genetic or pharmacological 543 

approaches, resulted in enhanced stimuli-induced MC degranulation and exacerbated 544 

responses to PSA and acute restraint stress. Selective inhibition of CRF1 was shown to 545 

reduce PSA-induced MC responses in CRF2
-/- mice to the level of WT mice, overall indicating 546 

that MC CRF1 and CRF2 act in concert to up- and downregulate, respectively the tone of MC 547 

degranulation and resultant MC-dependent pathophysiology. Therefore, it is plausible that a 548 

disruption of MC CRF1 and CRF2 homeostasis could shift the balance between hypo- and 549 

hyper-activated MC states and ultimately disease activity.  550 

The broad inhibitory actions of CRF2 on multiple MC degranulation stimuli and in vivo 551 

models led us to hypothesize that CRF2 was targeting a common, downstream mechanism in 552 

MC degranulation. Results from the present study demonstrated that MC CRF2 expression 553 

was negatively associated with Ca2+ mobilization induced by a diverse array of MC stimuli 554 

including IgE-antigen, c48/80 and the muscarinic receptor 3 agonist carbachol. The ability of 555 

CRF2 to inhibit Ca2+ mobilization and degranulation provides supporting evidence that CRF2 556 

serves as a global regulation of MC activation. Experiments conducted under Ca2+-free 557 

conditions, further demonstrated that CRF2 negatively modulated cytosolic Ca2+ entry from 558 

intracellular stores, presumably the ER.  The precise signaling pathways by which CRF2
 559 

inhibits intracellular store Ca2+release remains to be fully defined. However, results from the 560 

present study revealed an increased expression of the ER Ca2+ sensing protein STIM1, and 561 

plasma membrane Ca2+ channels TRPC1 and Orai, which together represent the Ca2+ 562 
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regulatory channels that play essential roles in SOCE and degranulation in MCs  (33, 36).  563 

Increased expression of STIM1, Orai and TRPC1 have been associated with heightened Ca2+ 564 

mobilization and MC degranulation in food allergen-sensitized rats (37) which is in line with 565 

our findings with CRF2
-/- BMMCs.  The precise contribution of altered Ca2+ channel 566 

expression to CRF-mediated effects on Ca2+ mobilization and degranulation is unclear. 567 

Chronically elevated Ca2+ channel activity, due to genetic loss of CRF2 function in CRF2
-/- 568 

BMMCs, could lead to increase protein expression of STIM1, TRPC1 and Orai1 resulting in 569 

heightened MC activity.  However, that short-term pharmacological blockade of CRF2 and 570 

transient siRNA approaches were shown to enhance stimuli-induced MC degranulation 571 

suggests a more direct signaling event is likely involved.      572 

Confocal microscopy revealed that CRF2 was localized on the surface of the MC and 573 

intracellularly. Further, intra-nuclear expression of CRF2 was also observed. In comparison, 574 

CRF1 was localized predominantly to the cell surface of MCs with no apparent nuclear 575 

staining patterns.  Together, these finding demonstrate differential cellular localization 576 

patterns between CRF1 and CRF2 but the relationship between cellular localization and 577 

divergent functions in MC activation requires further investigation.  It has become increasing 578 

clear that a number of GPCRs target to the nuclear membrane(38) and can regulate DNA 579 

synthesis(39), transcription and gene expression (40) and histone modification(41).  To our 580 

knowledge, this represents the first evidence for differential localization of CRF receptor 581 

subtypes in MCs and further investigations will likely provide insight into the divergent roles 582 

that CRF1 and CRF2 in MC function and provide valuable insight into approaches for potential 583 

therapeutic modulation.   584 
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Precisely how the CRF receptor system is regulated to maintain MC homeostasis with 585 

regards to degranulation remains to be fully defined.  We and others have shown that MCs 586 

release CRF1/CRF2 ligands CRF and urocortin under basal and stimulated conditions (21, 587 

22), and that CRF1 and CRF2 receptors modulate stimuli-induced MC degranulation in vitro in 588 

the absence of exogenous ligands. Together, these findings demonstrate that MCs possess a 589 

functional CRF system and implicates an autocrine regulation mechanism.  Such a system 590 

could explain the ability of the MC CRF system to modulate rapid cellular signaling events in 591 

the MC such as Ca2+ mobilization degranulation events. In view of the CRF system as a 592 

homeostatic regulator of the stress response, activation CRF1 in MCs could provide 593 

immunological protection by enhancing MC degranulation and subsequent physiological and 594 

immunological responses, especially during time of acute stressful challenges. On the other 595 

hand, CRF2 activation may provide a critical homeostatic mechanism by limiting the extent of 596 

degranulation and downstream pathophysiology.  Dysfunction or imbalance of this system 597 

could lead to aberrant MC function and heightened disease states.  It has been shown in 598 

cultured MCs that CRF1 and CRF2 expression levels can be influenced by psychological 599 

stress exogenous CRF receptor ligand, Substance P and LPS (18, 20). There is also 600 

substantial evidence in humans and in animal models that CRF1 and CRF2 expression is 601 

altered under pathological conditions such as urticaria (42), colitis (15) (43) and chronic and 602 

early life  stress (44, 45).  The contribution of altered CRF receptor expression vs function in 603 

MC-associated disease pathogenesis remains to be fully elucidated. 604 

In summary, the present study highlights a novel role for CRF2 receptors expressed on 605 

MCs as negative modulators of MC degranulation in the acute response to immunological 606 

and psychological stress. Given the critical role of MCs as immune sentinels which rapidly 607 
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respond to diverse stressful stimuli, the MC CRF2 system may represent a critical control step 608 

to limit MC degranulation and disease pathophysiology.  Further understanding of the precise 609 

mechanism by which CRF2 controls MC degranulation and associated disease 610 

pathophysiology could unveil new therapeutic targets for immune diseases linked with stress 611 

and MC hyperactivity such as allergic inflammation and IBS.  612 

 613 
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 633 
 634 
Figure Legends 635 
 636 
FIG 1. CRF2 deficiency exacerbates passive systemic anaphylaxis and intestinal 637 
permeability. Wild type (CRF2

+/+) and CRF2
-/- female mice (6-8 weeks of age) were 638 

sensitized systemically overnight with IgE and challenged with either PBS vehicle (Control) or 639 
anti-IgE DNP to induce passive systemic anaphylaxis (PSA). A: Serum histamine levels were 640 
measured at 30 min post-vehicle or DNP challenge. B: rectal temperature was recorded at 0 641 
and 30 min and the change in body temperature was calculated and presented as ∆ °C.   C: 642 
Cardiac blood volume was measured at 0, 30 and 120 min post DNP challenge. D, E:  120 643 
min post-DNP challenge, ex vivo colonic permeability was measured on Ussing chambers as 644 
FD4 flux rate (D) and TER (E). F-H: Tissues from WT and CRF2

-/- mice were fixed and 645 
stained with Toluidine blue and mast cell counts were performed and presented as mast 646 
cells/hpf. G: blood basophils were counted in blood smears and expressed at the % of 647 
basophils/100 WBCs. Data are means ± SEM from a representative experiment with n=6 648 
animals per group. Experiments were repeated in n=6 (serum histamine, body temperature) 649 
or 2 (cardiac volume, mast cell and basophil counts) independent replicates. #,*symbols differ 650 
by p<0.05 using a 1-Way ANOVA (A, D); Different asterisks indicate significance determine 651 
by unpaired two-tailed t-test (B, C, E),*p<0.05, **p<0.01.  652 
FIG 2. Localization of CRF1 and CRF2 in BMMCs and peritoneal mast cells. CRF1 (Cy3 653 
Red) and CRF2 (FITC Green) nuclei (DAPI blue). z-Stack overlay images show a single plane cross 654 
section through horizontal plane (XY), sagittal plane (YZ), and coronal plane (XZ). Panels A-C) 655 
murine BMMCs. Panels D-F) PMCs. White arrow indicates the nuclear staining pattern of CRF2 656 
(Panel C).    657 
 658 
FIG 3. Genetic deficiency and overexpression of CRF2 induces divergent effects on 659 
stimuli induced MC degranulation. A: β-hex % release from IgE-sensitized WT and CRF2

-/- 660 
BMMCs stimulated with DNP (32 ng/mL). B, C: β-hex release from WT and CRF2

-/- BMMCs 661 
stimulated with A23187 (B) and c48/80 (C). D: Transmission electron microscopy analysis of 662 
WT and CRF2

-/- BMMCs stimulated with IgE/DNP. E,F: β-hex release from RBL-2H3 MCs 663 
transfected with CRF2-overexpressing plasmid or eGFP control or CRF2-siRNA.  Data are 664 
means ± SEM from a representative experiment with n=3 (bone marrow donors) per group. 665 
Experiments were repeated in n=6 (A-C) or 2 (E-F) independent replicates. *Significance between 666 
groups was determined by an unpaired two-tailed t-test,*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001  667 
 668 
FIG 4. CRF2 selective antagonism enhances mast cell degranulation in rodent and 669 
human mast cells. β-hex % release from RBL-2H3 mast cells (A) and human LAD2 cells (B) 670 
following pre-treatment with the CRF2 antagonist drug Astressin 2B (A2B) at indicated 671 
concentrations. **p<0.01 1-Way ANOVA (n=6 replicates/treatment). Experiments repeated in 672 
n=3 independent experiments. 673 
 674 
FIG 5. CRF2

-/- BMMCs exhibit exacerbated Ca2+ mobilization responses to diverse mast 675 
cell stimuli. Murine BMMCs from female mice were loaded with Fluo 4 Ca2+ indicator and 676 
stimulated with indicated MC degranulation stimuli as described in the Material and Methods 677 
Section.  Intracellular Ca2+ mobilization (presented as ∆F480/F540 or as representative 678 
traces) in response to indicated concentrations of IgE/DNP (A,E), A23187 (B,F) and c48/80 679 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

29 
 

(C,G) and Carbachol (D,H). Data shown are the means ± SE and are representative of 3 680 
independent experiments performed in triplicate. Data were analyzed using a 1-way ANOVA 681 
*P < 0.05, **P < 0.001, ***P < 0.0001. 682 
 683 
FIG 6.  CRF2

-/- BMMCs exhibit heightened intracellular Ca2+ store release and 684 
expression of SOCE channels. BMMCs derived from WT and CRF2

-/- mice were loaded 685 
with Fluo 4, and intracellular Ca2+ levels were measured following stimulation with IgE/DNP.  686 
A,B: Representative intracellular Ca2+ traces for experiments conducted under Ca2+-replete 687 
(A) or Ca2+-free (1 mM EDTA; B) conditions. C: Mean peak change in fluorescence following 688 
IgE/DNP stimulus presented as ∆ peak fluorescence. D-I: Representative Western blots and 689 
densitometry analysis for STIM1 (D, G), TRPC1 (E, H), and Orai (F, I) in WT and CRF2

-/- 690 
BMMCs. *Significance between groups was determined by an unpaired two-tailed t-test (C, 691 
G-I),*p<0.05, **p<0.01.   692 
 693 
FIG 7. CRF2

-/- mice exhibit heightened serum histamine levels and intestinal 694 
permeability following acute restraint stress. Wild type  and CRF2

-/- mice female mice (8-695 
10 weeks of age) underwent 1 h of restraint stress or housed under normal cage conditions 696 
(Control) as described in Materials and Methods. Serum histamine (A) and colonic 697 
permeability (B) was measured by ELISA following 1 h of restraint stress. Data are means ± 698 
SEM (n=8 mice/group). Data were analyzed using a 2-way ANOVA, *p<0.05, **p<0.01, 699 
#P=0.07.    700 
 701 
FIG 8. CRF2 expressed on mast cells is a critical modulator of stress-induced intestinal 702 
permeability. Mast cell deficient KitW-sh/W-sh mice were engrafted with BMMCs derived from 703 
WT or CRF2

-/- mice.  Twelve weeks post-engraftment, mice were exposed to restraint stress 704 
(RS) for 3 hours. FD4 flux rate (A) and TER (B) measured from colon mounted on Ussing 705 
chambers from WT and CRF2

-/- BMMC-engrafted KitW-sh/W-sh mice.  C: MC numbers, 706 
determined with Toluidine blue staining in intestinal mesenteric windows from WT and CRF2

-/- 707 
engrafted KitW-sh/W-sh mice. Data are means ± SEM (n=8 mice/group). Experiments were 708 
repeated in two independent studies. Data were analyzed using a 2-way ANOVA,*p<0.05.  709 
 710 
Supplemental FIG 1: Serum histamine levels in female and male WT and CRF2

-/- mice. 711 
6-8 week old female and male WT and CRF2

-/- mice were sensitized overnight with IgE (i.p. 712 
injection) and challenged with either PBS vehicle (Control) or anti-IgE DNP to induce passive 713 
systemic anaphylaxis (PSA). Serum histamine levels were measured at 30 min post-vehicle 714 
or DNP challenge. Data are means ± SEM from a representative experiment with n=7 715 
animals per group. Data were analyzed using a 2-way ANOVA,*p<0.05, ***p<0.001. 716 
Experiments were repeated in 2 independent experiments. 717 
  718 
Supplemental FIG 2: Phenotype and morphology of CRF2

-/- BMMCs. A: Representative 719 
image of 6-week old WT and CRF2

-/- BMMCs stained with Toluidine blue. B: β-hex measured 720 
in cell pellets from WT and CRF2

-/- BMMCs. C: Flow cytometry analysis of WT and CRF2
-/- 721 

BMMCs double stained for c-kit (Pacific blue-labeled cells, Y-axis) and FcƐR1 (PE-labeled 722 
cells, X-axis). E-G: Mean fluorescence intensity (MFI) analysis for c-kit and FcƐR1, and the % 723 
of c-kit/FcƐR1 double-positive cells. H: Flow cytometry analysis of BMMCs stained with 724 
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primary CRF2 antibody (right panel) or relevant isotype and secondary antibody controls (left, 725 
middle panels) as described in the materials and methods section.  726 
 727 
Supplemental FIG 3. Expression of CRF1 and CRF2 in murine BMMCs and RBL-2H3 cells 728 
CRF2 and CRF1 gene expression in murine WT and CRF2

-/- BMMCs (A,B) and in CRF2 over-729 
expressed RBL-2H3 mast cells (B,D). 730 
 731 
Supplemental FIG 4. The CRF1 antagonist Antalarmin attenuates heightened PSA-732 
Induced histamine levels in CRF2-/- mice. C57B6 WT male mice (6-8 weeks of age), 733 
sensitized overnight with IgE (20 µg in 100 ul PBS), were administered PBS (vehicle) or the 734 
CRF1 antagonist antalarmin (15 mg/kg, i.p.) 30 min prior to injection of DNP-HSA to induce 735 
passive systemic anaphylaxis (PSA). Plasma histamine levels in mice were measure at 30 736 
min post-PSA. *p<0.05 vs. all other treatment groups (1-Way ANOVA), n=5-6 mice per 737 
treatment.   738 
 739 
 740 
 741 
 742 
 743 
 744 
 745 
 746 
 747 
 748 
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FIG 1: CRF2 deficiency exacerbates passive systemic anaphylaxis and intestinal permeability
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FIG 2: Localization of CRF1 and CRF2 receptors in murine BMMCs and PMCs
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FIG 3: Genetic deficiency and overexpression of CRF2 induces divergent effects on stimuli induced MC degranulation
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FIG 4: Selective CRF2 antagonism enhances degranulation in rodent and human MCs
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FIG 5: CRF2
-/- BMMCs exhibit exacerbated Ca2+ mobilization responses to diverse mast cell stimuli
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-/- BMMCs exhibit enhanced intracellular Ca2+ store release and expression of store-operate Ca2+ entry 
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FIG 7: CRF2
-/- mice exhibited heightened serum histamine level and intestinal permeability following acute 

restraint stress
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FIG 8: CRF2 expressed on mast cells is a critical modulator of stress-induced intestinal permeability
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Supplemental FIG 1: PSA-induced serum histamine levels in female and male WT and CRF2
-/- mice
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Supplemental FIG 2: Phenotype and morphology of CRF2
-/- BMMCs
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Supplemental FIG 3: Expression of CRF1 and CRF2 in murine BMMCs and RBL-2H3 cells
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Supplemental FIG. 4: The CRF1 antagonist Antalarmin attenuates heightened PSA-Induced 
histamine levels in CRF2-/- mice




