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Abstract

Cholecystokinin (CCK) is a neuropeptide that affects growth rate in chickens by regulating 

appetite. CCK peptides exert their function by binding to two identified receptors, CCKAR and 

CCKBR in the GI tract and the brain, respectively, as well as in other organs. In mammals, CCK/

CCKAR interactions affect a number of immunological parameters, including regulation of 

lymphocytes and functioning of monocytes. Thus, food intake and growth can potentially be 

altered by infection and the resulting inflammatory immune response. It is uncertain, however, 

whether chicken express CCKAR in immune organs and cells, and, if so, whether CCKAR 

expression is regulated by pathogen derived inflammatory stimuli. Herein, we identify expression 

of CCKAR protein in chicken peripheral blood mononuclear cells (PBMC) including monocytes, 

and expression of the CCKAR gene in PBMC, thymus, bursa, and spleen, in selected commercial 

and pure chicken breeds. Further, stimulation with various types of E. coli heat-labile enterotoxins 

or lipopolysaccharide significantly regulated expression of CCKAR on monocytes in the different 

breeds. Ligation of CCKAR with antibodies in PBMC induced mobilization of Ca2+, indicating 

that CCKAR is signal competent. Injection with polyinosinic: polycytidylic acid (poly I:C), a 

synthetic analogue of double stranded viral RNA that binds Toll-Like Receptor-3 (TLR3), also 

regulated gene expressions of CCKAR and proinflammatory cytokines, in the different breeds. 

Interestingly, variations in the expression levels of proinflammatory cytokines in the different 

breeds were highly correlated with CCKAR expression levels. Taken together, these findings 

indicate that the physiological function of CCKAR in the chicken is tightly regulated in immune 
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organs and cells by external inflammatory stimuli, which in turn regulate growth. This is the first 

report CCKAR expression in immune organs and cells, in any species, and the initial observation 

that CCKAR is regulated by inflammatory stimuli associated with bacterial and viral infection.
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Introduction

Cholecystokinin (CCK) is a key regulatory neuropeptide produced mainly in the upper part 

of the intestine by a small subset of cells during feeding. While neurons expressing agouti-

related protein (AGRP) and proopiomelanocortin (POMC) in the hypothalamus are 

important in the control of appetite, CCK and CCK receptor (CCKR) interactions in the 

periphery act as a satiety feedback mechanism transmitting signals from the intestine in 

respect to the level of food intake [1-3]. In rodents, there are two types of CCKRs, CCKAR 

(also CCKR1) and CCKRB (also CCKR2) have been identified in pancreatic acini and the 

brain, respectively [4,5]. Whereas CCKAR is highly selective for binding a biologically 

active sulfated form of CCK (CCK-8), CCKBR binds sulfated, non-sulfated CCK, and 

gastrin [6]. Similar to the expression state in mammals, CCKRs are also expressed in various 

tissues in the chicken [7,8] and may perform a similar biological function. Specifically, 

CCKAR is widely expressed in tissues of chicken including the cerebellum, hypothalamus, 

small intestine, cecum, pancreas and gallbladder whereas CCKBR expression is highest in 

the brain and proventriculus. Recently, a region downstream the CCKAR gene and levels of 

CCKAR expression in nonimmune organs were implicated in variation in growth among 

various breeds, resulting in altered sensitivity to the CCK satiety signal [7].

While CCKAR expression was demonstrated in tissues and organs involved in food intake, 

control of appetite, and growth, no evidence exists in the chicken in relation to its possible 

distribution in immune organs and immune cells. This potential distribution is important to 

address since previous experiments in mammals have shown that food intake and growth 

were affected by infection and the resulting inflammatory immune response, which in turn 

control both the biological function and the expression level of CCK [9-11]. Thus, intestinal 

inflammation resulted in reduced food intake that was associated with increased expression 

of CCK [10]. On the other hand, in the chicken, pathogens or agents that mimic pathogens 

components were shown to regulate expression of proinflammatory cytokines and growth, in 

experimentally challenged animals [11-15]. Since the expression levels of CCKAR in 

nonimmune organs are likely responsible for variation in growth and body weight among 

chicken breeds [7], CCKAR expression in immune organs would presumably provide a 

target for regulation of the expression by infection and/or the resulting proinflammatory 

cytokines.

In this study, we confirmed expression of CCKAR protein in chicken PBMC including 

monocytes, and revealed that CCKAR is regulated by various types of E. coli heat-labile 

enterotoxins [specifically the B subunit of LT-I (LT-IB5), a type I heat-labile enterotoxin, and 
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the type II heat-labile enterotoxin LT-IIa holotoxin and its B subunit (LT-IIaB5)] [16-21], and 

lipopolysaccharide (LPS). CCKAR gene expression was demonstrated in various types of 

immune organs, and its level was regulated by poly I:C, a compound mimicking viral double 

stranded RNA. Poly I:C also regulated gene expression levels of proinflammatory cytokines 

which were highly correlated with levels of expression of CCKAR.

Materials and Methods

Chicken breeds

This study was conducted on commercial chicken strains, including Pearl White Leghorn, 

Red Ranger Broilers and Egyptian Fayoumi (pure breed). Birds were purchased one day old 

from Murray McMurray Hatchery, Iowa, USA. The chicks were a mix of males and females. 

Chicks were vaccinated by Marek's and Coccidia vaccines at the source. Chicks were kept in 

cages in the poultry house at Tuskegee University, College of Veterinary Medicine, AL, 

USA. Temperature in the house was maintained based on age of the bird. Starter diet and 

water were available ad libitum. The animal protocol was approved by Tuskegee University 

Animal Care and Use, and Biosafety Committees.

Reagents

Alexa Fluor 488 rabbit anti CCKAR polyclonal antibody (Bioss Inc., # bs 11514R, A488, 

USA) and biotin conjugated rabbit anti CCKAR polyclonal antibody (Bioss Inc., # bs 

11514R, USA). The bs11514R antibodies are raised against a synthetic peptide, and are 

cross reactive against mouse, rat, human and chicken CCKAR. Mouse IgG FITC antibody 

(Southern Biotech., # 0102 02, USA), and PE conjugated mouse anti chicken monocytes/

macrophages antibody (Southern Biotech., # 8420 09, USA). For calcium experiments, Fura 

Red, AM, cell permeant (Life Technologies, # F3021, USA), ionomycin (life technology # 

124222, USA) and streptavidin from Streptomyces avidinii (Sigma Aldrich, # S4762, USA) 

were used. For cell culture, RPMI 1640 medium modified with 20 mM HEPES (Sigma # 

H0887, USA) and 200 mM L glutamine (Sigma # G7513, USA), penicillin/streptomycin 

(Sigma # P4333, USA), β-mercaptoethanol (Sigma # M6250, USA), HyClone™ fetal 

bovine serum (FBS) (Life Science, # SH30396.03, Canada), and Hanks’ Balanced Salt 

Solution (Sigma # H8264, USA) were employed. For harvesting cultured PBMC, Trypsin/

EDTA solution (Sigma, # T4049, USA) was used. For RNA extraction from tissue and 

PBMC, TRI Reagent (TRI Reagent, Sigma, # 93289, USA), and Histopaque® 1077 (Sigma, 

# 10771, USA) were used. For conventional PCR, Taq PCR Master Mix (2X) (QIAGEN, # 

201443, USA), Gelpilot Mid-Range Ladder (100) (QIAGEN, # 239135, USA), Gelpilot® 

DNA loading Dye, 5x (QIAGEN, # 239901, USA) and Agarose (Biomatik, # A2127, USA). 

For qPCR analysis, RT2 HT First Strand Kit (QIAGEN, # 330411, USA) and RT2 SYBR 

Green ROX qPCR Mastermix (QIAGEN, # 330520, USA), and molecular biology water 

(non Diethylpyrocarbonate (DEPC) treated, DNAse, RNAse and protease free) (Sigma# 

W4502) were used. For injection, poly (I:C) (InvivoGen, # tlrl pic, USA) was used. For 

stimulation of PBMC, lipopolysaccharide (LPS) from E. coli 0111:B4 was purchased from 

Sigma Aldrich (USA). Recombinant E. coli heat-labile enterotoxin B subunits (LT-IB5) 

expressed in the yeast Pichia pastoris (Sigma-Aldrich, >90% pure), and highly purified 

recombinants LT-IIa, and LT-IIaB5 were used. Recombinant preparation of the B-subunits of 
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LT-II were obtained from E. coli and purified to >90% by affinity chromatography using a 

His Bind resin column and gel filtration chromatography [22-24].

Primers

Conventional PCR primers and the β-actin primer (Table 1) were designed using Geneious 

R8 and Primer Blast NCBI, respectively. The amplification of the correct amplicon was 

confirmed by the sequence and alignment using Sequences Nucleotide BLAST NCBI. For 

qPCR primer assays (Table 1) were purchased from QIAGEN.

Isolation of PBMC

Blood was collected into tubes containing EDTA from the jugular vein under sterile 

conditions. Blood was diluted with equal volume of phosphate-buffered saline (PBS, pH 7.4) 

and layered onto equal volume of Histopaque®1077. The suspension was spun down by 

centrifugation at 400 xg for 30 min at Room Temperature (RT). After centrifugation, the 

upper layer was carefully aspirated and discarded. The opaque interphase, containing 

PBMC, was carefully transferred with Pasteur pipette into clean sterile conical centrifuge 

tubes. After addition of PBS, cells were spun down for 10 min at 400 xg. The supernatant 

was aspirated and discarded. Washing was repeated twice before suspending the cells in 

PBS.

Assay for effects of toxins on PBMC

PBMC were harvested from pooled blood samples from 3 birds from each breed. PBMC (1 

× 106) were incubated with 5 μg/ml and 2.5 μg/ml LT-IB5 and LT-IIaB5, respectively. LT- IIa 

was used at pre-optimized dose of 100 ng; LPS was used at a concentration of 1 μg/ml. 

Untreated cells (medium) were included as a control. After 24 h incubation at 37°C, the 

medium was removed and retained for subsequent analysis. The remaining cells were 

harvested from the plate by Trypsin/EDTA, and washed with PBS. To minimize unspecific 

binding of antibodies to cells, 1% FBS was added to cells in 200 μl PBS containing 0.5% 

FBS and 0.01 % NaN3. After adding anti CCKAR antibody (1/50) and anti-monocytes 

KUL01 (1/400), the mixture was incubated on ice for 50 min, and analyzed by flow 

cytometry (Becton Dickenson, FlowJo software. Tree Star, OR). Controls included unlabeled 

cells and cells stained with Mouse IgG FITC antibody as a negative control for the FIITC 

anti-CCKAR antibody.

Assay for mobilization of calcium in PBMC

PBMC from 3 broilers and 3 layers were each pooled and stimulated in vitro overnight with 

LPS to increase CCKAR expression, as shown above (Figure 1), or left unstimulated. LPS-

untreated cells (medium) were included as control. To increase CCKAR expression, cells 

were stimulated with 1μg/ml LPS before analysis of the calcium response was performed. 

Cells at 5 × 106/ml were loaded with pre optimized concentration of Fura Red/AM (4 μg/ml) 

in Hanks Balanced Salt Solution, which contains Ca+2, in the presence of 5% FBS. Cells and 

dye were incubated for 45 min at 37°C. After washing, the cells were aliquoted to 1 × 

106/0.5 ml buffer and rested for 30 min at RT. Cells were then pre-incubated with biotin 

conjugated anti-CCKAR (1/50) for 5 min at 37°C and immediately transferred to flow 
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cytometer for analysis. A baseline measurement was obtained for the first 25 s, after which 

streptavidin was added at 10 μg/ml, and the acquisition continued for the total duration of 3 

min. Positive and negative controls included ionomycin added at 2 μl from 3 mM 

reconstituted solution, and cells incubated with the antibody or streptavidin alone, 

respectively.

Sample collection

For tissue collection, birds of 20 day old were euthanized by terminal exposure to CO2. For 

collection of PBMC, birds were bled by the heart puncture after death for RNA isolation. 

Tissue samples were collected from Bursa of Fabricius, thymus, and spleen. The body 

weight of each bird was recorded before euthanasia and collection of samples. Tissue 

samples were placed in 1.5 ml Eppendorf tubes, immediately frozen in liquid nitrogen, and 

stored at −80°C until processed in the laboratory.

RNA isolation and reverse transcription

Total RNA was extracted from 30-50 mg of tissue by the TRI reagent, pelleted and eluted in 

RNase free water. The integrity of the RNA was examined by gel electrophoresis and the 

concentration was measured by Nano drop ND1000 (NanoDrop Technologies Inc., 

Wilmington, USA). Two μg of RNA sample was reverse transcribed using the RT2 HT First 

Strand Kit. The cDNA product was verified by conventional PCR using CCKAR primers, 

and analyzed by agarose gel electrophoresis.

Conventional PCR

Three primers were designed to flank exon 1, 2, 3, 4, and 5 of CCKAR gene. Four μl of 

cDNA, 12.5 μl Taq Mastermix, 0.5 μl of foreword and reverse primers (10 μM), and 

molecular biology water were added to a total volume of 25 μl. Thermal cycling conditions 

were: an initial denaturation at 95°C for 3 min, followed by 45 cycles of 95°C for 30 s, 

annealing for 30 s at temperature according to the primer (see above), extension at 72°C for 

50 s, and final extension at 72°C for 5 min. The amplified products were examined by gel 

electrophoresis, sequenced, and aligned in the data base.

Real time PCR

CCKAR, β-actin, GAPDH, IL1-β, IL-6, IFN-γ specific primers were used to amplify the 

gene products. For this purpose, 1 μl of cDNA, and Real time PCR kits [RT2 SYBR Green 

ROX qPCR Mastermix (2) (QIAGEN) were used. Amplification was carried out by using 

CCKAR primer assay (QIAGEN), and duplicate samples for each tissue from four birds and 

from each breed. Samples from two replicates were analyzed using MxPro QPCR software. 

The thermal cycling conditions were: initial denaturation at 95°C for 10 min, followed by 45 

cycles at 95°C for 15 s, annealing/extension for 1 min at 60°C. DNA produced by Real time 

PCR reactions was resolved on a Stratagene 300 P Real time PCR system (Agilent 

Technologies, USA). Assays were analyzed using MxPro QPCR software (Agilent 

Technologies, USA). CT values for each sample were determined and used in the calculation 

of “fold change” based on the Livac method [25], mRNA expressions for each tissue were 

normalized using β actin and GAPDH.
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Poly I:C injection and its effects on CCKAR and cytokines gene expression levels

20 days old birds were injected with poly I:C (100 μg/kg bwt). 10 birds from each breed, 

were injected IP with Poly I:C (100 μg/kg bw). Four additional birds from each breed were 

injected with PBS (controls). Tissue samples were collected after 24 h from all organs. Total 

RNA was extracted and Real time PCR analysis was performed as described above.

Statistical analysis

Statistical analysis of the data was performed using GraphPad Prism 6 software (GraphPad 

software Inc.). One-way ANOVA was used to examine the breed effect on CCKAR 

expression. Two-way ANOVA was used to examine the breed and organ effects on CCKAR 

expression. For statistical significance between breeds, one-way ANOVA was followed by 

the unpaired t-test, and two-way ANOVA was followed by the Holm Sidak method. Linear 

regression analysis was performed to determine the association between expressions of 

CCKAR and cytokines.

Results

Stimulation of chicken PBMC by toxins significantly increases CCKAR protein expression

CCK/CCKAR interactions in mammals or their derived cells have been shown to affect a 

number of immunological parameters, including regulation of lymphocytes and monocytes 

function [26-28]. However, there is no evidence in chicken how CCKAR expression is 

regulated by external stimuli including infectious agents and their products. Since the 

immune response, particularly the inflammatory response to infectious agents may have 

dramatic consequences on appetite and growth we examined the effect of a set of bacterial 

toxins on protein expression of the CCKA receptor in PBMC and on the surface of 

monocytes in different breeds of chicken.

Figure 1 shows CCKAR expression in unstimulated (medium) and stimulated PBMCs. 

Following stimulation with LPS, LT-IB5, LT-IIaB5, and LT-IIa, for 24 h at 37°C, cells were 

labelled with FITC anti CCKAR and the chicken monocyte/macrophage KUL01 Abs, and 

analyzed by flow cytometry. The data in Figure 1A is showing the percentage of treated 

PBMC including monocytes expressing CCKAR. CCKAR expression increased in all 

breeds compared to cells incubated with the medium alone. However, the noticeable increase 

in CCKAR expression is shown in the commercial layers and broilers compared to the pure 

breed Fayoumi, when treated and untreated cells were compared. For statistical analysis and 

to minimize bias effects of one treatment, the added effects of all inflammatory mediators 

(minus medium) were calculated (Figure 1B). This was statistically highly significant in the 

formers (One-way ANOVA, p=0.01 for broilers and p=0.001 for layers) compared to the 

Fayoumi breed. A representative contour double staining analysis of the cells from one 

experiment is shown (Figure 1 supplement). As shown, compared to medium, the toxins and 

especially LPS increased the number of cells expressing CCKAR in PBMC. Further, LPS 

had notable stimulation effect on monocytes in layers and broilers but no effect in the 

Fayoumi.
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Because the effects of the holotoxin, B subunits and LPS could also result in an increase in 

the level (rather than number) of CCKAR on cells that already express detectable amount of 

the receptor, we performed histogram analysis of the data in which traces of stimulated and 

unstimulated cells were superimposed. An increase in the mean fluorescence intensity was 

then recorded. The overall effect in Figures 1C and 1D show similar patterns to those in 

Figures 1A and 1B, noticeably an increase in the level of CCKAR in the commercial breeds 

compared to Fayoumi. The added effects of PBMC stimulation by all bacterial toxins (minus 

medium) was also statistically significant or nearly significant in the formers (One-way 

ANOVA, p=0.02 for layers and p=0.05 for broilers).

Chicken CCKAR is a signaling competent receptor on PBMC

To ensure that CCKAR on PBMC is functional, the ability of anti CCKAR antibody to 

induce mobilization of calcium was investigated (Figure 2). Calcium ions (Ca2+) are 

universal intracellular messengers that control a variety of different physiological processes 

in the cells such as neurotransmitters release, muscle contraction, cell proliferation, gene 

transcription, etc. [29-31]. In immune cells, elevation of calcium is generally an indication of 

cell activation.

The capacity of the cells to flux Ca2+ was initially evaluated by adding ionomycin, an 

effective ionophore that raises intracellular Ca2+ levels (insert in Figure 1). Cells stimulated 

with LPS in the absence of anti CCKAR ab were taken as a base level of fluorescence 

(Figure 2). Ligation of LPS-stimulated cells with anti CCKAR antibody followed by 

streptavidin induced mobilization of Ca2+ (decrease in fluorescence is a property of Fura 

Red in loaded cells with the dye). However, even in the absence of prior LPS stimulation, 

ligation of CCKAR by the antibody and streptavidin induced a similar decrease in the level 

of fluorescence. Addition of streptavidin alone or anti CCKAR antibody without ligation 

with streptavidin did not induce mobilization of calcium. These results demonstrate that anti 

CCKAR antibody induces mobilization of Ca2+ in chicken PBMC suggesting that chicken 

CCKAR is signaling competent.

Chicken CCKAR is expressed in immune organs and PBMC in different breeds

Having demonstrated CCKAR protein expression on monocytes and PBMC, mRNA gene 

expression was then examined in PBMC and in several immune organs including the bursa, 

thymus, and spleen. Since maturation of the bursa and its maximum size occurs between 2 to 

4 weeks after hatching, an event that is also mimicked by the development of the thymus, 

conventional PCR followed by Real time PCR analysis of CCKAR gene expression were 

performed in 20 days old chicks from each breed. Conventional PCR (Figure 3 

supplementary material) was performed as an initial screening for CCKAR gene expression 

in chicken immune organs before qPCR analysis. RNA was extracted from different tissues 

and from PBMC and reverse transcribed into cDNA. This was further used in PCR and real 

time PCR. For each procedure, specific primers were used for amplification (Table 1).

Amplification of CCKAR gene in PBMC, spleen, bursa and thymus in tissues and cells 

isolated from the layers are shown (Figure 3, supplementary material). A similar DNA 

profile was obtained from a transcript analysis of the other two breeds (data not shown). The 
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product size from Exon 1 was 559 bp; Exon 2, 3 and 4 sizes were 417 bp, and Exon 5 size 

was 413 bp. The amplicons were subsequently sequenced and aligned on the database to the 

CCKAR gene sequence. An alignment match of 99% was present. This is the first report that 

demonstrates the presence of the CCKAR gene message in chicken PBMC, bursa, spleen 

and thymus.

To address expression level of the CCKAR gene, Real time PCR was performed, and levels 

were compared in different breeds (Figure 3). While differences in CCKAR expression in 

PBMC and the immune organs were not statistically significant between broilers and layers, 

expression was significantly higher in Fayoumi compared to the other breeds (Two-way 

ANOVA, p<0.01 and p<0.001 compared to layers and broilers, respectively). This is shown 

by the significantly lower value of ΔCT (Figure 3). There was no effect of the organs on 

CCKAR expression in the different breeds (Two-way ANOVA, p>0.05). These results 

demonstrated that CCKAR was expressed in multiple immune organs and in PBMC, and 

that the levels of expression varied among breeds.

Poly I:C injection regulates CCKAR and cytokines gene expressions in immune organs 
and PBMC

Inflammatory mediators such as bacterial toxins can influence expression of CCKAR 

(Figure 1). We further examined how poly I:C, a synthetic analogue of double stranded 

RNA, that binds TLR3 and induce production of proinflammatory cytokines, regulates 

CCKAR and cytokines gene expressions in immune organs and in PBMC (Figure 4). Twenty 

day old chicks were injected with 100 μg/kg bwt of poly I:C. Control birds were injected 

with PBS only. RNA was extracted from the different tissues and from PBMC and reverse 

transcribed. Real time PCR was performed in samples containing cDNA from each tissue.

The injection of poly:IC increased the level of expression of CCKAR in all immune organs 

in the broilers and layers chicks, whereas a decrease in expression was noticeable in all 

organs in the Fayoumi with the exception of the spleen in an increase occurred. The breeds 

and the organs effects on the level of CCKAR expression were statistically significant (Two-

way ANOVA, for breeds p<0.0001; for organs p<0.05). There was also significant effect of 

the interactions between organs and breeds on CCKAR expression (p<0.05). The difference 

in CCKAR expression levels between layers and Fayoumi were statistically significant in the 

bursa, thymus and PBMC, but not in the spleen (Two-way ANOVA, p<0.001 for the bursa 

and thymus, and p<0.01 for PBMC) (Figure 4A). Further, the difference in the expression 

level between broilers and Fayoumi were statistically significant in the spleen, thymus and 

PBMC, but not in the bursa (Two-way ANOVA, p<0.001 for thymus and PBMC, and p<0.05 

for spleen). Finally, CCKAR expression level was significantly different in the broilers 

compared to the layers, but only in the spleen (p<0.05). Thus poly I:C injection differentially 

regulated CCKAR expression in the different breeds; it downregulated expression in 

Fayoumi, in the bursa, thymus and PBMC, while it increased expression level in the layers 

and broilers in these organs. In the spleen, however, poly I:C increased the expression of 

CCKAR in all breeds.

To determine if expression of CCKAR was correlated with expression of inflammatory 

cytokines, we also measured the expression of IL-1β, IL-6 and IFN-γ in various tissues in 
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the different breeds. Figure 4B shows effects of poly I:C injection on the expression level of 

inflammatory cytokines in the different immune organs, and for each breed. Because there is 

no reported known function of inflammatory cytokines in the thymus, this organ was not 

analyzed.

For IL-1β, there was significant effect of the breed, the organs, and both on this cytokine 

(two-way ANOVA, p<0.05 for the breed; p<0.0001 for the organs; p<0.0001 for both). 

Analysis of IL-1β expression in the bursa revealed significantly higher expressions in 

Fayoumi compared to layers and broilers (Two-way ANOVA, p<0.001 compared to layers 

and p<0.05 compared to broilers). On the other hand, in the spleen, IL-1β was 

downregulated in the broilers and Fayoumi while it was significantly increased in the layers 

(p<0.001 and p<0.01 compared to Fayoumi and broilers, respectively). In PBMC, IL-1β was 

downregulated in all breeds. Thus, in Fayoumi poly I:C injection significantly increased 

expression of IL-1β in the bursa, and downregulated the expression in the spleen and PBMC. 

Further, with the exception of a significant increase of IL-1β expression in the spleen, in the 

layers, expression levels in the bursa and PBMC in the layers and broilers were either not 

significant or are downregulated.

For IL-6, there was significant effect of the breed, the organs, and both on this cytokine 

(two-way ANOVA, p<0.0001 for each). Poly I:C injection increased its expression in the 

bursa in all breads. However, this was not significantly different among the breeds. Further, 

poly I:C downregulated IL-6 expression in the spleen in the layers whereas its expression 

was significantly higher in Fayoumi compared to layers (p<0.001). In PBMC, poly I:C 

injection downregulated expression of IL-6 in the broilers and layers whereas in Fayoumi 

this was significantly higher (p<0.001 and p<0.01, respectively). Thus, in Fayoumi poly I:C 

increased expression of IL-6 in the bursa, spleen and PBMC. On the other hand, in the layers 

and broilers, the expressions were downregulated or were no significant, except in the bursa 

where IL-6 expression is increased.

For IFN-γ, there was significant effect of the breed, the organs, and both on this cytokine 

(two-way ANOVA, p<0.0001 for the breed; p<0.01 for the organs; p<0.01 for both). The 

general trend was little or downregulation of the expression in the layers and the broilers 

while IFN-γ expression was significantly higher in Fayoumi in the bursa, spleen and PBMC 

compared to broilers (p<0.05 in the bursa, p<0.05 and p<0.01 in the spleen, and p<0.001 in 

the PBMC). IFN-γ expression in the Fayoumi was also significantly higher compared to the 

layers, but only in the spleen (p<0.001).

In conclusion, poly I:C injection regulated, though variably in different breeds, expression 

levels of CCKAR and inflammatory cytokines in immune organs. Nevertheless, most of the 

increases in cytokines expression occurred in Fayoumi while CCKAR expression level in 

this breed decreased. A similar inverse relationship trend may be applied to the layers and 

broilers wherein no significant effect, or a decrease in cytokines expression levels, was 

associated with an increase of those of CCKAR.
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Variations in the expression levels of inflammatory cytokines are predicted from those of 
CCKAR in immune organs

To better visualize the directions of CCKAR and cytokines expressions in the bursa, spleen 

and PBMC, in each breed, a summary graph depicted from Figure 4 is shown (Figure 5A).

For linear regression analysis of the expressions (Figure 5B), the question posed in the test 

was “what would best predict variations in the level of each or combination of the cytokines 

from CCKAR expression levels in each organ following poly I:C injection”?. The r2 value, a 

measurement of the linear relationship between these 2 parameters, and the p value set at 

90% confidence level, are reported.

In the layers, a significant association was found between the level of CCKAR expression 

with each of those of the IL-6 and IFN-γ in PBMC (p<0.1, and p<0.001, respectively). 

Additionally, a significant association occurred when the added effects of multiple cytokines 

was analyzed. Thus, CCKAR expression level was associated with IL-1β+IL-6, IL-1β+IFN-

γ, and with all 3 cytokines, in the bursa (p<0.1, p<0.1 and p=0.05, respectively). In PBMC, 

CCKAR expression level was also associated with the combined levels of the 3 cytokines 

(p<0.01).

In the broilers, a significant association was only found in the bursa. In this case, the trend of 

CCKAR gene expression was associated with IL-1β, IL-1β+IL-6, IL-1β+IFN-γ, IL-6+IFN-

γ and with all 3 cytokines (p<0.01, p<0.01, p<0.01, p<0.1, and p<0.01, respectively).

In the Fayoumi, an association between CCKAR and cytokines expression levels was found 

only in the spleen and PBMC. In the spleen, this was significant for each of IL-1β and IFN-

γ (p=0.1 and p<0.1, respectively); IL-1β+I-6 (p<0.1); IL-1β+IFN-γ (p<0.1); IL-6+IFN-γ 
(p<0.05); and with all 3 cytokines (p<0.01). On the other hand, in PBMC, a significant 

association was found with IL-6 (p=0.1); IL-6+IFN-γ (p<0.05); and all 3 cytokines (p<0.1).

In summary, expression levels of inflammatory cytokines could be predicted from the levels 

of CCKAR expressed in immune organs and PBMC. Noteworthy, the strongest association 

between these 2 parameters in all breeds was evident in the combined expressions of IL-1β
+IL-6+IFN-γ. Nevertheless, good associations could also be found with single cytokines or 

a mix of 2 cytokines. It should be noted that a similar regression analysis in which cytokines 

were chosen as a fixed parameter with variable CCKAR expression levels resulted in a 

similar linear relationship (not shown). These results support statistically significant 

association between expression of CCKAR and the proinflammatory cytokines, following 

poly I:C injection.

Discussion

In this paper, we postulated that CCKAR expression in the chicken extends beyond organs 

directly involved in the control of appetite and growth, and includes immune organs and 

cells. We moreover hypothesized that external pathogen derived stimuli and endogenous 

cytokines regulate CCKAR expression level. These notions were confirmed by our data. We 

demonstrate that CCKAR protein is expressed in PBMC and is a competent signaling 
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receptor. Further, inflammatory stimuli such as bacterial toxins and LPS, and poly I:C, 

regulate CCKAR protein level, and its message is detected in PBMC, spleen, bursa, and 

thymus, respectively. Moreover, poly I:C regulates expression of proinflammatory cytokines 

in those organs in the different breeds examined. Finally, an association between expression 

levels of CCKAR and those of cytokines is demonstrated.

A large number of studies in mammalian species addressed the role of CCK in mediating 

satiety signal feedback in unchallenged animals. Moreover, the effects of pathogens and 

inflammatory agents on CCK level, food intake, and growth have also been examined. Thus, 

CCK had pleiotropic effects on mammalian immune cells, including suppression of B cell 

costimulatory molecules, maturation of dendritic cells, murine macrophages, human 

neutrophils, and proinflammatory cytokines [10,28,32-35]. These studies highlighted the 

crosstalk between pathogens, CCK, and the immune system.

In the chicken, on the other hand, there is a lack of understanding of the mechanisms 

involved in the crosstalk between CCK, pathogens and the immune response [14,36,37]. 

Because the expression level of CCKAR on various cells could affect the physiological 

function of CCK and its outcome, studies that investigate CCKAR expression in challenged 

and unchallenged animals would be of great importance. Recently [7], addressed the role of 

a region downstream the CCKAR gene, and levels of CCKAR expression in nonimmune 

organs. These were reported responsible for variations in growth among chicken strains, 

resulting in altered sensitivity to the CCK satiety signal. Thus, by using 16 generations of 

cross between fast and slow growing strains of chicken, a region downstream the CCKAR 

gene was responsible for up to 19% difference in body weight. Moreover, when levels of 

CCKAR mRNA were measured after injection of CCK, these were lower in the high growth 

compared to the low growth strains whereas it was intermediate in the heterozygotes. These 

results have been interpreted in light of the modern changes in appetite introduced in the 

domestication of chicken.

To address the possible crosstalk between pathogen derived stimuli, CCKAR, and cytokines, 

we selected 3 breeds that represent high growth broilers (Red Ranger Broilers), relatively 

low growth layers (Pearl White Leghorn) and a pure breed (Egyptian Fayoumi). The pure 

breed Egyptian Fayoumi is generally well known for its resistance to disease [38,39], as 

such would be ideal to compare the effects of those stimuli on CCKAR expression levels in 

this breed with the other two breeds. Figure 1 shows comparative CCKAR protein 

expression data of the 3 breeds as a result of stimulation of PBMC with various forms of E. 
coli - labile enterotoxins and LPS. In this regard, LT-IIa, LT-IIaB5, and LT-IB5 bind to 

ganglioside receptors expressed on surface of immune cells, and induce signals resulting in 

activation of antigen presenting cells (including monocytes), T cells, and secretion of 

cytokines [16-21]. The results in Figure 1 clearly show a striking difference in CCKAR 

protein expression among the different breeds after stimulation. The most notable is the 

significantly lower expression of the receptor in Fayoumi compared to the other 2 breeds. 

Considering that LT-IB5, LT-IIa, LT-IIab5, and LPS each binds to a different receptor; GM1, 

GD1b, a complex of GD1b and TLR2, and TLR4, respectively [16,20,22], this result is a 

strong indication of CCKAR low expression and unresponsiveness to these bacterial stimuli 

in the Fayoumi birds. Conversely, in the broilers and layers, signaling pathways involved in 
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the response to LPS and the enterotoxins appear to intersect with those involved in the 

upregulation of CCKAR. CCKAR is a G protein-coupled 7-transmembrane spanning 

receptor. Further experiments addressed CCKAR signaling competence in PBMC (Figure 

2). Ligation of CCKAR with specific antibody induced mobilization of calcium. This result 

is consistent with those in the mammalian counterpart where CCKAR signals involved a 

number of pathways that ultimately generate calcium, NF-kB and PKC [6].

Having demonstrated CCKAR protein expression in PBMC, we hypothesized that CCKAR 

is expressed in immune organs such as the spleen, bursa and thymus, as well as in PBMC. 

The data from Figure 3, using both PCR and Real time PCR, demonstrated the presence of 

the gene message in those organs and in PBMC. CCKAR normal expression in the Fayoumi 

birds was significantly lower compared to the broilers and layers, consistent with its protein 

expression, at least in monocytes in PBMC (Figure 1). In this regard, the expression of 

receptors other than CCKAR on immune cells which are involved in the control of food 

intake at the hypothalamic level is documented in mammals. For example, a previous report 

indicated that immune cells expressed leptin and ghrelin receptors on human T lymphocytes 

and monocytes by which they exert mutually antagonistic effects on the secretion of 

proinflammatory cytokines [40]. Similarly, in a mouse model of induced inflammation, 

CCKAR antagonist restored food intake that was dependent on CD4+ T cells and IL-4Rα 
[10].

Further indication of the influence of agents that produce proinflammatory cytokines on 

CCKAR expression is shown in Figure 4 and Figure 5. Poly I:C is a synthetic analogue of 

double stranded viral RNA that binds TLR3, and induce chicken proinflammatory cytokines 

including IL-1β, IL-6, and type 1 IFN-s [41,42]. Poly I:C was also reported to act 

synergistically with CpG-ODN (binds to TLR21 the avian equivalent to mammalian TLR9) 

to increase the production of NO and expression of inducible nitric oxide synthase [41] and 

the magnitude of IFN-y and IL-10 mRNA [43]. These results indicated that that CpG-ODN 

and poly I:C synergize to promote a Th1-biased inflammatory. Further, the synergistic 

effects of CPG-ODN and poly I:C was evident in stimulation of IL-4 and IL-10 suggesting a 

feedback mechanism to the inflammatory Th1 response to these agonists [43]. Nevertheless, 

stimulation by each of these agonists alone resulted in differential outcomes of cytokines 

expression [43].

In the current study; however, it was unclear whether the injection of poly I:C regulated 

other factors which may be implicated in the increase of CCKAR expression. One 

possibility is that poly I:C induced expression of proinflammatory cytokines that acted on 

cells expressing CCKAR. Analysis of the expressions of IL-1β, IL-6 and IFN-γ revealed 

that most of the increases in cytokine expressions appeared to occur in the Fayoumi birds, 

while at the same time CCKAR expressions decreased in those shown organs (Figure 4B). 

Nevertheless, in the Fayoumi in the spleen CCKAR expression increased and IL-1β 
decreased. Similarly, in PBMCs, CCKAR expression decreased while IL-1B expression 

decreased. The increase in proinflammatory cytokines concomitant with a decrease in 

CCKAR expression in this breed may be responsible for its reported resistance to disease 

[38,39,44], and is consistent with the CCK inhibitory function in mammalian immune cells 

[10,11,34]. A similar inverse trend between CCKAR expression and those of some 
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proinflammatory cytokines is shown for the layers and broilers (Figure 5A). However, in this 

case, except for IL-1 in the spleen, the increases in the level of cytokines were either 

minimal or their levels were downregulated suggesting the possibility that these two breeds 

are less able to fight some pathogen insults, represented here by poly I:C, compared to the 

pure Fayoumi breed. Moreover, the presence of an association between CCKAR expression 

levels and those of proinflammatory cytokines following poly I:C injection (Figure 5B) 

suggests their mutual regulation.

Analysis of the effects of organs on normal CCKAR expression showed no statistical 

significance (Figure 3B) whereas after injection of poly I:C both the breed and organs had 

significant effects on the levels of expression of CCKAR and cytokines (Figure 4). Although 

there was a variation in how each of the immune organs and breeds influenced the level of 

expression, nevertheless this study highlights the importance of the breed and immune organ 

in considering future challenge experiments that address chicken growth. For example, areas 

of future investigation will be the type and role of cells that express CCKAR in determining 

outcome of cytokine expression in these organs, and whether CCKAR expression affects 

expression of other cytokines that may play an important role in stimulating chicken growth 

or their immunity against microbial challenge. Moreover, similar investigation of CCKAR 

expression in immune organs in other species may point out to evolutionary conservative 

traits.

In conclusion, the results in this study demonstrate expression of CCKAR in immune organs 

and cells in a variety of selected breeds of chicken. CCKAR in PBMC, and presumably in 

the spleen, bursa and thymus, is signaling-competent. CCKAR is regulated in these organs 

by the selected external bacterial and viral stimuli. Further, the association between CCKAR 

and proinflammatory cytokines suggests that CCKAR expression is tightly regulated by 

these pathogen stimuli. The sensitivity of CCKAR expression appears to vary among the 

different chicken breeds. The results implicate the involvement of immune organs in the 

regulation of CCKAR expression by agents that induce proinflammatory cytokines.
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Figure 1. 
Stimulation of chicken monocytes significantly increases CCKAR protein expression. 

PBMC were cultured with the E. coli enterotoxin LT-IIa or the B-subunit of LT-I and LT-II 

(LT-IB5 and LT-IIaB5, respectively), or LPS. Cells were harvested, and labelled with FITC 

anti-CCKAR and PE anti-KUL01 (for monocytes) and analyzed by flow cytometry. The 

percentage of cells expressing CCKAR was determined by gating out low FSC/high SSC 

cells (dead cells) [17] and platelets, and by gating on CCKAR+ and KUL01+cells. The total 

number of cells expression CCKAR (Figure 1A) and Mean Fluorescence Intensity (MFI) 

(Figure 1C) are shown. The results represent average of two experiments. In B and D, the 

average effects of all stimulants (− medium) on number of cells expressing CCKAR (Figure 

1B) and level of CCKAR (Figure 1D) in the different breeds is compared. *, ** and *** 

denotes statistical significance (one-way Anova) with a p<0.05, p <0.01 and p<0.001, 

respectively.
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Figure 2. 
Mobilization of Ca2+ following ligation of CCKAR. PBMC were isolated from pooled blood 

samples from 3 birds. To stimulate expression of CCKAR, cells were pre cultured for 24 h 

with LPS. Cells were then loaded with Fura Red Ca+2 dye. To induce mobilization of 

calcium, biotin conjugated anti CCKAR antibody and streptavidin were employed. Shown is 

a representative of one of two experiments with similar results. LPS indicates cells 

stimulated with LPS alone (no anti CCKAR); anti CCKAR indicates non LPS stimulated 

cells ligated with anti CCKAR + streptavidin; LPS + anti CCKAR ab indicates LPS 

stimulated cells ligated with anti CCKAR antibody + streptavidin, and streptavidin indicates 

cells to which streptavidin alone was added.
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Figure 3. 
Expression of CCKAR message in immune organs and PBMC. RNA was extracted from 

different tissues and from PBMC from four 20 day old birds, and reverse transcribed to 

cDNA. Amplification was performed using Real time PCR system. Shown are averages +/− 

SEM of ΔCT values from 4 birds for each breed, calculated by determining the CT value of 

CCKAR compared to that of the house keeping gene, β actin. Two-way ANOVA followed 

by two tailed unpaired t-test were used to determine the statistical analysis. ** and *** 

denotes significance with p<0.01 and p<0.001, respectively.
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Figure 4. 
Poly I:C injection regulates CCKAR and cytokines gene expressions in Immune Organs and 

PBMC. RNAs from different tissues were extracted and reverse transcribed to cDNA. The 

cDNA was used to analyze gene expression by Real time PCR. In A: Log 2 fold change of 

CCKAR gene expression after poly I:C injection is shown. In B: Log 2 fold change of 

cytokines gene expression after poly I:C injection is shown. Two-way ANOVA was used to 

test the effect of breeds, organs, and both on CCKAR and cytokines. For comparative 

analysis of significance between breeds two-way ANOVA was followed by the Holm Sidak 

method. *, ** and *** denotes significance with p <0.05, p<0.01 and p<0.001, respectively. 

Shown are the averages of log 2 fold change in birds +/− SEM.
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Figure 5. 
Variations In the expression levels of inflammatory cytokines are predicted from those of 

CCKAR in immune organs. A: summary of the effect of poly I:C injection on CCKAR and 

cytokines gene expression in the different breeds. B: regression analysis of the association 

between CCKAR and cytokines gene expressions. Analysis was performed at 90% 

confidence level. Shown are the r2 values. *, **, and *** denote statistical significance at 

p<0.1, p<0.05 and p<0.01, respectively.
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Table 1

CCKAR and cytokines primers used in conventional and real time PCR.

A. Primers used in conventional PCR

Forward primer (3 ------ 5) Reverse primer (5 ------ 3) TM Size Exon/boundary

GTGTGCATATGTCTGAATGTGTG TTGGGAATGAGGGTGAATGG 64 559 Exon 1 and 2

TGCATGCCATTCACCCTCAT AATGAGGCCATACGCAACCA 60 417 Exon 2, 3 and 4

GGATAATAATGATGGTTGCGTATGG GTAGGACAGCAGGTGGATAAAG 64 413 Exon 5

B. Primers used in Real time PCR

Gene ID Catalog No. Ref Seq 
Accession no.

Amplicon Size (bp) Company

CCKAR PPG07425A NM_001081501.1 74 QIAGEN

IL-1β PPG00540A NM_204524.1 138 QIAGEN

IL-6 PPG00665C NM_204628.1 123 QIAGEN

IFN-γ PPG01291A NM_205149.1 72 QIAGEN

GAPDH PPG00285B NM_204305.1 115 QIAGEN

Actin Beta F:CGGACTGTTACCAACACCC
R:ATCCTGAGTCAAGCGCCAAA

NM_205518.1 116 IDT
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