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SUMMARY 

Gut commensal microbiota (GCM) is a key component of gastrointestinal homeostasis. 

Functional gastrointestinal disorders (mainly irritable bowel syndrome, IBS) and inflammatory bowel 
diseases (IBD) have been related to states of altered GCM (dysbiosis). Simultaneously, IBS and IBD 

patients show local states of abnormal immune activation with altered motor and sensory responses. 

In particular, in IBS patients sensory alterations lead to characteristic states of visceral hypersensitivity. 

The exact causal role of GCM remains unclear, but the presence of dysbiosis and the positive effects of 

antibiotics and some probiotics suggest a key role for the microbiota. 

The present work explores the potential role of gut microbiota affecting visceral pain-related 

sensory systems within the gut and the effects on nociceptive responses. For this purpose, states of 
real (spontaneous adaptive microbial changes, antibiotic treatment-derived microbial changes) or 

simulated (direct stimulation of host-bacterial interaction systems) colonic dysbiosis were generated in 

rats and mice. Colonic microbiota (luminal and wall-adhered) was characterized by fluorescent in situ 

hybridization (FISH) and qPCR. The immune status of the colon and bacterial-host interactions were 

determined assessing the expression (RT-qPCR) of pro- and anti-inflammatory cytokines; antimicrobial 

peptides, integrins and Toll-like receptors (TLRs), the production of secretory IgA (s-IgA), the presence 

of histopathological alterations and the state of the mucous barrier. Simultaneously, changes in 

sensory related markers were also assessed. Changes in viscerosensitivity were determined in 

conscious mice using the Writhing test or following the intracolonic administration of capsaicin. 

Overall, antibiotics-induced alterations of the GCM, but not spontaneous changes associated 

to environmental adaptation, generated a state of local immune activation within the colon. This state 

was characterized by selective up- and down-regulation of pro- and anti-inflammatory cytokines and 
host-bacterial interaction markers and changes in the amounts of s-IgA. Similar immune response was 

observed when a dysbiotic state was simulated in rats by the direct stimulation of colonic TLR4 with 

bacterial lipopolysaccharides (LPS) or TLR7 with the selective agonist imiquimod. Although these 

changes, and regardless the model considered, no macroscopical or microscopical signs of colonic 

inflammation were detected. In both, mice and rats, real or simulated colonic dysbiotic states were 

also associated to a local modulation of sensory-related markers (endocannabinoid, serotonergic, 
opioid and vanilloid systems), with specific treatment-related up- and down-regulatory responses (RT-

qPCR and immunohistochemistry). These variations at the molecular level translated in functional 

changes as it relates to visceral pain-related responses. In mice with antibiotic-induced dysbiosis, 

visceral pain responses assessed using the Writhing test or the intracolonic administration of capsaicin 

were significantly attenuated when compared to non-dysbiotic animals; thus suggesting a hypoalgesic 
state. Moreover, colonic contractility assessed in vitro (organ bath) was also altered in dysbiotic mice, 

indicating a state of increased colonic motility.  

Generally, results obtained show that during states of dysbiosis of the GCM there is a complex 

host response that implies a local immune activation, probably directed towards the reshaping of the 

microbiota. Data obtained shows that the microbiota is able to influence gut sensory systems and that 

these changes translate at a functional level in the modulation of visceral pain, eliciting, at least in the 

present experimental conditions, analgesic-like responses. Similar underlying mechanisms might be 
responsible for the beneficial effects observed in IBD and, particularly, in IBS patients during antibiotic 

treatments or during the use of certain bacterial strains as probiotics. Further studies should address 

the characterization of the specific bacterial groups implicated in these effects. These results highlight 

the importance of the microbiota as pathogenic factor in gastrointestinal disorders and its potential as 

a therapeutic approach. 
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RESUMEN 

La microbiota comensal del intestino se considera un factor clave en la homeostasis 

gastrointestinal. Las alteraciones funcionales gastrointestinales (síndrome del intestino irritable, SII) y las 

enfermedades inflamatorias intestinales (EII) se han relacionado con alteraciones de la microbiota comensal 

(disbiosis). Estos pacientes muestran una activación inmune local anormal, con respuestas motoras y 

sensoriales alteradas, que en el SII se traducen en estados de hipersensibilidad visceral. El papel causal de la 

microbiota no se conoce con exactitud, pero la presencia de disbiosis y los efectos positivos asociados al 

tratamiento con antibióticos o ciertos probióticos sugieren un papel destacado. 

Este trabajo explora la importancia de la microbiota intestinal modulando los sistemas sensoriales 

intestinales relacionados con el dolor visceral y sus efectos en respuestas nociceptivas viscerales. Para ello, 

se ha trabajado con ratas y ratones en los cuales se ha inducido un estado real (cambios adaptativos 

espontáneos, cambios inducidos por tratamiento con antibióticos) o simulado (estimulación directa de 

sistemas de interacción hospedador-microbiota) de disbiosis cólica. La microbiota (luminal y adherida al 

epitelio) se caracterizó usando hibridación in situ con sondas fluorescentes (FISH) y qPCR. La respuesta 

inmune local y los mecanismos de interacción hospedador-microbiota se valoraron determinando cambios 

en la expresión génica (RT-qPCR) de citoquinas, péptidos antimicrobianos, integrinas y receptores de tipo 

Toll (TLR), la producción de IgA secretora, alteraciones histopatológicas y el estado de la barrera de moco. 

Simultáneamente, se evaluaron cambios en la expresión de marcadores sensoriales. La sensibilidad visceral 

se valoró mediante el test de Writhing o la administración intracólica de capsaicina. 

La disbiosis cólica inducida por antibióticos, pero no la observada durante un proceso de adaptación 

espontánea al ambiente, se asoció a un estado de activación inmune local caracterizado por una regulación 

selectiva (tanto al alza como a la baja) de citoquinas pro-inflamatorias y de marcadores de interacción 

hospedador-microbiota y por cambios en los niveles luminales de IgA. Respuestas similares se observaron 

cuando se simuló al simular un estado de disbiosis mediante la estimulación local del TLR4 (lipopolisacárido) 

o del TLR7 (imiquimod). En ningún caso se observaron signos macroscópicos o microscópicos de colitis. 

Tanto en la rata como en el ratón, los estados de disbiosis cólica, real o simulada, se asociaron a una 

modulación local de la expresión de marcadores sensoriales (sistemas endocanabinoide, serotonérgico, 

opioide y vaniloide). Se observaron tanto regulaciones al alza como a la baja (RT-qPCR/inmunohistoquímica) 

dependiendo del modelo de disbiosis y del marcador sensorial considerado. Estos cambios moleculares se 

tradujeron en cambios funcionales relacionados con respuestas nociceptivas viscerales. Así, en ratones con 

disbiosis cólica inducida con antibióticos, las repuestas de dolor visceral determinadas con el test de 

Writhing o tras la administración intracólica de capsaicina mostraron una atenuación significativa con 

respecto a las observadas en animales control, sugiriendo un estado de hipoalgesia. Estos animales 

mostraron además una contractilidad cólica alterada (baño de órganos), indicativa de un estado de 

hipermotilidad. 

Estos resultados muestran que en estados de disbiosis intestinal se produce una activación inmune 

local, dirigida, probablemente, a la restauración de la composición de la microbiota. Se observa que la 

microbiota es capaz de modular la actividad de los sistemas sensoriales intestinales, generando cambios 

funcionales que se traducen, en las condiciones experimentales presentes, en una modificación de las 

respuestas de dolor visceral compatible con un estado de tipo analgésico. Mecanismos similares podrían 

explicar los efectos beneficiosos asociados al tratamiento con antibióticos o al uso de probióticos 

observados en pacientes con SII o EII. Estudios posteriores deberían centrarse en la caracterización de los 

grupos bacterianos específicamente responsables de estos efectos. Estos resultados muestran la 

importancia de la microbiota como factor patogénico en las alteraciones gastrointestinales y su interés 

como aproximación terapéutica para las mismas. 
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RESUM 

La microbiota comensal de l’intestí es considera un factor clau en la homeòstasis gastrointestinal. 

Les alteracions funcionals gastrointestinals (la síndrome de l’intestí irritable, SII) i la malaltia inflamatòria 

intestinal (MII) s’han relacionat amb alteracions de la microbiota comensal (disbiosi). Els pacients d’aquestes 

malalties presenten una activació del sistema immune local anormal, amb respostes motores i sensorial 

alterades, que, en el SII, es tradueixen en un estat d’hipersensibilitat visceral. El paper causal de la 

microbiota no es coneix amb exactitud, però la presència de disbiosi i els efectes positius associats al 

tractament amb determinats antibiòtics o probiòtics en suggereixen un paper destacat. 

Aquest treball explora la importància de la microbiota intestinal modulant els sistemes sensorials 

del mateix relacionats amb el dolor visceral i els efectes en respostes nociceptives viscerals. Per aquest 

motiu, s’ha treballat amb rates i ratolins, en els quals se’ls ha induït un estat real (per canvis adaptatius 

espontanis, o pel tractament amb antibiòtics) o simulat (estimulació directa de sistemes d’interacció hoste-

microbiota) de disbiosi colònica.  La microbiota (luminal i adherida a l’epiteli) es va caracteritzar mitjançant 

hibridació in situ fluorescent (FISH)i qPCR. La resposta immune local i els mecanismes d’interacció hoste-

microbiota es van valorar determinant canvis en l’expressió gènica (RT-qPCR) de citocines, pèptids 

antimicrobians, integrines i receptors de tipo-toll (TLR), la producció d’IgA secretada, avaluant alteracions 

histopatològiques i l’estat de la barrera del moc intestinal. Simultàniament, es van valorar canvis en 

l’expressió de marcadors sensorials. Finalment, la sensibilitat visceral es va determinar mitjançant el test de 

Writhing o l’administració intracolònica de capsaïcina.  

La disbiosi colònica induïda amb antibiòtics, però no la observada durant processos d’adaptació 

espontània a l’ambient, es va associar a un estat d’activació immune local caracteritzat per una regulació 

selectiva (tant a l’alça com a la baixa) de citocines pro-inflamatòries i de marcadors d’interacció hoste-

microbiota i, per canvis en els nivells luminals d’IgA. Respostes similars es van detectar al simular un estat de 

disbiosi mitjançant l’estimulació local del TLR4 (amb lipopolisacàrid) o del TLR7 (amb imiquimod). En cap cas 

es van observar signes macroscòpics/microscòpics de colitis. Tant en la rata com en el ratolí, els estats de 

disbiosi colònica, real o simulada, s’associen a una modulació local de l’expressió de marcadors sensorials 

(principalment dels sistemes endocanabinoide, serotoninèrgic, opioide i vaniloide). Depenent del model de 

disbiosi i del marcador sensorial considerat, aquesta modulació va implicar canvis, tant a l’alça com a la 

baixa (RT-qPCR/immunohistoquímica). Els canvis moleculars es van traduir en canvis funcionals relacionats 

amb respostes nociceptives viscerals. Tanmateix, en ratolins amb disbiosi colònica induïda amb antibiòtics, 

les respostes de dolor visceral, determinades amb el test de Writhing o amb l’administració intracolònica de 

capsaïcina, van mostrar una atenuació significativa respecte a les mostrades pels animals control, suggerint 

un estat d’hipoalgèsia. A més a més, aquests animals van mostrar la contractilitat colònica alterada (amb 

bany d’òrgans), assenyalant un estat d’hipermotilitat. 

Aquests resultats assenyalen que en estats de disbiosi intestinal es produeix un activació immune 

local, dirigida, probablement, a la restauració de la composició de la microbiota comensal. Sembla que la 

microbiota es capaç de modular l’activitat dels sistemes sensorials intestinals, generant canvis funcionals 

que es tradueixen, en les condicions experimentals presents, en una modificació de les respostes de dolor 

visceral compatible amb un estat analgèsic. Mecanismes similars podrien explicar els efectes beneficiosos 

associats al tractament amb antibiòtics o a l’ús de probiòtics descrits en pacients amb SII o MII. Els estudis 

posteriors s’haurien de centrar en la caracterització dels grups bacterians responsables d’aquests efectes. Els 

resultats presentats evidencien la importància de la microbiota com a factor patogènic o curatiu en les 

alteracions gastrointestinals i el seu interès com aproximació terapèutica per a les mateixes.
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1. THE GASTROINTESTINAL TRACT 

The gastrointestinal (GI) tract is a continuous tubular structure that goes from the mouth 

to the anus. The intestinal region is composed of the small (duodenum, jejunum and ileum) and 

the large (cecum, colon and rectum) intestine. Main intestinal functions include transport of the 

food bolus, enzymatic digestion, absorption of water/electrolytes/nutrients and protection against 

the external environment (barrier function). As it relates, in particular, to the large intestine, its 

primary function is to dehydrate and store fecal materials. In this work, we have focused on the 

large intestine and, particularly, in the ceco-colonic region. 

1.1. STRUCTURAL ORGANIZATION 

From a structural (histological) point of view, the intestine is formed by four tissue layers 

(from the inner luminal part to the outside): mucosa (epithelium, lamina propria and muscularis 

mucosae), submucosa (with blood and lymphatic vessels), muscularis propria (composed of two 

smooth muscle layers, the inner circular layer and the outer longitudinal layer) and serosa 

(covering layer of connective tissue) (Figure 1). A particular characteristic of the gastrointestinal 

tract is the presence of an intrinsic nervous system (enteric nervous system, ENS). Within the 

intestine, the ENS presents a clear distribution in two neuronal plexuses localized within the 

submucosa (submucosal plexus) and between the circular and longitudinal smooth muscle layers 

(myenteric plexus) (Figure 1). 

 

 

Figure 1. Histological structure of the rat colon. 
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1.2. EPITHELIAL CELL TYPES 

Histologically, the epithelial lining of the large intestine is organized into multiple crypts 

associated with a flat luminal surface. The mucosa is composed of tubular glands (Lieberkühn 

glands) and the crypts are lined by different epithelial cells types (columnar absorptive 

enterocytes, goblet cells, enteroendocrine cells, Paneth cells and stem cells) (Figure 2). Epithelial 

regeneration depends on the crypt base, where stem cells divide to produce proliferative 

progenitors. Cell proliferation finish when differentiated cells exit the crypt, and these epithelial 

cells continue migrating upwards along the villi and replace the epithelial cells lost via 

programmed cell death at the villus tip (Barker, 2014). 

 

 

Figure 2. Structural organization of the colonic epithelium. A: Scanning electron micrograph and 

schematic representation of a colonic crypt. B: Main types of intestinal epithelial cells. Adapted 

from Barker (2014) and Crosnier, Stamataki, & Lewis (2006).  
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Enterocytes, specifically colonocytes if they are located in the colon, are absorptive 

columnar cells with an apical (luminal) surface covered with closely packed microvilli (tiny 

projections in the brush border) in order to maximize the surface area. 

Enteroendocrine cells are part of the endocrine system and can be found throughout the 

entire intestine. There are at least 15 subtypes which secrete a large variety of regulatory factors, 

such as serotonin, somatostatin, motilin, cholecystokinin, vasoactive intestinal peptide or 

enteroglucagon (Moran et al., 2008; Abreu, 2010). 

Goblet cells are localized throughout the entire intestine, with cell density increasing 

caudally. They are responsible for producing the mucous layer, but also secrete a number of 

bioactive peptides that participate in defensive mechanisms of the gut, particularly against the 

microbiota (e.g. Resistin-Like Molecule-beta) (Kim and Ho, 2010). 

Paneth cells are cells located in the base of the crypts of the small intestine. They 

synthetize and secrete a variety of antimicrobial compounds important for immunity and host-

defense. In physiological conditions they are almost absent in the colon, but they appear in states 

of mucosal inflammation ( Treuting and Dintzis, 2012; Clevers and Bevins, 2013; Mantani et al., 

2014). 

Moreover, in the colonic mucosa, there is an important resident immune system, the gut-

associated lymphoid tissue (GALT). Additionally, abundant immune-related cells can be found 

among mucosal cells. These include intraepithelial lymphocytes, plasma cells, macrophages, 

eosinophils, and mast cells. 

 

2. GUT COMMENSAL MICROBIOTA 

The microbial community of the GI tract (gut commensal microbiota, GCM) is composed 

by bacteria, virus, fungi, protozoa and yeasts. Gut colonization starts at birth and, when 

completed, it harbors about 100 trillion microbial commensals and symbionts belonging 

approximately to 5.000 distinct species included in the phyla Firmicutes, Bacteriodetes, 

Proteobacteria, Verrucomicrobia, Actinobacteria, Fusobacteria and Cyanobacteria (Qin et al., 

2010; Kamdar et al., 2013; Sommer and Bäckhed, 2013). Intestinal microbiota is not homogenous; 

Proteobacteria spp. (mainly Enterobacteria) and Lactobacillales are dominant in the small 
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intestine, whereas the large intestine is colonized mainly by Bacteroidetes and Clostridia. 

Moreover, density of bacterial cells in the gut increases caudally with the maximal counts (1011 to 

1012cells/g of content in both human and rodents) in the ceco-colonic region (Figure 3) (Swidsinski 

et al., 2005; Dinoto et al., 2006; Sekirov et al., 2010; Kamada et al., 2013). Intestinal bacteria can 

be transient or permanent. Transient bacteria are introduced during adult life; they do not 

permanently colonize the gut and can have positive (probiotics) or negative (pathogens) effects on 

the host, or be innocuous. On the other hand, permanent bacteria are long-term colonists of the 

gut, the true commensals, and can have immunostimulatory effects, the authobionts, or 

detrimental effects, the pathobionts (Ivanov and Honda, 2012). 

 

 

Figure 3. Schematic representation of the gut commensal microbiota: Relative distribution and 

microbial density along the gastrointestinal tract. From Kamada (2013). 

 

Overall, GCM serves the host giving protection against pathogens, metabolizing complex 

lipids and polysaccharides and neutralizing drugs and carcinogens; but it can have also potential 

effects modulating intestinal motility, influencing the maturation of the intestinal immune system 

and modulating visceral perception (Collins and Bercik, 2009; Montiel-Castro et al., 2013). Changes 

in the normal composition of the GCM, termed dysbiosis, have been associated with chronic 
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intestinal diseases such as inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS), as 

well as with extra-intestinal diseases (e.g. diabetes, multiple sclerosis or psychiatric disorders) 

(Kamdar et al., 2013; Simrén et al., 2013). Dysbiosis can occur in parallel to intestinal 

pathogenesis, and can be either a consequence or a cause of the disease (Salzman and Bevins, 

2013). In fact, in some intestinal diseases, such as IBS, the causal effects of the microbiota are still 

a matter of discussion, with some authors considering that dysbiotic states are a consequence 

and/or a perpetuating factor, rather than a cause, of the disease. 

 

In this work, we have focused on a limited number of bacterial groups, based on their 

implication in both GI health and disease: Clostridium cluster XIVa, Lactobacilli, Bifidobacteria, 

Bacteroidetes, Enterobacteria and Verrucobacteria. Clostridium spp. constitutes one of the largest 

families of the GCM and, probably due to C. difficile infections, has been regarded as a pathogenic 

group. However, recent data suggests that some members of the clostridia group might have an 

anti-inflammatory role in immune responses (Barnes and Powrie, 2011; Lopetuso et al., 2013). 

Moreover, the clostridia-related group of segmented filamentous bacteria (SFB) has been also 

linked to intestinal inflammation and intestinal immune-regulation (Barnes and Powrie, 2011). On 

the other hand, Lactobacilli and Bifidobacteria strains are typically considered to confer health 

benefits to the host, and, because of this, are frequently used as probiotics (Turroni et al., 2014). 

Specifically, L. acidophilus seems to modulate sensory mechanisms leading to visceral analgesia 

(Rousseaux et al., 2007) while Bifidobacteria can act as immunostimulant (Grangette, 2012). 

Regarding Gram negative bacteria, Bacteroidetes are the largest group when considering the GCM. 

Bacteroidetes have been linked to immunomodulatory effects (Round and Mazmanian, 2010), 

with some specific strains promoting anti-inflammatory responses (Round and Mazmanian, 2010; 

Barnes and Powrie, 2011). The Enterobacteria group includes several pathogenic strains that cause 

intestinal infections (such as numerous E. coli strains), transfer antibiotic resistance and promote 

intestinal inflammation (Harmsen et al., 1999; Buffie and Pamer, 2013; Da Re et al., 2013; Terán-

Ventura et al., 2014; Yu et al., 2014). Finally, Verrucobacteria are a mucus-degrading group of 

bacteria that seems to affect intestinal barrier function through the degradation of the epithelial 

mucus layer (Derrien et al., 2004). Nevertheless, some Verrucobacteria seem to mediate also 

intestinal immune tolerance (Derrien et al., 2011). 
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3. IMMUNE HOST-MICROBIAL INTERACTIONS 

The intestinal microbiota and food-derived antigens are the main luminal stimuli detected 

by the host and triggering immune responses within the gut. Some of these stimuli, for instance 

those generated by the commensal microbiota, should be recognized and tolerated. However, 

others, such as those generated by pathogenic bacteria, should lead to defensive immune 

responses. Therefore, within the intestine there is a balance between tolerance and immune 

responses against microbial-derived stimuli. This balance determines the necessary responses 

against pathogens while maintaining tolerance to certain antigens and commensals (Geremia et 

al., 2013).  

Both the innate and the adaptive immune systems are involved in these responses, 

determining an appropriate recognition of the microbiota and the resulting intestinal homeostasis. 

Therefore, alterations in host-bacterial interactions may result in deregulated intestinal responses 

to the microbiota, leading to the development of inflammation and even to the generation and/or 

maintenance of a state of dysbiosis. The innate immune system is highly represented within the GI 

tract and generates rapid, but fairly unspecific, responses. It includes the physical barrier of mucus 

layer, dendritic cells, resident macrophages and lymphoid cells and intestinal epithelial cells 

(Figure 4). (Geremia et al., 2013). On the other hand, the adaptive immune system generates 

slower, but more specific, responses involving the recruitment of blood-borne immune cells, 

mostly, but not exclusively, T lymphocytes (Rescigno, 2011; Geremia et al., 2013). Here, we will 

focus on some of the components of the innate immune system. 

 

3.1. THE MUCUS LAYER 

The mucus layer is a dynamic semipermeable barrier which maintains the host separated 

from the luminal content, including the microbiota (Figure 4). It is divided in two layers: the loosely 

non-attached outer layer and the inner layer, which is firmly adhered to epithelial cells (Johansson 

et al., 2011). The mucus layer is formed, mainly, by mucins secreted by goblet cells, together with 

other secretory products, like trefoil peptides, resistin-like molecule-β and immunoglobulins 

(Barnett et al., 2012). Goblet cells can be characterized by the type of mucins they contain: acidic, 

neutral or a mixture of both. Indeed, taking into account their biochemical characteristics, mucins 

are frequently classified as acidic (they stain blue in a PAS/AB pH=2.5 staining procedure) or 
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neutral (they satin magenta in a PAS/AB pH=2.5 staining procedure). The mucin composition of the 

mucus layer varies along the gut. For instance, within the colon, acid mucins are predominant. 

Moreover, along the crypts there is also a mucin gradient from the base to the apical part, 

where the sulphated neutral mucins domain, with the middle part containing a mixture of both 

acidic and neutral mucins. The composition of the mucus layer can change due to different stimuli; 

such as stress, diet, bacterial infections or conventionalization of germ free animals. Defects in the 

mucus layer, likely favoring the interaction with luminal bacteria and their attachment to the 

epithelium, have been linked to intestinal inflammation (Sharma et al., 1995; Matsuo et al., 1997; 

Fukushima et al., 1999; Lindén et al., 2008; Johansson, 2014). 

 

 

 

 

Figure 4. Schematic representation of the main components of the intestinal immune 

system, including the microbial compartment, the mucus layer, secretory IgA, 

antimicrobial peptides, cytokines, immune cells and bacterial recognition systems (Toll-

like receptors and Integrins). Components of the adaptive immune system are also 

included. Adapted from Muniz (2012). GCM: Gut Commensal Microbiota; SFB: Segmented 

Filamentous Bacteria. 
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3.2. INTESTINAL EPITHELIAL CELLS 

Intestinal epithelial cells (IECs) play an important role in innate immune responses by 

basically: i) forming an essential physical barrier with the intestinal lumen, avoiding the entry of 

commensal and pathogenic bacteria into the host; ii) sensing the microbial environment by 

directly interacting with the microbiota that arrives through the mucus layer; and iii) secreting 

substances with antimicrobial properties, such as antimicrobial peptides (AMPs) (Figure 4). 

Overall, IECs are involved in many immune-regulatory responses within the gut. Of particular 

interest is the expression of a series of cell-surface receptors known as integrins. Integrins are 

involved in cell–cell, cell–extracellular matrix and cell–pathogen interactions (Beaulieu, 1999; Chen 

et al., 2002). Therefore, they are used by many pathogens for adhesion to the epithelium, and 

sometimes for cell penetration (Clark et al., 1998; Critchley-Thorne et al., 2006). Integrins are 

complex molecules composed by different alpha and beta subunits. Within the GI tract the alpha 2 

and the beta 1 subunits are wide expressed, being used as markers for these receptors (Beaulieu, 

1999; Chen et al., 2002). 

 

3.3. PATTERN RECOGNITION RECEPTORS: TOLL-LIKE RECEPTORS 

Pattern recognition receptors (PRRs) are a series of receptors devoted to sense 

microorganisms through pathogen-associated molecular patterns (PAMPs) and to detect 

endogenous stressful signals through danger-associated molecular patterns (DAMPs) (Abreu, 

2010). Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain receptors (NODs) 

are among the best characterized PRRs. In this work we have focused on TLRs. Within the gut, TLRs 

are mainly expressed in IECs, although immune cells also express them (Figure 4). TLRs are both 

cell surface and intracellularly located (Kamdar et al., 2013). To date, in mammals, there are 13 

different TLRs subtypes described, with some species-related differences [10 in humans (TLR1–10 

and TLR11 as a pseudogene), 12 in mice (TLR1–9 and TLR11–13 and TLR10 as a pseudogenes), and 

10 in rat (TLR1-7, 9, 10, 13)] (Table 1) (Albiger et al., 2007; Shibolet and Podolsky, 2007; Cario, 

2008; Leulier and Lemaitre, 2008; Vijay-Kumar et al., 2008; Abreu, 2010; Blasius and Beutler, 2010; 

Gómez-Llorente et al., 2010; Uematsu and Fujimoto, 2010; Brint et al., 2011). TLRs are important 

for preserving tolerance to commensal microbiota, as well as mediating immune responses against 

pathogens. TLRs activation induces receptor subtype-specific signaling cascades resulting in the 
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production of cytokines, chemokines and the transcription of other genes important for 

controlling infections and inflammatory responses. 

In this work we have focused on TLR2, 4, 5 and 7. These TLRs are highly expressed in the GI 

tract and have been implicated in intestinal neuro-immune responses, both in normal and 

pathophysiological conditions (Shibolet and Podolsky, 2007; Barajon et al., 2009; Lavelle et al., 

2010; McKernan et al., 2011; Sainathan et al., 2012; Kamdar et al., 2013; Saito et al., 2013).  

 

3.4. SECRETORY-IGA 

The intestinal mucosa contains the largest number of antibody secreting plasma cells, 

which are the main producer of IgA in the GI tract in response to luminal microorganisms or toxins. 

IgA is exocytosed as a dimeric molecule by IECs into the gut lumen and then is called secretory-IgA 

(s-IgA) (Figure 4). Within the lumen, s-IgA can recognize, in a rather unselective manner, cell-

surface bacterial antigens and covers bacteria, leading to the so called “s-IgA-coated bacteria”. S-

IgA-coated bacteria seem to be tolerated by the host and have limited interactions with the 

epithelium. Therefore, s-IgA seems to have a protective role towards the microbiota, as it would 

prevent the epithelial attachment and translocation of pathogens (Strugnell and Wijburg, 2010; 

Bemark et al., 2012; Pabst, 2012; Maruya et al., 2013).  

In normal conditions, a percentage of the commensal microbiota is covered (coated) by 

IgA, for this reason it is speculated, and widely accepted, that s-IgA is also controlling GCM (van 

der Waaij et al., 1996, 2004; De Palma et al., 2010). An increased ratio of s-IgA has been described 

in states of dysbiosis and/or immune activation of the gut; with variations in the abundance of 

luminal IgA-coated bacteria (De Palma et al., 2010; Maruya et al., 2013; Martinez-Medina et al., 

2014). 
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Table 1.Mammalian TLRS: Agonists, localization within the gastrointestinal tract and functions. 

 Agonists Localization (rodent &human) Intestinal function (rodent &human) 

TLR 1 Triacyl lipopeptides (bacteria) Cell surface: IEC  ND 
TLR 2 
Heterodime

r with TLR 1 

and TLR 6 

Peptidoglycan 
Zymosan 
Triacyl and diacyl 
lipopeptides(cell-surface 
lipoproteins) 
Atypical LPS(bacteria) 
Phospholipomannan (fungi) 
Glycosylphosphatidylinositol 
(protozoa) 
Envelope protein (virus) 

Cell surface: Apical in villi and 
crypts; 
Apical and basolateral in 
lymphoid-associated tissue. 
Low expression in adult ileum 
or colon, mainly in crypts. 

Chemokine and cytokine production. 
Protect from apoptosis 
Involved in AMPs 
ZO1 redistribution and TFF3 
expression 
Preserved tight junction structure 
Increased TFF3 expression  
RELA phosphorylation. 

TLR 3 Viral RNA ds  
DNA 
Poly(I:C) 

Intracellular: Endosomes 
Neurons and glial cells of the 
myenteric and submucous 
plexus. 
DRG 
IEC: Basolateral in ileum and 
colon; top of colonic crypts. 

Blocking of TLR3 reduces IL-15 
production 

TLR 4 Lipopolysaccharide (LPS) 
Mannan (plants) 
Glucuronoxylomannan (fungi) 
Glycoinositolphospholipides 
(protozoa) 
Respiratory syncytial virus 
fusion protein (virus) 
Endogenous ligands 

Cell surface: (Apical in Terminal 
ileum; basolateral in colon 
(low); basolateral in ileal 
crypts; basolateral in colon 
(low); apical in active Crohn’s 
disease (ileum and colon). 
Intracellular (in fetal small 
intestine) 
Neurons and glial cells of the 
myenteric and submucous 
plexus. 
DRG 

Cell growth. 
Chemokine and cytokine production. 
Phagocytosis and translocation of 
bacteria, and uptake of micro 
particles by M cells;  
Expression leads to increased TNF 
production, apoptosis and NF-κB 
activation; lack of expression leads 
to decreased TNF production and 
protects against NEC 

TLR 5 Flagellin (bacteria) Gram + 
and -. 

Cell surface: Basolateral in 
ileum and colon; apical in FAE 
(small intestine). 
Intracellular in colon 

Chemokine expression 
Antiapoptotic 
Pro-inflammatory: NFkB � TNFα 

TLR6 Diacyl lipopeptides (bacteria) ND ND 
TLR 7 RNA ss (viral and no viral);  

DNA 
Synthetic imidazoquinolines 
Guanine analogs (Ioxoribine) 

Intracellular:  
Neurons and glial cells of the 
myenteric and submucous 
plexus. 
DRG 

ND 

TLR 8 RNA ss (viral and no viral);  
DNA 
Synthetic imidazoquinolines 

Intracellular: Top of colonic 
crypts in Ulcerative colitis and 
Crohn’s disease; Not in normal 
intestine 

Chemokine secretion 

TLR 9 Unmetilate CpG DNA 
(bacteria, Protozoa, virus) 
Hemozoin (protozoa) 

Intracellular: Endosomes 
IEC: apical and basolateral 
(ileum and colon). 
In granules and cytoplasm of 
Paneth cells 

Protects against NEC; 
signaling causes degranulation of 
Paneth cells 
 

TLR 10 ND ND ND 
TLR 11 Uropathogenic bacteria 

Profilin-like molecule 
(protozoa) 

ND - Cell surface  ND 

TLR 12 ND ND ND 
TLR 13 ND ND – supposed intracellular. ND 

ND: not determined. DRG: Dorsal root ganglia; IEC: intestinal epithelial cell. NEC: necrotizing enterocolitis. 

From: (Shibolet and Podolsky, 2007; Vijay-Kumar et al., 2008; Barajon et al., 2009; Abreu, 2010; Gómez-

Llorente et al., 2010; Uematsu and Fujimoto, 2010; Brint et al., 2011)). 
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3.5. ANTIMICROBIAL PEPTIDES 

Antimicrobial peptides (AMPs) are bioactive molecules with a broad-spectrum 

antimicrobial activity. They are synthetized by a variety of cells, including epithelial cells, Paneth 

cells, goblet cells and some immune cells. AMPs can be constitutively expressed or secreted in 

response to the presence of certain microorganisms (Ho et al., 2013; Ostaff et al., 2013). Main 

AMPs described are: 

- Defensins: They have activity against Gram-negative and -positive bacteria, fungi, viruses, and 

protozoa. Defensins are secreted by Paneth cells, epithelial cells, as well as by T cells and 

neutrophils (Salzman et al., 2007). Main defensins are: 

α-defensins (cryptidins in mice): Constitutively expressed and secreted mainly by Paneth 

cells and neutrophils. Can promote ion fluxes in epithelial cells or induce secretion of 

cytokines. 

β-defensins: Constitutively expressed and also induced by endogenous (cytokines) and 

exogenous (bacterial products) stimuli in response to infection or inflammation. Secreted 

mainly by IECs.  

- C-type lectins [regenerating islet-derived protein (REG)]: RegIIIγ is the main REG expressed in 

the large intestine during pathogen infections or in inflammatory conditions. RegIIIγ is 

produced in colonocytes and Paneth cells and it is up-regulated in states of TLR activation. It 

has bactericidal activity against Gram-positive bacteria (Vaishnava et al., 2011; Gallo and 

Hooper, 2012; Muniz et al., 2012). 

- Resistin-like molecule beta (RELM β): RELM β is a bioactive molecule (sometimes classified as 

a cytokine) produced by goblet cells in response to the microbiota. It is involved in intestinal 

epithelial barrier function (up-regulates mucins’ gene expression), preventing bacterial 

penetration and attenuating intestinal inflammation (Krimi et al., 2008; Muniz et al., 2012). 

 

- Cathelicidins: Constitutively expressed and secreted by leukocytes and epithelial cells. They 

are overexpressed during infection, inflammation and wound healing. Cathelicidins modulate 

inflammation by altering cytokine responses and by chemo-attraction of inflammatory cells. 

They might play a secondary role and, therefore, have been much less studied than other 

AMPs (Chow et al., 2013). Their expression seems to be also TLR-dependent (Chow et al., 

2013).  
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3.6. CYTOKINES 

In the intestine, cytokines are synthesized by activated enterocytes and immune cells in 

the intestinal mucosa, and by immune and enteric glial cells in the muscle layers. Cytokines 

participate in both innate and adaptive immune responses and can have pro- or anti-inflammatory 

activity, depending upon de cytokine considered. Main cytokines involved in intestinal 

inflammation include IL-6, IL-10, IL-12, TNFα and IFNα. 

IL-6 (interleukin 6) is a pro-inflammatory cytokine produced by many different cell types, 

including blood mononuclear cells, intestinal epithelial cells, lamina propria mononuclear cells, 

fibroblasts and endothelial cells. It is one of the major physiological mediators of the acute phase 

response and is regarded as a feasible marker of acute inflammatory responses. IL-6 expression is 

up-regulated in inflammatory conditions of the gut, both in humans and in animal models 

(Waldner and Neurath, 2014). 

IL-12 (which is composed by p35 and p40 subunits) is a pro-inflammatory heterodimeric 

protein produced by innate immune cells, and induced by bacterial products (Kobayashi et al., 

2011). IL-12 mediates in T-cell differentiation and activation, promoting inflammatory responses 

that, within the GI tract, can lead to the destruction of the intestinal mucosa (Peluso et al., 2006; 

Atreya and Neurath, 2008). 

TNFα (tumor necrosis factor α) is a pro-inflammatory cytokine produced by activated 

macrophages and lymphocytes. Its major role is the recruitment of circulating inflammatory cells 

to the target tissue (Atreya and Neurath, 2008). Although TNFα can be up-regulated in several 

conditions, LPS is considered one of the main inductor of its expression. TNFα seems to be a key 

immune mediator in intestinal inflammation, as indicated by its high content in the intestinal 

mucosa in inflammatory bowel disease (IBD) and the efficacy of the anti-TNF therapy in the same 

patients (Billiet et al., 2014).  

IFNα (interferon α type I) is a cytokine produced by macrophages, dendritic cells and IECs 

and involved in antimicrobial host defense. IFNα expression can be up-regulated by stimulation of 

TLRs and, in turn, regulates the microbial compartment modulating the activity of IEC and the 

secretion of AMPs (Katakura et al., 2005; Ludigs et al., 2012; Tschurtschenthaler et al., 2014). 

In front of the typical pro-inflammatory role assigned to cytokines, IL-10 (interleukin 10) is 

a cytokine with demonstrated anti-inflammatory activity. IL-10 is produced mainly by blood 
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mononuclear cells, macrophages, dendritic cells, epithelial cells and lymphocytes. In the intestine, 

IL-10 controls the chronic stimulation of the immune system by the commensal microbiota 

preventing inflammatory responses and maintaining the immune system in balance. IL-10 acts as a 

compensatory signal against pro-inflammatory stimuli, limiting the secretion of IL-6, IL-12 and 

TNFα (Maynard and Weaver, 2008; Paul et al., 2012; Shah et al., 2012). Although this key 

modulatory role, tissue content and expression levels of IL-10 are, in physiological conditions, very 

low. 

 

 

4. INTESTINAL SENSORY SYSTEMS 

Besides the intestinal intrinsic innervations (the ENS), the gut receives also extrinsic nerves 

from the autonomic nervous system (both sympathetic and parasympathetic). This extrinsic 

innervation is key to maintain the bidirectional communication with the central nervous system 

(CNS), and represents the anatomical basis of the gut-brain-gut axis ( 

Figure 5) (Collins and Bercik, 2009; Ratcliffe, 2011; Collins et al., 2012). Although most of 

the intestinal functions can be controlled by the ENS, the extrinsic innervation is necessary to 

maintain a coordinated activity with the rest of the body. In particular, the extrinsic innervation is 

involved in sensory functions related to visceral pain perception within the gut ( 

Figure 5). This is particularly important because visceral pain and/or altered visceral 

sensitivity (hypersensitivity) are frequent symptoms in several gastrointestinal diseases and, in 

particular, a characteristic feature of irritable bowel syndrome (IBS).  

During the last two decades numerous morphological, pharmacological and molecular 

studies have characterized sensory-related systems within the gut. From these, the serotonergic 

system, the endocannabinoid system, endogenous opiates and the vanilloid system have received 

particular attention because of their interest as potential pharmacological target for the treatment 

of visceral pain. 
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Figure 5. Pathways involved in visceral sensation, from the enteric nervous system (intrinsic 

innervation) to the extrinsic innervations (postganglionic autonomic, sympathetic and 

parasympathetic, neurons) and the central nervous system (brain and spinal cord). Sensory signal 

originate in the intestinal mucosa (such as from luminal chemical stimuli) or from mechanical stimuli 

affecting the gut wall. Endogenous sensory-related systems (mainly serotonin-, endocannabinoid-, 

opioid- and vanilloid-mediated) transduce these signals into neural stimuli that, through the afferent 

extrinsic innervations, arrive to spinal and supraspinal centers. Integration of these signals might 

lead to the sensation of pain (visceral pain) and the generation of pain-related responses (pain-

related behaviors). Adapted from Kuner (2010). 

 

4.1. THE INTESTINAL SEROTONERGIC SYSTEM 

The serotonergic system involves the neurotransmitter serotonin (5-hydroxytryptamine; 5-

HT) which is stored in the enterochromaffin (EC) cells of the gut mucosa and, to a lesser extent, in 

neurons of the ENS. Tryptophan hydroxylase (TPH) is the limiting enzyme mediating 5-HT 

synthesis. There are 2 TPH isoforms: TPH1, mainly expressed in EC cells, and TPH2, expressed in 
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central and enteric neurons. TPH expression/activity is regarded as a reliable indicator of 5-HT 

availability, accepting that high expression levels are indicative of a high rate of serotonin 

production and release (Gershon and Tack, 2007; Ghia et al., 2009; Cremon et al., 2011). Within 

the GI tract, 5-HT participates in motor, sensory and secretory functions (Camilleri, 2009). 5-HT 

availability is increased in IBS patients and in animal models of the disease. In addition, some 

studies have shown that changes in the microbial compartment or stressful conditions can induce 

5-HT release from EC cells, leading to the initiation of intestinal inflammation and the generation 

of abnormal sensory-related responses (altered viscerosensitivity) (Ghia et al., 2009; Kidd et al., 

2009; Julio-Pieper et al., 2012; Margolis et al., 2014). 

 

4.2. THE INTESTINAL OPIOID SYSTEM 

From a receptor point of view, the endogenous opioid system is composed by three G 

protein-coupled receptors: μ, δ, and κ opioid receptors. Within the GI tract, intestinal opioids, 

ligands and receptors, imply myenteric and submucosal neurons and epithelial endocrine and 

immune cells. As it relates to visceral sensitivity, opioids have a well-characterized analgesic 

activity (Gray et al., 2006; Holzer, 2009). Their antinociceptive effects are linked to activation of μ 

and, to a lesser extent, κ receptors. In particular, expression of μ opioid receptors is increased 

during intestinal inflammation, likely as a compensatory analgesic mechanism generated in states 

of potentially increased sensitivity. Moreover, recent studies have suggested that probiotics and 

microbial-related products can module the intestinal expression of μ opioid receptors (Pol et al., 

2001; Philippe et al., 2006; Rousseaux et al., 2007; Hutchinson et al., 2009; Sauer et al., 2014). 

 

4.3. THE INTESTINAL ENDOCANNABINOID SYSTEM 

The endocannabinoid (CB) system comprises two main receptors, the CB1 and the CB2 

(although other putative receptors have been described), together with their endogenous ligands 

and their metabolizing enzymes (mainly fatty acid amide hydrolase, FAAH). Because of their 

chemical characteristics, endocannabinoid ligands are difficult to determine; therefore, CB1 and 

CB2 expression as well as the expression of the FAAH have been used as the main markers to 

assess the functionality of the endocannabinoid system. Within the GI tract, the endocannabinoid 

system is involved in controlling intestinal motility, nociception and intestinal inflammation. CB1 
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and CB2 receptors are expressed on intestinal ganglionic neural cells within the ENS, epithelial 

cells and immune cells (Wright et al., 2005, 2008; Storr et al., 2008). Specifically, the CB1 receptor 

predominates in neural and epithelial cells, whereas the CB2 receptors are predominantly 

expressed in immune cells (Brusberg et al., 2009). Upon activation, both receptors mediate 

analgesic effects and seem to have also anti-inflammatory activity (Wright et al., 2008; Brusberg et 

al., 2009; Petrella et al., 2010; De Petrocellis et al., 2012; Zoppi et al., 2012). Probiotics, bacterial 

products and stressful stimuli have been postulated to influence the endocannabinoid system 

(Kuiken et al., 2005; Rousseaux et al., 2007; Hong et al., 2009; Alhouayek and Muccioli, 2012). 

 

4.4. THE INTESTINAL VANILLOID SYSTEM 

The vanilloid system is one of the six subfamilies of the transient receptor potential (TRP) 

channel family. There are 6 types of Transient Receptor Potential Vanilloids (TRPV1-6) (Nilius and 

Mahieu, 2006). These receptors are calcium permeable, non-selective cation channels involved in 

thermo- and chemo-sensitive transduction (Venkatachalam and Montell, 2007). In the intestine, 

TRPV1, 3 and 4 have been linked to viscerosensitivity as pro-algesic receptors (Venkatachalam and 

Montell, 2007; Phillis et al., 2009; Izzo and Sharkey, 2010; De Petrocellis et al., 2012). In the GI 

tract, TRPV are expressed mainly in afferent nerves, although they can also be found in 

enteroendocrine epithelial and immune cells (Ueda et al., 2009; Blackshaw, 2014a, 2014b). In 

agreement with their pro-algesic effects, TRPV are up-regulated in states of intestinal 

inflammation and visceral hypersensitivity (Holzer, 2008; Boesmans et al., 2011; Vergnolle, 2014).  

 

4.5. ASSESSMENT OF VISCERAL SENSITIVITY IN ANIMAL MODELS 

During the last 20 years many efforts in the study of visceral pain have been done to 

obtain reliable animal models. Overall, two groups of models have been used in the literature, 

depending upon the noxious stimuli used to elicit pain; those based on the mechanical stimulation 

of the gut and those based on the chemical stimulation. None of these models is likely to reflect 

the whole spectrum of mechanisms/processes involved in visceral pain. Nevertheless, they are 

accepted tools to assess visceral pain and have shown consistent and reproducible responses to 

pharmacological treatments (Bulmer and Grundy, 2011; Holschneider et al., 2011).  
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The colorectal distension (CRD) model is based in the mechanical stimulation of the 

colorectal area, eliciting the stimulation of mechanosensitive sensory afferents and the generation 

of pain and the associated viscerosomatic responses (Jones and Gebhart, 2004). On the other 

hand, the classical Writhing test and the intracolonic administration of capsaicin are the main 

models based on chemical stimulation. The Writhing test (intraperitoneal administration of diluted 

acetic acid and observation of the pain-related behaviors elicited) is sometimes regarded as a 

viscerosomatic pain test, since somatic structures (like abdominal muscles or the peritoneum) can 

also be irritated and elicit pain (Martínez et al., 1999). The intracolonic administration of capsaicin 

(a vanilloid substance acting as a TRPV1 agonist) is based on the local stimulation of TRPV1 (Laird 

et al., 2001). Because of the redundancy of the system and the interplays described between the 

vanilloid and the endocannabinoid and opioid systems (De Petrocellis and Di Marzo, 2009), 

capsaicin is likely to generate a cascade that leads to the generation of a sensory-related response 

that implies multiple sensory components and not exclusively the TRPV system. Therefore, local 

capsaicin will elicit an afferent stimulation that, when integrated within the CNS, will result in a 

series of quantifiable pain-related responses (Laird et al., 2001).  

 

5. COLONIC MOTILITY AND MICROBIOTA 

Colonic motility refers to spontaneous movement which in the colon results in 

mixing/turnover, propulsion, or both, of the luminal contents from oral to aboral direction. There 

are three distinct types of contractions: 1) rhythmic-phasic contractions, 2) propulsive 

contractions, and 3) tonic contractions. Motility patterns are generated by a complex interaction 

of enteric motor neurons, smooth muscle cells and interstitial cells of Cajal and can be influenced 

by numerous factors, including stress or inflammation (Camilleri and Ford, 1998; Spencer, 2001; 

Sanders, 2008; Sarna, 2010; Reigstad and Kashyap, 2013). 

A detailed description of the motility of the colon and its mechanisms of control is out of 

the scope of the present work. Nevertheless, it is important to notice that colonic dysmotility is 

frequently observed in states of dysbiosis (such as during enteric infections), and is, together with 

altered viscerosensitivity, a key finding in IBS patients. Therefore, together with viscerosensitivity, 
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motility might be one of the aspects to consider when assessing the role of microbiota within the 

GI tract.  

 

6. FUNCTIONAL AND INFLAMMATORY GASTROINTESTINAL DISORDERS AND GUT MICROBIOTA  

Besides cancer, the main alterations of the gastrointestinal tract are functional 

gastrointestinal disorders (FGIDs, mainly IBS) and inflammatory conditions (Inflammatory Bowel 

Disease, IBD). As mentioned previous, the gut microbiota seem to be an important pathogenic 

component of these conditions. 

IBS has a multifactorial etiology and pathophysiology, which is attributed to alterations in 

gastrointestinal motility, and visceral sensitivity, with a dysfunction of the gut-brain-gut axis and 

the implication of certain psychosocial factors (such as stress) (Longstreth et al., 2006; Ringel et al., 

2009; Saulnier et al., 2013). IBS is not associated to overt structural alterations (inflammation). 

However, nowadays it is widely accepted that the disease is associated with a low-grade 

inflammation (without histopathological evidence) and/or an abnormal local immune function 

(Ringel et al., 2009; Akiho et al., 2010; Ohman and Simrén, 2010; Simrén et al., 2013).  

Stress is one of the main environmental causes linked to IBS, either initiating or 

exacerbating the pathology (Spiller et al., 2007; Vicario et al., 2012). Acting via de gut-brain-gut 

axis stress alters motility, barrier function and visceral sensitivity. A crucial role for the microbiota 

has been suggested in these effects since stressful conditions can break the epithelial barrier 

allowing the entrance of luminal antigens (including microbial-derived product and bacterial 

translocation) and facilitating altered (enhanced) immune responses to the same luminal factors 

(Bailey et al., 2006, 2011; Larauche et al., 2011, 2012; Dinan and Cryan, 2012). Through these 

effects stress is likely to influence microbiota, although this action has not been demonstrated 

(Bailey et al., 2011; Larauche et al., 2011; de Jonge, 2013; Fukudo, 2013; Montiel-Castro et al., 

2013).  

IBD is an inflammatory condition in which genetically susceptible individuals with a 

deregulated immune response can, under certain environmental conditions, develop bowel 

inflammation. Common symptomatology includes abdominal pain and extra-intestinal 
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manifestations (Melgar and Shanahan, 2010; Baumgart and Sandborn, 2012; Ordás et al., 2012). 

Moreover, patients with IBD in remission can also suffer from IBS-like symptoms (Ohman and 

Simrén, 2010). 

Nowadays it is widely accepted that GCM plays a role in the initiation, 

development/maintenance and resolution of both functional and inflammatory intestinal 

conditions. However, the causal effects are not clear and microbial changes might be regarded as 

either a cause or a consequence of the disease state. Nevertheless a role for GCM is supported by: 

i) the evidence that IBD and IBS patients present intestinal dysbiosis; ii) the beneficial effects 

observed with some treatments with antibiotics; and iii) the beneficial effects observed upon 

treatment with certain bacterial strains used as probiotics (Gionchetti et al., 2006; Quigley, 2011; 

Dai et al., 2013; Hungin et al., 2013; Chang, 2014). 
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From the background presented we can conclude that, besides the classical neuro-

immune-endocrine regulatory mechanisms, the gut commensal microbiota (GCM) should be 

regarded as an active component in gastrointestinal homeostasis, with numerous evidences 

suggesting the existence of a host-bacterial axis that influences intestinal and extra-intestinal 

functions. Consequently, alterations in GCM and its interaction with the host can lead to 

pathophysiological states, likely including intestinal inflammation and altered secretomotor and 

sensory functions. 

Therefore, we HYPOTHESIZED that imbalances in the GCM might have a potential 

influence in host-bacterial interactions systems and might affect intestinal sensory-related 

mechanisms, leading, as a final consequence, to functional alterations in visceral sensitivity.  

To proof this hypothesis we characterized, at molecular and cellular levels, immune- and 

visceral sensory-related changes in different states of colonic dysbiosis (spontaneous adaptive 

changes or antibiotic-induced dysbiosis) or when dysbiosis is simulated by direct stimulation of 

TLR-dependent host-bacterial interaction systems in rodents (rats or mice). Furthermore, we also 

assessed if these changes might have functional consequences in visceral sensitivity.  

 

Taking this into account, the specific OBJECTIVES of this work were:  

- To determine if spontaneous changes of the GCM related to the adaptation to new 

environmental conditions are associated to changes in sensory-related systems within the 

colon.  

- To characterize local changes in host-bacterial interaction systems and sensory-related 

systems in states of colonic dysbiosis.  

- To determine if potential neuro-immune changes associated to colonic dysbiosis translate 

into functional changes related to visceral sensitivity or colonic motility. 

- To characterize the interaction between psychological stress and GCM and their potential role 

modulating functional colonic responses to stress.  

- To assess if dysbiotic states of the colon are associated to the induction of colonic 

inflammation. 
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ABSTRACT 

Pathogenic and protective roles have been attributed to gut commensal microbiota (GCM) 

in gastrointestinal inflammatory and functional disorders. We have shown that the adaptation to a 

new environment implies specific changes in the composition of GCM. Here we assessed if 

environment-related adaptive changes of GCM modulate the expression of colonic Toll-like 

receptors (TLRs) and sensory-related systems in rats. Adult male SD rats were maintained under 

different environmental conditions: barrier-breed-and-maintained; barrier-breed adapted to 

conventional conditions or conventional-breed-and-maintained. Fluorescent in situ hybridization 

and real-time quantitative PCR (qPCR) were used to characterize luminal ceco-colonic microbiota. 

Colonic expression of TLR-2, -4, -5 and -7, cannabinoid receptors (CB1/CB2), µ-opioid receptor 

(MOR), transient receptor potential vanilloid (TRPV1, 3 and 4), protease-activated receptor 2 (PAR-

2) and calcitonin-gene related peptide (CGRP) were quantified by qPCR. CB1/CB2 and MOR 

expression were evaluated also by immunohistochemistry. In rats, housing-related environmental 

conditions induce specific changes of GCM, without impact on the expression of TLRs-dependent 

bacterial recognition systems. Expression of sensory-related markers (MOR, TRPV3, PAR-2 and 

CB2) decreased with the adaptation to a conventional environment; correlating with changes in 

Bacteroides spp., Lactobacillus spp. and Bifidobacterium spp. counts. This suggests an interaction 

between GCM and visceral sensory mechanisms, which might be part of the mechanisms 

underlying the beneficial effects of some bacterial groups on functional and inflammatory 

gastrointestinal disorders. 

 

Keywords: Cannabinoid receptors, Gut commensal microbiota, Mu opioid receptor, 

Protease-activated receptor 2, Toll-like receptors, Vanilloid receptors 
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INTRODUCTION 

Gut commensal microbiota (GCM) is a dynamic microbiological system comprised by a 

large number of bacterial species.1 Numerous evidences support a critical role for commensal 

bacteria in the maintenance of gut homeostasis. For instance, GCM appears to be of crucial 

importance in the modulation of local immune responses. 2 and, through these mechanisms, to be 

a pathogenic component of inflammatory and functional gastrointestinal alterations, such as 

inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS). Indeed, several reports 

suggest that GCM composition is altered in both IBD and IBS patients. 3–5 Therefore, modulation of 

the commensal microbiota, mainly through the administration of probiotics and/or prebiotics, has 

become an attractive, and largely explored, approach for the treatment of these alterations. This is 

based in numerous studies, both in animals and humans, suggesting that specific microbial agents 

might modulate immune responses, local epithelial functions, motor activity, afferent sensory 

information associated to visceral sensitivity and even central nervous system responses 

associated to intestinal stimuli. 3,6–9 However, the mechanisms mediating these effects remain 

largely unknown. 

Recent data derived from animal models of IBS evaluating sensory information arising 

from the gut suggest that GCM might influence neuronal and/or neuro-immune mechanisms 

within the gut.3 In mice and rats, modifications of the intestinal commensal microbiota result in 

changes in nociceptive responses that have been associated to alterations in neuro-immune 

mediators implicated in sensory mechanisms, including pain responses, within the gut.10,11 We 

have recently shown that GCM has spontaneous, environmental-related, adaptive changes. In 

particular, animals breed under barrier conditions, when moved to standard housing conditions 

present an adaptive shift in their GCM towards the characteristic or the new environment.12 

Similar environmental-related changes have been also described in mice.13,14 The significance of 

these changes is not clear but might implicate alterations in gut homeostasis leading to altered 

functional responses and/or the development of pathophysiological states. 

Based on these observations, we aimed to correlate environmental-related adaptive 

changes in GCM with changes in neuro-immune sensory systems within the gut. For this, we 

characterized spontaneous changes of ceco-colonic commensal microbiota, using fluorescence in 

situ hybridization (FISH), in rats born and bred under different environmental conditions. FISH 

results were confirmed by real-time quantitative PCR (qPCR). In the same animals the gene 
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expression of cannabinoid receptors (CB1 and CB2), transient receptor potential vanilloid channels 

(TRPV1, TRPV3 and TRPV4), protease-activated receptor 2 (PAR-2), µ-opioid receptors (MOR) and 

calcitonin-gene related peptide (CGRP) was assessed also by qPCR. Moreover, the intestinal 

expression of cannabinoid receptors (CB1 and CB2) and MOR was also evaluated by 

immunohistochemistry. All these receptors/mediators participate in sensory and secretomotor 

responses within the gut and have been implicated in both inflammatory and functional 

gastrointestinal alterations.15–19 

The interaction between gut microbiota and the host is known to be mediated through 

pattern recognition receptors (PRR). Toll-like receptors (TLRs) are among the best characterized 

PRRs; they are largely expressed within the gut and are key components mediating bacterial-host 

interactions and microbial recognition.20–23 Therefore, we also assessed if environmental-related 

changes in the luminal GCM affect the local expression of TLRs, specifically the TLR subtypes 2, 4, 5 

and 7 (TLR2, TLR4, TLR5 and TLR7). 

 

MATERIALS AND METHODS 

ANIMALS 

Four 6 week old and four 9 week old male OFA Sprague-Dawley rats (SPF, specific 

pathogen free) bred and maintained in a barrier protected area with all materials, water, food and 

bedding sterilized before entering the barrier were obtained from Charles River Laboratories 

(Lyon, France). The original microbiota inoculated in these animals (as provided by the breeder) 

consisted of: Bacteroides distasonis, Lactobacillus acidophilus, Lactobacillus salivaris, Schaedler 

fusiform-shaped bacterium, 3 strains of CRL fusiform-shaped bacterium,CRL mouse spirochete, 

Escherichia coli (non haemolytic), Streptococcus faecalis (group D) and Enterococcus spp. In 

addition, four 9 week old male OFA Sprague-Dawley rats bred in conventional conditions in the 

Animal Facility of the Universitat Autònoma de Barcelona were used. This conventional colony was 

established in 1994 from OFA Sprague Dawley rats from Charles River Laboratories (Lyon, France) 

and has been appropriately cross-bred in order to maintain genetic stability. When in conventional 

conditions, water, food and bedding were given to animals as facilitated by the commercial 

provider, without any further treatment.  



Chapter 1 

52 

All procedures were approved by the Ethical Committee of the Universitat Autònoma de 

Barcelona and the Generalitat de Catalunya. 

EXPERIMENTAL GROUPS AND SAMPLE COLLECTION  

Three experimental groups were defined: 1) 9 week old barrier-bred rats (barrier-breed-

and-maintained group; n=4); 2) 9 week old rats born and bred under conventional conditions 

(conventional-breed-and-maintained group; n=4); and 3) 6 week old barrier rats maintained under 

conventional conditions at the animal facility of the UAB for 3 weeks (barrier-breed adapted to 

conventional conditions group; n=4). All animals were 9 week old at the time of testing. To avoid 

potential time-related changes in microbiota all experimental groups were processed 

simultaneously. 

Animals were euthanized by CO2 inhalation followed by a thoracotomy. Thereafter, the 

abdominal cavity was opened, the ceco-colonic region localized and fecal content and tissue 

samples were collected and frozen immediately with liquid nitrogen. All samples were stored at -

80 ºC until analysis. For immunohistochemistry analysis a 3 cm segment of the mid-portion of the 

colon was removed and fixed overnight with 4% paraformaldehyde.  

ENUMERATION OF BACTERIA USING FLUORESCENCE IN SITU HYBRIDIZATION (FISH) 

For FISH, general methods previously reported were followed.12,24 Oligonucleotide probes 

consisted of a single strain DNA covalently linked with Cy3 at the 5’-end (see Table 1 for details of 

the probes used). All probes were obtained from Tib MolBiol or Biomers. 

Frozen fecal contents (about 0.5 g) were thawed and 4.5 ml of Millipore filtered PBS 1x, at 

pH 7.2, and 3-5 glass beads (3mm diameter) were added and homogenized on a vortex for 3 min. 

The suspension obtained was then centrifuged for 1 min at 700 g. 1 ml of the supernatant was 

collected and fixed overnight (4 ºC) in 3 ml of freshly prepared 4% paraformaldehyde and stored at 

–20 ºC until analyzed. 

At the time of analysis, samples were diluted in PBS 1x and spotted on pre-cleaned, 

gelatin-coated [0.1% gelatin, 0.01% KCr(SO4)2] Teflon printed slides (10 wells, diameter 8mm; K-11, 

Knittel Gläss), dried at room temperature and dehydrated in 96% ethanol (10 min). Samples were 

hybridized in a dark moist chamber by addition of 100 μl hybridization buffer (20mM Tris-HCl, 09M 
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NaCl, 0.1% SDS at pH 7.2) preheated with the corresponding Cy3-labeled oligonucleotide probe 

(with a final concentration of 10ng/μl) in each well. Hybridization temperatures and duration were 

used as previously described to achieve the optimal stringency.12Lysozyme treatment (37ºC, 90 

min) was performed prior to the hybridization process for detection of Lactobacillus spp.  

After hybridization, the slides were rinsed in a pre-warmed washing buffer (20mM Tris-

HCl, 0.9M NaCl at pH 7.2) for 30 min, at each hybridization temperature, and then cleaned with 

Milli-Q water to remove unbound probes. Washed slides were air-dried and mounted with 

Vectashield® Mounting Media with-DAPI (H-1200; Vector Laboratories) to stain the chromosomes 

as a control signal.  

Hybridized slides were viewed under oil immersion, using a Carl Zeiss Axioskop 40 FL 

epifluorescence microscope (filter for Cy3) equipped with a digital camera Zeiss AxioCam MRm for 

obtaining digital images (Zeiss AxioVision Release 4.8.1; Carl Zeiss Microscopy). For quantification 

of bacteria, 20 randomly selected fields were photographed and the number of hybridized cells 

counted using the CellC software.25 

 

RELATIVE QUANTIFICATION OF BACTERIA USING REAL-TIME QUANTITATIVE PCR (QPCR) 

Total DNA was isolated from frozen ceco-colonic content using QIAamp® DNA Stool Mini 

Kit (Qiagen) following the manufacturer’s instructions. Thereafter, DNA was quantified using the 

NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies), diluted to equal concentrations 

with sterile deionised water and stored at -20ºC until analysis.  

The relative abundance of bacteria was measured using 16S rRNA gene-targeting 

hydrolysis probes (Custom TaqMan assays; Applied Biosystems; see Table 1 for details of the 

different probes used). Amplifications were carried out in a final volume of 20µL [1µL of assay 

(Primers: 18µM and Probe: 5µM), 10 µL of TaqMan Universal Master Mix II, 5 µL of Milli-Q water 

and 4 µL of DNA (40ng for Bifidobacterium spp., Clostridium spp. and Bacteroides spp. and 4 ng for 

Lactobacillus spp.)]. Amplification program was 95ºC during 10 min followed by 40 cycles at 95ºC 

for 30 s and 60ºC for 1 min. For Lactobacillus spp the amplification program was increased to 50 

cycles. All samples and the negative controls were assayed for triplicate. The barrier-breed-and-

maintained group served as the calibrator. 
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Table 2. Primers (FISH) and probes (qPCR) used for quantification of bacterial 16S rRNA genes. 

 
F: forward primer; R: revers primer; R: probe. 

To determine the relative bacterial content an expression value of 1 was assigned to the 

barrier-breed-and-maintained group and expression levels in the other groups were referred to it. 

In these conditions, relative expression values above 1 imply an increase in bacterial counts in 

relation to the barrier-breed-and-maintained group. Conversely, relative expression values below 

1 imply a decrease in bacterial counts in relation to the barrier-breed-and-maintained group. 

 

GENE EXPRESSION USING QUANTITATIVE REVERSE TRANSCRIPTION-PCR (RT-QPCR) 

Total RNA was extracted from frozen tissue samples using TRI reagent with Ribopure Kit, 

(AM1924; Ambion/Applied Biosystems); thereafter, a Two-step RT-PCR was performed. RNA 

samples were converted to cDNA using a High Capacity cDNA Reverse Transcription Kit (4368814; 

Applied Biosystems). Only a consistent 260/280 ratio (between 1.8-2) found with NanoDrop ND-

1000 spectrophotometer (NanoDrop Technologies) was accepted to perform a quantitative real 

time PCR using hydrolysis probes. TaqMan gene expression assays for CB1 receptors 

(Rn00562880_m1), CB2 receptors (Rn00571953_m1), MOR (Rn01430371_m1), TRPV1 

(Rn00583117_m1), TRPV3 (Rn01460303_m1), TRPV4 (Rn00576745_m1), PAR-2 

(Rn00588089_m1), CGRP (Rn01511354_m1), TLR2 (Rn02133647_s1), TLR4 (Rn00569848_m1), 
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TLR5 (Rn01411671_s1) and TLR7 (Rn01771083_s1) were used (Applied Biosystems). β-actin 

(Rn00667869_m1) was used as endogenous housekeeping and the barrier-breed-and-maintained 

group served as the calibrator. 

The PCR reaction mixture was transferred to a MicroAmp optical 96-well reaction plate 

and incubated on the ABI 7900 HT Sequence Detection System (Applied Biosystems). RQ Manager 

1.2 software was used to obtain the cycle threshold for each sample; thereafter all data were 

analyzed with the comparative Ct method (2−∆∆Ct).26All samples and the negative controls were 

assayed for triplicate.  

 

 

IMMUNOHISTOCHEMISTRY 

Paraffin embedded tissue sections (5 μm thick) were deparaffinized and rehydrated with a 

battery gradient of alcohols. Antigen retrieval for CB1 receptor and MOR was achieved by 

processing the slides in a microwave with 10mM of citrate solution. Epitope retrieval for CB2 

receptor was performed using a pressure cooker (at full pressure, for 3 min) in Tris-EDTA solution 

buffer. Quenching of endogenous peroxidase was performed by 1-h incubation with 5% H2O2 in 

distilled water. Primary antibodies included a rabbit polyclonal anti-CB1 (1:100; Rabbit polyclonal 

to Cannabinoid Receptor 1, ab23703; Abcam), a rabbit polyclonal anti-CB2 (1:100; Rabbit 

polyclonal to Cannabinoid Receptor 2 (H-60), sc-25494; Santa Cruz Biotechnology) and a rabbit 

polyclonal anti-MOR (1:2500; Rabbit polyclonal to mu opioid receptor AB1580; 

Chemicon/Millipore). The secondary antibody used was a biotinylatedpolyclonal swine anti-rabbit 

IgG (E 0353; DakoCytomation). Detection was performed with avidin/peroxidase kit (Vectastain 

Elite ABC kit, PK-6100; Vector Laboratories), antigen-antibody complexes were reveled with 3-3’-

diaminobenzidine (SK-4100 DAB; Vector Laboratories), with the same time exposure per antibody, 

and sections were counterstained with haematoxylin. Specificity of the staining was confirmed by 

omission of the primary antibody.  
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QUANTIFICATION OF IMMUNE-POSITIVE SIGNAL IN THE MYENTERIC PLEXUS 

For CB2, immunopositive cells were counted in 30, randomly selected, myenteric ganglia, 

in duplicate, for each tissue sample. Cells were considered to be immunopositive if they expressed 

more labeling that the background levels seen in the negative controls.  

MOR immunoreactive myenteric ganglia were quantified by means of gray density using 

ImageJ software (NIH Image, USA). A minimum of 15 myenteric ganglia per sample were 

evaluated. Images were taken with the same light intensity and control negative signals were used 

to determine the positive grey threshold.  

All counting was performed on coded slides to avoid any bias. 

STATISTICAL ANALYSIS 

Data are expressed as mean ± SEM. A robust analysis (one iteration) was used to obtain 

mean ± SEM for qPCR data. Comparison between multiple groups were performed using a one-

way analysis of variance (one-way ANOVA), followed when necessary, by a Student-Newman-Keuls 

multiple comparisons test. Correlation between parameters was assessed by linear regression and 

Pearson’s analysis. In all cases, results were considered statistically significant when P<0.05. All 

statistical analysis and graphs were performed using GraphPad Prism 4 (GraphPad Software, La 

Jolla, USA). 

 

RESULTS 

CHARACTERIZATION OF INTESTINAL (CECO-COLONIC) COMMENSAL MICROBIOTA BY FISH 

Total mean bacterial counts, as determined using DAPI staining and EUB 338 hybridization, 

oscillated between 5.3 x 109 and 2.2 x 1010 cells/ml, and were comparable in all experimental 

groups, and within the margins previously described [13, 31]. However, FISH analysis revealed 

significant differences among groups in the commensal microbiota composition (Table 2; Figs. 1 

and 2).  
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Among Gram negative bacteria, the counts of Enterobacteriaceae (ENT-D probe) were 

scarce (in many cases less than 1% of the flora quantified), regardless the group considered. In 

contrast, Bacteroides spp. group (BAC 303 probe) was relatively abundant and counts were 

significantly higher in the barrier-breed-and-maintained and the conventional-breed-and-

maintained groups when compared with the barrier-breed adapted to conventional conditions 

group (Table 2, Figs. 1 and 2).  

 

Table 3. Bacterial counts in the different experimental groups, as determined by FISH (×10
8
 cells/ml).

a 

 Barrier-breed-and-

maintained 

Barrier-breed adapted to 

conventional conditions 

Conventional-breed-

and-maintained 

Total cellsb 171.1±21.5 113.1±34.9 138.0±37.4 

Enterobacteria 0.7±0.09 0.7±0.3 1.28±0.2 

Bacteroides spp 6.4±2.2 0.428±0.84
&

 2.77±0.7 

Bifidobacterium spp 0.2±0.06 0.27±0.17 1.8±0.6 

Clostridium cluster XIVa 35.7±11.2 24.8±5.4 45.3±20 

Lactobacillus spp 0.3±0.1** 1.28±0.38* 3.4±0.8 
a
: Data are mean±SEM, n=4 per group. Because of technical problems one animal of the Barrier-breed-and-

maintained group was not analyzed for Bifidobacterium spp.
b
: Total fecal microbial counts as determined by 

DAPI staining. *, **: P <0.05 or 0.01 vs. Conventional-breed-and-maintained group, &: P < 0.05 vs. Barrier-

breed-and-maintained group (ANOVA). 

 

Overall, Gram positive bacteria represented more than 80% of the total FISH-quantified 

microbiota. In particular, Clostridium coccoides - Eubacterium rectale group (Clostridium cluster 

XIVa, EREC 482 probe) accounted for the largest bacterial population in all experimental groups. 

Counts for Lactobacillus spp. and Enterococcus spp. (LAB 158 probe) and Bifidobacterium spp. (BIF 

164 probe) were higher in fecal samples from the conventional-breed-and-maintained group when 

compared with the barrier-breed-and-maintained and barrier-breed adapted to conventional 

conditions groups, which showed clear transitional changes towards to the adaptation to 

conventional conditions (Table 2, Figs. 1 and 2).  
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Figure 1. Relative composition of the ceco

different experimental groups. Data repre

groups characterized by FISH (

Lactobacillus - Enterococcus

composition was calculated taking as 100% the total counts of the bacterial groups assessed. 

Barrier: barrier-breed-and-

conditions group; Conventional: 

exact cell counts. 

 

CHARACTERIZATION OF INTESTINAL 

qPCR was used to confirm FISH results. The bacterial groups assessed (

spp., Lactobacillus spp., Bacteroides

samples. However, relative expression levels (indicative of the bacterial density) were different 

among bacterial and among experimental groups. Overall, relative

bacterial groups followed the same pattern obtained using FISH (Fig. 2), revealing the same 

changes associated to the environmental conditions. 

 

 

Relative composition of the ceco-colonic microbiota, as quantified by FISH, in the 

different experimental groups. Data represent relative abundance (%) of the different bacterial 

groups characterized by FISH (Bacteroides spp, Enterobacteriaceae, Bifidobacterium

Enterococcus spp. and Clostridium cluster XIVa group). Relative percent 

composition was calculated taking as 100% the total counts of the bacterial groups assessed. 

-maintained group; Adapted: barrier-breed adapted to conventional 

conditions group; Conventional: conventional-breed-and-maintained group. See Table 1 for 

NTESTINAL (CECO-COLONIC) COMMENSAL MICROBIOTA BY QPCR 

qPCR was used to confirm FISH results. The bacterial groups assessed (

Bacteroides spp. and Clostridium cluster XIVa) were detected in all fecal 

samples. However, relative expression levels (indicative of the bacterial density) were different 

among bacterial and among experimental groups. Overall, relative abundance for the different 

bacterial groups followed the same pattern obtained using FISH (Fig. 2), revealing the same 

changes associated to the environmental conditions.  

 

colonic microbiota, as quantified by FISH, in the 

sent relative abundance (%) of the different bacterial 

Bifidobacterium spp., 

cluster XIVa group). Relative percent 

composition was calculated taking as 100% the total counts of the bacterial groups assessed. 

breed adapted to conventional 

maintained group. See Table 1 for 

qPCR was used to confirm FISH results. The bacterial groups assessed (Bifidobacterium 

cluster XIVa) were detected in all fecal 

samples. However, relative expression levels (indicative of the bacterial density) were different 

abundance for the different 

bacterial groups followed the same pattern obtained using FISH (Fig. 2), revealing the same 
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Figure 2.Comparison of the ceco-colonic microbiota, as quantified by FISH (left column) and qPCR 

(right column), in the same animals. FISH quantification (left column): data are media (interquartile 

range) ± SD for each bacterial group analyzed (n=4 per group). Because of technical problem one 

animal of the barrier group was not analyzed for Bifidobacterium spp. *, **: P < 0.05 or 0.01 vs. the 

conventional group. #: P<0.05 vs. the barrier group. qPCR quantification (right column): Each point 

represents an individual animal. The horizontal line with errors represent the mean ± SEM (n=4 per 

group). Because of technical problems one animal of the barrier group was not analyzed for 

Bifidobacterium spp. and Clostridium spp. and one animal of the adapted group was not analyzed 

for Bacteroides spp. *, ***: P < 0.05 or 0.001 vs. the conventional group. Barrier: barrier-breed-

and-maintained group; Adapted: barrier-breed adapted to conventional conditions group; 

Conventional: conventional-breed-and-maintained group. 
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COLONIC EXPRESSION OF TLRS  

TLRs expression was similar across groups, regardless the environmental conditions 

considered. Overall, colonic expression of TLR4 and 5 was similar across groups and higher (by 6-

fold) than the expression of TLR2 or TLR7. Relative expression levels were TLR4 ~ TLR5 > TLR2 ~ 

TLR7 (Fig. 3). 
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Figure 3. mRNA expression of TLR2, 4, 5 and 7 in colonic tissue samples of the different 

experimental groups. Barrier: barrier-breed-and-maintained group; Adapted: barrier-breed 

adapted to conventional conditions group; Conventional: conventional-breed-and-maintained 

group. Data are mean ± SEM of 4 animals per group. 

 

COLONIC EXPRESSION OF SENSORY-RELATED MARKERS AND CORRELATION WITH BACTERIAL COUNTS 

The most abundantly expressed sensory-related marker within the colon was PAR-2, with 

a minimum of 10-fold higher expression than other markers assessed, regardless the experimental 

group considered. In all cases, CGRP was undetectable. Other markers assessed, although 

detected in all samples analyzed, showed, in general, low levels of expression. 

Expression of CB2 (P=0.1), PAR-2 (P=0.07), TRPV3 (P=0.03) and MOR (P=0.01) was higher in 

the barrier-breed-and-maintained group when compared to the conventional-breed-and-

maintained group; showing intermediate levels of expression in the barrier-breed adapted to 
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conventional conditions group (Fig. 4). Expression levels of CB1 and TRPV1 and 4 were similar 

across groups. 
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Figure 4. mRNA expression of MOR, TRPV3, PAR-2 and CB2 in colonic tissue samples of the 

different experimental groups. Barrier: barrier-breed-and-maintained group; Adapted: barrier-

breed adapted to conventional conditions group; Conventional: conventional-breed-and-

maintained group. Data are mean ± SEM of 4 animals per group. *: P < 0.05 vs. Barrier. #: 

P<0.05 vs. other groups. Barrier: barrier-breed-and-maintained group; Adapted: barrier-breed 

adapted to conventional conditions group; Conventional: conventional-breed-and-maintained 

group. 

 

Expression levels of MOR and TRPV3 correlated with changes in the composition of the 

luminal microbiota. In particular, expression levels of TRPV3 showed a negative correlation with 

the counts of Bifidobacterium spp (P=0.01; r2=0.55) and Lactobacillus spp. (P=0.02; r2=0.45) (Fig. 

5). Similarly, Enterobacteria counts also tended to correlate in a negative manner with TRPV3 

mRNA (P=0.07; r2=0.27). On the other hand, expression levels of MOR showed a clear tendency to 

positively correlate with the counts of Bacteroides spp. (P=0.07; r2=0.28) and to negatively 

correlate with Lactobacillus spp. counts (P=0.07; r2=0.27; Fig. 5). Similar correlations were 

determined when using relative bacterial abundance determined by qPCR (data not shown). 
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Figure 5. Correlation between the relative expression of sensory-related markers and 

bacterial counts. Up: MOR and down: TRPV3 for either Bacteroides spp. (BAC), Lactobacillus - 

Enterococcus spp. (LAB) or Bifidobacterium spp. (BIF). Each point represents an individual 

animal. Broken lines represent the 95% confidence interval. 

 

LOCALIZATION AND QUANTIFICATION OF CANNABINOID AND µ OPIOID RECEPTORS BY IMMUNOHISTOCHEMISTRY 

CB2 immunoreactivity was observed in the luminal surface of the epithelial microvilli and 

within ganglionic cells of the myenteric plexus. Very few immunoreactive cells were observed in 

the submucous plexus. Intense CB2 immunoreactivity was observed in Peyer's patches and also in 

some unidentified cells distributed through the submucosa, likely corresponding to immune cells. 

The smooth muscle of the blood vessels walls showed intense immunoreactivity. Overall, similar 

patterns of distribution and staining intensities were observed in all experimental groups (Fig. 6). 

Nevertheless, CB2-immunoreactive ganglionic cell density within the myenteric plexus had a clear 

trend to be lower in the conventional-breed-and-maintained group compared with the other 

experimental groups, although statistical significance was not achieved (P=0.053; Fig. 6). 

Immunostaining for CB1 receptors was found in epithelial cells, mainly within the apical 

surface of the microvilli. In the submucosa, a fainter positive staining was seen in the smooth 
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muscle of the blood vessel walls. No staining was observed in the muscle layers. Cells within 

ganglia of the myenteric plexus appeared also immunostained, while within the submucous plexus 

immunoreactive cells were rarely seen. Within the myenteric plexus, the density of 

immunoreactive cells was low: CB1–immunoreactive cells oscillated between 0 and 2 

cells/ganglion and was similar among all experimental groups (data not shown). Peyer's patches 

showed a moderate staining in well-defined cells. Similar distribution and staining intensities were 

observed in all experimental groups (data not shown). 

MOR immunoreactivity was mainly found within the ganglia of both myenteric and 

submucosal plexuses. Some epithelial cells as well as unidentified cells in the lamina propia 

appeared also stained (Fig. 6). Immunostaining intensity within the myenteric plexus was higher in 

the barrier-breed-and-maintained group and showed a clear tendency to decrease with the 

adaptation to conventional housing conditions (Fig. 5). 

In all cases, absence of the primary antibody resulted in a complete loss of 

immunoreactivity, thus confirming the specificity of the staining. 
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Figure 6. Expression of MOR and CB2 assessed by immunohistochemistry. Representative 

images (X200) showing localization of MOR (A, a) and CB2 receptor (B, b) immunoreactivity 

in the myenteric plexus of the rat colon.  Upper panels (A, B) correspond to a barrier

and-maintained animal; lower panels (a, b) correspond to a conventional

maintained animal. Arrows indicate myenteric ganglia. Bar graphs at the bottom show the 

quantification of MOR-like immunoreactivity in the myenteric ganglia and the number of 

CB2-immunorreactive cells within the myenteric plexus in the different experimental group

Barrier: barrier-breed-and

conventional conditions group; Conventional: conventional

Data are mean ± SEM (n=4 per group). Number on top of colum

values (ANOVA) vs. barrier for MOR and vs. conventional for CB2. Barrier: barrier

maintained group; Adapted: barrier

Conventional: conventional

Expression of MOR and CB2 assessed by immunohistochemistry. Representative 

wing localization of MOR (A, a) and CB2 receptor (B, b) immunoreactivity 

in the myenteric plexus of the rat colon.  Upper panels (A, B) correspond to a barrier

maintained animal; lower panels (a, b) correspond to a conventional

ed animal. Arrows indicate myenteric ganglia. Bar graphs at the bottom show the 

like immunoreactivity in the myenteric ganglia and the number of 

immunorreactive cells within the myenteric plexus in the different experimental group

and-maintained group; Adapted: barrier-breed adapted to 

conventional conditions group; Conventional: conventional-breed-and-maintained group. 

Data are mean ± SEM (n=4 per group). Number on top of columns correspond

s (ANOVA) vs. barrier for MOR and vs. conventional for CB2. Barrier: barrier

maintained group; Adapted: barrier-breed adapted to conventional conditions group; 

Conventional: conventional-breed-and-maintained group. 
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wing localization of MOR (A, a) and CB2 receptor (B, b) immunoreactivity 
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maintained animal; lower panels (a, b) correspond to a conventional-breed-and-
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DISCUSSION 

During the last years there has been an increasing interest in the role of GCM in the 

maintenance of gastrointestinal homeostasis and its potential implication in pathophysiological 

conditions. Here we present, for the first time, evidence that spontaneous variations in gut 

microbiota, related to environmental adaptation, are associated with changes in the expression of 

secretomotor and sensory-related markers within the gut (mainly the opioid, vanilloid and 

endocannabinoid systems), without alterations in TLRs expression.  

We show that the environmental conditions of breeding/housing of the animals 

determine, at least partially, the composition of the GCM, as previously shown for both rats and 

mice.12–14 Moreover, in agreement with our previous observations 12, results obtained indicate that 

relative composition of the ceco-colonic microbiota in rats varies spontaneously with changes in 

the environmental conditions. Changes in the composition of GCM observed here are in 

concordance with those previously described by us in similar experimental conditions and using 

animals of the same genetic background.12 Main microbial changes associated to the adaptation 

from a barrier to a conventional environment implied a loss of Bacteroides spp. with a 

simultaneous increase in the counts of Lactobacillus-Enterococcus spp. and Bifidobacterium spp. 

Quantitative changes in bacterial composition across groups were further confirmed using qPCR. 

Overall, relative bacterial abundances assessed by qPCR or direct bacterial quantifications by FISH 

were equivalent. Since qPCR is a more sensitive technique than FISH, these similarities reinforce 

the value of our FISH data and indicate that the results described reflect a consistent change in 

microbial composition. 

Numerous reports have implicated GCM in the development of immune responses within 

the gut and identified bacterial flora as a significant component of the pathogenesis of several 

intestinal disorders, including inflammatory bowel disease (IBD) and irritable bowel syndrome 

(IBS).2–5 Following these observations, several studies suggest that microbiota might influence 

immune- and neurally-mediated responses within the gut. In particular, several lines of evidence 

suggest that bacterial flora is implicated in the modulation of sensory mechanisms arising from the 

gut and, therefore, in changes in visceral pain-related responses. First, clinical and preclinical 

studies have shown that administration of certain probiotics can prevent abdominal symptoms in 

IBS and IBD patients (pain and discomfort, bloating or altered bowel habits).6,8,27–31 Second, 

probiotic-like treatments reduced visceral pain-related responses in animal models of the 
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disease.7,10 Despite the clinical interest of these observations the mechanisms mediating these 

beneficial effects remain largely unknown. Animal data suggest, at least, a microbial-dependent 

modulation of the opioid and the endocannabinoid systems, both mediating analgesic responses 

within the gut16,18,19, as a potential underlying mechanism.10,11 Here we show that, in rats, 

spontaneous adaptive variations of GCM, associated to environmental changes, lead to a 

modulation of the expression of sensory-related systems within the gut, including the opioid, the 

endocannabinoid and the vanilloid (TRPV) systems. Altogether, these data support a role for 

microbiota affecting sensory-related gastrointestinal regulatory mechanisms. 

Preliminary observations suggest that specific bacterial strains might modulate the 

endogenous expression of several mediators implicated in viscerosensitivity. For instance, a 

specific strain of Lactobacillus acidophilus given as a probiotic was able to modulate the content of 

CB2 and MOR in the gut and to reduce visceral pain responses in rats.10 These results agree with 

the present observations showing that spontaneous adaptive variations of the GCM imply changes 

in the intestinal expression of receptors implicated in sensory/nociceptive-related mechanisms. In 

the present study we did not correlate changes in receptors expression with any particular strain 

of bacteria, but with large spontaneous changes in gut commensal microbiota. From our 

observations, spontaneous fluctuations of Bacteroides spp, Bifidobacterium spp. and Lactobacillus 

spp strains correlate with changes in sensory-related markers. Although no clear cause-effect 

relationship can be inferred, these observations suggest that such bacterial strains might be 

(directly or indirectly) implicated in the changes observed in sensory-related markers. Previous 

studies have pointed towards two main genera of bacteria as having beneficial effects in gut 

homeostasis, including the modulation of visceral pain-related responses: Lactobacillus spp and 

Bifidobacterium spp.6–8,10,27,29,30 In our conditions, spontaneous changes in these bacterial groups 

correlated with variations in TRPV3 and MOR expression. This partially agrees with the previous 

reports in which gut microbiota was related with the content of MOR and CB2 receptors in the gut, 

leading to a state of analgesia-like.10 Interestingly, expression changes were observed in both pro-

nociceptive (TRPV3 and PAR-2) and anti-nociceptive (MOR and CB2) systems. In all cases, a down-

regulation was observed in the adaptation process from barrier to conventional conditions. This 

might suggest differences in pain responses between animals maintained in barrier or standard 

conditions or during the adaptation process from one environment to the other; although this 

remains to be demonstrated. Supporting this view, large alterations of gut microbiota, associated 

to the treatment with antibiotics or by adaptation to a standard, non-sterile environment, was 
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associated to altered visceral pain responses in mice.32,33 Moreover, mice data suggest also that 

GCM is fundamental for the development of inflammatory pain.34 Therefore, it is feasible to 

assume that microbial changes may result in alterations in visceral pain responses.   

It is important to remind that the receptor modulation was initially determined at the 

gene expression level (mRNA). To further determine if expression changes could have 

consequences at the protein level we further assessed the expression of CB1/CB2 and MOR in 

colonic tissues using immunohistochemistry. In all cases CB1, CB2 and MOR immunoreactivity 

were identified throughout the colon. Tissue distribution observed for either receptor was in 

accordance to that previously described for the colon in mice, rats and pigs.35–37 Overall, no 

differences among groups in immunoreactivity were observed for none of the receptors assessed. 

Nevertheless, a more detailed analysis of immunoreactivity in the myenteric plexus indicated 

lower protein content in ganglionic structures in conventional-breed-and-maintained animals 

compared with the barrier-breed-and-maintained group; in agreement with the mRNA expression 

results. This reinforces the view that these changes might translate into functional differences in 

CB2- and MOR-mediated responses.    

As mentioned, the mechanisms through which GCM influences the expression of neuro-

immune mediators remain largely unknown. Extensive work has demonstrated that the microbiota 

interacts with the internal milieu through specific bacterial recognition systems. These systems, 

with TLRs as main exponent, recognize bacterial components throughout specific epithelial 

receptors.9,20–23 We previously showed that spontaneous adaptive variation of the gut microbiota 

are associated to minor changes in bacterial recognition systems, in particular TLR2 and TLR4 

expression; and that the expression of these TLRs had no clear correlation with the microbiota.12 

The present results agree with these observations and show that spontaneous changes of GCM 

are not enough to directly modify the expression of TLR2, 4, 5 or 7. It can be speculated that 

profound changes in the microbiota, including the appearance of pathogenic strains, can be 

necessary to significantly alter host-microbial interactions, leading to changes in the expression of 

TLRs. 

Overall, the present observations support the view that GCM is a dynamic system able to 

experience environmental-related adaptive changes. Moreover data obtained suggest that the 

microbiota is able to interact with the host leading to the modulation of endogenous regulatory 

systems. This might be part of the underlying mechanisms mediating the beneficial effects of 
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certain probiotics on gastrointestinal disorders. The present data directly implicate large 

spontaneous changes in gut commensal microbiota with the modulation of endogenous systems 

potentially implicated in sensory responses arising from the gut. These observations warrant 

further studies assessing how spontaneous or directed changes in gut commensal flora affect 

neural functions within the gut from a functional, morphological and molecular point of view. 
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ABSTRACT 

Toll-like receptors (TLRs) participate in microbial recognition within the gut. Dysbiotic 

states might generate an imbalance in TLR-mediated signaling leading to exaggerated immune 

responses and the development of intestinal inflammation and sensory motor alterations. We 

characterized local neuro-immune responses and changes in sensory-related systems associated 

to the selective stimulation of colonic TLR4 (LPS, E. coli O5:B55) or TLR7 (imiquimod) in rats. 

A time-related (single vs. 5-day repeated treatment) and TLR-specific response was 

observed. Overall, LPS-mediated stimulation of TLR4 lead to higher responses in magnitude; 

further enhanced during a 5-day repeated treatment vs. a single treatment. Stimulation of TLR4 

lead to significant up-regulation of inflammatory markers with changes in host-bacterial 

interaction systems, including up-regulation of TLRs, integrins and antimicrobial peptides, and an 

increase in the ratio of secretory-IgA-coated bacteria. Sensory-related markers (cannabinoid 

receptors, TRPV1/3/4 and CGRP) were also up-regulated by LPS. Imiquimod had only marginal 

effects. Luminal microbiota was not affected, although LPS enhanced epithelial adherence for 

Clostridia/Bifidobacteria. No histopathological alterations consisting with the induction of 

inflammation were observed. 

Stimulation of colonic TLRs by microbial-related luminal factors elicits a TLR-specific 

immune activation, without inflammatory-like structural changes, and modulates the expression 

of sensory-related systems. Changes observed might be part of the host’s response to an 

alteration of the microbiome, with the objective of regaining a balance within the commensal 

microbiota, avoiding excessive immune responses and the development of inflammation. Similar 

mechanisms might explain the beneficial/detrimental effects described for different bacterial 

strains and might represent a basis for the mechanism of action of probiotics. 

Keywords: gut commensal microbiota, toll-like receptors, imiquimod, lipopolysaccharide, 

visceral pain, intestinal neuro-immune interactions, microbiota-host response 
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INTRODUCTION 

During the last years, gut commensal microbiota (GCM) has been recognized as a key 

element in gastrointestinal homeostasis.1–3 Consequently, states of dysbiosis, with altered host-

bacterial interactions, have been associated with several gastrointestinal and extra-intestinal 

pathophysiological states.4 The host-dependent recognition and interaction with the microbiota 

seem to be a key component in this process, leading to immune-related signaling cascades that 

would result ultimately in the modulation of neural and endocrine processes and the generation of 

inflammation and functional alterations at various levels (both inside and outside the GI tract).1,3,5,6 

Within the GI tract, host-bacterial interactions are largely mediated by Toll-like receptors 

(TLRs). TLRs are a family of transmembrane glycoproteins that belong to the innate immune 

system. They are located on the cell surface or in endosomes and recognize microbes through 

pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns 

(DAMPs).TLRs expression on intestinal epithelial cells (IECs) is low and has a predominant 

basolateral distribution, thus reducing the interaction with luminal commensal PAMPs. 

Nevertheless, certain TLR ligands and the TLR-mediated recognition of commensal microorganims 

induce a signaling response (cytokines- and chemokines-mediated) that protects the host from 

potential pathogens  and, at the same time, prevents exaggerated immunity to commensals.7–10 At 

the same time, in states of altered microbiota, TLRs will recognize the dysbiotic situation and will 

generate local immune responses towards the abnormal microbiota with the finality of preventing 

bacterial translocation and aiming to restore the normal microbial status. However, in certain 

situations, the same system can generate exaggerated immune responses leading to the 

development of intestinal inflammation.7,9 In these situations, TLRs-mediating signaling cascades 

might also affect neuro-endocrine components generating functional alterations within the GI 

tract. For instance, others and us have shown that states of colonic dysbiosis are associated to 

changes in the expression of sensory-related markers and altered viscerosensitivity in mice and 

rats.11–14 Similar modulatory actions are likely to explain the beneficial effects of certain probiotics 

in intestinal inflammation and visceral pain.15–17 

Taking into account the large complexity of the GCM, the multiple changes that it can 

experience during dysbiotic states and the fact that TLRs are able to recognize a large array of 

bacterial products 18–20 we explored changes in host-bacterial interactions and the local immune 

and sensory-related responses elicited by the selective stimulation of colonic TLRs, in particular 
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TLR4 and TLR7. Both, TLR4 and TLR7 are expressed in the intestine and have been implicated in 

microbial-related pathophysiological states. TLR4 is highly expressed on colonocytes 9,20–22 while 

TLR7 is mainly present on dendritic cells (DCs), with both being found in enteric neurons.9,21 Their 

role might differ in different pathophysiological conditions. For instance, while both are up-

regulated in GI inflammatory conditions 23,24 TLR4 is up-regulated and TLR7 down-regulated in 

patients with irritable bowel syndrome (IBS) or in some animal models of intestinal dysbiosis.25 

Since there is a bidirectional communication between the host and the microbiota, it is feasible to 

assume that microbial-derived signals will elicit feedback responses in the host directed towards 

the modulation of the microbiota. Therefore, we also assessed if the selective stimulation of 

colonic TLR4 and TLR7 translates into changes of the luminal and wall-adhered microbiota. 

 

MATERIALS AND METHODS 

ANIMALS  

Adult male (8-9 weeks-old) OFA Sprague Dawley rats (Charles River Laboratories, Lyon, 

France) were used. Upon arrival, animals were acclimatized for a 1-week period prior to any 

experimentation. All animals were maintained in standard conditions in an environmentally 

controlled room (20-22ºC, 12 h light:dark cycle), with food and water ad libitum. All procedures 

were approved by the Ethical Committee of the Universitat Autònoma de Barcelona (protocol 

1101) and the Generalitat de Catalunya (protocol 5645). 

DRUG ADMINISTRATION 

For stimulation of TLR7 and TLR4 the ligands Imiquimod (selective TLR7 agonist; 4-Amino-

1-isobutyl-1H-imidazo(4,5-c) quinoline; ALX-420-039, Enzo Life Sciences, New York, USA) and 

lipopolysaccharide from Escherichia coli 055:B5 (selective TLR4 ligand; LPS; L4524, Sigma-Aldrich, 

St. Louis, Missouri, USA) were used. Compounds were administered topically into the colon. For 

this, rats were anesthetized with isoflurane (Isoflo; Esteve, Barcelona, Spain) and a flexible plastic 

cannula (length, 7.5 cm; diameter, 0.61mm) was introduced through the anus to reach the mid-

colon (4 cm from the anus). Thereafter compounds or their vehicles (0.02 mL) were administered 
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slowly (over a 1-2 min period). To avoid backflow of the solutions, animals were maintained 

anesthetized in an inclined position for an additional 2-4 min period. 

EXPERIMENTAL PROTOCOLS  

Rats (n=40) were randomly divided into 8 experimental groups depending upon the 

treatments applied (Table 1). Animals received a single or a 5-days repeated intracolonic 

treatment of imiquimod (0.2 mg/animal/administration), LPS (0.1 mg/animal/administration) or 

their vehicles (0.5% hydroxy-propyl-methyl cellulose in sterile saline or saline, respectively; 0.2 

mL/animal/administration). Doses were selected based on pilot studies. All treatments were 

applied in the morning, between 8:00 and 9:00 h. In all cases, 24 h after the last administration, 

animals were euthanized and tissue and fecal samples obtained (see below). 

 

Table 1. Experimental groups. 

Treatment Intracolonic Dose Duration N 

Vehicle - sterile saline 0.2 mL/administration 
1 administration 

5 administrations 

4 

4 

TLR4 agonist - LPS 0.2 mg/0.2 mL administration 
1 administration 

5 administrations 

6 

6 

Vehicle - 0.5% hydroxy-propyl-methyl 

cellulose (HPMC) in sterile saline 
0.2 mL/administration 

1 administration 

5 administrations 

4 

4 

TLR7 agonist - Imiquimod 0.2 mg/0.2 mL administration 
1 administration 

5 administrations 

6 

6 

 

CLINICAL SIGNS 

Clinical and macroscopic assessment of the animals included daily monitoring of body 

weight and body temperature, appearance of faeces and general health condition. Separate scores 

(0–2) were assigned for faecal consistency and health condition (including hunch posture and 

piloerection); where 0 indicates normal faecal content/healthy condition, 1 indicates loose faecal 

content/signs of hunch posture and/or piloerection and 2 indicates watery diarrhoea/ severe 

hunch posture and piloerection. At necropsy (see below), the macroscopic appearance of the 
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colon was scored, in a blind manner, based on the presence of inflammatory signs 

(oedema,thickness, stiffness and presence of ulcerations), consistency of faecal content and 

presence of visible faecal blood; as previously published.26 

SAMPLES COLLECTION 

24 h after the last administration animals were deeply anesthetized with Isoflurane (Isoflo) 

and euthanized by intracardiac exsanguination followed by thoracotomy; thereafter, a medial 

laparotomy was performed, the ceco-colonic region localized and the cecum and colon dissected. 

Subsequently, ceco-colonic fecal contents and a tissue sample from the middle colon were 

collected and frozen immediately in liquid nitrogen. Frozen samples were stored at –80 ºC until 

analysis. At the same time, tissue samples of the proximal colon (about 1.5 cm each) were 

collected and fixed overnight at 4ºC in Carnoy fixative (ethanol:chloroform:glacial acetic acid, 

6:3:1, v:v:v) or in 4% paraformaldehyde. After an overnight fixation, tissues were paraffin 

embedded and 5μm thick sections obtained. In addition, the adrenal glands, the thymus and the 

spleen were dissected and weighted. 

BACTERIAL IDENTIFICATION BY FLUORESCENCE IN SITU HYBRIDIZATION (FISH)  

For fluorescence in situ hybridization (FISH), oligonucleotide probes consisted in a single 

strain DNA covalently linked with a Cy3 (carbocyanine) reactive fluorescent dye at the 5’ end 

(Biomers, Ulm/Donau; Germany and Tib Molbiol, Mannheim, Germany; Isogen, Barcelona, Spain). 

Probes used were: EUB 338 (5‘GCTGCCTCCCGTAGGAGT3’) to total Bacteria; NON 338 

(5’ACATCCTACGGGAGGC3’) to non-bacteria (negative control); BAC 303 

(5’CAATGTGGGGGACCTT3’) to Bacteroides spp.; EREC 482 (5’GCTTCTTAGTCAGGTACCG3’) to 

Clostridium Cluster XIVa; LAB 158 (5’GGTATTAGCACCTGTTTCCA3’) to Lactobacillus spp. and 

Enterococcus spp.; ENT-D (5’TGCTCTCGCGAGGTCGCTTCTCTT3’) to Enterobacteria; BIF 164 

(5’CATCCGGCATTACCACCC3’) to Bifidobacterium spp. and MUC-1437 

(5’CCTTGCGGTTGGCTTCAGAT 3’) to Verrucobacteria. 

Fecal samples of ceco-colonic content and colonic carnoy fixed tissue were used to 

characterize luminal and wall-adhered microbiota, respectively, following techniques previously 

described by us.12 Hybridized slides were viewed under oil immersion, using a Carl Zeiss Axioskop 

40 FL epifluorescence microscope (Carl Zeiss, Jena, Germany) equipped with a digital camera (Zeiss 
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AxioCam MRm) for obtaining digital images (Zeiss AxioVision Release 4.8.1). For quantification of 

luminal bacteria, 20 randomly selected fields were photographed, the number of hybridized cells 

counted using the CellC software.27 and the mean value obtained. In hybridized tissue samples, 20 

randomly selected fields were photographed. Analysis of the images was performed manually by 

two independent researchers that observed the pictures and localized hybridized bacteria within 

the mucus layer or attached to the epithelial surface. A coincidence between the two observers in 

bacterial location in at least 15% of the pictures observed (3 out of 20) was required to describe 

bacterial attachment to the epithelium. All procedures were performed on coded slides, to avoid 

bias. 

MRNA ANALYSIS 

Total RNA was extracted from frozen tissue samples using TRI reagent with Ribopure Kit, 

(AM1924M, Ambion, California, USA) and FastRNA Pro Green Kit (6045-050, MP Biomedicals, 

Solon, OH). RNA was quantified with NanoDrop (ND-1000 spectrophotometer, NanoDrop 

Technologies, Wilmington, DE, USA);a consistent 260/280 ratio (between 1.8-2) was considered 

acceptable to perform a two-step quantitative real time PCR (RT-qPCR)using hydrolysis probes 

(TaqMan Assays). RNA samples were converted to cDNA using a High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, California, USA). TaqMan gene expressions assays for 

cannabinoid receptors type 1 (CB1; Rn00562880_m1) and 2 (CB2; Rn00571953_m1), fatty acid 

amide hydrolase (FAAH; Rn00577086_m1), µ-opioid receptor (Rn01430371_m1), transient 

receptor potential vanilloid 1 (TRPV1; Rn00583117_m1), 3 (TRPV3; Rn01460303_m1) and 

4(TRPV4; Rn01460303_m1), proteinase-activated receptor type 2 (PAR-2; Rn00588089_m1), 

calcitonin gene-related peptide (CGRP; Rn01511354_m1), interleukin 6(IL-6; Rn01410330_m1), 

interferon α1 (IFNα1; Rn02395770_g1), interleukin 10 (IL-10; Rn00563409_m1), interleukin 12p40 

(IL-12p40; Rn00575112_m1), Toll-like receptor 2 (TLR2; Rn02133647_s1), 4 (TLR4; 

Rn00569848_m1), 5 (TLR5; Rn01411671_s1) and 7 (TLR7; Rn01771083_s1), integrin α2 (Itg α2; 

Rn01489315_m1) and β1 (Itg β1; Rn00566727_m1), Defensin α24 (Def α24; Rn02769344_s1) and 

β4 (Def β4; Rn01756705_m1), regenerating islet-derived 3 γ (Reg3γ; Rn00687437_g1) and 

Resistin-like molecule β (RELMβ; Rn01439306_m1) were used (all from Applied Biosystems). Actin-

β (Rn00667869_m1) was used as endogenous reference gene. 
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The PCR reaction mixture was incubated on the Applied Biosystems 7500 FastReal Time 

PCR System. All samples, as well as the negative controls, were assayed in triplicates. The cycle 

threshold for each sample was obtained and thereafter, all data were analyzed with the 

comparative Ct method (2− ∆∆Ct) with the control group serving as the calibrator.28 

QUANTIFICATION OF SECRETORY IMMUNOGLOBULIN A AND IGA-COATED BACTERIA 

Luminal IgA secretion was measured in fresh homogenates of cecal contents (equally 

diluted in PBS 1x) using a commercial double-antibody sandwich ELISA, following manufacturer’s 

instructions (MBS564117; MyBiosource, San Diego, USA).  

For quantification of IgA coated-bacteria the same fresh homogenates were used. Bacteria 

were separated by centrifugation and a rabbit anti-Rat IgG/IgM/IGA Secondary Antibody, FITC 

conjugate (SA1-36148; Fisher Cientific) was used following described protocols, with minor 

modifications.29 Samples were stained and mounted in slides with Vectashield Mounting Medium 

with DAPI (H-1200; VectorLabs, Peterborough, UK).20 randomly selected fields (per sample and in 

duplicate) were photographed using a Carl Zeiss Axioskop 40 FL epifluorescence microscope and 

used to count labeled bacteria.  

HISTOLOGY 

For histological examination, hematoxylin-eosin-stained sections were obtained from 

paraffin-fixed tissue samples following standard procedures. A histopathological score (ranging 

from 0, normal, to 9, maximal alterations) was assigned to each animal. Specifically, parameters 

scored included: epithelial structure (0: normal; 1: mild alterations of the villi; 2: local villi 

destruction and/or fusion; 3: generalized villi destruction and/or fusion), presence of edema (0: 

normal; 1: mild local edema in submucosa and/or lamina propria; 2: moderate diffuse edema in 

submucosa and/or lamina propria; 3: severe generalized edema in submucosa and/or lamina 

propria), and presence of inflammatory infiltrate (0: normal; 1: mild localized infiltrate; 2: mild 

generalized infiltrate; 3: severe generalized infiltrate). Histopathological scoring was performed on 

coded slides by two independent researchers. 

The number of goblet cells was quantified in Carnoy-fixed samples of colonic tissue. Tissue 

sections were stained with Alcian Blue pH 2.5/Periodic Acid Schiff (AB 2.5/PAS kit; Bio-Optica, 

Milano, Italy) in order to specifically stain neutral (pink) and acidic (blue) mucins. Thereafter, 
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colonic goblet cells were counted in 20 longitudinally-oriented villus-crypt units. Length of the 

villus-crypt unit was also determined to obtain goblet cells density (number of cellsmm-1).All 

measurements were performed on coded slides using the Zeiss AxioVision Release 4.8.1 software. 

STATISTICAL ANALYSIS 

Data are expressed as mean ± SEM. A robust analysis (one iteration) was used to obtain 

mean ± SEM for RT-qPCR data. Data were analyzed by a two-way analysis of variance (ANOVA), 

taking treatment and duration of treatment as factors, followed, when necessary, by a Student-

Neuwman-Keuls multiple comparisons test. A Chi-square test was used to analyze bacterial 

adherence. Data were considered statistically significant when P< 0.05. 

 

RESULTS 

 

Overall, all parameters assessed were similar in saline- or HPMC-treated animals, 

therefore, for the sake of clarity, these two groups have been merged in a single control group 

(identified as a vehicle group, for either the single or the 5-day repeated treatment).  

Body weight changes were similar across experimental groups (Fig. 1A). Similarly, 

regardless the group considered, no clinical signs were observed after either the single or the 

repeated treatment (data not shown). 

MACROSCOPIC AND MICROSCOPIC EVALUATION OF THE COLON AND WEIGHT OF BODY ORGANS 

At necropsy, regardless the treatment applied, no macroscopic or microscopic signs of 

colonic inflammation were observed (Figs. 1B and 1D). Similarly, no differences across groups 

were observed in goblet cell density. Nevertheless, the number of goblet cells containing a mixture 

of acid and neutral mucins was increased after a single dose of LPS (6.9±1.1 cells/crypt; vehicle: 

2.0±1.4 cells/crypt; P<0.05; Fig. 1C), coinciding with a slight reduction in the number of cells 

containing acidic mucins. Length of the colonic crypts was similar across groups. 

Relative weight of thymus, spleen and adrenal glands was similar across groups (data not 

shown).  
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Figure 1. Clinical and histological signs associated to the different treatments. A: Changes in 

body weight. Arrows indicate the times of intracolonic treatment (single, open symbols; or 

repeated for 5 days, closed symbols). Data are mean±SEM. B: Relative weight of the colon at 

the time of necropsy. Data are mean±SEM. C: Goblet cells density according to the type of 

mucins expressed (neutral, acidic or mixed). Data are mean±SEM. *: P<0.05 vs. respective 

vehicle group. D: Histopathological scores in the different experimental groups. Each symbol 

represents an individual animal; the horizontal lines with errors represent the mean±SEM. St: 

single treatment; Rt: 5-day repeated treatment. IMQ: imiquimod. 

 

LOCAL MARKERS OF INFLAMMATION 

Overall, both imiquimod and LPS induced a treatment duration-related up-regulation of 

inflammatory markers (Fig. 2).  

No expression changes were observed after a single dose of imiquimod; however, a 

moderate up-regulation of the pro-inflammatory cytokines IL-6 and IL-1240 was observed after 

the 5-day repeated treatment. LPS resulted in an up-regulation of all pro-inflammatory cytokines 

tested after a single administration and a further enhancement with the repeated treatment. The 
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highest response was observed for IFN α1, which showed more than a 1000-fold up-regulation 

after the repeated treatment with LPS. 

The anti-inflammatory cytokine IL-10 was detected in all groups. While imiquimod showed 

a tendency to down-regulate IL-10, LPS caused a significant treatment duration-related up-

regulation (Fig. 2). 

 
 

Figure 2. Colonic expression of inflammatory markers. Each symbol represents an individual 

animal; the horizontal lines with errors represent the mean±SEM. *, **, ***: P<0.05, P<0.01 or 

P<0.001 vs. corresponding vehicle group. #: P<0.05 vs. single treatment with LPS. St: single 

treatment; Rt: 5-day repeated treatment. IMQ: imiquimod. 

 

CHARACTERIZATION OF LUMINAL AND WALL-ADHERED MICROBIOTA 

Total luminal microbial counts ranged between 4.25 1010 cells/ml to 5.51 1010 cell/ml, as 

quantified by DAPI staining. Similar counts were found when assessing total bacteria (EUB338; 
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3.21 1010 cells/ml to 4.78 1010cells/ml); with no differences across experimental groups. HPMC, 

which can be a substrate for bacterial fermentation, did not modify the luminal microbiota (Table 

3). Relative composition of the luminal microbiota was relatively constant, regardless the 

treatment considered. Gram positive bacteria (Clostridium coccoides – Eubacterium 

rectale>Bifidobacteria >Lactobacillus - Enterococcus) represented the vast majority (by 99%). Gram 

negative groups were much less abundant, with Enterobacteria and Verrucobacteria being very 

scarce (Table 2; Fig. 3). 

 

 

 

Figure 3. Relative distribution of the luminal colonic microbiota. Data represent the relative 

abundance (percent) of the main bacterial groups present in the colonic microbiota as 

quantified using FISH. Relative percent composition was calculated taking as 100% the total 

counts of the different bacterial groups assessed (as indicate in the legend). For exact 

bacterial counts, see Table 2. 
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Table 2. Composition of the colonic luminal commensal microbiota (x10
8
 cells/ml). 

 DAPI 
Total 

bacteria 
Bacteroid

es spp. 
Entero-
bacteria  

Verruco-
bacteria 

Clostridium 

coccoides 

cluster 
XIVa 

Lactobacillus-

Enterococcus 
spp. 

Bifidobacte

rium spp 

 Single treatment 

Saline 461±12.8 321±30.7 20.4±4.18 0.14±0.06 1.68±0.08 175±9.51 2.64±0.02 18.6±9.2 

HPMC 425±13 353±22.8 13.7±2.3 0.16±0.07 0.76±0.01 162±13.2 1.31±0.3 6.31±2 

IMQ 442±20.2 345±31.3 33.2±6.4 0.22±0.04 1.23±0.7 136±11.4 1.3±0.4 20.2±9.23 

LPS 461±15.4 350±25.8 12.3±4.39 0.09±0.04 0.22±±0.07 145±24.3 1.4±0.3 22.2±4.91 

         

 DAPI 
Total 

bacteria 

Bacte-

roides 

spp. 

Entero-
bacteria  

Verruco-
bacteria 

Clostridium 

coccoides 

cluster 
XIVa 

Lacto-bacillus 

Entero-coccus 
spp. 

Bifidobacte

rium spp 

 Repeated treatment 

Saline 500±28.8 378±53.7 21.3±9.25 0.06±0.03 2.35±0.7 179±21.6 4.21±1.28 1.4±0.8 

HPMC 544±21.1 430±11.9 25.7±57.6 0.09±0.07 1.07±0.2 212±21.8 8.59±3.69 6.14±2.22 

IMQ 551±40.8 478±99.9 28.5±14 0.25±0.1 1.08±0.29 183±18.3 7.22±2.21 5.32±1.61 

LPS 540±27.2 449±40.8 20.4±5.8 0.21±0.08 1.66±0.8 175±12.2 6.33±1.95 6.17±2.08 

a
: Data are mean±SEM, n=4-6 per group. (ANOVA). 

 

In single or repeated vehicle-treated animals, the most abundant bacteria adhered to the 

colonic wall was Clostridium spp (with an incidence of attachment from 50% to 90%) followed by 

Bifidobacterium spp. (incidence of attachment: 10% to 50%). Imiquimod, single or repeated 

treatment, did not affect the rates of bacterial adherence. Conversely, treatment with LPS favored 

bacterial adherence, increasing the rates of Clostridia and Bifidobacteria attachment up to 100% 

and 70%, respectively; however, statistical significance was not reached (Fig. 4). Other bacterial 

groups were only occasionally observed attached to the colonic epithelium, with no consistent 

treatment-related pattern. 
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Figure 4. Incidence of Clostridium spp. and Bifidobacterium spp. attachment to the colonic 

epithelium. Data represent the percentage of animals showing bacteria attached to the 

epithelium. St: single treatment; Rt: 5-day repeated treatment. 

S-IGA LEVELS AND S-IGA COATED BACTERIA 

S-IgAs were detected in all luminal samples analyzed. Only the repeated treatment with 

LPS resulted in a significant variation in luminal s-IgA levels, with a 45% reduction (P<0.05; Table 

3). 

IgA-coated bacteria were observed in all luminal samples analyzed. Only the repeated 

treatment with LPS resulted in a significant variation in the counts of luminal IgA-coated bacteria, 

with a 59% increase compared with vehicle-treated animals (P<0.05; Table 3). 

Table 3. Luminal s-IgA and IgA-coated bacteria.
 a

 

 Luminal s-IgA (mg/dL) IgA-coated bacteria (x10
8
 cells/ml) 

Single 

treatment 

Repeated 

treatment 

Single 

treatment 

Repeated 

treatment 

Vehicle 55.45±3.59 25.14±3.14 22.54±9.57 22.20±1.16 

Imiquimod 54.23±9.6 29.03±7.4 27.01±9.16 33.7±5.03* 

LPS 40.96±7.96 18.32±2.15 * 15.75±2.62 29.22±2.40* 

a
:Data are mean±SEM of n=6-8 per group. *: P<0.05 vs. respective control (ANOVA). 
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COLONIC EXPRESSION OF HOST-BACTERIAL INTERACTION MARKERS: TLRS AND INTEGRINS 

TLRs expression was detected in all colonic samples analyzed. In control conditions, 

relative expression of TLRs was TLR4> TLR5> TLR2> TLR7. The 5-day repeated treatment with 

imiquimod resulted in an up-regulation of TLR4 (by 41%; P<0.05) and TLR7 (by 94%; P<0.05; Fig. 5). 

LPS had a more extended effect, up-regulating TLRs expression after both a single or repeated 

administration (Fig. 5). 

Expression of integrins (Itg) α2 and β1, was slightly, but not-significantly (by 0.5-fold) 

increased by imiquimod. However, LPS, after either a single or repeated administration, resulted in 

a similar up-regulation of both Itgs (Fig. 5).  

 

Figure 5. Colonic expression of host-bacterial interaction markers: TLRs and integrins α2 (Itg-

α2) and α1 (Itg-β1). Each symbol represents an individual animal; the horizontal lines with 

errors represent the mean±SEM. *, **, ***: P<0.05, P<0.01 or P<0.001 vs. corresponding 

vehicle group. #: P<0.05 vs. single treatment with LPS. St: single treatment; Rt: 5-day repeated 

treatment. IMQ: imiquimod. 
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COLONIC EXPRESSION OF ANTIMICROBIAL PEPTIDES 

From all antimicrobial peptides tested, defensin β4 was not detectable in any of the 

samples analyzed. In control conditions, RELMβ showed the highest expression levels, while 

defensin α24 and Reg3γwere almost undetectable. Imiquimod, single or repeated treatment, had 

no significant effects on the expression of antimicrobial peptides (Fig. 6). On the other hand, LPS, 

either after a single or repeated administration, up-regulated defensin α24, Reg3γ and RELMβ, 

although a relatively high interindividual variability was observed in some cases (Fig. 6). 
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Figure 6. Colonic expression of antimicrobial peptides: defensin α24 (Def α24), regenerating 

islet-derived protein 3 gamma (REg3γ) and resistin-like molecule beta (RELMβ). Each symbol 

represents an individual animal; the horizontal lines with errors represent the mean±SEM. *, 

***: P<0.05 or P<0.001 vs. corresponding vehicle group. #: P<0.05 vs. single treatment with LPS. 

St: single treatment; Rt: 5-day repeated treatment. IMQ: imiquimod. 

 

COLONIC EXPRESSION OF SENSORY-RELATED MARKERS 

Expression of all sensory-related markers assessed was detected in colonic samples. In 

control conditions, relative expression levels were PAR-2 > FAAH > TRPV3 > TRPV4 > TRPV1 > CB1 > 

CB2 > MOR > CGRP. Imiquimod had marginal effects on sensory-related markers, with only a 

tendency to down-regulate TRPV1 and TRPV3 and to up-regulate CB2 expression (Fig. 7). However, 

LPS, after single or repeated administration, resulted in a consistent up-regulation of cannabinoid 

receptors, TRPV1/3/4 and CGRP (Fig. 7). 
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Figure 7. Colonic expression of sensory-related markers: Cannabinoid receptors 1 (CB1) and 2 

(CB2), fatty acid amide hydrolase (FAAH), transient receptor potential vanilloid 1 (TRPV1), 3 

(TRPV3) and 4 (TRPV4), µ opioid receptor (MOR), calcitonin gene-related peptide (CGRP) and 

proteinase activated receptor 2 (PAR-2). Each symbol represents an individual animal; the 

horizontal lines with errors represent the mean±SEM. *, ***: P<0.05 or P<0.001 vs. 

corresponding vehicle group. #: P<0.05 vs. single treatment with LPS. St: single treatment; Rt: 

5-day repeated treatment. IMQ: imiquimod. 

 

DISCUSSION 

Changes in the composition of the commensal microbiota with alterations in host-

microbial interactions and/or in local neuro-immune responses have been suggested as key 

factors for the development in inflammatory and functional alterations within the gastrointestinal 

tract. In this study, we directly stimulated components of the innate immune system related to 

bacterial recognition (namely TLR4 and 7) in order to characterize changes in neuro-immune 

mechanisms within the gut elicited by the interaction with microbial components. We found that 

the direct stimulation of TLR4 and 7 leads to a time-related, TLR-specific local activation of the 
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immune system and a modulation of host-bacterial interaction and sensory-related systems, with 

minor changes in the commensal microbiota, per se.  

Within the gut, TLR4 and TLR7 have been implicated in the genesis of host responses to 

the microbiota. To simulate a state of altered microbiota, leading to an over-stimulation of these 

receptors, we administered locally selective agonists, LPS and imiquimod, which are likely to 

activate TLR4- or TLR7-dependent signaling cascades, respectively, in a selective manner. Indeed, 

we observed a local immune activation, as indicated by the up-regulation of pro- and anti-

inflammatory cytokines. These changes occurred, however, in the absence of structural (macro or 

microscopical) alterations consistent with the induction of inflammation. This is coherent with 

previous reports in which similar procedures lead to an immune activation in the absence of overt 

inflammation. 30–32 The only structural alteration observed was a transitory change in goblet cells, 

with higher ratios of mixed mucins, after a single treatment with LPS. 33 However, this seems to be 

quickly compensated by the host, as no similar alterations were found after repeated exposure, in 

agreement with that previously reported. 32A reason for the lack of clear inflammation could be 

the duration of the treatment. Since immune responses were enhanced with the repeated 

treatment, it is feasible to speculate that longer-lasting treatments (simulating a more sustained 

state of dysbiosis) could lead to an overt state of colitis. Overall, LPS was more effective than 

imiquimod up-regulating pro-inflammatory cytokines. This agrees with the described effect of 

bacterial LPS altering gut homeostasis and leading to systemic responses after local 

administration. 32 Interestingly, and particularly for LPS, the up-regulation of pro-inflammatory 

cytokines coincided with an up-regulation of IL-10, the main anti-inflammatory cytokine. This 

indicates the onset of compensatory mechanisms to a pro-inflammatory state and might explain 

the absence of an over inflammatory response.   

Activation of TLR4 and 7 was also associated with changes in host-bacterial interaction 

systems, including the self-regulation of TLRs. Again, as mentioned above, responses were more 

evident for the LPS-mediated stimulation of TLR4 and enhanced during the repeated treatment. 

Alterations in TLR4 signaling have been linked to changes in IgA levels. Here, in particular, we 

observed diminished levels of free luminal secretory-IgA during the repeated treatment with LPS, 

thus agreeing with data showing that systemic LPS decreased intestinal s-IgA levels. 34 However, an 

increase in the counts of luminal IgA-coated bacteria were observed during repeated treatment 

with either LPS or imiquimod. The relationship between free s-IgA and IgA-coated bacteria is not 
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clear. Numerous environmental factors (diet, microbial components,…) and inflammation per se 

can modify the number of IgA-coated bacteria. 29,35 It is known that commensal bacteria stimulates 

the production and secretion of s-IgA and that s-IgA-coated bacteria are unable to adhere to or 

penetrate the mucosal barrier and are efficiently eliminated from the host. 36 Therefore, an 

increase in the ratio of s-IgA-coated bacteria might represent a defensive response of the host in a 

state of dysbiosis and might suggest an increased secretory activity, although the low levels of free 

luminal s-IgA detected. This coincided also with an increase in the expression of antimicrobial 

peptides, seen particularly during repeated LPS treatment. This is consistent with previous studies 

which described that bacterial ligands, including LPS, and direct TLR activation are sufficient to 

trigger the expression of antimicrobial peptides. 2,37,38 All together, these changes might reflect 

and active response of the host towards the increased TLR-mediated signaling, which might be 

interpreted as a dysbiotic state with the need of the activation of microbiota-controlling 

mechanisms. 

These changes are also coherent with the presence of alterations in host-bacterial 

interaction systems. Sings of dysbiosis, indicated by the increased TLR-mediated signaling, 

modulated the expression of molecules related to epithelium-bacteria interactions that can act as 

bacterial receptors, such as integrins, facilitating bacterial aggregation and attachment. 39,40 

Integrins, particularly β2, can also act as modulators or TLR-mediated signaling, avoiding 

exaggerated responses due to excessive TLR stimulation. 41 Overall, the changes described suggest 

the generation of a host response directed towards the reshaping of the microbiota, the control of 

the immune response and, although not assessed here, the prevention of bacterial translocation. 

In agreement, work in animal models of colitis has shown that LPS and imiquimod ameliorate 

colitis by enhancing the expression of cytokines and antimicrobial peptides. 31,42,43 

Although the host responses described above, luminal microbiota was not affected during 

TLR4/7 stimulation. However, repeated treatment with LPS seemed to favor bacterial (Clostridia 

and Bifidobacteria) attachment to the colonic wall. This is consistent with the expression changes 

in TLRs and integrins, as described above, which might act as factors modulating (favoring) 

bacterial attachment. Bacterial adherence to the intestinal epithelium is important because 

adhered microbiota is the one directly interacting with the host’s bacterial recognition systems 

and, therefore, generating beneficial or harmful responses within the gut.44,45 Increased bacterial 

adherence seem to be important to maintain mucosal inflammation and is commonly observed in 
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states of immune activation, such as during intestinal inflammation or in functional 

gastrointestinal diseases. 23,46,47 

In addition to an immune modulation, stimulation of TLR-dependent signaling cascades 

lead also to a modulation of sensory-related systems within the colon. The existence of a crosstalk 

between the immune and the enteric nervous system is widely accepted. Together with previous 

observations, our data clearly supports the existence of a functional axis connecting the 

microbiota, the immune systems and the enteric nervous system. 5,11,12 Our results show that the 

selective stimulation of TLR4, but not TLR7, resulted in an up-regulation of several sensory-related 

markers directly implicated in viscerosensitivity. Recently, a potential role for TLR4 directly 

modulating visceral sensitivity has been proposed, suggesting that TLR4-dependent cytokines 

production might be necessary for the development of stress-induced visceral hypersensitivity.48–51 

Results obtained here might represent an insight into the pathways leading to TLR4-mediated 

altered visceral sensitivity, which might implicate modulation of cannabinoid and TRPV receptors 

and CGRP content. In addition, these observations further support a direct action of microbiota 

regulating sensory systems within the gut, as observed in states of dysbiosis, during spontaneous 

adaptive changes of the microbiota or during the administration of certain probiotic strains. 11–14 

These observations warrant follow up studies, outside the original scope of the present work, 

assessing the potential functional consequences of the changes observed here in sensory markers. 

A functional translation of the present molecular observations is supported, for instance, by data 

indicating that LPS activates visceral afferents and can generate states of visceral hyperalgesia 

both in animals and humans. 48–52 

In summary, we found that simulation of a dysbiotic state with altered microbial-derived 

signaling to the host by the selective stimulation of colonic TLR4 and 7 induces a local immune 

activation, alters host-bacterial interactions and leads a modulation of sensory-related systems. 

Responses observed were TLR- and time-dependent, with enhanced responses associated to the 

repetitive LPS-mediated stimulation of TLR4; thus suggesting that prolonged changes in mainly 

LPS-producing Gram negative bacteria (signaling through TLR4) might have the major impact in gut 

homeostasis. Overall, changes observed might represent a part of the host’s response to an 

alteration of the microbiome, with the objective of regaining a balance within the commensal 

microbiota, avoiding excessive immune responses and the development of active (structural) 

inflammation.  
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ABSTRACT 

Stress leads to altered gastrointestinal neuro-immune responses. We characterized the 

interaction between stress and gut commensal microbiota and their role modulating colonic 

responses to stress, the induction of inflammation, the expression of sensory-related markers and 

visceral sensitivity. C57BL/6 female mice were treated (7 days, PO) with non-absorbable-broad 

spectrum antibiotics (bacitracin/neomycin, 0.4 mg/mouse/day). Simultaneously, mice were 

subjected to a 1 h/day (7 days) session of psychological stress (water avoidance stress, WAS). 

Luminal and wall-adhered microbiota were characterized by fluorescent in situ hybridization. 

Cannabinoid receptors 1 and 2 (CB1/2), tryptophan hydroxylase 1 and 2 (TPH1/2) and 

inflammatory markers were quantified by RT-qPCR and Secretory-IgA (s-IgA) by ELISA. Visceral 

sensitivity was assessed after the intracolonic administration of capsaicin. Antibiotics did not affect 

the defecatory and endocrine responses to stress. However, antibiotics diminished by 2.5-folds 

total bacterial counts, induced a specific dysbiosis and favored bacterial wall adherence. 

Combining antibiotics and stress resulted in further reductions in bacterial counts and a dysbiosis, 

with enhanced bacterial wall adherence. Luminal s-IgA levels were enhanced in dysbiotic mice. 

Nevertheless, no alterations consistent with the induction of colonic inflammation were observed. 

Dysbiosis up-regualted CB2 expression and WAS up-regulated both CB2 and TPH1 expression. In 

dysbiotic mice, visceral pain-related responses were reduced. Manipulations of the commensal 

microbiota and the interaction host-microbiota are able to modulate the local expression of 

neuro-immune-endocrine systems within the colon, leading to a modulation of visceral sensitivity. 

These mechanisms might contribute to the pathogenic and protective roles of microbiota in 

gastrointestinal homeostasis. 

 

Key words: endocannabinoid system; gut commensal microbiota; intestinal dysbiosis; 

secretory-IgA; serotonergic system; visceral pain  
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INTRODUCTION 

Functional gastrointestinal disorders, represented mainly by irritable bowel syndrome 

(IBS), are among the most prevalent gastrointestinal alterations in the western population. 

Alterations in bowel habits, abdominal pain and discomfort, believed to reflect increased visceral 

sensitivity, are hallmarks of IBS.1 Symptoms in IBS fluctuate over time in intensity and character, 

but the mechanisms underlying these cycles are unclear. Several factors, including stress, 

intestinal infection, drugs and diet have been reported to exacerbate symptomatology, and might 

be key components of the pathophysiology of the disease.2,3 A growing body of evidence suggests 

that IBS pathogenesis is likely dependent on the interaction between local immune reactions 

within the intestinal wall and environmental factors in genetically susceptible individuals. In 

particular, stress and perturbations of the gut commensal microbiota have been recognized as two 

potential factors contributing to the onset, maintenance and exacerbation of both functional and 

inflammatory gastrointestinal disorders.4,5 Indeed, stressful life events or depression are risk 

factors for the onset or relapse of intestinal inflammation and for symptoms presentation in IBS 

patients. Similarly, growing evidences suggest that IBS patients have a dysbiotic intestinal 

microbiota.4,6 Despite these evidences, the exact role of gut microbiota and stress, individually or 

as interactive factors, in the pathophysiology of IBS remains largely unknown.  

In this study, we characterized the interaction between stress and microbiota and their 

potential role modulating functional colonic responses to stress and the induction of 

inflammatory-like changes in mice. First, we assessed the effects of repetitive psychological stress 

(water avoidance stress, WAS) and antibiotic treatment, individually or in combination, on the 

composition of ceco-colonic commensal microbiota and the induction of inflammatory-like 

changes in the colon. In the same animals, endocrine and colonic motor responses to stress were 

assessed simultaneously. To characterize the ceco-colonic microbiota we determined changes in 

both luminal and wall (epithelium)-adhered microbiota. The assessment of inflammatory 

responses was based on inflammatory markers, histological evaluation of the colon and 

quantification of luminal secretory-IgA (s-IgA). s-IgA is considered the main anti-inflammatory 

immunoglobulin of the mucosal intestinal immune system regulating the number, composition 

and functions of luminal bacteria.7,8  Moreover, we also determined changes in relevant systems 

that have been involved in sensory responses within the colon, with particular relevance to IBS, 

namely the endocannabinoid and the serotonergic systems. For this, colonic expression of 
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cannabinoid receptors type 1 and 2 (CB1 and CB2) and activity of the serotonergic system [density 

of enterochromaffin cells and expression of the tryptophan hydroxylase isoform 1 and 2 (TPH1 and 

TPH2)] were characterized in the same animals. Finally, to determine if these alterations translate 

into functional changes in visceral sensitivity we tested visceral pain-related responses in animals 

treated with antibiotics, with or without the addition of stress. For this, we assessed the presence 

of visceral pain-related behaviours associated to the intracolonic administration of capsaicin, as 

previously described.9,10 

 

MATERIALS AND METHODS 

ANIMALS  

Female C57Bl/6 mice, 6 week-old (Charles River Laboratories, Lyon, France) were used. 

Upon arrival, animals were acclimatized for a 1-week period prior to any experimentation. All 

animals were maintained in standard conditions in an environmentally controlled room (20-22ºC, 

12 h light:dark cycle), with food and water ad libitum. All procedures were approved by the Ethical 

Committee of the Universitat Autònoma de Barcelona (protocols 1099 and 1101) and the 

Generalitat de Catalunya (protocols 5645 and 5646). 

ANTIBIOTIC TREATMENT 

Animals received a mixture of non-absorbable, broad spectrum antibiotics containing 

Bacitracin A (Vetranal™; Sigma-Aldrich, Barcelona, Spain) and Neomycin (Neomycin trisulfate salt 

hydrate; Sigma-Aldrich). Amphotericin B (Sigma-Aldrich) was added to prevent yeast overgrowth. 

Animals were dosed by oral gavage with 0.3 mL of the antibiotic/antifungal mixture, during 7 

consecutive days. In addition, the same antibiotic/antifungal mixture was added to the drinking 

water during the same period of time. This protocol ensured a minimum dose of 0.4 mg for 

bacitracin and neomycin and 0.1 mg for amphotericin B (per mouse and day). Vehicle-treated 

animals received vehicle (deionised water) by oral gavage (0.3 mL) and normal drinking water 

during the same period of time. Water consumption, assessed on a daily basis during the 

treatment period, was similar across groups (data not shown). Similar treatment protocols have 



Chapter 3 

104 

been followed previously in comparable studies in mice and rats, demonstrating the induction of 

significant changes of the commensal microbiota.11-13 

REPETITIVE PSYCHOLOGICAL STRESS (WATER AVOIDANCE STRESS)  

Water avoidance stress (WAS) was performed following previous protocols described by 

us.14,15 Animals were placed on a platform (4-cm diameter, 6-cm height) located in the center of a 

standard plastic cage (530x280x155 mm) filled with tap water (18–20 ºC) to about 1 cm below the 

edge of the platform. Stress sessions lasted for 1h and were repeated on 7 consecutive days. 

Control animals were maintained in their home cages. All procedures were performed in the 

morning (finishing no later than 12:00 h) to minimize any influence of circadian rhythms. Fecal 

pellet output during the 1-h session of WAS/non-stress was used as a marker of stress. 

BEHAVIORAL RESPONSES TO INTRACOLONIC CAPSAICIN-EVOKED VISCERAL PAIN  

Spontaneous visceral pain-related behaviours induced by intracolonic capsaicin were 

assessed following previously described protocols, with minor modifications.9,10 Mice were 

anesthetized with isoflurane (Isoflo; Esteve, Barcelona, Spain) and capsaicin (0.05 ml/mice, 0.1% in 

ethanol:Tween 80:saline; 1:1:8, v:v:v; Sigma-Aldrich) was administered intracolonically (about 4 

cm from the anus) with a rounded tip plastic cannula (length 7.5 cm, diameter 0.61mm). 

Petroleum jelly was applied on the perianal area to avoid stimulation of somatic areas through 

contact with capsaicin. Animals were placed in plastic cages (20x20x14 cm) and, after recovering 

consciousness, visceral pain-related behaviours were assessed during a 30 min period. Pain 

behaviours were visually assessed by two independent researchers (MA and VM). Behaviours 

assessed included: licking of the abdomen, stretching of abdomen, squashing the abdomen to the 

floor, and abdominal retractions. For each animal, the number of behaviours for the 30 min 

observation time was determined as the mean of the quantification performed by the two 

observers.  

EXPERIMENTAL PROTOCOLS  

Mice (n=24) were randomly divided into 4 experimental groups (n=6 each): i) vehicle-

treated non-stressed mice; ii) vehicle-treated stressed mice; iii) antibiotic-treated non-stressed 

mice; and iv) antibiotic-treated stressed mice. Animals were treated with antibiotics or vehicle for 
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a period of 7 days, as described above. In addition, from day 2 to 8 animals were subjected to a 1 

h/day session of psychological stress (WAS) or maintained in their home cages (control). On day 8, 

immediately after the last session of stress, animals were euthanized and blood, tissue (ceco-

colonic region) and fecal samples obtained.  

In a second experiment, mice (n=20) were divided in the same experimental groups and 

followed the same treatments (n=5 per group). At the end of treatments, visceral pain-related 

responses to intracolonic capsaicin were assessed as described above. In this case, at the end of 

the procedure, animals were euthanized and weight of body organs was assessed (see samples 

collection).  

SAMPLES COLLECTION  

Immediately after the last stress session, mice were deeply anesthetized with isoflurane 

(Isoflo; Esteve, Barcelona, Spain) and euthanatized by exsanguination through intracardiac 

puncture followed by cervical dislocation. Thereafter, a medial laparotomy was performed, the 

ceco-colonic region localized and the cecum and colon dissected. Afterward, ceco-colonic fecal 

contents and a tissue sample from the proximal colon were collected and frozen immediately in 

liquid nitrogen. Frozen samples were stored at –80 ºC until analysis. At the same time, tissue 

samples of the proximal and middle colon (about 1.5 cm each) were collected and fixed overnight 

in Carnoy fixative (ethanol:chloroform:glacial acetic acid, 6:3:1, v:v:v) or in 4% paraformaldehyde. 

After an overnight fixing, tissues were paraffin embedded and 5 µm-tick sections obtained. In 

addition, the adrenal glands, the thymus and the spleen were dissected and weighed. Serum was 

obtained by centrifugation of blood samples (15 min, 2465 g, 4 ºC) and maintained at -80 ºC until 

analysis. In animals used to assess visceral sensitivity, at necropsy, only weight of body organs was 

assessed (cecum, adrenal glands, thymus and spleen). 

BACTERIAL IDENTIFICATION BY FLUORESCENCE IN SITU HYBRIDIZATION (FISH)  

For fluorescence in situ hybridization (FISH), oligonucleotide probes consisted in a single 

strain DNA covalently linked with a Cy3 (carbocyanine) reactive fluorescent dye at the 5’ end 

(Biomers, Ulm/Donau, Germany and Tib Molbiol, Mannheim, Germany). Probes used were: EUB 

338 (5‘GCTGCCTCCCGTAGGAGT3’) to total Bacteria; NON 338 (5’ACATCCTACGGGAGGC3’) to non-

bacteria (negative control); BAC 303 (5’CAATGTGGGGGACCTT3’) to Bacteroides spp.; EREC 482 
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(5’GCTTCTTAGTCAGGTACCG3’) to Clostridium Cluster XIVa; LAB 158 

(5’GGTATTAGCACCTGTTTCCA3’) to Lactobacillus spp. and Enterococcus spp.; ENT-D 

(5’TGCTCTCGCGAGGTCGCTTCTCTT3’) to Enterobacteria; BIF 164 (5’CATCCGGCATTACCACCC3’) to 

Bifidobacterium spp.; and MUC-1437 (5’CCTTGCGGTTGGCTTCAGAT 3’) to Verrucobacteria. 

Fecal samples of ceco-colonic content were used to characterize luminal commensal 

microbiota. In situ hybridization of bacteria in the luminal content was performed on glass slides, 

as previously described by us.16,17 Samples were hybridized in a dark moist chamber (for 3 h) by 

addition of 100 μl hybridization buffer (20 mM Tris-HCl, 0.9 M NaCl, 0.1% SDS at pH 7.2) with the 

corresponding Cy3-labeled oligonucleotide probe (concentration 5 ng μl-1). Treatments with 

formamide or lysozyme and hybridization temperatures were used as described to achieve the 

optimal stringency. After hybridization, the slides were rinsed in a pre-warmed washing buffer (20 

mM Tris-HCl, 0.9 M NaCl at pH 7.2) for 30 min and then cleaned with Milli-Q water to remove 

unbound probes. Washed slides were air-dried and mounted with Vectashield-DAPI (Vector 

Laboratories, Orton Southgate, Peterborough, England). The fluorescent stain 4',6-diamidino-2-

phenylindole (DAPI), that binds strongly to DNA, served as a control signal in all samples. 

Hybridized slides were viewed under oil immersion, using a Carl Zeiss Axioskop 40 FL 

epifluorescence microscope (Carl Zeiss, Jena, Germany) equipped with a digital camera (Zeiss 

AxioCam MRm) for obtaining digital images (Zeiss AxioVision Release 4.8.1). For quantification of 

bacteria, 20 randomly selected fields were photographed, the number of hybridized cells counted 

using the CellC software18 and the mean value obtained. All procedures were performed on coded 

slides, to avoid bias. 

Hybridization of tissue samples was performed following, with minor modifications, 

methods described by Pelissier et al. (2010).19 Sections from Carnoy-fixed tissues were 

deparaffinized, rehydrated, post-fixed in 4% paraformaldehyde and washed. Hybridization 

conditions used were essentially as described above for luminal bacteria but tissue samples were 

incubated for 16h with the hybridization buffer. In hybridized tissue samples, 20 randomly 

selected fields were photographed. Analysis of the images was performed manually by two 

independent researchers that observed the pictures and localized hybridized bacteria within the 

mucus layer or attached to the epithelial surface. A coincidence between the two observers in 

bacterial location in at least 15% of the pictures observed (at least 3 out of 20) was required to 
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decide that there was bacterial attachment to the epithelium. All procedures were performed on 

coded slides, to avoid bias. 

MRNA ANALYSIS 

Total RNA was extracted from frozen tissue samples using TRI reagent with Ribopure Kit, 

(Ambion/Applied biosystems, California, USA). Thereafter, a two-step quantitative real time PCR 

(RT-qPCR) was performed. RNA samples were converted to cDNA using a High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems). Only a consistent 260/280 ratio (between 1.8-2) 

found with NanoDrop (ND-1000 spectrophotometer, NanoDrop Technologies, Wilmington, DE, 

USA) was accepted to perform a Taqman quantitative RT-PCR. TaqMan gene expressions assays 

(hydrolysis probes) for CB1 receptors (Mm01212171_s1), CB2 receptors (Mm00438286_m1), 

interleukin 6 (IL-6) (Mm00446190_m1), tumor necrosis factor α (TNFα) (m00443258_m1), TPH1 

(Mm00493794_m1) and TPH2 (Mm00557715_m1) were used (Applied Biosystems). β-2-

microglobulin (Mm00437762_m1) was used as endogenous reference gene. 

The PCR reaction mixture was incubated on the ABI 7900 HT Sequence Detection System 

(Applied Biosystems). All samples, as well as the negative controls, were assayed in triplicates. RQ 

Manager 1.2 software was used to obtain the cycle threshold for each sample; thereafter all data 

were analyzed with the comparative Ct method (2− ∆∆Ct) with the vehicle – non-stressed group 

serving as the calibrator.20 

QUANTIFICATION OF SECRETORY IMMUNOGLOBULIN A 

Luminal s-IgA was measured in fresh homogenates of cecal contents (diluted in PBS 1x) 

using a commercial double-antibody sandwich ELISA, following manufacturers’ instructions 

(MBS564073; MyBiosource, San Diego, USA). 

HISTOLOGY 

For histological examination, hematoxylin-eosin-stained sections from the colon were 

obtained following standard procedures. A histopathological score (ranging from 0, normal, to 12, 

maximal alterations) was assigned to each animal. Specifically, parameters scored included: 

epithelial structure (0: normal; 1: mild alterations of the villi; 2: local villi destruction and/or 

fusion; 3: generalized villi destruction and/or fusion), structure of the crypts (0: normal; 1: mild 
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alterations of the crypts; 2: local destruction of the crypts; 3: generalized destruction of the 

crypts),  presence of edema (0: normal; 1: mild local edema in submucosa and/or lamina propria; 

2: moderate diffuse edema in submucosa and/or lamina propria; 3: severe generalized edema in 

submucosa and/or lamina propria), presence of inflammatory infiltrate (0: normal; 1: mild 

localized infiltrate; 2: mild generalized infiltrate; 3: severe generalized infiltrate). Scoring was 

performed on coded slides by two independent researchers.  

The mucous layer was assessed in Carnoy-fixed samples of colonic tissue. Thickness of the 

mucous layer was measured in 10 different fields, for triplicate, in representative regions covering, 

at least, 20% of the epithelial surface.21 All measurements were performed on coded slides by two 

independent investigators using the Zeiss AxioVision Release 4.8.1 software. Moreover, tissue 

sections were also stained with Alcian Blue pH 2.5/Periodic Acid Schiff (AB 2.5/PAS kit; Bio-Optica, 

Milano, Italy) in order to specifically stain neutral (pink) and acidic (blue) mucins. Thereafter, 

colonic goblet cells were counted in 20 longitudinally-oriented villus-crypt units. Length of the 

villus-crypt unit was also determined to obtain goblet cells density (number of cells mm-1). 

IMMUNOHISTOCHEMISTRY 

Immunohistochemistry was used to detect serotonin (5-HT) and Mouse Mast Cell Protease 

I (MMCP-I) in colonic tissue. The primary antibodies included a rabbit polyclonal anti-5-HT 

(1:20000; RA20080; Neuromics, Minnesota, USA) and a sheep polyclonal anti-MMCP-I (1:500; MS-

RM8; Moredun, Scotland). The secondary antibodies used were a biotinylated polyclonal swine 

anti-rabbit IgG (1:200; E 0353; DakoCytomation, Glostrup, Denmark) or a polyclonal rabbit anti-

sheep IgG-B (1:200; SC-2776, Santa Cruz Biotechnology, Santa Cruz, USA), as appropriate. Antigen 

retrieval for serotonin was achieved by microwave processing of the slides in 10 mM citrate buffer. 

Quenching of endogenous peroxidase was performed by 1-h incubation with 5% H2O2 in distilled 

water. Detection was performed with avidin/peroxidase kit (Vectastatin ABC kit; Vector 

Laboratories). Antigen-antibody complexes were reveled with 3-3’-diaminobenzidine (SK-4100 

DAB; Vector Laboratories). Specificity of the staining was confirmed by omission of the primary 

antibody. 

For quantification, immunopositive cells were counted at high power field (hpf; 400x 

magnification) in 10 microscope fields, randomly selected, in duplicate, for each tissue sample. 

When assessing serotonin immunoreactivity, immunopositive cells, likely corresponding to 
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enterochromaffin (EC) cells, were counted in the mucosa. When assessing MMCP-I 

immunoreactivity, immunopositive cells, corresponding to mucosal mast cells, where counted in 

the mucosa and submucosa. All cell counting was performed on coded slides to avoid bias.  

PLASMA CORTICOSTERONE AND HAPTOGLOBIN 

Plasma corticosterone levels were determined by double-antibody RIA. The characteristics 

of the antibody and the basic RIA procedure had been described previously.22 In brief, 125I-

corticosterone-carboximethyloxime-tyrosine-methyl ester (ICN-Biolink 2000, Barcelona, Spain), 

synthetic corticosterone (Sigma-Aldrich), as the standard, and an antibody raised in rabbits against 

corticosterone–carboximethyloxime-BSA were used. All samples were run in the same assay to 

avoid inter-assay variability. The intra-assay coefficient of variation was less than 8% and the 

sensitivity was 0.1 µg dL-1. 

Plasma concentrations of the acute-phase protein haptoglobin were determined using a 

commercial ELISA kit, following manufacturer’s instructions (sensitivity; 0.005 mg ml-1; intra-assay 

variability: 5.3-6.3%; inter-assay variability: 4.1-5.7%; "PHASE”TM Haptoglobin Assay; Tridelta 

Development Limited, Maynooth, County Kildare, Ireland). 

STATISTICAL ANALYSIS 

Data are expressed as mean ± SEM. A robust analysis (one iteration) was used to obtain 

mean ± SEM for RT-qPCR data. Data were analyzed by one-way analysis of variance (ANOVA), 

followed, when necessary, by a Student-Neuwman-Keuls multiple comparisons test. Data were 

considered statistically significant when P< 0.05. All statistical analysis were performed using 

GraphPad Prism 4 (GraphPad Software, La Jolla, California, USA). 
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RESULTS 

FUNCTIONAL AND ENDOCRINE RESPONSES TO REPETITIVE PSYCHOLOGICAL STRESS (WAS)  

In vehicle-treated mice maintained in non-stressful conditions pellet output was low and 

not affected by the antibiotic treatment (mean value for the 7 days of stress; vehicle: 3.4±0.6 

faecal pellets h-1; antibiotic: 3.9±0.7 faecal pellets h-1; P>0.05; Fig. 1A). Repetitive WAS, 

independently of the experimental group considered, resulted in a significant increase in the 

faecal output rate during the period of stress, when compared with non-stressed groups (Fig. 1A). 

Defaecatory response to stress was similar in vehicle- and antibiotic-treated animals and remained 

stable during the seven consecutive stress sessions (Fig. 1 B). 

Plasma corticosterone levels were increased in stressed animals, as assessed immediately 

after the last stress session. Stress-induced changes in plasma corticosterone were similar in 

vehicle- or antibiotic-treated mice (Fig. 1C).  

F
e
c
a
l 
p
e
lle
t 
o
u
tp
u
t
(p
e
lle
t/
h
)

P
la
s
m
a
 c
o
rt
ic
o
s
te
ro
n
e
(n
g
/m
l)

A

C

B

D

 

Figure 1. Functional and endocrine responses to repetitive water avoidance stress (WAS, 1 

h/day for 7 days) in mice. A: Mean faecal pellet output during the time of stress, across the 7 

days of treatment. *: P<0.05 vs. non-stressed groups.  B: Mean faecal pellet output for the 7 

WAS sessions applied. C: Plasma levels of corticosterone at the end of the last stress session. *: 

P<0.05 vs. non-stressed groups. D: Weight of the adrenal glands. *: P<0.05 vs. vehicle - non-

stressed group; #: P<0.05 vs. antibiotic - non-stressed group. In all cases data are mean±SEM, 

n=6 per group. 
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WEIGHT OF BODY ORGANS 

At necropsy, weight of the adrenal glands was increased by 50% in the vehicle-WAS group 

when compared with non-stressed controls (Fig. 1D). Antibiotic treatment, per se, resulted in a 

slight increase of the adrenal glands weight, without reaching statistical significance. Addition of 

stress in antibiotic-treated mice lead to an increase in adrenal weight similar to that observed in 

vehicle-treated animals (Fig. 1D). The same differences were observed for the relative weight of 

the adrenal glands. No consistent changes across groups were observed in the absolute or relative 

weight of the spleen or the thymus (Fig. 2C).  

MACROSCOPIC AND MICROSCOPIC EVALUATION OF CECO-COLONIC TISSUES  

In antibiotic-treated groups, irrespective of the addition of stress, the cecum appeared 

distended and its weight was significantly increased when compared to that of the vehicle – non-

stressed group (Fig. 2A). These differences persisted when the relative weight of the cecum was 

calculated (data not shown), thus indicating that the increase in cecal weight was independent of a 

variation in body weight. 

Upon macroscopical examination, both the cecum and colon showed a normal aspect, 

irrespective of the experimental group considered. Colonic relative weight was similar across 

groups (Fig. 2A). Overall, microscopic analysis of colonic tissue samples showed a normal 

histological structure, irrespective of the experimental group considered. Occasionally, a moderate 

multifocal-to-diffuse inflammatory infiltrate could be observed, but no treatment-related 

incidence could be established. Final histopathological scores were similar in all experimental 

groups (Fig. 2A). Nevertheless, total histopathological scores assigned to the antibiotic-WAS group 

were relatively high compared with other groups; however, no statistical significance was reached 

[F(3,19)=2.090; P=0.135]. Increased scores in this group were mainly associated to a worsening in 

the epithelial structure with increased desquamation and scant alterations in some of the crypts 

[F(3,19)=3.116; P=0.048 antibiotic-treated – non-stressed vs. antibiotic-treated – WAS]. No 

differences among groups were found in the length of the colonic crypts. 

Very few MMCP-1-immunopositive cells (0 to 1 cells/field), identified as mucosal mast 

cells, were observed in colonic samples, irrespective of the experimental group considered (data 

not shown). 
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In Carnoy-fixed colonic samples, a layer of mucous was observed covering most of the 

epithelial surface. Stress decreased in a similar proportion the thickness of the mucous layer in 

either vehicle- or antibiotic-treated mice. Antibiotics, per se, had only a marginal, non-significant, 

effect reducing the thickness of the mucous layer (Table 1). Despite these changes, the density of 

goblet cells was similar across experimental groups. The relative abundance of mature goblet cells 

containing neutral mucins (pink color in a PAS/AB pH=2.5 staining) was slightly increased by either 

antibiotic treatment or stress, although statistical significance was only achieved for the stress 

group (Table 1). 

Table 4. Effect of stress or/and antibiotics on the colonic mucous layer and the density of goblet 

cells. 

 
Thickness of the 

mucous layer (µm) 
Goblet cells 

density(cells/mm) 

Density of Mature 
goblet cells 
(cells/mm) 

Vehicle – Non-stressed 23.01±1.89 99.19 ± 7.45 20.11 ± 1.90 

Vehicle – WAS 11.87±0.32 
*
 114.06 ± 8.99 29.88 ± 0.85 

*
 

Antibiotic – Non-stressed 17.99±0.72 113.75 ± 2.32 24.48 ± 1.32 

Antibiotic – WAS 7.34±0.27 
* #

 111.25 ± 9.45 25.04 ± 4.6 

Data are mean±SEM, n=6 animals per group. *: P<0.05 vs. vehicle – non-stressed; 
#
: P<0.05 vs. antibiotics – 

non-stressed. 

SYSTEMIC AND LOCAL MARKERS OF INFLAMMATION AND LUMINAL S-IGA 

Plasma levels of the acute-phase protein haptoglobin were, in general, low and similar to 

those previously described by us.15 No treatment-related changes in haptoblogin levels were 

found among groups (Fig. 2B). Similarly, no differences among groups were found for colonic 

cytokines mRNA expression (IL-6 and TNFα) (Fig. 2B). In most cases, there was relatively large 

within-group variability in the expression levels. Overall, relative expression of TNFα was higher 

(by 12-fold) than that of IL-6.  

S-IgA was detected in all faecal samples, regardless the experimental group considered. In 

vehicle – non-stressed animals s-IgA levels were 7.19±1.3 µg ml-1, the addition of stress increased 

s-IgA levels by 4.6-fold (Fig. 2D), although statistical significance was not reached. In the antibiotic 
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– non-stressed group s-IgA levels were increased by 36-fold (P<0.05 vs. vehicle – non-stress 

group). In these conditions, addition of stress did not further enhance the levels of s-IgA (Fig. 2 D).  

 
Figure 2. Ceco-colonic histopathology and immune-related parameters at the time of necropsy in the 

different experimental groups. A (top row): Histopathological evaluation: weight of the cecum (left panel); 

relative weight of the colon (middle panel) and colonic histopathological scores (right panel). Data are 

mean±SEM of 5-11 animals per group. Because of technical problem histopathological scores were not 

determined in one animal of the antibiotic-treated - WAS group. *: P<0.05 vs. vehicle – non-stressed group. 

B (second row): Local and systemic inflammatory markers: colonic expression of IL-6 (left panel) and TNFα 

(middle panel) and plasma levels of haptoglobin (right panel). Each point represents an individual animal; 

the horizontal bar with errors represents de mean±SEM; n=6 per group. C (third row): Relative weight (% of 

total body weight) of the thymus (left panel) and the spleen (right panel) Data are mean±SEM of 6 animals 

per group. D (bottom row): Luminal secretory IgA (s-IgA) in the different experimental groups. Data are 

mean±SEM of 6 animals per group. *: P< 0.05 vs. vehicle-treated groups. 
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CHARACTERIZATION OF LUMINAL AND WALL

In vehicle-treated – non

determined by FISH as EUB338

within the margins previously described.

represented a 90% of the total DAPI counts (Table 2). Within all bacterial groups characterized, 

Bacteroides spp. and Clostridium

Lactobacillus/Enterococcus spp. and 

cell ml-1)25 (Table 2; Fig. 3). Repetitive WAS had no effect, 

induced a specific dysbiosis of the microbiota. In particular, Verrucobacteria counts were reduced 

to undetectable levels while counts of 

Lactobacillus/Enterococcus spp. appeared at a low level, borderline to the limit of detec

2; Fig. 3).  

Figure 3. Relative distribution of the ceco

represent the relative abundance (percent) of the main bacterial groups present in the gut commensal 

microbiota (Bacteroides spp., Clostridium

quantified using FISH techniques. Relati

100% the bacterial counts obtained by FISH with the EUB 338 probe. See Table 2 for exact cell counts

 

UMINAL AND WALL-ADHERED MICROBIOTA 

non-stressed animals total bacterial counts within the luminal content, 

determined by FISH as EUB338-positive cells, were between 3 × 1010 and 7 × 10

within the margins previously described.21,23,24 In these conditions, EUB338 positive

represented a 90% of the total DAPI counts (Table 2). Within all bacterial groups characterized, 

Clostridium spp. were the most abundant strains; while Enterobacteria, 

spp. and Bifidobacterium spp. were below FISH detection levels (10

(Table 2; Fig. 3). Repetitive WAS had no effect, per se, on total bacterial counts, but 

c dysbiosis of the microbiota. In particular, Verrucobacteria counts were reduced 

to undetectable levels while counts of Clostridium spp. were increased by 2

spp. appeared at a low level, borderline to the limit of detec

Relative distribution of the ceco-colonic microbiota in the different experimental groups.

represent the relative abundance (percent) of the main bacterial groups present in the gut commensal 

Clostridium spp., Enterobacteria, Lactobacillus spp., and Verrucobacteria), as 

quantified using FISH techniques. Relative percent composition of the microbiota was calculated taking as 

100% the bacterial counts obtained by FISH with the EUB 338 probe. See Table 2 for exact cell counts

total bacterial counts within the luminal content, 

and 7 × 1010 cell ml-1, and 

In these conditions, EUB338 positive-bacteria 

represented a 90% of the total DAPI counts (Table 2). Within all bacterial groups characterized, 

spp. were the most abundant strains; while Enterobacteria, 

spp. were below FISH detection levels (106 

on total bacterial counts, but 

c dysbiosis of the microbiota. In particular, Verrucobacteria counts were reduced 

spp. were increased by 2-fold and 

spp. appeared at a low level, borderline to the limit of detection (Table 

 
colonic microbiota in the different experimental groups. Data 

represent the relative abundance (percent) of the main bacterial groups present in the gut commensal 

spp., and Verrucobacteria), as 

ve percent composition of the microbiota was calculated taking as 

100% the bacterial counts obtained by FISH with the EUB 338 probe. See Table 2 for exact cell counts 
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Treatment with antibiotics resulted in a 2.5-fold reduction in total bacterial counts and 

altered the overall composition of the luminal microbiota (Table 2). In antibiotic-treated mice, 

EUB338 positive counts only included a 60% of the total DAPI counts. Antibiotics reduced the 

counts of Verrucobacteria and Clostridium spp., while significantly increased the counts of 

Enterobacteria and Lactobacillus/Enterococcus spp. (Fig. 3). Addition of stress to the antibiotic 

treatment further enhanced intestinal dysbiosis. In these conditions, total bacterial counts 

maintained their reduction when compared with the vehicle-WAS group. This was associated 

mainly to a 6-fold reduction in Clostridium spp. counts, while the counts of Verrucobacteria, 

Enterobacteria and Lactobacillus/Enterococcus spp. were significantly increased (Table 2; Fig. 3). 

Bifidobacterium spp. was not detected in any experimental group.  

 

Table 5. Composition of the luminal microbiota as assessed by FISH and DAPI staining (x10
8
 cells/ml).

1
 

 DAPI 
Total 

bacteria 
Bacteroi
des spp. 

Entero-
bacteria 

Verruco-
bacteria 

Clostridiu
m 

coccoides 
cluster 
XIVa 

Lactobaci-
llus –

Entero-
coccus 

Bifido
bacte
rium 
spp 

Vehicle – 
Non-

stressed 
462.5±56.0 433.5±27.6 69.3±3.7 ND 36.5±2.3 68.7±4.9 ND ND 

Vehicle – 
WAS 

532.2±55.7 509.0±26.8 64.3±5.9 ND ND 110.0±8.4
&

 0.1±0.02 ND 

Antibioti
c – Non-
stressed 

286.9±22.9 173.5±10.5* 73.7±8.4 7.0±0.6* 18.4±1.2* 31.4±1.6*
#
 18.6±1.7* ND 

Antibioti
c – WAS 

341.3±22.0 196.8±8.1* 103.0±9.5 11.0±0.9*
#
 44.4±1.7

#
 18.8±1.2*

#
 47.2±3.8*

#
 ND 

1
: Data represent mean±SEM from 6 animals per group. ND: Not detected (below 10

6
 cells/ml). *: P<0.05 vs. 

vehicle – non-stressed or vehicle – WAS groups. #: P<0.05 vs. antibiotic – non-stressed group. &: P<0.05 vs. 

vehicle – non-stressed group 

 

 

 

As it relates to bacterial wall adherence, EUB-338-positive cells were always observed 

attached to the wall, in most cases within the mucous layer located on the epithelial surface. In 

vehicle-non-stressed animals, the only bacterial group attached to the colonic wall was 
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Verrucobacteria (Incidence: 83%). Addition of stress significantly reduced the incidence of 

Verrucobacteria attachment (Table 3, Fig. 4), without affecting the adherence of other bacterial 

groups. 

 

Table 6. Incidence of bacterial wall adherence.
1
 

 
Bacteroides 

spp. 
Enterobacteria Verrucobacteria 

Clostridium 
coccoides cluster 

XIVa 

Lactobacillus-
Enterococcus spp 

Vehicle – 
Non-stressed  

0/6 (0%) 0/6 (0%) 5/6 (83 %) 1/6 (17 %) 0/6 (0%) 

Vehicle – 
WAS 

0/6 (0%) 0/6 (0%) 1/6 (17 %) 2/6 (33 %) 0/6 (0%) 

Antibiotic – 
Non-stressed 

0/6 (0%) 6/6 (100 %) 5/6 (83 %) 5/6 (83 %) 5/6 (83 %) 

Antibiotic – 
WAS 

3/6 (50 %) 2/6 (33 %) 5/6 (83 %) 6/6 (100 %) 5/6 (83 %) 

1
: Data represent the number of animals showing bacterial wall adherence over the total of animals 

(percentage of incidence). 

 

During antibiotic treatment, the incidence of bacterial wall adherence increased 

significantly for all bacterial groups detected in the luminal content (83-100% incidence), except 

for Bacteroides spp. (0% incidence). The addition of stress maintained a generalized adherence for 

all groups explored, but, particularly, facilitated Bacteroides spp. attachment while reduced the 

adherence of Enterobacteria (Table 3, Fig. 4).  



Figure 4. Representative colonic tissue images showing bacterial wall adherence for different 

bacterial groups. The left column corresponds to a vehicle

an antibiotic-treated animal. Each line correspo

bottom: Clostridium spp, Lactobacillus

higher abundance of bacteria attached to the epithelium and within the mucous layer covering 

the epithelial surface in the antibiotic

Representative colonic tissue images showing bacterial wall adherence for different 

bacterial groups. The left column corresponds to a vehicle-treated mice and the right column to 

treated animal. Each line corresponds to a different bacterial group (from top to 

Lactobacillus spp, Enterobacteria and Verrucobacteria). Note the 

higher abundance of bacteria attached to the epithelium and within the mucous layer covering 

the antibiotic-treated mice compared with the vehicle-treated mice.
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Representative colonic tissue images showing bacterial wall adherence for different 

treated mice and the right column to 

nds to a different bacterial group (from top to 

spp, Enterobacteria and Verrucobacteria). Note the 

higher abundance of bacteria attached to the epithelium and within the mucous layer covering 

treated mice. 
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EXPRESSION OF CANNABINOID RECEPTORS AND ACTIVITY OF THE SEROTONERGIC SYSTEM 

mRNA for both cannabinoid receptors was detected in all samples. Expression levels in 

control conditions (vehicle – non-stressed animals) were low, with the levels of CB1 mRNA being 

about 10-fold higher than those of CB2.In vehicle-treated mice, WAS had a marginal effect 

increasing CB2 expression (by 6%, P>0.05). In the antibiotic – non-stress group, CB2 expression 

was increased by 20% (P<0.05 vs. vehicle – non-stress group); addition of stress further increased 

CB2 expression, leading, approximately, to a 40% increase in expression (P<0.05 vs. vehicle-

treated groups; Fig 5A). CB1 expression was not affected by either stress or antibiotics, alone or in 

combination (Fig 5A). Regardless of the experimental group considered, expression levels of CB2 

receptors correlated positively with Lactobacillus spp. counts (P=0.001; r2=0.38) and negatively 

with Clostridium spp. counts (P=0.02; r2=0.21) (Fig. 5B). 

The isoform 1 of the TPH was detected with high reproducibility and at relatively high 

levels in colonic tissues (Fig. 5C); however the isoform 2 (TPH2) was found in a very low quantity (a 

mean of 36.6 Cq value). Overall, TPH1 expression levels were about 24-fold higher than those of 

TPH2. TPH1 expression levels were similar in vehicle-treated- or antibiotic-treated non-stressed 

animals. Repetitive WAS increased TPH1 expression by similar proportion in either vehicle- or 

antibiotic-treated animals (40% increase; Fig. 5C). 

5-HT-immunopositve cells, likely corresponding to EC cells, were scattered throughout the 

colonic mucosa. Relative abundance was similar in all experimental groups (Fig. 5C).  

BEHAVIORAL RESPONSES TO INTRACOLONIC CAPSAICIN 

Intracolonic administration of capsaicin induced pain-related behaviors in all mice during 

the 30 min observation period. The behavior more expressed was the liking of the abdominal area, 

which was observed in all animals. In the vehicle – non-stress group the number of pain-related 

behaviours reached a mean value of 40.9±6.6 in the 30 min observation period (n=5; Fig. 5D). In 

these conditions, treatment with antibiotics slightly reduced the number of pain behaviours, 

although statistical significance was not reached. In vehicle-treated animals, addition of stress 

increased the incidence of behaviors by 48% (P=0.071 vs. vehicle – non-stress group) an effect 

completely prevented by the treatment with antibiotics (P<0.05 vs. vehicle – stress group; Fig. 5D) 
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Figure 5. Effects of stress and/or antibiotics on the colonic  sensory-related systems. A (upper row): 

Colonic expression of cannabinoid receptors, CB1 (left pane) and CB2 (right panel) in the different 

experimental groups. Each point represents an individual animal; the horizontal bar with errors 

represents de mean±SEM of each group; n=5-6 per group. *: P<0.05 vs. vehicle – non-stressed and 

vehicle – WAS groups. #: P<0.05 vs. antibiotic – non-stressed group. B (second row): Correlations 

between the relative expression of CB2 and the bacterial counts of Lactobacillus spp. (P=0.0014; 

r2=0.38) (left panel) and Clostridium spp. (P=0.02; r2=0.21) (right panel), as determined by FISH. 

Each point represents an individual animal; broken lines represent the 95% confidence interval. C 

(thirst row): Activity of the serotonergic system within the colon. Left panel shows the relative 

expression of tryptophan hydroxylase 1 (TPH1). Each point represents an individual animal; the 

horizontal bar with errors represents the mean±SEM of each group; n=6 per group. *: P<0.05 vs. 

respective non-stressed group. Right panel show the density of enterochromaffin cells (5-HT-

immunorreactive cells/field, X400), as determined by immunohistochemistry, in the different 

experimental groups. Data are mean±SEM of n=6 animals per group. D (lower row): Total number 

of capsaicin-induced behaviors (right panel) during 30 minutes in the different experimental 

groups. Each point represents an individual animal; the horizontal bar with errors represents de 

mean±SEM of each group; n=5 per group. *: P<0.05 vs. vehicle – WAS groups. 
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DISCUSSION 

In this study we show that the colonic functional (motor) and endocrine responses to 

stress are essentially not affected by relatively large alterations of the ceco-colonic microbiota, 

either luminal or attached to the colonic wall, during an antibiotic treatment. Moreover, we show 

that microbiological changes, due to antibiotics and stress, are able to modulate the immune and 

sensory systems, namely the endocannabinoid and the serotonergic systems, within the colon, 

without the induction of a manifest state of intestinal inflammation. In dysbiotic animals visceral 

pain-related responses were reduced, thus suggesting that these modulatory effects on sensory 

systems might have functional consequences, leading to a hypoalgesic-like sate. 

Our results confirm the validity of chronic WAS as a valid, mild stressor in mice, as 

previously published.14,15,26 Mice did not habituate to the stress protocol, as shown by the 

persistent colonic response along the 7-day period of WAS. Moreover, the efficacy of the stress 

paradigm is further demonstrated by the raise in plasma corticosterone and the increase in weight 

of the adrenal glands at the end of the last stress session. 

Total bacterial counts were not affected by stress. However, repetitive WAS significantly 

increased the counts of Clostridium spp. and favored the appearance of Lactobacillus spp. These 

changes agree with those described in mice subjected to social stress, where the main change in 

the microbiota was an increase in the Clostridia group.13 Interestingly, the Verrucobacteria group, 

present in a relatively high proportion in non-stressed mice, was undetectable in stressed animals. 

This group of microorganisms, which degrade mucus within the gastrointestinal tract,17,27 might 

have relevance in gastrointestinal diseases. For instance, an enhancement of the mucin-degrading 

microbiota in dysbiotic patients predispose to Crohn’s Disease.28 During stress, the thickness of the 

mucus layer was reduced, in agreement with O’Malley et al. (2010).28,29 A reduction in mucus 

abundance might be a factor reducing also the relative abundance of Verrucobacteria. 

Alternatively, we cannot discard that these changes are secondary to the combined enhancing 

effects of stress on colonic motility and mucus secretion,30-32 leading to an increased discharge of 

mucus and therefore to a net reduction in mucus content and associated bacteria. Moreover, 

although goblet cell density remained stable, stress increased the proportion of mature goblet 

cells, indicative of an increase in mucus production and secretion.33 Despite these changes in 

mucus content, wall adhered microbiota was not affected by stress.    
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As expected, treatment with wide-spectrum, non-absorbable antibiotics significantly 

reduced total bacterial counts. The reduction in bacterial counts was coupled to a specific 

dysbiosis which implied a proliferation of Lactobacillus spp. and Enterobacteria; while the 

Clostridium spp. and the Verrucobacteria groups were reduced. Interestingly, only antibiotic-

induced changes in luminal microbiota were associated to an increase in bacterial wall adherence. 

This is important because adhered microbiota has been suggested to be the one directly 

interacting with the host’s bacterial recognition systems, thus eliciting either beneficial or harmful 

responses within the gut.34,35 The relationship between luminal counts and epithelial attachment 

seems to be strain-dependent. Overall, changes in bacterial wall adherence correlated positively 

with changes in luminal counts. However, the Clostridia group was reduced during antibiotic 

treatment, but presented an increased rate of adherence. This negative relationship might reflect 

the heterogeneity of Clostridium coccoides cluster XIVa. From the present data, we cannot rule out 

the possibility that antibiotics are affecting only a part of this cluster, leading to a relative selection 

of bacteria with high wall-adherence capacities. In fact, it is well reported that most antibiotics can 

increase the risk of developing Clostridium difficile colitis36,37 and that the relapse of colitis in 

patients with recurrent C. difficile infections is associated with reduced intestinal microbial 

diversity.38 Nevertheless, the role of gut commensal microbiota in intestinal inflammation remains 

controversial, and beneficial effects of wide spectrum antibiotics has been shown in DSS-induced 

colitis in rats.39The mucous layer represents also a protective barrier preventing bacterial wall 

adherence. Therefore, a loss of mucus should be regarded as a factor favoring bacterial-host 

interactions.40,41 Antibiotics had only a marginal effect reducing the mucous layer, thus suggesting 

that the mucus, per se, might play a minor role affecting bacterial wall adherence in the present 

conditions. Ceco-colonic dysbiosis was further enhanced when antibiotic-treated mice were 

subjected to stress. This was associated to a significant increase in the incidence of wall 

adherence, observed for all bacterial groups assessed, and a clear reduction in the thickness of the 

mucus layer.  

Commensal microbiota is necessary for the development of spontaneous colitis, as 

suggested by observation in mice deficient in interleukin 10; however, gut commensal microbiota 

could also have a protective role, as seen in germ-free mice with DSS-induced colitis.42-44 These 

apparent discrepancies might be associated to the composition of the microbiota, the immaturity 

of the immune system, the environmental conditions of housing and the type of treatment applied 

(duration and antibiotics used). In any case, the potential pathophysiological implications of these 
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observations warrant further investigations. In humans, increased bacterial wall adherence has 

been suggested as a pathogenic factor leading to local immune responses that favor the 

appearance and maintenance of intestinal inflammation.21,45 Interestingly, antibiotic-induced 

dysbiosis had no impact on the gut-to-brain modulation of endocrine responses to psychological 

stress. This agrees with recent data suggesting that the gut-to-brain signaling is established during 

the early post-natal phase and that commensal microbiota is important during that imprinting 

period.4,46 Once the gut is colonized and the commensal microbiota established, changes in 

microbiota composition seem to have a minor impact in gut-to-brain signaling, at least as stress-

related endocrine responses relates.46 Despite this, intestinal microbiota has been related as a 

putative factor affecting gut sensory systems leading to altered behavioral47,48  and local visceral 

responses, such as visceral pain.12,49For instance, gut commensal microbiota is fundamental for the 

development of inflammatory pain in mice.12,49,50 Here, we assessed changes in the 

endocannabinoid and the serotonergic systems, two of the main sensory systems within the gut, 

with a demonstrated involvement in secretomotor- and visceral pain-related responses.49,51-54 In 

the present conditions, antibiotics selectively up-regulated the expression of CB2; an effect further 

enhanced by the addition of stress. This agrees with data suggesting that gut microbiota is able to 

up-regulate the endocannabinoid system within the gut.55 Modification of the commensal 

microbiota by addition of specific bacterial strains (namely L. acidophilus) has been shown to up-

regulate CB2 expression in rats and mice, leading to the induction of visceral analgesia.49 In 

agreement with this, changes in CB2 expression correlated positively with luminal counts of 

Lactobacillus spp., which increased with antibiotic treatment and were further enhanced in 

stressed antibiotic-treated mice. Overall, these observations further support the view that bacteria 

of the Lactobacillus spp. group should be regarded as a beneficial component of the microbiota, 

which might be implicated in the modulation of visceral pain responses through the modulation of 

the intestinal endocannabinoid system. On the other hand, counts of Clostridium spp. correlated 

in a negative manner with the CB2 expression reinforcing the potential role assigned to this 

bacterial group as a pathogenic component of the microbiota. 

Expression of TPH1 and TPH2 and density of EC cells served to assess the activity of the 

serotonergic system. As expected, expression of TPH2, the isoform responsible for the synthesis of 

neuronal serotonin, was very low in whole colonic homogenates. On the other hand, expression 

TPH1, responsible for serotonin synthesis in EC cells, was detected at relatively high levels. 

Interestingly, TPH1 was up-regulated in stressed animals, independently of the antibiotic 
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treatment. These observations might suggest that, although not directly assessed, serotonin 

synthesis and availability is increased during stress, with commensal microbiota playing a minor 

role per se. Overall, this agrees with studies showing that serotonin availability might be increased 

within the colon during stress.56 However, density of EC cells was not affected by stress, thus 

suggesting a cellular hyperactivity, rather than a hyperplasia. This contrasts with inflammatory 

models of gut dysfunction, such as the experimental infection with Trichinella spiralis, in which 

increased availability of serotonin has been associated to a hyperplasia of EC cells.57,58 The 

functional consequences of these changes in the cannabinoid and serotonergic systems warrant 

further studies, outside the original scope of the present work.   

The changes observed in the expression of sensory-related systems are likely to have a 

functional significance. This is demonstrated by the changes in visceral pain-related responses 

observed in antibiotic-treated vs. non-treated animals. In agreement with previous reports, we 

show that intracolonic capsaicin evokes behavioral responses consistent with the induction of 

visceral pain.9,10 An increase in pain-related events was observed in stressed animals, thus 

confirming data indicating that repeated psychological stress induces visceral hypersensitivity in 

rodents.59 Interestingly, stress-induced hyperalgesic responses were completely prevented by the 

treatment with antibiotics. These observations might suggest that the changes in CB2 expression 

and serotonin availability might lead to functional effects modulating visceral sensitivity. Similarly, 

other sensory mediators not directly assessed here and involved in visceral pain responses, such as 

vanilloids,60 might be involved in the responses observed. Overall, these observations further 

support an involvement of gut microbiota as a modulatory component of gut sensory functions. 

As mentioned, none of the treatments applied resulted in evident intestinal inflammation. 

Although enlargement of the cecum was observed in antibiotic-treated animals, this was not 

associated to consistent histopathological alterations. It is interesting to point out that despite the 

increased host-bacterial interaction observed in dysbiotic mice, no signs of colonic inflammation 

(either macroscopical, microscopical or biochemical) were observed following the treatment with 

antibiotics. This contrasts with previous reports that observed signs of intestinal inflammation 

during both antibiotic treatment and stress.12,41,61,62 In particular, the appearance of stress-induced 

intestinal inflammation has been related with a mast cell infiltrate and the facilitation of bacterial 

wall adherence in rats.12,41,61,62 However, in our conditions, the density of mast cells was not 

increased by stress. Although inflammatory markers were unaltered luminal s-IgA levels were 



Chapter 3 

124 

increased during dysbiosis. Luminal s-IgA contributes to the suppression of immune reactions 

generated by commensal bacteria 63,64 and, when binding to bacteria, prevent bacterial 

translocation.65 Increased s-IgA levels might represent a mucosal response, likely triggered by the 

increased rate of bacterial attachment during dysbiosis, aiming the prevention of local and 

systemic inflammation and bacterial translocation. Multiple factors ranging from the 

species/strain used to the intensity of the stressors applied or the microbial environment might 

contribute to the final immune response to a dysbiotic state. Systematic studies addressing these 

aspects will be necessary to determine the relative contribution of these factors to the final 

responses observed within the gut. 

In summary, the current study shows that gut commensal microbiota and stress are likely 

to act as interactive components in the maintenance of gut homeostasis and in the development 

of gut pathophysiology. Changes observed here suggest that microbiota and stress are able to 

selectively modulate gut sensory mechanisms, in the absence of obvious structural or biochemical 

alterations compatible with the presence of intestinal inflammation. Nevertheless, a mucosal 

immune response, characterized by increased s-IgA production, could be observed. Moreover, 

dysbiosis was associated to a reduction in visceral pain-related responses, thus suggesting that 

microbiota, influencing sensory-related systems within the gut, is able to modulate visceral pain 

arising from the gut. Overall, these data support the potential involvement of stress and gut 

microbiota in the alterations observed in patients with functional gastrointestinal disorders, 

characterized by secretomotor and sensory alterations in the absence of structural changes. These 

observations warrant further studies dissecting the pathways altered by stress and gut microbes 

and the associated functional changes. Moreover, our observations support the view that the 

beneficial effect of certain bacterial strains, used as probiotics, might be associated to the 

modulation of the activity of endogenous sensory-related systems, such as the endocannabinoid 

system. 
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ABSTRACT 

Alterations in the composition of the commensal microbiota (dysbiosis) seem to be a 

pathogenic component of functional gastrointestinal disorders, mainly irritable bowel syndrome 

(IBS), and might participate in the secretomotor and sensory alterations observed in these 

patients.  

We determined if a state antibiotics-induced intestinal dysbiosis is able to modify colonic 

pain-related and motor responses and characterized the neuro-immune mechanisms implicated in 

mice.  

A 2-week antibiotics treatment induced a colonic dysbiosis (increments in Bacteroides spp, 

C. coccoides and Lactobacillus spp and reduction in Bifidobacterium spp). Bacterial adherence was 

not affected. Dysbiosis was associated to increased levels of secretory-IgA, up-regulation of the 

antimicrobial lectin RegIIIγ, and toll-like receptors (TLR) 4 and 7 and down-regulation of the 

antimicrobial-peptide Resistin-Like Molecule-β and TLR5. Dysbiotic mice showed less goblet cells, 

without changes in the thickness of the mucus layer. Neither histological nor molecular signs of 

inflammation were observed. In dysbiotic mice, expression of the cannabinoid receptor 2 was up-

regulated, while the cannabinoid 1 and the mu-opioid receptors were down-regulated. In 

antibiotic-treated mice, visceral pain-related responses elicited by intraperitoneal acetic acid or 

intracolonic capsaicin were significantly attenuated. Colonic contractility was enhanced during 

dysbiosis.  

Intestinal dysbiosis induce changes in the innate intestinal immune system and modulate 

the expression of pain-related sensory systems, an effect associated with a reduction in visceral 

pain-related responses. Commensal microbiota modulates gut neuro-immune sensory systems, 

leading to functional changes, at least as it relates to viscerosensitivity. Similar mechanisms might 

explain the beneficial effects of antibiotics or certain probiotics in the treatment of IBS. 

 

Keywords: Cannabinoid receptors; Colonic motility; Gut commensal microbiota; Innate 

immune system; Intestinal dysbiosis, Opioid receptors; Visceral sensitivity 
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INTRODUCTION 

Functional gastrointestinal disorders (FGDs) are highly prevalent alterations characterized 

by an altered gastrointestinal (GI) functionality in the absence of overt structural changes. 

Although FGDs might affect any segment of the GI tract, most of the patients present symptoms 

related to lower GI (colon) dysfunction, and are grouped as irritable bowel syndrome (IBS) 

patients. Main IBS symptoms include abdominal pain or discomfort, bloating, abdominal 

distension and altered bowel habits.1 Although still partially unknown, IBS has a multifactorial 

pathogenesis involving psychosocial factors (such as stress), an intestinal immune activation (with 

a persistent low grade inflammation) and altered brain-gut-brain communication and host-

microbial interactions.1,2 

Within the intestine, microbial community is established shortly from birth and acts as an 

entire organ.3,4 Recent works have identified gut commensal microbiota (GCM) as a dynamic 

ecosystem that maintains a bidirectional relationship with the host and that is essential for 

physiological and pathophysiological states.5–8 Within the GI tract, GCM has a distinct distribution, 

with the higher bacterial counts localized in the more distal areas (large intestine). Colonic 

microbiota is composed mainly by microorganisms from the Firmicutes and Bacteroidetes phyla 

(mainly Clostridium spp, Lactobacillus spp and Segmented Filamentous Bacteria), sharing the 

colonic niche with less abundant bacteria from the Actinobacteria and Proteobacteria phyla 

(mainly Bifidobacterium spp, Verrucobacteria and Enterobacteria).9,10 Alterations in the normal 

composition of GCM, known as intestinal dysbiosis, have been linked to several diseases of the GI 

tract, including inflammatory conditions and IBS.2,11–16 For instance, in IBS patients, intestinal 

dysbiosis with altered host-microbial interactions seems to be important generating a local 

immune response that might lead to the sensorial and secretomotor alterations characteristic of 

the disease. The underlying mechanisms remain largely unknown, although some evidences 

support a local modulation of sensory-related systems leading to altered functional responses.16–19 

For instance, we have recently shown that specific alterations in the composition of the GCM 

modify the expression of the intestinal endocannabinoid system, affecting nociceptive responses 

in mice.17 

The intestinal immune system is in the front line of defense against bacteria; tolerating 

GCM, but, at the same time, maintaining appropriate immune responses to pathogens.18,20–23 In 

this context, the innate immune system represents a pivotal player in controlling host resistance 
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and maintaining the mucosal immune balance. The innate immune system provides a primary host 

response to bacterial invasion by using pattern recognition receptors (PRRs), mainly Toll-like 

receptors (TLRs), to recognize microbial agents. TLRs-mediated host-bacterial interactions trigger 

the sequential activation of intracellular signaling pathways leading to the induction of a range of 

mediators that drive the primary host resistance to pathogens. Additional innate immune 

components include the mucous barrier and the secretion of IgA and antimicrobial peptides 

(AMPs), that modulate luminal microbiota avoiding bacterial attachment to the epithelium.4,21,22,24 

In the present study, to further understand the role of microbiota influencing gut 

secretomotor and sensory responses, we assessed changes in the local immune system and in the 

expression of sensory-related systems within the colon of mice after a 2-week antibiotic 

treatment-induced dysbiosis. Furthermore, we also assessed if these changes lead to functional 

alterations displayed as changes in colonic contractility and viscerosensitivity. 

 

MATERIAL AND METHODS 

ANIMALS  

Female CD1 mice, 10-12 week-old (Charles River Laboratories) were used. All animals were 

maintained in conventional conditions in an environmentally controlled room (20-22ºC, 12 h 

light:dark cycle), with food and water ad libitum. All procedures were approved by the Ethical 

Committee of the Universitat Autònoma de Barcelona (protocols 1099 and 1396) and the 

Generalitat de Catalunya (protocols 5646 and 7193). 

ANTIBIOTIC TREATMENT 

Animals received a mixture of non-absorbable, broad spectrum antibiotics containing 

Bacitracin A (31626 - Vetranal™; Sigma-Aldrich) and Neomycin (N1876 - Neomycin trisulfate salt 

hydrate; Sigma-Aldrich). Amphotericin B (A9528; Sigma-Aldrich) was added to prevent yeast 

overgrowth. During a 2-week period, animals were dosed daily, by oral gavage, with 0.3 mL of the 

mixture (prepared fresh on a daily basis). This procedure ensured a minimum dose of 0.4 mg for 

bacitracin and neomycin and 0.1 mg for amphotericin B (per mouse and day). In addition, the 

same mixture was added to the drinking water during the same period of time. Vehicle-treated 
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animals were dosed with deionized water by oral gavage (0.3 mL). Water consumption and body 

weight was assessed on a daily basis during the treatment period. Similar treatment protocols 

have been followed previously in comparable studies in mice and rats, demonstrating the 

induction of significant changes of the GCM.16,17,54 

EXPERIMENTAL PROTOCOLS  

Mice were treated with the antibiotic mixture (n=28) or vehicle (n=28) during 14 

consecutive days. Different subgroups of vehicle- and antibiotics-treated animals were used to 

assess visceral pain responses (behavioral pain responses to IP acetic acid, n=22 and IC capsaicin, 

n=22) and in vitro colonic contractility (n=12). On day 15, 24h after the last antibiotic/vehicle 

administration and after all other procedures (pain tests), animals were euthanized, the weight of 

body organs assessed and samples of colonic tissue and fecal content obtained. Samples obtained 

from animals included as controls in the visceral pain tests were used for morphological/molecular 

studies. Each animal was used only for one procedure.  

SAMPLES COLLECTION  

Mice were deeply anesthetized with isoflurane (Isoflo) and euthanatized by 

exsanguination through intracardiac puncture followed by cervical dislocation. Thereafter, a 

medial laparotomy was performed, the ceco-colonic region localized and the cecum and colon 

dissected. Afterward, ceco-colonic fecal contents and a tissue sample from the proximal colon 

were collected and frozen immediately in liquid nitrogen. Frozen samples were stored at –80 ºC 

until analysis. At the same time, tissue samples of the proximal and middle colon (about 1.5 cm 

each) were collected and fixed overnight in Meta-Carnoy fixative (methanol:chloroform:glacial 

acetic acid, 6:3:1, v:v:v) or in 4% paraformaldehyde. After an overnight fixing, tissues were paraffin 

embedded and 5 µm-tick sections obtained. During the necropsy, the adrenal glands, the thymus, 

the liver and the spleen were dissected and weighed.  

 

QUANTIFICATION OF BACTERIA USING REAL-TIME QUANTITATIVE PCR (QPCR) 

Total DNA was isolated from frozen fecal ceco-colonic content using QIAamp® DNA Stool 

Mini Kit (Qiagen), following the manufacturer’s instructions. Thereafter, DNA was quantified using 



Chapter 4 

137 

the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies; Fisher Scientific Spain, 

Madrid, Spain), diluted to equal concentrations with sterile deionized water and stored at -20ºC 

until analysis.  

The relative abundance of bacteria was measured using 16S rRNA gene-targeting 

hydrolysis probes (Custom TaqMan assays; Applied Biosystems) as previously described.55–57 

Probes used are detailed in Table 1. All samples and the negative controls were assayed in 

triplicates. The vehicle group served as the calibrator. For each assay, a positive (quantified) 

sample was used to generate a standard curve and to quantify the number of bacteria. For 

Clostridia cluster XIVa and total bacterial counts, C. coccoides (DSM 935; German Collection of 

Microorganisms and Cell Cultures) was used. In all cases, standard curves were derived from the 

serial dilutions in a customary way [EUB (r2=0.99): y = -0.2808x + 16.023; EREC (r2=0.99): y = -

0.2964x + 16.749 ; LAB (r2=0.98): y = -0.3342x + 18.513; BIF (r2=0.99): y = -0.2777x + 12.908; and 

BAC (r2=0.99): y = -0.2906x + 13.935]. Relative concentrations were expressed in arbitrary units. 

Logarithms (base 10) of concentrations were plotted against crossing points and Least square fit 

was used as the standard curve to obtain the bacterial number (in cells ml-1). 

IDENTIFICATION OF BACTERIAL ADHERENCE BY FLUORESCENCE IN SITU HYBRIDIZATION (FISH)  

Fluorescence in situ hybridization (FISH) procedures for colonic tissue samples were 

followed as previously reported.17,35 Oligonucleotide probes consisted in a single strain DNA 

covalently linked with a Cy3 (carbocyanine) reactive fluorescent dye at the 5’ end (Biomers and 

Isogen Lifescience).  Probes used are detailed in Table 1. 

Hybridized slides were viewed under oil immersion, using a Carl Zeiss Axioskop 40 FL 

epifluorescence microscope (Carl Zeiss, Jena, Germany) equipped with a digital camera (Zeiss 

AxioCam MRm) for obtaining digital images (Zeiss AxioVision Release 4.8.1). Analysis of the images 

was performed manually by two independent researchers that observed the pictures and localized 

hybridized bacteria within the mucus layer or attached to the epithelial surface. A coincidence 

between the two observers in bacterial location in at least 15% of the pictures observed (at least 3 

out of 20) was required to decide that there was bacterial attachment to the epithelium. All 

procedures were performed on coded slides, to avoid bias. 
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Table 1. Probes and primers used for bacterial identification (FISH and qPCR). 

 FISH ( 5’ – 3’)
 1

 Ref. qPCR (5’ – 3’) Ref. 

Non bacteria 

NON 338 

ACATCCTACGGGAGGC 
17,60    

Total bacteria GCTGCCTCCCGTAGGAGT 17,60 F
2
 CGGTGAATACGTTCCCGG 56 

EUB 338   R
3
 

ACGGCTACCTTGTTACGACTT  

   P
4
 

GTACACACCGCCCGTC  

Enterobacteria 

ENT-D 

TGCTCTCGCGAGGTCGCTT

CTCTT 

17,60    

Bacteroides spp CAATGTGGGGGACCTT 17,60 F AGAGGAAGGTCCCC 57 

BAC 303   R GCTACTTGGCTGGTT  

   P CATTGACCAATATTCCTCACTG

CTGC 

 

Bifidobacterium 

spp 

CATCCGGCATTACCACCC 17,60 F CGTGCTTAACACATGCAA 57 

BIF 164   R CACCCGTTTCCAGGAG  

   P TCACGCATTACTCACCCGTTCG  

C. coccoides 

(cluster XIVa) 

GCTTCTTAGTCAGGTACCG 17,60 F GACGCCGCGTGAAGGA 56 

EREC 482   R AGCCCCAGCCTTTCACATC  

   P CGGTACCTGACTAAGAAG  

Lactobacillus-

Enterococccus 

spp 

GGTATTAGCACCTGTTTCCA 17,60 F TGGATGCCTTGGCACTAGGA 61 

LAB 158   R AAATCTCCGGATCAAAGCTTA

CTTAT 

 

   P TATTAGTTCCGTCCTTCATC  

Verrucobacteria 

MUC1437 

ATGTGCCGTCCGCGGGTT 62    

Segmented 

filamentous 

bacteria 

SFB 1008 

GCGAGCTTCCCTCATTACAA

GG 

63    

1
: Probe (Cy3-5’ – 3’); 

2
:Forward primer; 

3
:Reverse primer; 

4
: Probe (FAM-5’ – 3’). 
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QUANTIFICATION OF SECRETORY IMMUNOGLOBULIN A 

Luminal s-IgA was measured in fresh homogenates of cecal contents (equal diluted in PBS 

1x) using a commercial double-antibody sandwich ELISA, following manufacturers’ instructions 

(MBS564073; MyBiosource). 

MRNA ANALYSIS 

Total RNA was extracted from frozen tissue samples using TRI reagent with Ribopure Kit 

(Ambion/Applied biosystems) using the FastPrep-12 instrument (MP Biomedicals, France). 

Thereafter, a two-step quantitative real time PCR (RT-qPCR) was performed. cDNA was obtained 

using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems , Foster City, CA). The 

PCR reaction mixture was incubated on the ABI 7500Fast (Applied Biosystems). All samples, as well 

as the negative controls, were assayed in triplicates. The cycle thresholds for each sample were 

obtained and data were analyzed using the comparative Ct method (2−∆∆Ct) with the vehicle 

group serving as the calibrator.58 

 TaqMan ® gene expressions assays (hydrolysis probes) for cannabinoid receptor 1 

(CB1) (Mm01212171_s1) and 2 (CB2) (Mm00438286_m1), mu-opioid receptor (MOR) 

(Mm01188089_m1), tryptophan hydroxylase 1 (TPH1) (Mm00493794_m1) and 2 (TPH2) 

(Mm00557715_m1), serotonin Transporter (SERT) (Mm00439391_m1), transient Receptor 

Potential Vanilloid 1 (TRPV1) (Mm01246302_m1) and 3 (TRPV3) (Mm00455003_m1), nerve 

growth factor (NGF) (Mm00443039_m1), interleukin 6 (IL-6) (Mm00446190_m1), tumor necrosis 

factor α (TNFα) (m00443258_m1), interleukin 12 (IL-12p40) (Mm00434174_m1), interleukin 10 

(IL-10) (Mm00439614_m1), toll-like receptor (TLR) 2 (Mm00442346_m1),  3 (Mm01207404_m1), 4 

(Mm00445273_m1), 5 (Mm00546288_s1) and 7 (Mm00446590_m1), defensin-α6/24 

(Mm04205950_gH), defensing-β4 (Mm00731768_m1), the lectin regenerating islet-derived 

protein 3 gamma (RegIIIγ) (Mm00441127_m1) and the resistin-like molecule-β (RELMβ) 

(Mm00445845_m1) were used (Applied Biosystems). β-2-microglobulin (Mm00437762_m1) was 

used as endogenous reference gene. 

HISTOLOGY 

For histological examination, hematoxylin-eosin-stained sections from the colon were 

obtained following standard procedures. A histopathological score (ranging from 0, normal, to 12, 
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maximal alterations) was assigned to each animal. Specifically, parameters scored included: 

epithelial structure (0: normal; 1: mild alterations of the villi; 2: local villi destruction and/or 

fusion; 3: generalized villi destruction and/or fusion), structure of the crypts (0: normal; 1: mild 

alterations of the crypts; 2: local destruction of the crypts; 3: generalized destruction of the 

crypts),  presence of edema (0: normal; 1: mild local edema in submucosa and/or lamina propria; 

2: moderate diffuse edema in submucosa and/or lamina propria; 3: severe generalized edema in 

submucosa and/or lamina propria), presence of inflammatory infiltrate (0: normal; 1: mild 

localized infiltrate; 2: mild generalized infiltrate; 3: severe generalized infiltrate). Scoring was 

performed on coded slides by two independent researchers.  

The mucous layer was assessed in Meta-Carnoy-fixed samples of colonic tissue. Thickness 

of the mucous layer was measured in 10 different fields, in representative regions covering, at 

least, 20% of the epithelial surface. All measurements were performed on coded slides by two 

independent investigators using the Zeiss AxioVision Release 4.8.1 software. Moreover, tissue 

sections were also stained with Alcian Blue pH 2.5/Periodic Acid Schiff (AB 2.5/PAS kit; Bio-Optica) 

in order to specifically stain neutral (pink), mixed (purple) or acidic (blue) mucins. Thereafter, 

colonic goblet cells were counted in 20 longitudinally-oriented villus-crypt units. Length of the 

villus-crypt unit was also determined to obtain goblet cells density (number of cells mm-1). 

IMMUNOHISTOCHEMISTRY AND QUANTIFICATION OF IMMUNE-POSITIVE SIGNAL IN THE MYENTERIC PLEXUS 

Paraffin-embedded tissue sections (5 μm in thickness) were deparaffinized and rehydrated 

with a battery gradient of alcohols. Immunohistochemistry protocols for each antibody were 

followed by a customary way and as previously described.55Antigen retrieval for CB1 receptor and 

MOR was achieved by processing the slides in a microwave with 10 mM of citrate solution. Epitope 

retrieval for CB2 receptor was performed using a pressure cooker (at full pressure, for 3 min) in 

Tris–EDTA solution buffer. Primary antibodies included a rabbit polyclonal anti-CB1 (1:100; rabbit 

polyclonal to cannabinoid receptor 1, ab23703; Abcam), a rabbit polyclonal anti-CB2 [1:100; rabbit 

polyclonal to cannabinoid receptor 2 (H-60), sc-25494; Santa Cruz Biotechnology], and a rabbit 

polyclonal anti-MOR (1:2,500; rabbit polyclonal to mu-opioid receptor AB1580; 

Chemicon/Millipore). The secondary antibody used was a biotinylated polyclonal swine anti-rabbit 

IgG (E 0353; DakoCytomation). Antigen–antibody complexes were reveled with 3-3′-

diaminobenzidine (SK-4100 DAB; Vector Laboratories), with the same time exposure per antibody, 
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and sections were counterstained with hematoxylin. Specificity of staining was confirmed by 

omission of the primary antibody. 

For each marker assessed (CB1, CB2 and MOR), immunopositive cells were counted in 30, 

randomly selected, myenteric ganglia for each tissue sample. Cells were considered to be 

immunopositive if they expressed more labeling than the background levels seen in the negative 

controls. Myenteric ganglia of the same animals were photographed (Eclipse 90i, Nikon), and the 

area quantified (in µm2) using the software ImageJ (NIH, National Institutes of Health, USA). All 

procedures were performed on coded slides to avoid any bias. 

ORGAN BATH CONTRACTILITY OF THE COLON 

Full thickness preparations from the mid portion of the colon were cut 0.2 cm wide and 

hung for organ bath study oriented to record circular muscle activity. Strips were mounted under 

1-2 g tension in a 10 mL organ bath containing carbogenated (95% O2–5% CO2) Krebs solution 

with glucose and maintained at 37±1ºC. One strip edge was tied to the bottom of the organ bath 

using 2/0 silk suture and the other one to an isometric force transducer (Harvard VF-1 Harvard 

Apparatus Inc., Holliston, MA, USA). Output from the transducer was fed to a PC through an 

amplifier. Data were digitalized (25 Hz) using Data 2001 software (Panlab, Barcelona, Spain). Strips 

were allowed to equilibrate for about 90 min; thereafter, to determine the spontaneous 

contractile activity, the tone was measured for 10 min. After this, responses to carbachol (CCh; 10-

7 to 10-4M; Sigma-Aldrich), added to the bath in a cumulative manner at 5-min intervals, were 

assessed. Thereafter, the bath solution was replaced, tissues were allowed to reequilibrate (20 

min), and spontaneous contractile activity and responses to the NO-synthase inhibitor NG-nitro-L-

arginine (L-NNA; 10-3M; Sigma-Aldrich) were assessed. The amplitude of contractions from the 

baseline (maximal response) and the area under curve (AUC) during 10 min (spontaneous activity 

and effects of L-NNA) or 5 min (effects of CCh) were used to evaluate the contractile activity. 

BEHAVIORAL PAIN RESPONSES TO INTRAPERITONEAL ACETIC ACID 

0.6% glacial acetic acid (Sigma-Aldrich) in distilled water (10 ml/kg) or vehicle (distilled 

water) was administered and pain related responses were determined following previous 

protocols.59 The pain response was scored by counting the number of abdominal contractions 
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during the 30 min period after the IP treatment (in blocks of 5 min) by two independent 

researchers. 

BEHAVIORAL RESPONSES TO INTRACOLONIC CAPSAICIN-EVOKED VISCERAL PAIN  

Spontaneous visceral pain-related behaviors induced by intracolonic capsaicin (Sigma-

Aldrich) were assessed following previously described protocols, with minor modifications.17 Mice 

were anesthetized with isoflurane (Isoflo; Esteve) and capsaicin (0.05 ml/mice, 0.1% in 

ethanol:Tween 80:saline; 1:1:8, v:v:v; Sigma-Aldrich) or vehicle (ethanol:Tween 80:saline; 1:1:8, 

v:v:v) were administered intracolonically. Petroleum jelly was applied to the perianal area to avoid 

the stimulation of somatic areas due to any leakage on the capsaicin solution. After recovering 

consciousness, visceral pain-related behaviors (licking of the abdomen, stretching the abdomen, 

squashing of the lower abdomen against the floor or abdominal retractions) were assessed during 

a 30 min period (in blocks of 5 min). Pain behaviors were visually assessed by two independent 

researchers.  

STATISTICAL ANALYSIS 

Data are expressed as mean ± SEM. A robust analysis (one iteration) was used to obtain 

mean ± SEM for RT-qPCR data. Data were analyzed by a parametric unpaired t-test or by a non-

parametric Mann-Whitney test as appropriate. A Chi-square test was used to analyze bacterial 

adherence. Data were considered statistically significant when P<0.05. 

 

RESULTS 

CLINICAL AND MACROSCOPICAL ASSESSMENT OF THE ANIMALS 

During the 2-week antibiotic treatment, no clinical signs were observed, with all animals 

showing a similar rate of body weight gain (data not shown). Water intake was similar across 

experimental groups (data not shown). At necropsy, the only significant change observed was the 

enlargement of the cecum in antibiotic-treated animals (507.7±18.43 mg, P<0.0009 vs. vehicle 

group: 409.0±20.24 mg; n=19 for each). These differences were maintained when the cecal weight 

was expressed as relative to the total body weight (data not shown). 
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HISTOLOGICAL EVALUATION 

Microscopic analysis of colonic tissue samples showed a normal histological structure in all 

animals. Occasionally, a moderate multifocal-to-diffuse inflammatory infiltrate and/or 

desquamation of some epithelial cells were observed, but no treatment-related incidence could be 

established. No significantly differences in the final histopathological scores (vehicle: 0.66±0.25; 

antibiotic: 1.27±0.25; n=7-8 per group) were observed (Fig. 1A). 

Evaluation of PAS/AB-stained sections showed a reduction in the density of goblet cells 

(per crypt length) in antibiotic-treated animals (158.8±8.7 cells mm-1, n=8) compared with the 

vehicle-treated group (187.2±7.4 cells mm-1, n=7, P<0.05; Fig. 1B). This was associated to a 

tendency for colonic crypts length to be increased in antibiotic–treated mice (vehicle: 87.52±4.9 

µm; antibiotic: 101.9±4.97 µm; P=0.061; Fig. 1C). When differentiating between acidic, mixed or 

neutral mucins, antibiotic-treated mice showed a relative increase in the number of goblet cells 

containing a mixture of acidic and neutral mucins (antibiotic: 21.1±1. 9 cells mm-1; vehicle: 

28.5±2.0 cells mm-1; P<0.05; Fig. 1B).  No differences were observed for the thickness of the mucus 

layer (Fig. 1D). 

 

Figure 1. Colonic histopathology in vehicle- and antibiotic-treated mice. A: Histopathological 

scores. B: Goblet cell counts from PAS/AB pH=2.5 stained-sections. C: length of colonic crypts. D: 

Thickness of the mucus layer, assessed on PAS/AB pH=2.5 stained-sections. Bars represent the 

mean±SEM, symbols represent individual animals. n=7-8 per group, *: P<0.05 vs. vehicle. 
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Figure 2. Characterization and quantification of luminal gut commensal microbiota. Data shows 

qPCR quantification of total bacteria and the main bacterial groups present in the colonic 

microbiota (see methods for details). Data are median (interquartile range) ± SD; n=7-8 for each 

group. The bottom-right graph shows the relative distribution of the ceco-colonic microbiota in 

vehicle- and antibiotic-treated mice. Data represent the relative abundance (percent) of the 

main bacterial groups present in the gut microbiota as quantified using qPCR. Relative percent 

composition was calculated taking as 100% the total counts of the different bacterial groups 

assessed (C. coccoides, Bacteroides spp., Bifidobacterium spp. and Lactobacillus/Enterococcus 

spp.). 
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A 2-WEEK ANTIBIOTIC TREATMENT RESULTS IN A DYSBIOSIS OF THE COLONIC COMMENSAL MICROBIOTA 

Total bacterial counts were increased in antibiotic-treated mice for a 2-week period when 

compared with the counts in vehicle-treated animals (5.33±0.54 x 1012 cells ml-1vs. 2.79±0.38 x 

1012 cells ml-1; P=0.004;). The treatment with antibiotics increased Bacteroides spp. and 

Clostridium coccoides counts by 2- and 4-fold, respectively (both P<0.05; Fig. 2). Similarly, the 

Lactobacilli group was increased by 3-fold after the antibiotic treatment although statistical 

significance was not reached, probably because of the relative large variability observed in control 

conditions (P=0.07; Fig. 2). On the other hand, the Bifidobacteria group showed a 10-fold 

reduction in antibiotic-treated animals (P=0.006; Fig. 2). 

When assessing the relative composition of the microbiota (proportion of each bacterial 

group assessed within the total counts), the most abundant bacterial characterized, regardless of 

the treatment, were Bacteroides spp. and C. coccoides (cluster XIVa), representing 99% of the total 

bacterial counts. During antibiotic treatment the main change was an increase in the ratio of C. 

coccoides (cluster XIVa), from about 15% in control conditions to approximately 35% of the total 

counts. Regardless the treatment, the lactobacilli group was very scarce (<0.05% of the total 

bacterial counts) and the Bifidobacteria group was the less abundant (<0.01% of the total bacterial 

counts) (Fig. 2).  

Table 2. Incidence of bacterial wall adherence
1
. 

 
Bacteroides 

spp. 
Enterobacte

ria 
Verruco
bacteria 

Clostridium 

cluster XIVa 

 

Lactobacillus-

Enterococcus 
spp. 

Bifidoba

cterium 

spp. 
SFB 

Vehicle  
1/8 

(12.5%) 

3/8 

(37.5%) 

0/8 

(0%) 

8/8 

(100%) 

1/8 

(12.5%) 

0/8 

(0%) 

2/8 

(25%) 

Antibiotic 
0/7 

(0%) 

2/7    

(28.6%) 

0/7 

(0%) 

6/7  

(85.7%) 

1/7 

(14.3%) 

1/7 

(14.3%) 

2/7 

(28.6%) 
1
: Data represent the number of animals showing bacterial wall adherence over the total of animals assessed 

(percentage of incidence). SFB: segmented filamentous bacteria. 

 

In control conditions, the main bacterial group adhered to the colonic epithelium was 

Clostridia (incidence of attachment: 100%), followed by Enterobacteria (incidence of attachment: 

38%) and Segmented Filamentous Bacteria (Incidence of attachment: 25%). Overall, the 2-week 

period of antibiotic treatment did not affect the ratios of bacterial wall adherence (Fig. 3, Table 2). 

Nevertheless, FISH images revealed that antibiotic-treated mice showed a higher proportion of 
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coccoid-shaped Clostridia adhered to the epithelium than vehicle-treated animals, in which 

Clostridia hybridized mainly as a fusiform ballici (Fig. 3). 

 

 

Figure 3. Representative colonic tissue images showing Clostridium spp. (identified by FISH 

using the EREC 482 probe) adherence to the colonic epithelium. A: Vehicle-treated animal. B: 

Antibiotic-treated animal. C: Non-treated naïve animal maintained in the same conditions as 

the experimental groups; included here for comparative purposes. D: Negative control 

(hybridized with the control non-specific fluorescent probe NON338). In all cases (A-C) 

abundant bacteria was observed attached to the colonic epithelium. Note, however, that 

bacillary-shape bacteria were observed in vehicle-treated animals (A) (similarly to that 

observed in the non-treated naïve animal, C) while in antibiotic-treated animals (B) a shift in 

morphology, with the appearance of abundant coccoidal forms, can be observed. 

 

ANTIBIOTICS MODULATED THE LOCAL INNATE IMMUNE SYSTEM 

S-IgAs were detected in all luminal contents analyzed. Levels of s-IgA were increased by 

10-fold in antibiotic-treated animals (P<0.05, Fig. 4A).  



Chapter 4 

147 

A relatively high variability was observed in the expression levels or AMPs. In control 

conditions, the relative expression levels of AMPs were: RELMβ > RegIIIγ > defensin-α24/6; with 

defensin-β4 being undetectable in all samples analyzed. In antibiotic-treated mice, RELMβ was 

down-regulated (P<0.05 vs. vehicle group) while RegIIIγ tended to be up-regulated, although 

without reaching statistical significance (Fig. 4A). 

No differences in the expression of pro- (IL-6, IL-12p40 and TNFα) or anti-inflammatory (IL-

10) cytokines was observed between vehicle- and antibiotic-treated animals. Only IL-12p40 tended 

to be up-regulated in antibiotic-treated mice (P=0.069, Fig. 4B). 

In control conditions, relative colonic expression of TLRs was: TLR4 > TLR3 > TLR2 > TLR5 > 

TLR7. In antibiotic-treated animals specific changes in expression were detected; with a significant 

up-regulation of TLR7 (P=0.008) and a tendency for TLR4 (P=0.08); while TLR5 showed a slight (less 

than one fold) down-regulation (P=0.02) (Fig. 4C). Expression of other TLRs was not affected. 

 

Figure 4. Changes in immune and host-bacterial interaction markers. A: Changes in innate 

immune-related markers: luminal levels of secretory IgA (S-IgA) and gene expression levels of 

antimicrobial peptides. B: Changes in expression levels of IL-12p40. C: Changes in the 

expression levels of TLRs. Data are mean±SEM, n=7-8 group, *: P<0.05 vs. vehicle. 
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ANTIBIOTICS MODULATED THE LOCAL EXPRESSION OF SENSORY-RELATED MARKERS 

With the exception of tryptophan hydroxylase 2 (which was in general undetectable) all 

markers assessed were expressed at detectable levels in all samples analyzed. In antibiotic-treated 

animals, only a selective down-regulation of CB1, MOR and NGF was detected (Fig. 5A). CB2 

expression showed a tendency to be up-regulated; however, statistical significance was not 

reached probably because of the relatively high variability observed in antibiotic-treated animals. 

Other secretomotor and sensory markers assessed were not affected by the antibiotic treatment.  

 

A

B

 

Figure 5. Changes in sensory-related markers. A: Changes in colonic gene expression of 

cannabinoid receptors 1 and 2 (CB1/2), mu-opioid receptors (MOR) and nerve growth factor 

(NGF). Data are mean±SEM, n=5-8 animals per group. *, **, ***: P<0.05, 0.01 or 0.001 vs. 

vehicle. B: Quantification of immunorreactive ganglionic cells within the myenteric plexus in 

vehicle- and antibiotic-treated animals. Data are mean±SEM, of 5-8 animals per group; see 

methods for details of the quantification procedures. 
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Evaluation of CB1, CB2 and MOR content in the colonic myenteric plexus using 

immunohistochemistry correlated with the gene expression data, although statistical significances 

were not reached. The number of CB1- or MOR-positive ganglionic cells within the myenteric 

plexus was reduced by 25% and 30%, respectively, in antibiotics-treated mice. On the other hand, 

the number of CB2-positive ganglionic cells was increased by 13% in antibiotic-treated animals 

(Fig. 5B). The mean area of the myenteric ganglia was similar in vehicle- and antibiotic-treated 

mice (vehicle: 57.1±10.1 µm2, antibiotic: 71.0±19.0 µm2, P>0.05). 

BACTERIAL COUNTS CORRELATED WITH HOST-BACTERIAL INTERACTION AND NOCICEPTIVE MARKERS 

Significant correlations were found between bacterial counts and the expression changes 

in host-bacterial interaction and nociceptive markers. Total bacterial counts correlated negatively 

with the colonic expression of CB1 (P=0.01; r2=0.39) and TLR-5 (P=0.02; r2=0.36) and positively 

with CB2 (P=0.03; r2=0.31) and TLR-7 (P=0.02; r2=0.32) (Fig. 6A).  

Moreover, regardless the treatment applied, positive correlations between TLR7 and the 

nociceptive markers CB2 (P=0.0001; r2=0.79), TRPV1 (P=0.005; r2=0.45) and TRPV3 (P=0.0008; 

r2=0.59) were found, while negatively correlating with MOR expression (P=0.01; r2=0.39) (Fig. 6B). 

In addition, expression levels of IL-12p40 (P=0.0008; r2=0.59) and IL-10 (P=0.003; r2=0.49) 

correlated positively with TLR7 expression. 
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Figure 6. A: Correlations between total luminal bacterial counts and sensory-related (CB1 

and CB2) markers or TLRs. B: Correlations between expression levels of TLR7 and sensory-

related markers. Each point represents an individual animal. Broken lines represent the 95 % 

confidence interval. 
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VISCERAL PAIN-RELATED RESPONSES WERE ALTERED IN ANTIBIOTIC-TREATED MICE 

Intraperitoneal acetic acid produced repeated characteristic stretching contractions 

(abdominal contractions) during the 30 min period after administration, with a maximal response 

observed at 10 min post-administration. Time-course responses to IP acetic acid were similar in 

vehicle- and antibiotic-treated mice, but the overall response was attenuated by 33% in 

antibiotics-treated mice (40.9±7.6 abdominal contractions/30 min, n=6) when compared to vehicle 

treated animals (61.4±4.0 abdominal contractions/30 min, n=6; P<0.001; Fig. 7A). Abdominal 

contractions were absent in animals injected IP with vehicle. 

 

Figure 7. Effects of antibiotic treatment on visceral pain-related responses. A: Intraperitoneal 

acetic acid- (AA, 0.6%) induced abdominal contractions. The left graph shows the total number 

of abdominal contractions during the observation time (30 min) in the different experimental 

groups (Veh- vehicle and Atb-antibiotic). Each point represents an individual animal; the 

horizontal lines with errors correspond to the mean±SEM. ***: P<0.001 vs. respective non-AA-

treated control group. #: P<0.05 vs. vehicle-AA group. The graph to the right shows the time-

course (in 5-min intervals) for the pain-related responses in the same animals. B: Intracolonic 

capsaicin- (Caps) evoked visceral pain-related behaviors. The left graph shows the total number 

of behaviors during the observation time (30 min) in the different experimental groups. Each 

point represents an individual animal; the horizontal lines with errors correspond to the 

mean±SEM. ***: P<0.001 vs. respective non-capsaicin-treated control group. #: P<0.05 vs. 

vehicle-Caps group. The graph to the right shows the time-course (in 5-min intervals) for the 

observation of pain-related behaviors in the same animals. 
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Intracolonic administration of capsaicin induced pain-related behaviors in all mice during 

the 30 min observation period, with a maximal response observed at 10 min post-administration. 

Capsaicin-induced pain-related behaviors were reduced by 48% in antibiotic-treated mice 

(12.9±4.2 behaviors/30 min, n=6) when compared to vehicle-treated mice (25.1±2.3 behaviors/30 

min, n=6; P<0.05; Fig. 7B). The predominant behavior after intracolonic capsaicin was the licking of 

the abdominal area, observed in all animals. Stretching of the abdomen and squashing of the 

lower abdomen against the floor behaviors, considered to reflex the highest levels of pain, were 

seen only in vehicle-treated mice. 

COLONIC CONTRACTILITY WAS ALTERED IN ANTIBIOTIC-TREATED MICE 

Spontaneous colonic contractility, as assessed in vitro, was increased in the antibiotic-

treated group (AUC/10 min: 2.73±0.46 g, n=6) when compared to vehicle-treated animals (AUC/10 

min: 1.60±0.14 g, n=5; P<0.05; Fig. 8). Regardless the experimental group considered, carbachol 

produced a concentration-dependent contractile response. In antibiotic-treated mice the EC50 for 

carbachol was 2.4-fold lower than that determined in control conditions (vehicle: 1.24±0.30 10-6 

M; antibiotic: 5.19±1.59 10-7 M; n=5-6; P=0.056; Fig. 8).  

Spontaneous colonic contractility during L-NNA addition to the organ bath, to block NO 

synthesis, had a tendency to be higher in antibiotic-treated mice (AUC/10 min: 10.37±2.77 g, n=6) 

compared with vehicle controls (AUC: 4.88±0.82 g, n=5; P=0.0578; Fig. 8). 
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Figure 8. Effects of antibiotic treatment on colonic contractility assessed in vitro: basal 

contractility; contractile responses to NO-synthase inhibition with LNNA; Concentration-

response curves to cholinergic stimulation with carbachol (CCh) and corresponding EC50s. 

Data are mean±SEM, n=5-6 per group, each point represents an individual animal (except for 

the concentration-response curves, where only mean±SEM is shown). *: P<0.05 vs. vehicle. 

 

DISCUSSION 

In the present study, we show that a 2-week treatment with antibiotics generates a 

moderate dysbiotic state, with increments in total bacterial counts, in mice. These changes imply a 

modulation of both host-bacterial interaction systems and local neuro-immune systems; leading to 

functional alterations revealed as changes in colonic sensitivity and motor activity. 

The 2-week antibiotic treatment caused a specific dysbiosis accompanied with an 

enlargement of the cecum, although no signs of inflammation were observed, as previously 

described.17,25,26 Overall, this dysbiotic state is similar to that described in previous studies in mice 

and indicates antibiotic-induced temporal and spatial changes in the GCM composition.17,25,27 In 

the present conditions, total bacterial load was increased in antibiotic-treated animals, suggesting 
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that the treatment favored the expansion of antibiotic-resistant bacterial groups. This contrasts 

with other studies indicating that antibiotics alter bacterial community richness decreasing overall 

bacterial density.24–26 In the same way, similar antibiotic treatment might cause different microbial 

changes depending upon the doses administered, the basal microbial composition, the strain and 

commercial breeder of the animals used or the environmental conditions. Specifically, short- and 

long-term antibiotic treatments seem to generate different states of dysbiosis25,27which can be 

related to different responses of the host.  

In our conditions, luminal ceco-colonic dysbiosis was characterized by increments in 

Bacteroides spp, C. coccoides (cluster XIVa) and Lactobacillus-Enterococcus spp. and reductions in 

Bifidobacterium spp. counts. All these bacteria have been implicated in both GI physiology and 

pathology.16,19,24,28–30 Recent evidences suggest a key role of some bacteria in immune functions 

(mainly segmented filamentous bacteria, SFB, and Clostridia from the clusters XIVa and VI) which 

are, in normal conditions, in direct contact to the host and, therefore, directly influencing host 

immune responses.17,31–33 In agreement with this, we found a large proportion of Clostridia, SFB, 

and Enterobacteria adhered to the colonic epithelium. However, despite the luminal dysbiosis 

observed, antibiotics did not modify the rate of attachment, in agreement to that previously 

reported during long-term antibiotic treatment in mice.26 Nevertheless, these results contrast with 

data obtained during short-term antibiotic treatment, which suggested a facilitation in bacterial 

attachment.17 These differences further enfatize the importance of the duration of the antibitotic 

exposure in the microbial and functional responses elicited. Interestingly, a change in bacterial 

morphology for epithelium-attached Clostridia was observed in antibiotic-treated animals. While 

in control conditions Clostridia showed a predominant bacillary shape after antibiotics treatment, 

a higher proportion of coccoidal Clostridia was observed in close contact to the colonic epithelium. 

This agrees with the key role given to C. coccoides in immune activation within the gut.31 Together 

with the increase in the ratio of luminal Clostridium spp. observed in antibiotic-treated animals, 

these observations further suggest that antibiotics favored the proliferation of some bacterial 

groups, particularly C. coccoides.  

In antibiotic-treated mice, changes in markers related to host-bacterial interactions were 

detected. TLRs are primary sensors of luminal bacteria and key components in hos-bacterial 

interactions. In our conditions, there was a type-specific modulation of TLRs expression, with an 

up-regulation of TLR4 and 7 and a down-regulation of TLR5. Changes in TLR5 and TLR7 might be 
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difficult to correlate with specific microbial changes because they recognize components of a wide 

variety of ligands from both Gram positive and negative bacteria.34 On the other hand, TLR4 is 

mainly activated by lipopolysaccharides (LPS) from Gram negative bacteria.34 Therefore, in our 

conditions, the slight TLR4 up-regulation observed might represent and adaptive response to the 

proliferation of Bacteroides spp. In fact, similar up-regulation of TLR4 was observed in estates of 

colitis characterized by increases in the counts of gram-negative bacteria (Bacteroides spp.)35 and, 

on the contrary, a TLR4 down-regulation was detected when Bacteroides spp. counts were 

reduced.36 

Other markers assessed indicate more extended changes in the local innate immune 

system. These included changes in the mucosal barrier, the secretion of sIgA and the up-regulation 

of AMPs and pro-inflammatory cytokines. Overall, these changes indicate an activation of the 

innate immune system, which might be related to the dysbiotic state. Antibiotic-treated mice 

showed similar morphological (cecal enlargement, changes in goblet cells) and innate immune-

related responses as those observed in other models of antibiotic-induced dysbiosis, in germ free 

animals or in different models of intestinal inflammation.25,37,38 These changes might represent a 

general adaptive pattern of the host in response to alterations in the composition of the 

microbiota and, therefore, in host-bacterial interactions.    

In addition, markers involved in colonic sensitivity and secretomotor responses were also 

affected during the antibiotic treatment, thus indicating that local adaptive processes to microbial 

modifications might take place at multiple levels and affect various regulatory systems. From the 

markers assessed, CB1 and MOR showed a down-regulation while CB2 had a tendency to be up-

regulated. Similarly to that observed here, during spontaneous adaptive changes of the microbiota 

or during the administration of probiotics, both the endocannabinoid and opioid systems were 

modulated.17,19,39,40 However, the changes observed contrast with those after short (1-week) 

treatment with the same antibiotic regime, in which CB2 was up-regulated, without changes in 

CB1 expression.17 These differences are likely to relate to the different duration of the antibiotic 

treatment, reflecting time-related variations (1 wk vs. 2 wk) in the adaptive process of sensory 

mechanisms. In any case, these observations indicate that modulation of cannabinoid and opioid 

pathways might be important in host-bacterial interactions and might mediate neural-related 

functional changes associated to alterations of the GCM. Moreover, gene expression changes are 

translated at the protein level, since CB1, CB2 and MOR immunoreactivity in the enteric nervous 
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system was also modified in the same direction as the gene expression. Furthermore, these 

changes seem to have functional significance, since visceral pain-related responses were also 

affected in antibiotic-treated animals. Indeed, visceral pain-related responses elicited by 

intraperitoneal or direct intracolonic chemical stimulation were attenuated by 40% in antibiotic-

treated mice, thus suggesting that treatment with antibiotics can generate an analgesic-like state 

within the gut. Cannabinoid receptors and MOR are directly involved in visceral pain, eliciting 

analgesic responses.39,41 Therefore, the down-regulation of MOR and CB1 contrasts with the 

analgesic-like state observed, an effect likely compensated by the moderate up-regulation of CB2, 

which has been implicated in pain modulation in states of inflammation and immune activation.42 

Additionally, NGF has been implicated in the sensitization of visceral afferents leading to the 

development of hypersensitivity.43 Therefore, NGF down-regulation might also contribute to the 

analgesic-like responses observed here. 

Recent evidences have linked activation of TLRs, particularly TLR-4, with changes in 

nociception.44,45 In the present study, although changes in TLRs expression were relatively minor, 

we observed correlations between TLR expression (in particular TLR-7) and nociceptive markers 

(CB2, MOR and TRPV1/3). This furthers supports the possibility that TLRs act as transducers of 

microbial-generated signals generating local changes in neuro-immune systems and leading to a 

modulation of viscerosensitivity. Moreover, several studies linking the gut microbiota with visceral 

sensitivity, have shown that increments in the Lactobacilli family (during probiotic treatment or 

during states of dysbiosis) are associated to visceral analgesic-like states.16,17,19,30 In our conditions, 

we can speculate that the moderate increment in Lactobacillus spp. counts observed in antibiotic-

treated animals might be important in the observed visceral pain-related responses. Overall these 

observations might have relevance in IBS patients in which dysbiosis coexists with alterations in 

visceral sensitivity (visceral hyperalgesia) and this state ameliorates during antibiotic treatment 

and with administration of certain probiotics.13,46–49 Although further studies are needed, we can 

speculate that a similar modulation of sensory-related systems to that described here might 

operate during antibiotic/probiotic treatments in IBS, leading to an improvement in visceral 

sensitivity.    

The microbiota and microbial-derived products are factors that also affect gastrointestinal 

motility.50,51 In the present conditions, basal colonic contractility was increased in dysbiotic mice. 

This, together with the observed increased responses to carbachol and NO-synthase inhibition 
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suggests that during dysbiosis enhanced colonic motility represents an imbalance between 

excitatory (mainly cholinergic) and inhibitory (mainly NO-dependent) systems. Several bacterial 

metabolic products, such as hydrogen sulphide production or short chain fatty acids, might act as 

mediators modulating colonic motility. Similarly, it has been suggested that direct TLR4-dependet 

host-bacterial interactions enhance motility through a neutrally-mediated effect.50 Overall, these 

observations suggest that altered gut microbiota might be responsible, at least in part, for the 

colonic motor disturbances observed in IBS patients and might help to explain the beneficial 

effects observed after antibiotic or probiotic treatments.49,52,53 

In summary, the results presented here indicate that during states of dysbiosis there is a 

local neuro-immune adaptive response, likely associated to changes in host-bacterial interactions, 

which leads to functional alterations manifested as changes in viscerosensitivity and motor activity 

within the colon. According to previous observations, we can speculate that proliferation of C. 

coccoides, Lactobacillus–Enterococcus spp. and Bacteroides spp. and reduction in Bifidobacterium 

spp. counts might be significant for the molecular and functional changes observed. Similar 

microbial-dependent modulatory actions, might explain the beneficial effects associated to the 

use of antibiotics or probiotic bacteria in IBS patients.  
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During the last years, the microbial compartment has been described as a key factor 

contributing to both intestinal health and disease states. Imbalances between the microbial, the 

immune and the nervous systems, which are supposed to maintain the GI milieu, seem to be 

causative factors of gut diseases. In particular, alterations in the normal composition of the GCM 

(dysbiosis) have been suggested to be a pathogenic factor in functional GI disorders, specifically in 

IBS. IBS is considered a multifactorial disorder comprising genetic susceptibilities, chronic stress, 

enteric infections, deregulations of the brain-gut axis, altered intestinal immune function, motility 

and visceral sensitivity and an altered microbial composition (Longstreth et al., 2006; Khan and 

Chang, 2010; Simrén et al., 2013). The cause-effect relationship among these factors remains 

unknown and it is not clear if the dysbiotic state described in IBS patients is a cause or a 

consequence or how the dysbiotic state contributes to the pathophysiology of the disease. 

In order to gain insight into the potential role of microbiota in IBS, and particularly its 

implication in visceral pain-related sensory alterations we assessed the expression of colonic 

sensory systems and changes in visceral pain in different situations of colonic dysbiosis in rodents. 

Moreover, to further explore the mechanisms involved, we also studied dysbiosis-associated 

changes in the local innate immune system and in host-bacterial interaction systems.   

 

Composition of the gut commensal microbiota is similar in rats and mice and follows the 

same architecture described in humans 

Although it was not a primary objective of this work, the studies performed confirm 

previous data showing that Gram positive Firmicutes, specifically the groups belonging to the 

Clostridium clusters XIVa and XIVb, followed by the Gram negative Bacteroides spp., represent the 

vast majority of the GCM, either in rats or mice. These groups represented, overall, by 90% of the 

total bacterial counts, in agreement with previous reports (Dinoto et al., 2006; Terán-Ventura et 

al., 2010; Hildebrand et al., 2013). Other groups assessed (Verrucobacteria, Enterobacteria, 

Lactobacilli and Bifidobacteria) were scarce or even in the limits of detection. Despite the presence 

of relative and specific fluctuations in the microbial composition due to the different treatments 

(e.g. antibiotics) or environmental conditions, the described common architecture of the 

commensals, in terms of bacterial families, were stable in all animals. Interestingly, from a relative 
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point of view, the groups less represented (Enterobacteria, Lactobacilli and Bifidobacteria) were, 

overall, the more susceptible to change in the course of dysbiosis.   

Taking into account the recently introduced concept of enterotypes, this general structure 

of the GCM follows the same pattern as that described in humans (Eckburg et al., 2005; 

Arumugam et al., 2011). This reinforces the translational validity of animal studies as predictors of 

human responses related to the gut microbiota.   

 

Spontaneous housing-related changes in commensal microbiota are not enough to 

change the expression of colonic TLR-dependent host-bacterial interaction systems but influence 

the expression of colonic nociceptive markers 

We have previously described that the microbial compartment, although its stability, is a 

dynamic system that can be influenced by the housing environmental conditions (Terán-Ventura 

et al., 2010). Following that approach, we characterized how spontaneous environmental-related 

adaptive changes might affect sensory-relayed systems within the gut. In agreement with previous 

observations, the adaptation from a barrier environment (high degree of hygiene with reduced 

bacterial charge) to a conventional environment (lower degree of hygiene with increased bacterial 

charge) presented a change in the microbiota towards the characteristics of those animals born 

and breed in conventional conditions. Main adaptive changes included specific variations in 

Bifidobacterium spp., Bacteroides spp. and Lactobacillus-Enterococcus spp. groups, without 

changes in total bacterial counts. In these animals, TLRs expression was not affected, thus 

suggesting that the microbial changes were not enough to alter host-bacterial interaction systems, 

at least as it relates to TLRs expression. However, in the same animals the expression of different 

sensory-related markers, namely TRPV3, MOR and CB2, was down-regulated, approaching the 

situation reflected in animals breed in conventional conditions. Although the changes observed 

were limited, this represents a clear indication that the microbiota can affect sensory mechanisms 

within the gut. Nevertheless, we wanted to explore dysbiotic states in which the microbial changes 

were associated to an immune activation (at least as it relates to host-bacterial interaction 

systems) to be more closely related to the situations described in IBS.  
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Simulation of a dysbiotic state with altered TLR4- and 7-dependent signaling produces a 

local immune activation without changes in the microbial composition  

With the intention of generating a microbial-related local immune response we mimetized 

a state of dysbiosis with altered (increased) host-bacterial interactions by means of a direct 

stimulation of colonic TLRs. Specifically, we simulated a dysbiosis by over-stimulation of TLR4 and 

7, using selective ligands for these receptors, bacterial lipopolysaccharide (LPS) and imiquimod 

(IMQ), respectively (Poltorak et al., 1998; Lee et al., 2003; Abreu, 2010).  

As expected, direct stimulation of TLRs elicited a local response in the host that was TLR- 

and duration of treatment-related. Overall, responses observed were minor after a single 

treatment but increased in magnitude and in the number of parameters affected during a 5-day 

repeated treatment. This is consistent with the idea that a sustained (chronic) dysbiosis will elicit 

stronger responses that just a short, transitory, microbial change. In fact, in the same experimental 

conditions, no changes were observed when the same parameters were evaluated 5-h after TLRs 

stimulation (data not included).  Overall, an immune activation characterized by an up-regulation 

of pro- and anti-inflammatory cytokines was observed. This agrees with the responses described 

using a similar approach in both in vivo and in vitro situations (Gaekwad et al., 2010; Sainathan et 

al., 2012; Yue et al., 2012; Gutschow et al., 2013). Moreover, systems directly implicated in host-

bacterial interactions were also up-regulated. These included the expression of integrins, 

antimicrobial peptides and the self-regulation of TLRs as well as changes in s-IgA and the ratio of s-

IgA-coated bacteria. All together, these changes are consistent with a state in which host-bacterial 

interactions might be increased.  

As mentioned, changes observed were also TLR-dependent, with simulation of TLR4 with 

LPS leading to more extended effects than those observed after TLR7 stimulation with imiquimod. 

Since TLR4 are stimulated by lipopolysaccharides produced by Gram-negative bacteria (Munford, 

2008), this might suggest that the presence in the intestine of LPS-producing Gram-negative 

bacteria, such as some pathogenic strains of E. coli, might be particularly important eliciting 

immune responses in the host. Dysbiotic states involving these bacterial groups might have 

relevant pathophysiological implications.  

Taking into account that host-bacterial interactions seem to be bidirectional we also 

expected to find changes in the microbial composition during TLRs stimulation. However, both 
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luminal and wall adhered microbiota were fairly constant, regardless the treatment considered. 

Nevertheless, from the present observations we cannot exclude that in conditions in which 

different TLRs and/or other PRRs are stimulated the responses elicited by the host might be able 

to affect the microbiota. Indeed, it has been suggested that part of the host-bacterial interactions 

associated to a dysbiotic state, particularly those generated by the host, are directed towards the 

reshaping of the microbiota and the restoration of the eubiotic state (Fung et al., 2014; Kamada 

and Núñez, 2014; Peterson and Artis, 2014).  

 

Antibiotic-induced dysbiosis produces a local immune activation  

Finally, taking into account that other approaches failed inducing a dysbiotic state, animals 

were treated with non-absorbable, broad-spectrum antibiotics. In these conditions, we were able 

to observe a real dysbiotic state, with changes in the total bacterial load and the relative 

composition of the colonic microbiota, with changes in the counts of specific bacterial groups. The 

dysbiosis generated, as it relates to both luminal and wall adhered microbiota, was related to the 

duration of the treatment (1-week vs. 2-week) and was consistent with previous studies in rats 

and mice (Verdú et al., 2006; Croswell et al., 2009; Hill et al., 2010; Wlodarska et al., 2011). 

Moreover, changes in bacterial morphology, particularly for the C. coccoides group (cluster XIVa), 

were also observed, thus suggesting that antibiotics might promote the expansion of some 

bacterial groups, likely resistant to the antibiotic treatment.    

In these conditions, significant changes in innate immune components and host-bacterial 

interaction systems were observed. Selective up- and down-regulations were observed depending 

upon the component considered. Changes observed affected also the mucus layer, likely 

facilitating bacterial adherence and, thus, enhancing bacterial-derived signaling to the host and 

subsequent host responses. As discussed above, changes observed suggest the existence of an 

overall host response directed towards the reshaping of the microbiota and the restoration of an 

eubiotic state. 
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Immune activation due to microbial changes does not cause an overt colonic 

inflammation 

Traditionally, opportunistic pathogens and alterations of the commensal bacteria have 

been linked to intestinal inflammation (Sartor and Mazmanian, 2012). Moreover, dysbiosis is a 

common observation in IBD and IBS patients and a feature of animals models of these diseases 

(Rodríguez-Fandiño et al., 2010; Spiller and Lam, 2011; Chassard et al., 2012; O’Mahony et al., 

2014; Schwab et al., 2014; Terán-Ventura et al., 2014). However, as mentioned, a cause-effect 

relationship has not been clearly established. In the present studies, an activation of the local 

immune system (more or less general depending upon de model considered) was observed.  

However, regardless the model considered (species, mouse vs. rats; or the treatments applied) or 

the extent of the local immune activation observed, in no case, macroscopical or microscopical 

signs of colonic inflammation were observed. Such a state might be consistent with that described 

in IBS patients in which an immune activation is described in the absence of structural alterations 

consistent with the existence of inflammation, defined by some authors as an state of low 

inflammatory degree (Bercik et al., 2005; Akiho et al., 2010; Collins, 2014; Piche, 2014). These 

similarities will reinforce the translational value of the observations derived from animal models of 

dysbiosis to the human condition.   

 

Microbiota influences intestinal sensory-related systems implicated in viscerosensitivity 

Changes in visceral sensitivity are a common finding in IBS patients; in fact, visceral 

hypersensitivity is considered one of the main symptoms of IBS (Sikandar and Dickenson, 2012; 

Fukudo, 2013). During the last years some reports suggest that microbiota might influence sensory 

mechanisms within the gut leading to altered visceral pain-related responses (Parkes et al., 2008; 

Collins et al., 2009; Lee and Lee, 2014; Theodorou et al., 2014). Since IBS patients, together with 

other alterations, present also a dysbiotic situation (Rajilić-Stojanović et al., 2011; Jalanka-

Tuovinen et al., 2013; Simrén et al., 2013), it seems feasible that a link between the microbiota 

and the manifestations of the disease (such as changes in viscerosensitivity) should exist. To gain 

insight in this aspect, a main objective of this work was to assess changes in colonic sensory-

related systems in the different dysbiotic states generated.  
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In all cases, the perturbation of the microbiota (either spontaneous alterations during an 

adaptive process or alterations induced with antibiotics) or the stimulation of host-bacterial 

interactions systems (in the absence of a manifest dysbiotic state) were associated to changes in 

the local expression of sensory-related markers. Interestingly, both antinociceptive systems (such 

as the endocannabinoid and the opioid systems) and pro-nociceptive systems (such as TRPV) were 

affected. However, the pattern of change was not constant and selective up- or down-regulations 

(with higher or lower immunorreactivity at the level of the ENS) were observed depending upon 

the experimental situation considered. From these observations, it is difficult to speculate on the 

final functional consequences, if any, of these changes. Simultaneous up- and down-regulation of 

pro- and anti-nociceptive systems might be a consequence of the redundancy in regulatory 

mechanisms and might suggest a fine tuning in pain-related responses, with functional 

consequences depending upon the balance between proalgesic and analgesic mechanisms. In any 

case, these observations strongly support the existence of a modulation of sensory systems during 

states of dysbiosis (real or perceived by the host). Moreover, changes in NGF expression, observed 

in some of the conditions studied, further support the existence of a neuronal remodeling, likely 

affecting sensory pathways. Neurotrophins, and particularly NGF, have been implicated in the 

remodeling of neural pathways in states of inflammation and immune activation; and have been 

associated with changes in nociceptive responses (Barreau et al., 2004; Stanzel et al., 2008; 

Hoffman et al., 2011; Tsang et al., 2012; Jardí et al., 2014; Lewin et al., 2014).  

From the present studies, we cannot define the mechanisms underlying these changes in 

sensory markers. Nevertheless, we can speculate that direct interaction of microbial components 

with the host (for instance via TLRs) might be important. Observations in other systems have 

shown that stimulation of TLRs initiates complex signaling cascades that lead to the local release of 

neuro-immune mediators (Kraneveld et al., 2008; Rodríguez-Fandiño et al., 2010; Hughes et al., 

2013; Assas et al., 2014). In these conditions, the remodeling of sensory mechanisms is likely to 

occur, as described for states of inflammation (Bueno and Fioramonti, 2002; Fernández-Blanco et 

al., 2011; Demir et al., 2013). Furthermore, TLRs, an in particular TLR4, have been directly 

associated with the modulation of visceral pain arising from the gut (Meseguer et al., 2014; Sauer 

et al., 2014; Tramullas et al., 2014), further establishing a direct link between microbiota and 

sensory mechanisms. 
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Some in vitro and in vivo studies have linked specific bacterial strains with potential actions 

(beneficial or harmful) within the gut. In our studies, it is difficult to establish a direct link between 

a particular bacterial group and the effects observed in sensory systems. Although some of the 

changes observed in sensory markers correlated with variations in the counts of some specific 

bacterial groups, a cause-effect relationship cannot be established. Since our approach was based 

on relatively large variations of the GCM as a whole, the changes observed are likely to result from 

the interaction of multiple bacterial groups. Nevertheless, bacterial groups present in low 

percentages, such as the Lactobacilli-Enterococci group, seem to be the ones more implicated with 

changes in the expression of nociceptive markers. However, the largest commensal group, the 

Clostridia cluster XIVa group, also showed correlations with nociceptive markers. Future studies 

assessing particular bacterial groups/strains, used as a probiotic treatment, and/or axenic animals 

might clarify these aspects and delimitate the exact components of the GCM with the ability to 

affect sensory mechanism within the gut. 

 

Microbial-induced changes in sensory systems translate into attenuated visceral pain-

related responses and altered colonic contractility 

Mice with antibiotic-induced dysbiosis showed attenuated visceral pain-related responses 

in two models of chemically-induced visceral pain, the Writhing test and the intracolonic 

administration of capsaicin. These observations give a functional significance to the molecular 

changes in sensory-related systems discussed above. Overall, these data agree with previous 

reports showing that visceral pain responses were modified in states of dysbiosis or by the 

treatment with certain probiotic strains (Verdú et al., 2006; Rousseaux et al., 2007; Amaral et al., 

2008; O’Mahony et al., 2014).  

Similar attenuation in visceral pain-related responses were observed after a 1-week or 2-

week antibiotic treatment. However, the dysbiotic state generated and the changes in sensory-

related markers were not identical in both situations (1-week vs. 2-week treatment). This might 

indicates that the functional effects observed do not result neither from the modulation of a 

particular sensory mechanisms nor from changes in a particular bacterial group. Indeed, the 

antinociceptive responses are likely to reflect the balance of simultaneous changes in several 

sensory systems (mainly endocannabinoid, opioid and vanilloid) associated to multiple combined 
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changes of the GCM. As mentioned above, both analgesic (endocannabinoids and opioids) and 

proalgesic (vanilloid) systems were modulated during antibiotics-induced dysbiosis, further 

indicating that the final analgesic-like responses observed should results from a balance between 

mechanism promoting and containing pain.  

Antibiotic-induced dysbiosis in mice was also associated to changes in colonic contractility, 

as assessed in vitro in an organ bath system. In these conditions, spontaneous smooth muscle 

activity and responses to the cholinergic stimulation were increased in dysbiotic animals, thus 

suggesting an increased excitatory state that, in in vivo conditions, should results in increased 

colonic motility. Indeed, previous studies implicated cholinergic-dependent mechanisms in the 

motility effects associated to bacterial-derived products (Guyonnet et al., 2007; Anitha et al., 

2012; Reigstad and Kashyap, 2013). However, the NO-dependent inhibitory component was also 

increased in dysbiotic animals. This might represent a compensatory mechanism to the state of 

hyperactivity described above. In fact, colonic motility seem to be normal in animals with 

antibiotic-induced dysbiosis, at least as we have observed taking fecal pellet output as a measure 

of colonic motor activity. However, differences in the experimental protocols (mainly the duration 

of the treatment with antibiotics) should be taking into account.    

 

In a state of antibiotics-induced dysbiosis endocrine and colonic motor responses to 

stress are not altered  

Recent evidences support the existence of a brain-gut-microbiota axis. This is evidenced by 

studies indicating that the gut microbiota can influence CNS functions and might participate in 

neural pathologies (Rhee et al., 2009; Dinan and Cryan, 2012; Foster and McVey Neufeld, 2013; 

Montiel-Castro et al., 2013). Among other effect, the microbiota could be able to modulate the 

activity of the hypothalamic-pituitary-adrenal (HPA) axis and, through this, modulate the 

responses to stress (Grenham et al., 2011). As discussed along this work, both stress and 

microbiota are significant pathogenic components of IBS (Taché et al., 2004; Lutgendorff et al., 

2008; Gulewitsch et al., 2013; Jalanka-Tuovinen et al., 2013; Kennedy et al., 2014), therefore their 

interaction might be important determining the characteristics and course of the disease.   

To gain insight into the interplay stress-microbiota we combined an state of antibiotic-

induced dysbiosis with psychological stress (repeated water avoidance stress) in mice. 
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Psychological stress, per se, induced a characteristic dysbiotic state, different to that associated to 

antibiotics, thus suggesting and activation of the brain-to-gut signaling results in a microbial 

modulation. Stress also modulated colonic sensory-related systems, an effect that was further 

enhanced by the treatment with antibiotics, resulting, in particular, in an up-regulation of CB2 

receptors. These interactions were also evidenced at a functional level, leading to a modulation of 

visceral pain-related responses. As expected from previous works, stress increased visceral 

sensitivity (Bradesi et al., 2002; Posserud et al., 2004) and the addition of antibiotics prevented 

these effect. Overall, this might suggest an interaction between luminal microbial-derived and 

stress-derived CNS signals modifying sensory mechanism within the gut. However, despite these 

interactions, the endocrine (as it relates to activation of the HPA axis) and colonic motor responses 

to stress were not affected by antibiotics.   

Overall, these observations support the existence of a brain-gut-microbiota axis and 

reinforce the view that stress and the gut microbiota should be regarded as interacting factors in 

the pathophysiology of functional GI disorders.   

 

Figure 6 integrates the findings of the present studies with literature data and shows the 

main components of the brain-gut-microbiota-axis, highlighting some of the mechanisms through 

which intestinal microbiota could affect visceral pain-related responses. Microbiota and microbial-

derived products are likely to interact with host bacterial recognition systems (such as TLRs) 

leading to a signaling cascade that will lead to a local immune activation. This implies the 

generation of a host response involving a series of mechanisms (secretion of IgA, modulation of 

AMPs and integrins expression, changes in the mucus layer, etc.) likely directed towards the 

reshaping of the microbiota. In these conditions, TLR and immune signals might influence sensory 

neural mechanisms within the gut, et the level of the ENS and the extrinsic innervation. Sensory 

systems affected seem to involve, at least but not exclusively, the endocannabinoid, opioid, and 

vanilloid systems. In this conditions, bidirectional communication with the CNS, will lead to an 

altered perception of sensory signals and an altered manifestation of pain. Changes in pain 

responses observed here suggest, in fact, that during antibiotic-induced dysbiosis this circuit is 

remodeled as to elicit analgesic responses against, at least, the chemical noxious stimulation of 

the colon. This might represent a protective mechanism of the body to avoid enhanced pain 

responses in states of alteration of the gastrointestinal homeostasis. 
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Figure 6. Schematic representation of some of the putative mechanisms leading to microbial-

mediated changes in visceral sensitivity. Microbiota and microbial-derived products interact 

with host bacterial recognition systems (such as TLRs) (1) generating to a signaling cascade 

(2) that will lead to a local immune activation. TLRs and immune signals (2) might influence 

sensory neural mechanisms within the gut, depending upon the ENS (3) and the extrinsic 

innervation. In this conditions, bidirectional communication with the CNS (4), will lead to an 

altered perception of sensory signals and an altered manifestation of pain (5).  
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In summary, the results obtained in this work give a general overview of the impact of 

GCM on intestinal neuro-immune interactions, with emphasis in sensory-related mechanisms, 

from a molecular to a functional point of view. We have shown that the GCM microbiota is a 

dynamic organ directly implicated in host pathophysiological neuro-immune responses. Dysbiotic 

states (including altered signaling from microbial recognition systems) induce a local immune 

activation, compatible with the recently described state of low-grade inflammation in IBS patients, 

modulate the expression of sensory-related markers involved in visceral pain perception and lead 

to altered functional responses in visceral pain. Given the fact that the microbiota is altered in 

functional GI disorders, and particularly in IBS patients, and that altered visceral sensitivity 

(hypersensitivity) is a major finding in the same subjects, the present data further support the 

view that the GCM represents a highly attractive intervention target for the treatment of IBS. 
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1. In rats, environment-related spontaneous adaptive changes of the colonic commensal 

microbiota do not affect the expression of toll-like receptor-dependent host-bacterial 

interaction systems, at list as it relates to Toll-like receptors 2, 4, 5 and 7; but down-regulate 

colonic sensory-related systems; particularly mu-opioid receptors; and to a lesser extend the 

cannabinoid receptor type 2 and the protease-activate receptor 2. 

2. In rats, the simulation of a colonic dysbiotic state by direct stimulation of colonic Toll-like 

receptors 4 and 7 induces a time-related and toll-like receptor-specific host response directed 

towards the modulation of the microbiota. This response includes a local immune activation 

characterized by an increase in the counts of IgA-coated bacteria and an up-regulation of 

antimicrobial peptides, integrins, pro- and anti-inflammatory cytokines and toll-like receptors. 

3. In rats, the stimulation of colonic Toll-like receptor 4, but not Toll-like receptor 7, leads to a 

local modulation of sensory-related systems characterized by an up-regulation of cannabinoid 

receptors type 1 and 2 and transient receptor potential vanilloid types 1, 3 and 4. 

4. In mice, repeated psychological stress generates a colonic dysbiotic state characterized by an 

increment in the luminal counts of Clostridium cluster XIVa and a decrease in luminal and 

wall-adhered Verrucobacteria.  

5. In mice, endocrine and colonic motor responses to repeated psychological stress are not 

altered during states of antibiotic-induced dysbiosis; revealing a normal functionality of the 

gut-brain-gut axis.  

6. In mice, antibiotic-induced colonic dysbiosis depends upon the duration of the treatment. A 

1-week antibiotic exposure reduces total bacterial load, with a combined increase in 

Lactobacillus-Enterococcus spp. and Enterobacteria and a reduction in Clostridium cluster 

XIVa counts. A 2-week antibiotic exposure increases total bacterial load, with a combined 

reduction in Bacteroides spp. and an increase in Bifidobacterium spp. and Clostridium 

coccoides counts. 

7. In mice, bacterial adherence to the colonic epithelium is favored during a 1-week, but not a 2-

week, antibiotic treatment. The addition of psychological stress further enhances Bacteroides 

spp. attachment while reducing the adherence of Enterobacteria.  
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8. In mice, antibiotic-induced colonic dysbiosis modulates the local immune system; with an 

increase in luminal levels of s-IgA and a selective up- or down-regulation of antimicrobial 

peptides and toll-like receptors.  

9. In mice, antibiotic-induced colonic dysbiosis leads to the local modulation of sensory related 

systems. Specifically, an up-regulation of the cannabinoid receptor type 2 and a down-

regulation of the cannabinoid receptor type 1 and mu-opioid receptors are observed. These 

changes translate into attenuated visceral pain-related responses and enhanced colonic 

contractility. 

10. Neither antibiotic-induced dysbiosis in mice nor the simulation of a dysbiotic state using 

selective ligands for toll-like receptor 4 or 7 in rats cause macroscopical or microscopical signs 

of colonic inflammation. 
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1. En la rata, los cambios espontáneos de la microbiota comensal del colon asociados a la 

adaptación a nuevas condiciones ambientales no afectan la expresión de los sistemas de 

interacción hospedador-microbiota dependientes de receptores de tipo Toll, al menos en lo 

que se refiere a los subtipos 2, 4, 5 y 7; pero implican una regulación a la baja de la expresión 

cólica de sistemas relacionados con funciones sensoriales; principalmente de los receptores  

opioides de tipo mu, y en menor grado de los receptores canabinoides de tipo 2 y del 

receptor activado por proteasas de tipo 2. 

2. En la rata, la simulación de un estado de disbiosis cólica mediante la estimulación directa de 

los receptores de tipo Toll 4 y 7 induce una respuesta dirigida al control de la microbiota que 

depende tanto del receptor estimulado como de la duración de dicha estimulación. Esta 

respuesta incluye una activación local del sistema inmune caracterizada por un aumento en 

los contajes de bacterias cubiertas de IgA y una regulación al alza de la expresión de péptidos 

antimicrobianos, integrinas, citoquinas pro- y anti-inflamatorias y de los propios receptores 

de tipo Toll. 

3. En la rata, la estimulación del receptor de tipo Toll 4 del colon, pero no del 7, produce una 

modulación de los sistemas sensoriales locales; caracterizada por una regulación al alza de los 

receptores canabinoides de tipo 1 y 2 y de los receptores de potencial transitorio V1, V3 y V4. 

4. En el ratón, el estrés psicológico repetido genera un estado de disbiosis cólica caracterizado 

por un incremento en los recuentos luminales de Clostridium grupo XIVa y una disminución 

en los recuentos luminales y la adherencia epitelial del grupo Verrucobacteria. 

5. En el ratón, la respuestas endocrinas y motoras del colon asociadas al estrés psicológico 

repetido no se ven alteradas durante estados de disbiosis inducidos con antibióticos; 

mostrando una funcionalidad normal del eje intestino-cerebro-intestino.  

6. En el ratón, la disbiosis cólica inducida por el tratamiento con antibióticos depende de la 

duración del mismo. La administración de antibióticos durante 1 semana reduce la carga 

bacteriana total, con una reducción en los contajes de Clostridium cláster XIVa y un aumento 

simultáneo en los recuentos de Lactobacillus-Enterococcus spp. y Enterobacteria. La 

administración de antibióticos durante 2 semanas aumenta la carga bacteriana total, con un 

aumento en los recuentos de Bifidobacterium spp. y Clostridium coccoides y una reducción 

simultánea en los recuentos de Bacteroides spp. 
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7. En el ratón, la adherencia bacteriana al epitelio del colon aumenta tras el tratamiento con 

antibióticos durante 1 semana, pero no durante 2 semanas. La adición de estrés psicológico al 

tratamiento con antibióticos facilita la adherencia de Bacteroides spp. y reduce la adherencia 

del grupo Enterobacteria.  

8. En el ratón, la disbiosis cólica inducida con antibióticos modula el sistema inmune local; 

observándose un aumento en la secreción de IgA y una regulación selectiva al alza o a la baja 

de péptidos antimicrobianos y de receptores de tipo Toll. 

9. En el ratón, la disbiosis cólica inducida con antibióticos resulta en una modulación de la 

expresión de los sistemas sensoriales locales; regulando al alza la expresión del receptor 

canabinoide de tipo 2 y a la baja la expresión del receptor canabinoide de tipo 1 y de los 

receptores opioides de tipo mu. Estos cambios moleculares se traducen a nivel funcional en 

respuestas de dolor visceral atenuadas y en un aumento de la contractilidad cólica. 

10. Ni la disbiosis cólica inducida con antibióticos en el ratón, ni su simulación por estimulación 

local de los receptores de tipo Toll 4 o 7 con ligandos selectivos en la rata causa signos 

macroscópicos o microscópicos de inflamación en el colon. 
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Abstract

Background Stress leads to altered gastrointestinal

neuro-immune responses. We characterized the inter-

action between stress and gut commensal microbiota

and their role modulating colonic responses to stress,

the induction of inflammation, the expression of

sensory-related markers, and visceral sensitivity.

Methods C57BL/6N female mice were treated (7 days,

PO) with non-absorbable-broad spectrum antibiotics

(bacitracin/neomycin, 0.4 mg per mouse per day).

Simultaneously, mice were subjected to a 1 h per

day (7 days) session of psychological stress (water

avoidance stress, WAS). Luminal and wall-adhered

microbiota were characterized by fluorescent in situ

hybridization. Cannabinoid receptors 1 and 2 (CB1/2),

tryptophan hydroxylase 1 and 2 (TPH1/2), and inflam-

matory markers were quantified by reverse transcrip-

tion–quantitative real-time PCR (RT-qPCR) and

secretory-IgA (s-IgA) by ELISA. Visceral sensitivity

was assessed after the intracolonic administration of

capsaicin. Key Results Antibiotics did not affect the

defecatory and endocrine responses to stress. How-

ever, antibiotics diminished by 2.5-folds total bacte-

rial counts, induced a specific dysbiosis and favored

bacterial wall adherence. Combining antibiotics and

stress resulted in further reductions in bacterial

counts and a dysbiosis, with enhanced bacterial wall

adherence. Luminal s-IgA levels increased in dysbiotic

mice. Nevertheless, no alterations consistent with the

induction of colonic inflammation were observed.

Dysbiosis upregulated CB2 expression and stress

upregulated CB2 and TPH1 expression. Stress

enhanced visceral pain-related responses, an effect

prevented by antibiotic treatment. Conclusions &

Inferences Manipulations of the commensal microbi-

ota and the interaction host–microbiota are able to

modulate the local expression of neuro–immune–

endocrine systems within the colon, leading to a

modulation of visceral sensitivity. These mechanisms

might contribute to the pathogenic and protective

roles of microbiota in gastrointestinal homeostasis.

Keywords endocannabinoid system, gut commensal

microbiota, intestinal dysbiosis, secretory-IgA, sero-

tonergic system, visceral pain.

Abbreviations: 5-HT, serotonin; CB1, cannabinoid

receptor type 1; CB2, cannabinoid receptor type 2;

DAPI, 4′,6-diamidino-2-phenylindole; EC, enterochro-

maffin cells; FISH, fluorescent in situ hybridization;

IBS, irritable bowel syndrome; IL-6, interleukin 6;

MMCP-I, mouse mast cell protease I; s-IgA, secretory

immunoglobulin A; RT-qPCR, reverse transcription–

quantitative real-time PCR; TNFa, tumor necrosis

factor a; TPH1, tryptophan hydroxylase isoform 1;

TPH2, tryptophan hydroxylase isoform 2; WAS, water

avoidance stress.

Functional gastrointestinal disorders, represented

mainly by irritable bowel syndrome (IBS), are among

the most prevalent gastrointestinal alterations in the

western population. Alterations in bowel habits,

abdominal pain, and discomfort, believed to reflect

increased visceral sensitivity, are hallmarks of IBS.1

Symptoms in IBS fluctuate over time in intensity and

character, but the mechanisms underlying these cycles

remain unclear. Several factors, including stress, intes-

tinal infection, drugs, and diet have been reported to
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exacerbate symptomatology, and might be key compo-

nents of the pathophysiology of the disease.2,3

A growing body of evidence suggests that IBS patho-

genesis is likely dependent on the interaction between

local immune reactions within the intestinal wall and

environmental factors in genetically susceptible indi-

viduals. In particular, stress and perturbations of the

gut commensal microbiota have been recognized as

two potential factors contributing to the onset, main-

tenance, and exacerbation of both functional and

inflammatory gastrointestinal disorders.4,5 Indeed,

stressful life events or depression are risk factors for

the onset or relapse of intestinal inflammation and for

symptoms presentation in IBS patients. Similarly,

growing evidences suggest that IBS patients have a

dysbiotic intestinal microbiota.4,6 Despite these evi-

dences, the exact role of gut microbiota and stress,

individually or as interactive factors, in the pathophys-

iology of IBS remains largely unknown.

In this study, we characterized the interaction

between stress and microbiota and their potential

role modulating functional colonic responses to stress

and the induction of inflammatory-like changes in

mice. First, we assessed the effects of repetitive

psychological stress (water avoidance stress, WAS)

and antibiotic treatment, individually or in combina-

tion, on the composition of ceco-colonic commensal

microbiota and the induction of inflammatory-like

changes in the colon. In the same animals, endocrine

and colonic motor responses to stress were assessed

simultaneously. To characterize the ceco-colonic

microbiota, we determined changes in both luminal

and wall (epithelium)-adhered microbiota. The assess-

ment of inflammatory responses was based on

inflammatory markers, histological evaluation of the

colon, and quantification of luminal secretory-IgA

(s-IgA). s-IgA is considered the main anti-inflamma-

tory immunoglobulin of the mucosal intestinal

immune system regulating the number, composition,

and functions of luminal bacteria.7,8 Moreover, we

also determined changes in relevant systems that

have been involved in sensory responses within the

colon, with particular relevance to IBS, namely the

endocannabinoid and the serotonergic systems. For

this, colonic expression of cannabinoid receptors type

1 and 2 (CB1 and CB2) and activity of the serotoner-

gic system [density of enterochromaffin cells (EC) and

expression of the tryptophan hydroxylase isoform 1

and 2 (TPH1 and TPH2)] were characterized in the

same animals. Finally, to determine if these altera-

tions translate into functional changes in visceral

sensitivity, we tested visceral pain-related responses

in animals treated with antibiotics, with or without

the addition of stress. For this, we assessed the

presence of visceral pain-related behaviors associated

with the intracolonic administration of capsaicin, as

previously described.9,10

MATERIALS AND METHODS

Animals

Female C57BL/6N mice, 6 weeks old (Charles River Laboratories,
Lyon, France) were used. Upon arrival, animals were acclimatized
for a 1-week period prior to any experimentation. All animals were
maintained in standard conditions in an environmentally controlled
room (20–22 °C, 12 h light : dark cycle), with food and water ad

libitum. All procedures were approved by the Ethical Committee of
the Universitat Aut�onoma de Barcelona (protocols 1099 and 1101)
and the Generalitat de Catalunya (protocols 5645 and 5646).

Antibiotic treatment

Animals received a mixture of non-absorbable, broad spectrum
antibiotics containing Bacitracin A (VetranalTM; Sigma-Aldrich,
Barcelona, Spain), and Neomycin (Neomycin trisulfate salt
hydrate; Sigma-Aldrich). Amphotericin B (Sigma-Aldrich) was
added to prevent yeast overgrowth. Animals were dosed by oral
gavage with 0.3 mL of the antibiotic/antifungal mixture, during
seven consecutive days. In addition, the same antibiotic/antifun-
gal mixture was added to the drinking water during the same
period of time. This protocol ensured a minimum dose of 0.4 mg
for bacitracin and neomycin and 0.1 mg for amphotericin B (per
mouse and day). Vehicle-treated animals received vehicle (deion-
ized water) by oral gavage (0.3 mL) and normal drinking water
during the same period of time. Water consumption, assessed on a
daily basis during the treatment period, was similar across groups
(data not shown). Similar treatment protocols have been followed
previously in comparable studies in mice and rats, demonstrating
the induction of significant changes of the commensal microbi-
ota.11–13

Repetitive psychological stress (WAS)

Water avoidance stress was performed following previous protocols
described by us.14,15 Animals were placed on a platform (4 cm
diameter, 6 cm height) located in the center of a standard plastic cage
(530 9 280 9 155 mm) filled with tap water (18–20 °C) to about
1 cm below the edge of the platform. Stress sessions lasted for 1 h
and were repeated on seven consecutive days. Control animals were
maintained in their home cages. All procedures were performed in
the morning (finishing no later than 12:00 h) to minimize any
influence of circadian rhythms. Fecal pellet output during the 1-h
session of WAS/non-stress was used as a marker of stress.

Behavioral responses to intracolonic
capsaicin-evoked visceral pain

Spontaneous visceral pain-related behaviors induced by intraco-
lonic capsaicin were assessed following previously described
protocols, with minor modifications.9,10 Mice were anesthetized
with isoflurane (Isoflo; Esteve, Barcelona, Spain) and capsaicin
(0.05 mL per mice, 0.1% in ethanol : Tween 80 : saline; 1 : 1 : 8,
v : v : v; Sigma-Aldrich) was administered intracolonically (about
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4 cm from the anus) with a rounded tip plastic cannula (length
7.5 cm, diameter 0.61 mm). Petroleum jelly was applied on the
perianal area to avoid stimulation of somatic areas through
contact with capsaicin. Animals were placed in plastic cages
(20 9 20 9 14 cm) and, after recovering consciousness, visceral
pain-related behaviors were assessed during a 30-min period. Pain
behaviors were visually assessed by two independent researchers.
Behaviors assessed included: licking of the abdomen, stretching of
abdomen, squashing the abdomen to the floor, and abdominal
retractions. For each animal, the number of behaviors for the 30-
min observation time was determined as the mean of the
quantification performed by the two observers.

Experimental protocols

Mice (n = 24) were randomly divided into four experimental
groups (n = 6 each): (i) vehicle-treated non-stressed mice; (ii)
vehicle-treated stressed mice; (iii) antibiotic-treated non-stressed
mice; and (iv) antibiotic-treated stressed mice. Animals were
treated with antibiotics or vehicle for a period of 7 days, as
described above. In addition, from day 2 to 8, animals were
subjected to a 1 h per day session of psychological stress (WAS) or
maintained in their home cages (control). On day 8, immediately
after the last session of stress, animals were euthanized and blood,
tissue (ceco-colonic region), and fecal samples were obtained.

In a second experiment, mice (n = 20) were divided into the
same experimental groups and followed the same treatments
(n = 5 per group). At the end of treatments, visceral pain-related
responses to intracolonic capsaicin were assessed as described
above. In this case, at the end of the procedure, animals were
euthanized and weight of body organs was assessed (see samples
collection).

Samples collection

Immediately after the last stress session, mice were deeply
anesthetized with isoflurane (Isoflo; Esteve) and euthanatized by
exsanguination through intracardiac puncture followed by cervi-
cal dislocation. Thereafter, a medial laparotomy was performed,
the ceco-colonic region localized and the cecum and colon
dissected. Afterward, ceco-colonic fecal contents and a tissue
sample from the proximal colon were collected and frozen
immediately in liquid nitrogen. Frozen samples were stored at
�80 �C until analysis. At the same time, tissue samples of the
proximal and middle colon (about 1.5 cm each) were collected
and fixed overnight in Carnoy fixative (ethanol : chloro-
form : glacial acetic acid, 6 : 3 : 1, v : v : v) or in 4% parafor-
maldehyde. After an overnight fixing, tissues were paraffin
embedded and 5-lm-thick sections were obtained. In addition,
the adrenal glands, the thymus, and the spleen were dissected
and weighed. Serum was obtained by centrifugation of blood
samples (15 min, 2465 g, 4°°C) and maintained at �80°°C until
analysis. In animals used to assess visceral sensitivity, at
necropsy, only the weight of body organs was assessed (cecum,
adrenal glands, thymus, and spleen).

Bacterial identification by fluorescence in situ
hybridization

For fluorescence in situ hybridization (FISH), oligonucleotide
probes consisted in a single-strain DNA covalently linked with a
Cy3 (carbocyanine) reactive fluorescent dye at the 5′ end (Biomers,
Ulm/Donau, Germany and Tib Molbiol, Mannheim, Germany).

Probes used were as follows: EUB 338 (5′GCTGCCTCCCGTAGG
AGT3′) to total Bacteria; NON 338 (5′ACATCCTACGGGAGGC
3′) to non-bacteria (negative control); BAC 303 (5′CAATGTGGGG
GACCTT3′) to Bacteroides spp.; EREC 482 (5′GCTTCTTAGT-
CAGGTACCG3′) to Clostridium Cluster XIVa; LAB 158 (5′GG
TATTAGCACCTGTTTCCA3′) to Lactobacillus spp. and Entero-

coccus spp.; ENT-D (5′TGCTCTCGCGAGGTCGCTTCTCTT3′)
to enterobacteria; and BIF 164 (5′CATCCGGCATTACCACCC3′)
to Bifidobacterium spp.

Fecal samples of ceco-colonic content were used to charac-
terize luminal commensal microbiota. In situ hybridization of
bacteria in the luminal content was performed on glass slides,
as previously described.16,17 Samples were hybridized in a dark
moist chamber (for 3 h) by addition of 100 lL hybridization
buffer (20 mmol L�1 Tris-HCl, 0.9 mol L�1 NaCl, 0.1% SDS at
pH 7.2) with the corresponding Cy3-labeled oligonucleotide
probe (concentration 5 ng lL�1). Treatments with formamide or
lysozyme and hybridization temperatures were used as described
to achieve the optimal stringency. After hybridization, the
slides were rinsed in a pre-warmed washing buffer
(20 mmol L�1 Tris-HCl, 0.9 mol L�1 NaCl at pH 7.2) for
30 min and then cleaned with miliQ water to remove unbound
probes. Washed slides were air dried and mounted with
Vectashield-DAPI (Vector Laboratoires, Orton Southgate, Peter-
borough, UK). The fluorescent stain 4′,6-diamidino-2-phenylin-
dole (DAPI), that binds strongly to DNA, served as a control
signal in all samples. Hybridized slides were viewed under oil
immersion, using a Carl Zeiss Axioskop 40 FL epifluorescence
microscope (Carl Zeiss, Jena, Germany) equipped with a digital
camera (Zeiss AxioCam MRm) for obtaining digital images
(Zeiss AxioVision Release 4.8.1). For quantification of bacteria,
20 randomly selected fields were photographed, the number of
hybridized cells counted using the CellC software18, and the
mean value obtained. All procedures were performed on coded
slides to avoid bias.

Hybridization of tissue samples was performed following,
with minor modifications, methods described by Pelissier et al.19

Sections from Carnoy-fixed tissues were deparaffinized, rehy-
drated, post-fixed in 4% paraformaldehyde and washed. Hybrid-
ization conditions used were, essentially, as described above for
luminal bacteria, but tissue samples were incubated for 16 h
with the hybridization buffer. In hybridized tissue samples, 20
randomly selected fields were photographed. Analysis of the
images was performed manually by two independent researchers
who observed the pictures and localized hybridized bacteria
within the mucus layer or attached to the epithelial surface.
A coincidence between the two observers in bacterial location in
at least 15% of the pictures observed (at least three of 20) was
required to decide that there was bacterial attachment to the
epithelium. All procedures were performed on coded slides to
avoid bias.

mRNA analysis

Total RNA was extracted from frozen tissue samples using TRI
reagent with Ribopure Kit (Ambion/Applied biosystems, Foster
City, CA, USA). Thereafter, a two-step quantitative real-time PCR
(RT-qPCR) was performed. RNA samples were converted into
cDNA using a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Only a consistent 260/280 ratio (between 1.8
and 2) found with NanoDrop (ND-1000 spectrophotometer, Nano-
Drop Technologies, Wilmington, DE, USA) was accepted to
perform a TaqMan quantitative RT-qPCR. TaqMan gene
expressions assays (hydrolysis probes) for CB1 receptors
(Mm01212171_s1), CB2 receptors (Mm00438286_m1), interleukin
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6 (IL-6) (Mm00446190_m1), tumor necrosis factor a (TNFa;
m00443258_m1), TPH1 (Mm00493
794_m1), and TPH2 (Mm00557715_m1) were used (Applied Bio-
systems).b-2-microglobulin (Mm00437762_m1)wasused as endog-
enous reference gene.

The PCR reaction mixture was incubated on the ABI 7900 HT
Sequence Detection System (Applied Biosystems). All samples, as
well as the negative controls, were assayed in triplicates. RQ
Manager 1.2 software was used to obtain the cycle threshold for
each sample; thereafter, all data were analyzed with the compar-
ative Ct method (2�ΔΔCt) with the vehicle–non-stressed group
serving as the calibrator.20

Quantification of secretory immunoglobulin A

Luminal s-IgA was measured in fresh homogenates of cecal
contents (diluted in PBS 19) using a commercial double-antibody
sandwich ELISA, following manufacturers’ instructions (MBS
564073; MyBiosource, San Diego, CA, USA).

Histology

For histological examination, hematoxylin–eosin-stained sections
from the colon were obtained following standard procedures.
A histopathological score (ranging from 0, normal, to 12, maximal
alterations) was assigned to each animal. Specifically, parameters
scored included: epithelial structure (0: normal; 1: mild alterations
of the villi; 2: local villi destruction and/or fusion; 3: generalized
villi destruction and/or fusion), structure of the crypts (0: normal;
1: mild alterations of the crypts; 2: local destruction of the crypts;
3: generalized destruction of the crypts), presence of edema (0:
normal; 1: mild local edema in submucosa and/or lamina propria;
2: moderate diffuse edema in submucosa and/or lamina propria; 3:
severe generalized edema in submucosa and/or lamina propria),
and presence of inflammatory infiltrate (0: normal; 1: mild
localized infiltrate; 2: mild generalized infiltrate; 3: severe gener-
alized infiltrate). Scoring was performed on coded slides by two
independent researchers.

The mucous layer was assessed in Carnoy-fixed samples of
colonic tissue. Thickness of the mucous layer was measured in
10 different fields, for triplicate, in representative regions
covering, at least, 20% of the epithelial surface.21 All measure-
ments were performed on coded slides by two independent
investigators using the Zeiss AxioVision Release 4.8.1 software.
Moreover, tissue sections were also stained with Alcian Blue pH
2.5/Periodic Acid Schiff (AB 2.5/PAS kit; Bio-Optica, Milano,
Italy) to specifically stain neutral (pink) and acidic (blue) mucins.
Thereafter, colonic goblet cells were counted in 20 longitudi-
nally oriented villus-crypt units. Length of the villus-crypt unit
was also determined to obtain goblet cells density (number of
cells mm�1).

Immunohistochemistry

Immunohistochemistry was used to detect serotonin (5-HT) and
Mouse Mast Cell Protease I (MMCP-I) in colonic tissue. The
primary antibodies included a rabbit polyclonal anti-5-HT
(1:20000; RA20080; Neuromics, Edina, MN, USA) and a sheep
polyclonal anti-MMCP-I (1:500; MS-RM8; Moredun Scientific,
Penicuik, Midlothian, Scotland). The secondary antibodies used
were a biotinylated polyclonal swine anti-rabbit IgG (1:200; E
0353; DakoCytomation, Glostrup, Denmark) or a polyclonal
rabbit anti-sheep IgG-B (1:200; SC-2776, Santa Cruz Biotechnol-

ogy, Santa Cruz, CA, USA), as appropriate. Antigen retrieval for
serotonin was achieved by microwave processing of the slides in
10 mmol L�1 citrate buffer. Quenching of endogenous peroxidase
was performed by 1-h incubation with 5% H2O2 in distilled
water. Detection was performed with avidin/peroxidase kit
(Vectastatin ABC kit; Vector Laboratories). Antigen–antibody
complexes were reveled with 3-3′-diaminobenzidine (SK-4100
DAB; Vector Laboratories). Specificity of the staining was
confirmed by omission of the primary antibody.

For quantification, immunopositive cells were counted at high
power field (hpf; 4009 magnification) in 10 microscope fields,
randomly selected, in duplicate, for each tissue sample. When
assessing serotonin immunoreactivity, immunopositive cells,
likely corresponding to EC, were counted in the mucosa. When
assessing MMCP-I immunoreactivity, immunopositive cells,
corresponding to mucosal mast cells, were counted in the mucosa
and submucosa. All cell counting was performed on coded slides
to avoid bias.

Plasma corticosterone and haptoglobin

Plasma corticosterone levels were determined by double-antibody
RIA. The characteristics of the antibody and the basic RIA
procedure had been described previously.22 In brief, 125I-cortico-
sterone-carboximethyloxime-tyrosine-methyl ester (ICN-Biolink
2000, Barcelona, Spain), synthetic corticosterone (Sigma-Aldrich),
as the standard, and an antibody raised in rabbits against
corticosterone-carboximethyloxime-BSA were used. All samples
were run in the same assay to avoid interassay variability. The
intraassay coefficient of variation was less than 8% and the
sensitivity was 0.1 lg dL�1.

Plasma concentrations of the acute-phase protein haptoglobin
were determined using a commercial ELISA kit, following
manufacturer’s instructions (sensitivity; 0.005 mg�1; intraassay
variability: 5.3–6.3%; interassay variability: 4.1–5.7%; “PHA-
SE”TM Haptoglobin Assay; Tridelta Development Limited,
Maynooth, County Kildare, Ireland).

Statistical analysis

Data are expressed as mean � SEM. A robust analysis (one
iteration) was used to obtain mean � SEM for RT-qPCR data.
Data were analyzed by one-way ANOVA or a non-parametric ANOVA

(visceral pain data), followed, when necessary, by a Student–
Neuwman–Keuls multiple comparisons test. Data were consid-
ered statistically significant when P < 0.05. All statistical analy-
ses were performed using GraphPad Prism 4 (GraphPad Software,
La Jolla, CA, USA).

RESULTS

Functional and endocrine responses to repetitive
psychological stress (WAS)

In vehicle-treated mice maintained in non-stressful

conditions, pellet output was low and not affected by

the antibiotic treatment (mean value for the 7 days of

stress; vehicle: 3.4 � 0.6 fecal pellets h�1; antibiotic:

3.9 � 0.7 fecal pellets h�1; P > 0.05; Fig. 1A). Repeti-

tive WAS, independently of the experimental group
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considered, resulted in a significant increase in the

fecal output rate during the period of stress, when

compared with non-stressed groups (Fig. 1A). Defeca-

tory response to stress was similar in vehicle- and

antibiotic-treated animals and remained stable during

the seven consecutive stress sessions (Fig. 1B).

Plasma corticosterone levels were increased in

stressed animals, as assessed immediately after the last

stress session. Stress-induced changes in plasma corti-

costerone were similar in vehicle- or antibiotic-treated

mice (Fig. 1C).

Weight of body organs

At necropsy, weight of the adrenal glands was

increased by 50% in the vehicle-WAS group when

compared with non-stressed controls (Fig. 1D). Antibi-

otic treatment, per se, resulted in a slight increase in

the adrenal glands weight, without reaching statistical

significance. Addition of stress in antibiotic-treated

mice leads to an increase in adrenal weight similar to

that observed in vehicle-treated animals (Fig. 1D). The

same differences were observed for the relative weight

of the adrenal glands. No consistent changes across

groups were observed in the absolute or relative weight

of the spleen or the thymus (Fig. 2C).

Macroscopic and microscopic evaluation of
ceco-colonic tissues

In antibiotic-treated groups, irrespective of the addition

of stress, the cecum appeared distended and its weight

was significantly increased when compared to that of

the vehicle–non-stressed group (Fig. 2A). These differ-

ences persisted when the relative weight of the cecum

was calculated (data not shown), thus indicating that

the increase in cecal weight was independent of a

variation in bodyweight.

Upon macroscopical examination, both the cecum

and colon showed a normal aspect, irrespective of the

experimental group considered. Colonic relative

weight was similar across groups (Fig. 2A). Overall,

microscopic analysis of colonic tissue samples showed

a normal histological structure, irrespective of the

experimental group considered. Occasionally, a mod-

erate multifocal-to-diffuse inflammatory infiltrate

A B

C D

Figure 1 Functional and endocrine responses to repetitive water avoidance stress (WAS, 1 h day�1 for 7 days) in mice. (A) Mean fecal pellet output

during the time of stress, across the 7 days of treatment. *P < 0.05 vs non-stressed groups. (B) Mean fecal pellet output for the seven WAS

sessions applied. (C) Plasma levels of corticosterone at the end of the last stress session. *P < 0.05 vs non-stressed groups. (D) Weight of the adrenal

glands. *P < 0.05 vs vehicle–non-stressed group. In all cases data are mean � SEM, n = 6 per group (except for the weight of the adrenal glands,

n = 11 per group).
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could be observed, but no treatment-related incidence

could be established. Final histopathological scores

were similar in all experimental groups (Fig. 2A).

Nevertheless, total histopathological scores assigned

to the antibiotic–WAS group were relatively high

compared with other groups; however, no statistical

significance was reached [F(3.19) = 2.090; P = 0.135].

Increased scores in this group were mainly associated

with a worsening in the epithelial structure with

increased desquamation and scant alterations in some

of the crypts [F(3.19) = 3.116; P = 0.048 antibiotic-

treated–non-stressed vs antibiotic-treated–WAS]. No

differences among groups were found in the length of

the colonic crypts.

A

B

C

D

Figure 2 Ceco-colonic histopathology and immune-related parameters at the time of necropsy in the different experimental groups. (A) (top row):

Histopathological evaluation: weight of the cecum (left panel); relative weight of the colon (middle panel), and colonic histopathological scores (right

panel). Data are mean � SEM of 5–11 animals per group. Because of technical problems the weight of the cecum in the vehicle–WAS group was only

assessed for five animals; and histopathological scores were not determined in one animal of the antibiotic-treated–WAS group. *P < 0.05 vs vehicle–
non-stressed group. (B) (second row): Local and systemic inflammatory markers: colonic expression of IL-6 (left panel) and TNFa (middle panel) and

plasma levels of haptoglobin (right panel). Each point represents an individual animal; the horizontal bar with errors represents de mean � SEM;

n = 6 per group. (C) (third row): Relative weight (% of total bodyweight) of the thymus (left panel) and the spleen (right panel). Data are mean � SEM

of 11 animals per group. (D) (bottom row): Luminal secretory-IgA (s-IgA) in the different experimental groups. Data are mean � SEM of six animals

per group. *P < 0.05 vs vehicle-treated groups.
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Very few MMCP-1-immunopositive cells (0–1 cells

per field), identified as mucosal mast cells, were

observed in colonic samples, irrespective of the exper-

imental group considered (data not shown).

In Carnoy-fixed colonic samples, a layer of mucous

was observed covering most of the epithelial surface.

Stress decreased in a similar proportion the thickness

of the mucous layer in either vehicle- or antibiotic-

treated mice. Antibiotics, per se, had only a marginal,

non-significant, effect reducing the thickness of the

mucous layer (Table 1). Despite these changes, the

density of goblet cells was similar across experimental

groups. The relative abundance of mature goblet cells

containing neutral mucins (pink color in a PAS/AB

pH = 2.5 staining) was slightly increased by either

antibiotic treatment or stress, although statistical

significance was only achieved for the stress group

(Table 1).

Systemic and local markers of inflammation and
luminal s-IgA

Plasma levels of the acute-phase protein haptoglobin

were, in general, low and similar to those previously

described by us.15 No treatment-related changes in

haptoglobin levels were found among groups (Fig. 2B).

Similarly, no differences among groups were found for

colonic cytokines mRNA expression (IL-6 and TNFa;
Fig. 2B). In most cases, there was relatively large

within-group variability in the expression levels. Over-

all, relative expression of TNFa was higher (by 12-fold)

than that of IL-6.

S-IgAwas detected in all fecal samples, regardless the

experimental group considered. In vehicle–non-stressed

animals, s-IgA levels were 7.19 � 1.3 lg mL�1, the

addition of stress increased s-IgA levels by 4.6-fold

(Fig. 2D), although statistical significance was not

reached. In the antibiotic–non-stressed group, s-IgA

levels were increased by 36-fold (P < 0.05 vs vehicle–

non-stress group). In these conditions, addition of stress

did not further enhance the levels of s-IgA (Fig. 2D).

Characterization of luminal and wall-adhered
microbiota

In vehicle-treated–non-stressed animals, total bacterial

counts within the luminal content, determined by

FISH as EUB338-positive cells, were between 3 9 1010

and 7 9 1010 cell mL�1, and within the margins pre-

viously described.21,23,24 In these conditions, EUB338-

positive bacteria represented a 90% of the total DAPI

counts (Table 2). Within all bacterial groups character-

ized, Bacteroides spp. and Clostridium spp. were the

Table 2 Composition of the luminal microbiota as assessed by FISH and DAPI staining§

DAPI (9108

cells mL�1)

Total

bacteria

(9108

cells mL�1)

Bacteroides

spp.

(9108

cells mL�1)

Enterobacteria

(9108

cells mL�1)

Verrucobacteria

(9108

cells mL�1)

Clostridium

coccoides cluster

XIVa (9108

cells mL�1)

Lactobacillus-

Enterococcus

spp. (9108

cells mL�1)

Bifidobacterium

spp (9108

cells mL�1)

Vehicle

–Non

-stressed

462.5 � 56.0 433.5 � 27.6 69.3 � 3.7 ND 36.5 � 2.3 68.7 � 4.9 ND ND

Vehicle–
WAS

532.2 � 55.7 509.0 � 26.8 64.3 � 5.9 ND ND 110.0 � 8.4‡ 0.1 � 0.02 ND

Antibiotic

–Non

-stressed

286.9 � 22.9 173.5 � 10.5* 73.7 � 8.4 7.0 � 0.6* 18.4 � 1.2* 31.4 � 1.6*,† 18.6 � 1.7* ND

Antibiotic

–WAS

341.3 � 22.0 196.8 � 8.1* 103.0 � 9.5 11.0 � 0.9*,† 44.4 � 1.7† 18.8 � 1.2*,† 47.2 � 3.8*,† ND

ND, Not detected (below 106 cells mL�1); FISH, fluorescent in situ hybridization; DAPI, 4′,6-diamidino-2-phenylindole; WAS, water avoidance stress.

*P < 0.05 vs vehicle–non-stressed or vehicle–WAS groups.
†P < 0.05 vs antibiotic–non-stressed group.
‡P < 0.05 vs vehicle–non-stressed group.
§Data represent mean � SEM from six animals per group.

Table 1 Effect of stress and/or antibiotics on the colonic mucous layer

and the density of goblet cells

Thickness of

the mucous

layer (lm)

Goblet cells

density

(cells mm�1)

Density of

Mature goblet

cells (cells mm�1)

Vehicle–Non

-stressed

23.01 � 1.89 99.19 � 7.45 20.11 � 1.90

Vehicle–WAS 11.87 � 0.32* 114.06 � 8.99 29.88 � 0.85*

Antibiotic

–Non

-stressed

17.99 � 0.72 113.75 � 2.32 24.48 � 1.32

Antibiotic

–WAS

7.34 � 0.27*,† 111.25 � 9.45 25.04 � 4.6

Data are mean � SEM, n = 6 animals per group; WAS, water avoidance

stress.

*P < 0.05 vs vehicle–non-stressed.
†P < 0.05 vs antibiotics–non-stressed.
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most abundant strains; whereas Enterobacteria, Lacto-

bacillus/Enterococcus spp. and Bifidobacterium spp.

were below FISH detection levels (106 cell mL�1)25

(Table 2; Fig. 3). Repetitive WAS had no effect, per se,

on total bacterial counts, but induced a specific

dysbiosis of the microbiota. In particular, Verrucobac-

teria counts were reduced to undetectable levels

whereas counts of Clostridium spp. were increased by

twofold and Lactobacillus/Enterococcus spp. appeared

at a low level, borderline to the limit of detection

(Table 2; Fig. 3).

Treatment with antibiotics resulted in a 2.5-fold

reduction in total bacterial counts and altered the

overall composition of the luminal microbiota

(Table 2). In antibiotic-treated mice, EUB338-positive

counts only included a 60% of the total DAPI counts.

Antibiotics reduced the counts of Verrucobacteria and

Clostridium spp., while significantly increased the

counts of Enterobacteria and Lactobacillus/Enterococ-

cus spp. (Table 2; Fig. 3). Addition of stress to the

antibiotic treatment further enhanced intestinal dys-

biosis. In these conditions, total bacterial counts

maintained their reduction when compared with the

Table 3 Incidence of bacterial wall adherence*

Bacteroides spp. Enterobacteria Verrucobacteria

Clostridium coccoides

cluster XIVa

Lactobacillus-Enterococcus

spp

Vehicle–Non-stressed 0/6 (0%) 0/6 (0%) 5/6 (83%) 1/6 (17%) 0/6 (0%)

Vehicle–WAS 0/6 (0%) 0/6 (0%) 1/6 (17%) 2/6 (33%) 0/6 (0%)

Antibiotic–Non-stressed 0/6 (0%) 6/6 (100%) 5/6 (83%) 5/6 (83%) 5/6 (83%)

Antibiotic–WAS 3/6 (50%) 2/6 (33%) 5/6 (83%) 6/6 (100%) 5/6 (83%)

*Data represent the number of animals showing bacterial wall adherence over the total of animals (percentage of incidence).

Figure 4 Representative colonic tissue images showing bacterial wall

adherence for different bacterial groups. The left column corresponds

to a vehicle-treated mice and the right column to an antibiotic-treated

animal. Each line corresponds to a different bacterial group (from top to

bottom: Clostridium spp, Lactobacillus spp, Enterobacteria, and

Verrucobacteria). Note the higher abundance of bacteria attached to

the epithelium and within the mucous layer covering the epithelial

surface in the antibiotic-treated mice compared with the vehicle-

treated mice.

Bacteroides spp.

Lactobacillus spp.

Clostridium coccoides cluster XIVa

Enterobacteria

Verrucobacteria

Vehicle – Control

Antibiotic – Control

Vehicle – WAS

Antibiotic – WAS

Figure 3 Relative distribution of the ceco-colonic microbiota in the

different experimental groups. Data represent the relative abundance

(percent) of the main bacterial groups present in the gut commensal

microbiota (Bacteroides spp., Clostridium spp., Enterobacteria,

Lactobacillus spp., and Verrucobacteria), as quantified using

fluorescent in situ hybridization (FISH) techniques. Relative percent

composition of the microbiota was calculated taking as 100% the total

counts of the different bacterial groups assessed. See Table 2 for exact

cell counts.
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vehicle–WAS group. This was associated mainly with a

sixfold reduction in Clostridium spp. counts, whereas

the counts of Verrucobacteria, Enterobacteria and

Lactobacillus/Enterococcus spp. were significantly

increased (Table 2; Fig. 3). Bifidobacterium spp. was

not detected in any experimental group.

As it relates to bacterial wall adherence, EUB338-

positive cells were always observed attached to the

wall, in most cases within the mucous layer located on

the epithelial surface. In vehicle–non-stressed animals,

the only bacterial group attached to the colonic wall

was Verrucobacteria (Incidence: 83%). Addition of

stress significantly reduced the incidence of Verruco-

bacteria attachment (Table 3, Fig. 4), without affecting

the adherence of other bacterial groups.

During antibiotic treatment, the incidence of bacte-

rial wall adherence increased significantly for all bac-

terial groups detected in the luminal content (83–100%

incidence), except for Bacteroides spp. (0% incidence).

The addition of stress maintained a generalized adher-

ence for all groups explored, but, particularly, facili-

tated Bacteroides spp. attachment while reduced the

adherence of Enterobacteria (Table 3, Fig. 4).

Expression of Cannabinoid receptors and activity
of the serotonergic system

mRNA for both cannabinoid receptors was detected in

all samples. Expression levels in control conditions

(vehicle–non-stressed animals) were low, with the

levels of CB1 mRNA being about 10-fold higher than

those of CB2. In vehicle-treated mice, WAS had a

marginal effect increasing CB2 expression (by 6%,

P > 0.05). In the antibiotic–non-stress group, CB2

expression was increased by 20% (P < 0.05 vs vehi-

cle–non-stress group); addition of stress further

increased CB2 expression, leading, approximately, to

a 40% increase in expression (P < 0.05 vs vehicle-

treated groups; Fig 5A). CB1 expression was not

affected by either stress or antibiotics, alone or in

combination (Fig 5A). Regardless of the experimental

group considered, expression levels of CB2 receptors

correlated positively with Lactobacillus spp. counts

(P = 0.001; r2 = 0.38) and negatively with Clostridium

spp. counts (P = 0.02; r2 = 0.21; Fig. 5B).

The isoform 1 of the TPH was detected with high

reproducibility and at relatively high levels in colonic

tissues (Fig. 5C); however, the isoform 2 (TPH2) was

found in a very low quantity (a mean of 36.6 Cq value).

Overall, TPH1 expression levels were about 24-fold

higher than those of TPH2. TPH1 expression levels

were similar in vehicle-treated or antibiotic-treated

non-stressed animals. Repetitive WAS increased TPH1

expression by similar proportion in either vehicle- or

antibiotic-treated animals (40% increase; Fig. 5C).

Serotonin-immunopositive cells, likely correspond-

ing to EC cells, were scattered throughout the colonic

mucosa. Relative abundance was similar in all exper-

imental groups (Fig. 5C).

Behavioral responses to intracolonic capsaicin

Intracolonic administration of capsaicin induced pain-

related behaviors in all mice during the 30-min obser-

vation period. The behavior most expressed was the

licking of the abdominal area, which was observed in

all animals. In the vehicle–non-stress group, the num-

ber of pain-related behaviors reached a mean value of

40.9 � 6.6 in the 30-min observation period (n = 5;

Fig. 5D). In these conditions, treatment with antibiot-

ics slightly reduced the number of pain behaviors,

although statistical significance was not reached. In

vehicle-treated animals, addition of stress increased

the incidence of behaviors by 48% (P < 0.05 vs vehicle–

non-stress group), an effect completely prevented by

the treatment with antibiotics (Fig. 5D).

DISCUSSION

In this study, we show that the colonic functional

(motor) and endocrine responses to stress are essen-

tially not affected by relatively large alterations of the

ceco-colonic microbiota, either luminal or attached to

the colonic wall, during an antibiotic treatment.

Moreover, we show that microbiological changes, due

to antibiotics and stress, are able to modulate the

immune and sensory systems, namely the endocann-

abinoid and the serotonergic systems, within the

colon, without the induction of a manifest state of

intestinal inflammation. While antibiotics, per se, did

not affect visceral pain-related responses, they pre-

vented stress-induced hypersensitivity. This suggests

that antibiotics-mediated effects on sensory systems

might have functional consequences, leading to the

modulation of visceral sensitivity.

Our results confirm the validity of chronic WAS as a

valid, mild stressor in mice, as previously pub-

lished.14,15,26 Mice did not habituate to the stress

protocol, as shown by the persistent colonic response

along the 7-day period of WAS. Moreover, the efficacy

of the stress paradigm is further demonstrated by the

raise in plasma corticosterone and the increase in

weight of the adrenal glands at the end of the last stress

session.

Total bacterial counts were not affected by stress.

However, repetitive WAS significantly increased the
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Figure 5 Effects of stress and/or antibiotics on the colonic expression of sensory-related systems (endocannabinoid and serotonergic) and visceral

pain-related responses. (A) (upper row): Colonic expression of cannabinoid receptors, CB1 (left pane) and CB2 (right panel), in the different

experimental groups. Each point represents an individual animal; the horizontal bar with errors represents de mean � SEM of each group; n = 6 per

group. *P < 0.05 vs vehicle–non-stressed and vehicle–WAS groups. #P < 0.05 vs antibiotic–non-stressed group. (B) (middle-upper row): Correlations

between the relative expression of CB2 and the bacterial counts of Lactobacillus spp. (P = 0.0014; r2 = 0.38) (left panel) and Clostridium spp.

(P = 0.02; r2 = 0.21) (right panel), as determined by fluorescent in situ hybridization. Each point represents an individual animal; broken lines

represent the 95% confidence interval. (C) (middle-lower row): Activity of the serotonergic system within the colon. Left panel shows the relative

expression of tryptophan hydroxylase 1 (TPH1). Each point represents an individual animal; the horizontal bar with errors represents the

mean � SEM of each group; n = 6 per group. *P < 0.05 vs respective non-stressed group. Right panel shows the density of enterochromaffin cells

(5-HT-immunoreactive cells/field, 9400), as determined by immunohistochemistry, in the different experimental groups. Data are mean � SEM of

n = 6 animals per group. (D) (lower row): Intracolonic capsaicin-evoked visceral pain-related behaviors. Data represent the number of pain-related

behaviors in a 30-min observation period after intracolonic capsaicin administration. Each point represents an individual animal; the horizontal bar

with errors represents the mean � SEM of each group; n = 5 per group. *P < 0.05 vs other experimental groups.
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counts of Clostridium spp. and favored the appearance

of Lactobacillus spp. These changes agree with those

described in mice subjected to social stress, where the

main change in the microbiota was an increase in the

Clostridia group.13 Interestingly, the Verrucobacteria

group, present in a relatively high proportion in non-

stressed mice, was undetectable in stressed animals.

This group of microorganisms, which degrade mucus

within the gastrointestinal tract,17,27 might have rele-

vance in gastrointestinal diseases. For instance, an

enhancement of the mucin-degrading microbiota in

dysbiotic patients predispose to Crohn’s disease.28

During stress, the thickness of the mucus layer was

reduced, in agreement with O’Malley et al.28,29

A reduction in mucus abundance might be a factor

reducing also the relative abundance of Verrucobacte-

ria. Alternatively, we cannot discard that these

changes are secondary to the combined enhancing

effects of stress on colonic motility and mucus secre-

tion,30–32 leading to an increased discharge of mucus

and therefore to a net reduction in mucus content and

associated bacteria. Moreover, although goblet cell

density remained stable, stress increased the propor-

tion of mature goblet cells, indicative of an increase in

mucus production and secretion.33 Despite these

changes in mucus content, wall-adhered microbiota

was not affected by stress.

As expected, treatment with wide-spectrum, non-

absorbable antibiotics significantly reduced total bac-

terial counts. The reduction in bacterial counts was

coupled to a specific dysbiosis which implied a

proliferation of Lactobacillus spp. and Enterobacteria;

whereas the Clostridium spp. and the Verrucobacteria

groups were reduced. Interestingly, only antibiotic-

induced changes in luminal microbiota were associ-

ated with an increase in bacterial wall adherence. This

is important because adhered microbiota has been

suggested to be the one directly interacting with the

host’s bacterial recognition systems, thus eliciting

either beneficial or harmful responses within the

gut.34,35 The relationship between luminal counts

and epithelial attachment seems to be strain depen-

dent. Overall, changes in bacterial wall adherence

correlated positively with changes in luminal counts.

However, the Clostridia group was reduced during

antibiotic treatment, but presented an increased rate

of adherence. This negative relationship might reflect

the heterogeneity of Clostridium coccoides cluster

XIVa. From the present data, we cannot rule out the

possibility that antibiotics are affecting only a part of

this cluster, leading to a relative selection of bacteria

with high wall adherence capacities. In fact, it is well

reported that most antibiotics can increase the risk of

developing Clostridium difficile colitis36,37 and that

the relapse of colitis in patients with recurrent

C. difficile infections is associated with reduced

intestinal microbial diversity.38 Nevertheless, the role

of gut commensal microbiota in intestinal inflamma-

tion remains controversial, and beneficial effects of

wide spectrum antibiotics has been shown in DSS-

induced colitis in rats.39 The mucous layer represents

also a protective barrier preventing bacterial wall

adherence. Therefore, a loss of mucus should be

regarded as a factor favoring bacterial–host interac-

tions.40,41 Antibiotics had only a marginal effect

reducing the mucous layer, thus suggesting that the

mucus, per se, might play a minor role affecting

bacterial wall adherence in the present conditions.

Ceco-colonic dysbiosis was further enhanced when

antibiotic-treated mice were subjected to stress. This

was associated with a significant increase in the

incidence of wall adherence, observed for all bacterial

groups assessed, and a clear reduction in the thickness

of the mucous layer.

Commensal microbiota is necessary for the devel-

opment of spontaneous colitis, as suggested by

observations in mice deficient in interleukin 10;

however, gut commensal microbiota could also have

a protective role, as seen in germfree mice with DSS-

induced colitis.42–44 These apparent discrepancies

might be associated with the composition of the

microbiota, the immaturity of the immune system,

the environmental conditions of housing, and the type

of treatment applied (duration and antibiotics used). In

any case, the potential pathophysiological implications

of these observations warrant further investigations. In

humans, increased bacterial wall adherence has been

suggested as a pathogenic factor leading to local

immune responses that favor the appearance and

maintenance of intestinal inflammation.21,45 Interest-

ingly, antibiotic-induced dysbiosis had no impact on

the gut-to-brain modulation of endocrine responses to

psychological stress. This agrees with recent data

suggesting that the gut-to-brain signaling is established

during the early post-natal phase and that commensal

microbiota is important during that imprinting per-

iod.4,46 Once the gut is colonized and the commensal

microbiota established, changes in microbiota compo-

sition seem to have a minor impact in gut-to-brain

signaling, at least as stress-related endocrine responses

relates.46 Despite this, intestinal microbiota has been

related as a putative factor affecting gut sensory

systems leading to altered behavioral47,48 and local

visceral responses, such as visceral pain.12,49 For

instance, gut commensal microbiota is fundamental

for the development of inflammatory pain in
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mice.12,49,50 Here, we assessed changes in the endoc-

annabinoid and the serotonergic systems, two of the

main sensory systems within the gut, with a demon-

strated involvement in secretomotor- and visceral

pain-related responses.49,51–54 In the present condi-

tions, antibiotics selectively upregulated the expres-

sion of CB2; an effect further enhanced by the addition

of stress. This agrees with data suggesting that gut

microbiota is able to upregulate the endocannabinoid

system within the gut.55 Modification in the commen-

sal microbiota by addition of specific bacterial strains

(namely L. acidophilus) has been shown to upregulate

CB2 expression in rats and mice, leading to the

induction of visceral analgesia.49 In agreement with

this, changes in CB2 expression correlated positively

with luminal counts of Lactobacillus spp., which

increased with antibiotic treatment and were further

enhanced in stressed antibiotic-treated mice. Overall,

these observations further support the view that bac-

teria of the Lactobacillus spp. group should be regarded

as a beneficial component of the microbiota, which

might be implicated in the modulation of visceral pain

responses through the modulation of the intestinal

endocannabinoid system. On the other hand, counts of

Clostridium spp. correlated in a negative manner with

the CB2 expression reinforcing the potential role

assigned to this bacterial group as a pathogenic com-

ponent of the microbiota.

Expression of TPH1 and TPH2 and density of EC

cells served to assess the activity of the serotonergic

system. As expected, expression of TPH2, the isoform

responsible for the synthesis of neuronal serotonin,

was very low in whole colonic homogenates. On the

other hand, expression TPH1, responsible for serotonin

synthesis in EC cells, was detected at relatively high

levels. Interestingly, TPH1 was upregulated in stressed

animals, independently of the antibiotic treatment.

These observations might suggest that, although not

directly assessed, serotonin synthesis and availability

is increased during stress, with commensal microbiota

playing a minor role per se. Overall, this agrees with

studies showing that serotonin availability might be

increased within the colon during stress.56 However,

density of EC cells was not affected by stress, thus

suggesting a cellular hyperactivity, rather than a

hyperplasia. This contrasts with inflammatory models

of gut dysfunction, such as the experimental infection

with Trichinella spiralis, in which increased availabil-

ity of serotonin has been associated with a hyperplasia

of EC cells.57,58 The functional consequences of these

changes in the cannabinoid and serotonergic systems

warrant further studies, outside the original scope of

the present work.

The changes observed in the expression of sensory-

related systems are likely to have a functional signif-

icance. This is demonstrated by the changes in

visceral pain-related responses observed in antibiotic-

treated vs non-treated animals. In agreement with

previous reports, we show that intracolonic capsaicin

evokes behavioral responses consistent with the

induction of visceral pain.9,10 Moreover, an increase

in pain-related events was observed in stressed ani-

mals, thus confirming data indicating that repeated

psychological stress induces visceral hypersensitivity

in rodents.26,59 Interestingly, stress-induced hyperal-

gesic responses were completely prevented by the

treatment with antibiotics. However, in non-stressed

animals, antibiotics had no significant effects on

visceral pain-related behaviors. This might suggest

that the modulatory effects exerted by antibiotics are

able to compensate states of altered (increased) sensi-

tivity, without affecting basal responses. Therefore, it

is feasible to assume that the changes observed in CB2

expression and serotonin availability might lead to

functional effects modulating states of altered visceral

sensitivity. Similarly, other sensory mediators not

directly assessed here and involved in visceral pain

responses, such as vanilloids,60 might be involved in

the responses observed. Overall, these observations

further support an involvement of gut microbiota as a

modulatory component of gut sensory functions.

As mentioned, none of the treatments applied

resulted in evident intestinal inflammation. Although

enlargement of the cecum was observed in antibiotic-

treated animals, this was not associated with consis-

tent histopathological alterations. It is interesting to

point out that despite the increased host–bacterial

interaction observed in dysbiotic mice, no signs of

colonic inflammation (either macroscopical, micro-

scopical or biochemical) were observed following the

treatment with antibiotics. This contrasts with

previous reports that observed signs of intestinal

inflammation during both antibiotic treatment and

stress.12,41,61,62 In particular, the appearance of stress-

induced intestinal inflammation has been related with

a mast cell infiltrate and the facilitation of bacterial

wall adherence in rats.12,41,61,62 However, in our con-

ditions, the density of mast cells was not increased by

stress. Although inflammatory markers were unal-

tered, luminal s-IgA levels were increased during

dysbiosis. Luminal s-IgA contributes to the suppres-

sion of immune reactions generated by commensal

bacteria63,64 and, when binding to bacteria, prevent

bacterial translocation.65 Increased s-IgA levels might

represent a mucosal response, likely triggered by the

increased rate of bacterial attachment during dysbiosis,
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aiming the prevention of local and systemic inflam-

mation and bacterial translocation. Multiple factors

ranging from the species/strain used to the intensity of

the stressors applied or the microbial environment

might contribute to the final immune response to a

dysbiotic state. Systematic studies addressing these

aspects will be necessary to determine the relative

contribution of these factors to the final responses

observed within the gut.

In summary, the current study shows that gut

commensal microbiota and stress are likely to act as

interactive components in the maintenance of gut

homeostasis and in the development of gut pathophys-

iology. Changes observed here suggest that microbiota

and stress are able to selectively modulate gut sensory

mechanisms, in the absence of obvious structural or

biochemical alterations compatible with the presence

of intestinal inflammation. Nevertheless, a mucosal

immune response, characterized by increased s-IgA

production, could be observed. Moreover, the treat-

ment with antibiotics was associated with a reduction

in stress-induced visceral hypersensitivity, thus sug-

gesting that microbiota, influencing sensory-related

systems within the gut, is able to modulate visceral

pain arising from the intestine. Overall, these data

support the potential involvement of stress and gut

microbiota in the alterations observed in patients with

functional gastrointestinal disorders, characterized by

secretomotor and sensory alterations in the absence of

structural changes. These observations warrant further

studies dissecting the pathways altered by stress and

gut microbes and the associated functional changes.

Our observations support the view that the beneficial

effect of certain bacterial strains, used as probiotics,

might be associated with the modulation of the

activity of endogenous sensory-related systems, such

as the endocannabinoid system.
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Environment-Related Adaptive Changes of Gut Commensal
Microbiota Do not Alter Colonic Toll-Like Receptors
but Modulate the Local Expression of Sensory-Related
Systems in Rats
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Abstract Pathogenic and protective roles have been attrib-
uted to gut commensal microbiota (GCM) in gastrointestinal
inflammatory and functional disorders. We have shown that
the adaptation to a new environment implies specific
changes in the composition of GCM. Here we assessed if
environment-related adaptive changes of GCM modulate
the expression of colonic Toll-like receptors (TLRs) and
sensory-related systems in rats. Adult male SD rats were
maintained under different environmental conditions:
barrier-breed-and-maintained, barrier-breed adapted to con-
ventional conditions or conventional-breed-and-maintained.
Fluorescent in situ hybridization and real-time quantitative
PCR (qPCR) were used to characterize luminal ceco-colonic
microbiota. Colonic expression of TLR2, TLR4, TLR5, and
TLR7, cannabinoid receptors (CB1/CB2), μ-opioid receptor
(MOR), transient receptor potential vanilloid (TRPV1,
TRPV3, and TRPV4), protease-activated receptor 2 (PAR-
2), and calcitonin gene-related peptide were quantified by
RT-qPCR. CB1, CB2 and MOR expression, was evaluated

also by immunohistochemistry. In rats, housing-related en-
vironmental conditions induce specific changes of GCM,
without impact on the expression of TLR-dependent bacte-
rial recognition systems. Expression of sensory-related
markers (MOR, TRPV3, PAR-2, and CB2) decreased with
the adaptation to a conventional environment, correlating
with changes in Bacteroides spp., Lactobacillus spp., and
Bifidobacterium spp. counts. This suggests an interaction
between GCM and visceral sensory mechanisms, which
might be part of the mechanisms underlying the beneficial
effects of some bacterial groups on functional and inflam-
matory gastrointestinal disorders.

Introduction

Gut commensal microbiota (GCM) is a dynamic microbio-
logical system comprised by a large number of bacterial
species [6]. Numerous evidences support a critical role for
commensal bacteria in the maintenance of gut homeostasis.
For instance, GCM appears to be of crucial importance in
the modulation of local immune responses [23] and, through
these mechanisms, to be a pathogenic component of inflam-
matory and functional gastrointestinal alterations, such as
inflammatory bowel disease (IBD) and irritable bowel syn-
drome (IBS). Indeed several reports suggest that GCM
composition is altered in both IBD and IBS patients [10,
25, 39]. Therefore, modulation of the commensal microbiota,
mainly through the administration of probiotics and/or pre-
biotics, has become an attractive, and largely explored, ap-
proach for the treatment of these alterations. This is based on
numerous studies, both in animals and humans, suggesting
that specific microbial agents might modulate immune re-
sponses, local epithelial functions, motor activity, afferent
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sensory information associated to visceral sensitivity, and
even central nervous system responses associated to intestinal
stimuli [10, 14–16, 20]. However, the mechanisms mediating
these effects remain largely unknown.

Recent data derived from animal models of IBS evaluat-
ing sensory information arising from the gut suggest that
GCM might influence neuronal and/or neuro-immune
mechanisms within the gut [10]. In mice and rats, modi-
fications of the intestinal commensal microbiota result
in changes in nociceptive responses that have been
associated to alterations in neuro-immune mediators im-
plicated in sensory mechanisms, including pain re-
sponses, within the gut [29, 33]. We have recently
shown that GCM has spontaneous, environmental-
related, adaptive changes. In particular, animals breed
under barrier conditions, when moved to standard hous-
ing conditions, present an adaptive shift in their GCM
towards the characteristic of the new environment [31].
Similar environmental-related changes have been also
described in mice [7, 26]. The significance of these
changes is not clear but might implicate alterations in
gut homeostasis, leading to altered functional responses
and/or the development of pathophysiological states.

Based on these observations, we aimed to correlate
environmental-related adaptive changes in GCM with
changes in neuro-immune sensory systems within the
gut. For this, we characterized spontaneous changes of
ceco-colonic commensal microbiota, using fluorescence
in situ hybridization (FISH), in rats born and bred under
different environmental conditions. FISH results were
confirmed by real-time quantitative PCR (qPCR). In
the same animals the gene expression of cannabinoid
receptors (CB1 and CB2), transient receptor potential
vanilloid channels (TRPV1, TRPV3 and TRPV4),
protease-activated receptor 2 (PAR-2), μ-opioid recep-
tors (MOR) and calcitonine-gene related peptide
(CGRP) was assessed also by RT-qPCR. Moreover, the
intestinal expression of cannabinoid receptors (CB1 and
CB2) and MOR was also evaluated by immunohisto-
chemistry. All of these receptors/mediators participate in
sensory and secretomotor responses within the gut and
have been implicated in both inflammatory and func-
tional gastrointestinal alterations [3–5, 12, 21].

The interaction between gut microbiota and the host
is known to be mediated through pattern recognition
receptors (PRR). Toll-like receptors (TLRs) are among
the best characterized PRRs; they are largely expressed
within the gut and are key components mediating bac-
teria–host interactions and microbial recognition [8, 9,
27, 28]. Therefore, we also assessed if environmental-
related changes in the luminal GCM affect the local
expression of TLRs, specifically the TLR subtypes 2,
4, 5, and 7 (TLR2, TLR4, TLR5, and TLR7).

Materials and Methods

Animals

Four 6-week-old and four 9-week-old male OFA
Sprague–Dawley rats (specific pathogen free) bred and
maintained in a barrier-protected area with all mate-
rials, water, food, and bedding sterilized before enter-
ing the barrier were obtained from Charles River
Laboratories (Lyon, France). The original microbiota
inoculated in these animals (as provided by the breed-
er) consisted of Bacteroides distasonis, Lactobacillus
acidophilus , Lactobacil lus sal ivaris , Schaedler
fusiform-shaped bacterium, three strains of CRL
fusiform-shaped bacterium, CRL mouse spirochete,
Escherichia coli (non-hemolytic), Streptococcus
faecalis (group D), and Enterococcus spp. In addition,
four 9-week-old male OFA Sprague–Dawley rats bred
in conventional conditions in the Animal Facility of the
Universitat Autònoma de Barcelona were used. This
conventional colony was established in 1994 from
OFA Sprague–Dawley rats from Charles River Labora-
tories (Lyon, France) and has been appropriately cross-
bred in order to maintain genetic stability. When in
conventional conditions, water, food, and bedding were
given to animals as facilitated by the commercial pro-
vider, without any further treatment.

All procedures were approved by the Ethical Committee
of the Universitat Autònoma de Barcelona and the
Generalitat de Catalunya.

Experimental Groups and Sample Collection

Three experimental groups were defined: (1) 9-week-
old barrier-bred rats (barrier-breed-and-maintained
group; n=4), (2) 9-week-old rats born and bred under
conventional conditions (conventional-breed-and-
maintained group; n=4), and (3) 6-week-old barrier
rats maintained under conventional conditions at the
animal facility of the UAB for 3 weeks (barrier-breed
adapted to conventional conditions group; n=4). All
animals were 9 weeks old at the time of testing. To
avoid potential time-related changes in microbiota, all
experimental groups were processed simultaneously.

Animals were euthanized by CO2 inhalation followed
by a thoracotomy. Thereafter, the abdominal cavity was
opened, the ceco-colonic region was localized, and
fecal content and tissue samples were collected and
frozen immediately with liquid nitrogen. All samples
were stored at −80 °C until analysis. For immunohis-
tochemistry analysis, a 3-cm segment of the mid-
portion of the colon was removed and fixed overnight
with 4 % paraformaldehyde.
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Enumeration of Bacteria Using Fluorescence In Situ
Hybridization

For FISH, general methods previously reported were
followed [18, 31]. Oligonucleotide probes consisted of a
single-strain DNA covalently linked with Cy3 at the 5′ end
(see Table 1 for details of the probes used). All probes were
obtained from Tib MolBiol or Biomers.

Frozen fecal contents (about 0.5 g) were thawed, and
4.5 ml of Millipore filtered phosphate-buffered saline
(PBS) 1×, at pH 7.2, and three to five glass beads (3 mm
in diameter) were added and homogenized on a vortex for
3 min. The suspension obtained was then centrifuged for
1 min at 700 g. One milliliter of the supernatant was col-
lected and fixed overnight (4 °C) in 3 ml of freshly prepared
4 % paraformaldehyde and stored at −20 °C until analyzed.

At the time of analysis, samples were diluted in PBS 1×
and spotted on pre-cleaned, gelatin-coated [0.1 % gelatin,
0.01 % KCr(SO4)2] Teflon-printed slides (ten wells, diame-
ter 8 mm; K-11, Knittel Gläss), dried at room temperature,
and dehydrated in 96 % ethanol (10 min). Samples were
hybridized in a dark moist chamber by addition of 100 μl
hybridization buffer (20 mM Tris–HCl, 0.9 M NaCl, 0.1 %
SDS at pH 7.2) preheated with the corresponding Cy3-
labeled oligonucleotide probe (with a final concentration
of 10 ng/μl) in each well. Hybridization temperatures and
duration were used as previously described to achieve opti-
mal stringency [31]. Lysozyme treatment (37 °C, 90 min)

was performed prior to the hybridization process for detec-
tion of Lactobacillus spp.

After hybridization, the slides were rinsed in a pre-
warmed washing buffer (20 mM Tris–HCl, 0.9 M NaCl at
pH 7.2) for 30 min, at each hybridization temperature, and
then cleaned with miliQ water to remove unbound probes.
Washed slides were air-dried and mounted with Vectashield®
MountingMedia with-DAPI (H-1200; Vector Laboratories) to
stain the chromosomes as a control signal.

Hybridized slides were viewed under oil immersion using
a Carl Zeiss Axioskop 40 FL epifluorescence microscope
(filter for Cy3) equipped with a digital camera Zeiss
AxioCam MRm for obtaining digital images (Zeiss
AxioVision Release 4.8.1; Carl Zeiss Microscopy). For
quantification of bacteria, 20 randomly selected fields were
photographed and the number of hybridized cells counted
using the CellC software [30].

Relative Quantification of Bacteria Using Real-Time
Quantitative PCR

Total DNA was isolated from frozen ceco-colonic con-
tent using QIAamp® DNA Stool Mini Kit (Qiagen),
following the manufacturer’s instructions. Thereafter,
DNA was quantified using the NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies), diluted to
equal concentrations with sterile deionised water, and
stored at −20 °C until analysis.

Table 1 Primers (FISH) and probes (qPCR) used for quantification of bacterial 16S rRNA genes

FISH RT-qPCR

Probe Cy3 5′–3′ Ref. FAM 5′–3′ Ref.

Non-bacteria NON 338 ACATCCTACGGGAGGC [18, 31]
Total bacteria EUB 338 GCTGCCTCCCGTAGGAGT [18, 31]

Enterobacteria ENT-D TGCTCTCGCGAGG
TCGCTTCTCTT

[18, 31]

Bacteroides spp BAC 303 CAATGTGGG
GGACCTT

[18, 31] Forward AG AGG AAG GTC CCC [40]
Reverse GC TAC TTG GCT GGT T

Probe CA TTG ACC AAT ATT
CCT CAC TGC TGC

Bifidobacterium spp BIF 164 CATCCGGCAT
TACCACCC

[18, 31] Forward CG TGC TTA ACA CAT GCA A [40]
Reverse CAC CCG TTT CCA GGA G

Probe TCA CGC ATT ACT
CAC CCG TTC G

Clostridium cluster XIVa EREC 482 GCTTCTTAGTC
AGGTACCG

[18, 31] Forward A GTG GGG AAT ATT [40]
Reverse T TGA GTT TCA TTC TTG C

Probe AATGACGGTACCTGA

Lactobacillus spp LAB 158 GGTATTAGCAC
CTGTTTCCA

[18, 31] Forward TGG ATG CCT TGG CAC TAG GA [17]
Reverse AAA TCT CCG GAT CA

A AGC TTA CTT AT

Probe TAT TAG TTC CGT CCT TCA TC

234 M. Aguilera et al.



The relative abundance of bacteria was measured using
16S rRNA gene-targeting hydrolysis probes (Custom
TaqMan assays; Applied Biosystems; see Table 1 for details
of the different probes used). Amplifications were carried
out in a final volume of 20 μL [1 μL of assay (primers
18 μM and probe 5 μM), 10 μL of TaqMan Universal
Master Mix II, 5 μL of miliQ water, and 4 μL of DNA
(40 ng for Bifidobacterium spp., Clostridium spp., and
Bacteroides spp. and 4 ng for Lactobacillus spp.)]. Ampli-
fication program was 95 °C during 10 min, followed by 40
cycles at 95 °C for 30 s and 60 °C for 1 min. For Lactoba-
cillus spp., the amplification program was increased to 50
cycles. All samples and the negative controls were assayed
for triplicate. The barrier-breed-and-maintained group
served as the calibrator. To determine the relative bacterial
content, an expression value of 1 was assigned to the
barrier-breed-and-maintained group, and expression levels
in the other groups were referred to it. In these conditions,
relative expression values above 1 imply an increase in
bacterial counts in relation to the barrier-breed-and-
maintained group. Conversely, relative expression values
below 1 imply a decrease in bacterial counts in relation to
the barrier-breed-and-maintained group.

Gene Expression Using Quantitative Reverse Transcription-
PCR

Total RNAwas extracted from frozen tissue samples using TRI
reagent with Ribopure Kit (AM1924; Ambion/Applied
Biosystems); thereafter, a two-step RT-PCR was performed.
RNA samples were converted to cDNA using a high-capacity
cDNA reverse transcription kit (4368814; Applied
Biosystems). Only a consistent 260/280 ratio (between 1.8
and 2) found with NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies) was accepted to perform quantita-
tive real-time PCR using hydrolysis probes. TaqMan gene
expression assays for CB1 receptors (Rn00562880_m1), CB2
receptors (Rn00571953_m1), MOR (Rn01430371_m1),
TRPV1 (Rn00583117_m1), TRPV3 (Rn01460303_m1),
TRPV4 (Rn00576745_m1), PAR-2 (Rn00588089_m1),
CGRP (Rn01511354_m1), TLR2 (Rn02133647_s1), TLR4
(Rn00569848_m1), TLR5 (Rn01411671_s1), and TLR7
(Rn01771083_s1) were used (Applied Biosystems). β-Actin
(Rn00667869_m1) was used as endogenous housekeeping and
the barrier-breed-and-maintained group served as the calibrator.

The PCR reaction mixture was transferred to a
MicroAmp optical 96-well reaction plate and incubat-
ed on the ABI 7900 HT Sequence Detection System
(Applied Biosystems). RQ Manager 1.2 software was
used to obtain the cycle threshold for each sample;
thereafter, all data were analyzed with the comparative
Ct method (2−ΔΔCt) [24]. All samples and the nega-
tive controls were assayed for triplicate.

Immunohistochemistry

Paraffin-embedded tissue sections (5 μm in thickness) were
deparaffinized and rehydrated with a battery gradient of
alcohols. Antigen retrieval for CB1 receptor and MOR
was achieved by processing the slides in a microwave with
10 mM of citrate solution. Epitope retrieval for CB2 recep-
tor was performed using a pressure cooker (at full pressure,
for 3 min) in Tris–EDTA solution buffer. Quenching of
endogenous peroxidase was performed by 1 h of incubation
with 5 % H2O2 in distilled water. Primary antibodies includ-
ed a rabbit polyclonal anti-CB1 (1:100; rabbit polyclonal to
cannabinoid receptor 1, ab23703; Abcam), a rabbit poly-
clonal anti-CB2 [1:100; rabbit polyclonal to cannabinoid
receptor 2 (H-60), sc-25494; Santa Cruz Biotechnology],
and a rabbit polyclonal anti-MOR (1:2,500; rabbit polyclon-
al to mu opioid receptor AB1580; Chemicon/Millipore).
The secondary antibody used was a biotinylated polyclonal
swine anti-rabbit IgG (E 0353; DakoCytomation). Detection
was performed with avidin/peroxidase kit (Vectastain Elite
ABC kit, PK-6100; Vector Laboratories); antigen–antibody
complexes were reveled with 3-3′-diaminobenzidine (SK-
4100 DAB; Vector Laboratories), with the same time expo-
sure per antibody, and sections were counterstained with
hematoxylin. Specificity of staining was confirmed by omis-
sion of the primary antibody.

Quantification of Immune-Positive Signal in the Myenteric
Plexus

For CB2, immunopositive cells were counted in 30, ran-
domly selected, myenteric ganglia, in duplicate, for each
tissue sample. Cells were considered to be immunopositive
if they expressed more labeling than the background levels
seen in the negative controls.

MOR immunoreactive myenteric ganglia were quantified
by means of gray density using ImageJ software (NIH
Image, USA). A minimum of 15 myenteric ganglia per
sample were evaluated. Images were taken with the same
light intensity, and control negative signals were used to
determine the positive gray threshold. All counting was
performed on coded slides to avoid any bias.

Statistical Analysis

Data are expressed as mean ± SEM. A robust analysis
(one iteration) was used to obtain mean ± SEM for
qPCR data. Comparison between multiple groups were
performed using one-way analysis of variance (one-way
ANOVA), followed when necessary by Student–New-
man–Keuls multiple comparisons test. Correlation be-
tween parameters was assessed by linear regression and
Pearson’s analysis. In all cases, results were considered
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as statistically significant when P<0.05. All statistical
analysis and graphs were performed using GraphPad
Prism 4 (GraphPad Software, La Jolla, CA, USA).

Results

Characterization of Intestinal (Ceco-colonic) Commensal
Microbiota by FISH

Total mean bacterial counts, as determined using DAPI
staining and EUB 338 hybridization, oscillated between
5.3×109 and 2.2×1010 cells/ml and were comparable in all
experimental groups and within the margins previously de-
scribed [13, 31]. However, FISH analysis revealed signifi-
cant differences among groups in the commensal microbiota
composition (Table 2; Figs. 1 and 2).

Among Gram-negative bacteria, the counts of
Enterobacteriaceae (ENT-D probe) were scarce (in many
cases, less than 1 % of the flora quantified), regardless of
the group considered. In contrast, Bacteroides spp. group
(BAC 303 probe) was relatively abundant, and counts were
significantly higher in the barrier-breed-and-maintained and
the conventional-breed-and-maintained groups when com-
pared with the barrier-breed adapted to conventional condi-
tions group (Table 2; Figs. 1 and 2).

Overall, Gram-positive bacteria represented more than
80 % of the total FISH-quantified microbiota. In particular,
Clostridium coccoides–Eubacterium rectale group (Clos-
tridium cluster XIVa, EREC 482 probe) accounted for the
largest bacterial population in all experimental groups.
Counts for Lactobacillus spp. and Enterococcus spp. (LAB
158 probe) and Bifidobacterium spp. (BIF 164 probe) were
higher in fecal samples from the conventional-breed-and-
maintained group when compared with the barrier-breed-

and-maintained and barrier-breed adapted to conventional
conditions groups, which showed clear transitional changes
towards adaptation to conventional conditions (Table 2;
Figs. 1 and 2).

Characterization of Intestinal (Ceco-colonic) Commensal
Microbiota by qPCR

qPCR was used to confirm FISH results. The bacterial
groups assessed (Bifidobacterium spp., Lactobacillus spp.,
Bacteroides spp., and Clostridium cluster XIVa) were
detected in all fecal samples. However, relative expression
levels (indicative of the bacterial density) were different
among bacterial and among experimental groups. Overall,
the relative abundance for the different bacterial groups
followed the same pattern obtained using FISH (Fig. 2),
revealing the same changes associated to the environ-
mental conditions.

Colonic Expression of TLRs

TLRs expression was similar across groups, regardless of
the environmental conditions considered. Overall, colonic
expression of TLR4 and TLR 5 was similar across groups
and higher (by six-fold) than the expression of TLR2 or
TLR7. Relative expression levels were TLR4 ~ TLR5 >
TLR2 ~ TLR7 (Fig. 3).

Colonic Expression of Sensory-Related Markers
and Correlation with Bacterial Counts

The most abundantly expressed sensory-related marker
within the colon was PAR-2, with a minimum of ten-fold
higher expression than other markers assessed, regardless of
the experimental group considered. In all cases, CGRP

Table 2 Bacterial counts in the different experimental groups as determined by FISH

Barrier-breed-and-maintained
(×108 cells/ml)

Barrier-breed adapted to conventional
conditions (×108 cells/ml)

Conventional-breed-and-maintained
(×108 cells/ml)

Total cellsa 171.1±21.5 113.1±34.9 138.0±37.4

Enterobacteria 0.7±0.09 0.7±0.3 1.28±0.2

Bacteroides spp. 6.4±2.2 0.428±0.84& 2.77±0.7

Bifidobacterium
spp.

0.2±0.06 0.27±0.17 1.8±0.6

Clostridium
cluster XIVa

35.7±11.2 24.8±5.4 45.3±20

Lactobacillus spp. 0.3±0.1** 1.28±0.38* 3.4±0.8

Data are mean ± SEM, n=4 per group. Because of technical problems, one animal of the barrier-breed-and-maintained group was not analyzed for
Bifidobacterium spp
a Total fecal microbial counts as determined by DAPI staining

*P<0.05 vs. conventional-breed-and-maintained group; **P<0.01 vs. conventional-breed-and-maintained group; &P<0.05 vs. barrier-breed-and-
maintained group (ANOVA)
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was undetectable. Other markers assessed, although
detected in all samples analyzed, showed, in general,
low levels of expression.

Expression of CB2 (P=0.1), PAR-2 (P=0.07), TRPV3
(P=0.03), and MOR (P=0.01) was higher in the barrier-
breed-and-maintained group when compared to the
conventional-breed-and-maintained group, showing inter-
mediate levels of expression in the barrier-breed adapted to
conventional conditions group (Fig. 4). Expression levels of
CB1 and TRPV1 and 4 were similar across groups.

Expression levels of MOR and TRPV3 correlated
with changes in the composition of the luminal
microbiota. In particular, expression levels of TRPV3
showed a negative correlation with the counts of
Bifidobacterium spp. (P=0.01; r2=0.55), and Lactoba-
cillus spp. (P=0.02; r2=0.45) (Fig. 5). Similarly,
Enterobacteria counts also tended to correlate in a neg-
ative manner with TRPV3 mRNA (P=0.07; r2=0.27).
On the other hand, expression levels of MOR showed a
clear tendency to positively correlate with the counts of
Bacteroides spp. (P=0.07; r2=0.28) and to negatively

correlate with Lactobacillus spp. counts (P=0.07; r2=
0.27; Fig. 5). Similar correlations were determined when
using relative bacterial abundance determined by qPCR
(data not shown).

Localization and Quantification of Cannabinoid and μ
Opioid Receptors by Immunohistochemistry

CB2 immunoreactivity was observed in the luminal surface of
the epithelial microvilli and within ganglionic cells of the
myenteric plexus. Very few immunoreactive cells were ob-
served in the submucous plexus. Intense CB2 immunoreactivity
was observed in Peyer’s patches and also in some unidentified
cells distributed through the submucosa, likely corresponding to
immune cells. The smooth muscle of the blood vessels walls
showed intense immunoreactivity. Overall, similar patterns of
distribution and staining intensities were observed in all exper-
imental groups (Fig. 6). Nevertheless, CB2-immunoreactive
ganglionic cell density within the myenteric plexus had a clear
trend to be lower in the conventional-breed-and-maintained
group compared with the other experimental groups, although
statistical significance was not achieved (P=0.053; Fig. 6).

Immunostaining for CB1 receptors was found in epithelial
cells, mainly within the apical surface of the microvilli. In the
submucosa, a fainter positive staining was seen in the smooth
muscle of the blood vessel walls. No staining was observed in
the muscle layers. Cells within ganglia of the myenteric plexus
also appeared immunostained, while within the submucous plex-
us immunoreactive cells were rarely seen. Within the myenteric
plexus, the density of immunoreactive cells was low: CB1–
immunoreactive cells oscillated between zero and two
cells/ganglion and was similar among all experimental groups
(data not shown). Peyer’s patches showed moderate staining in
well-defined cells. Similar distribution and staining intensities
were observed in all experimental groups (data not shown).

MOR immunoreactivity was mainly found within the
ganglia of both myenteric and submucosal plexuses. Some
epithelial cells as well as unidentified cells in the lamina
propia also appeared stained (Fig. 6). Immunostaining in-
tensity within the myenteric plexus was higher in the
barrier-breed-and-maintained group and showed a clear ten-
dency to decrease with the adaptation to conventional hous-
ing conditions (Fig. 6).

In all cases, absence of the primary antibody resulted in a
complete loss of immunoreactivity, thus confirming the
specificity of staining.

Discussion

During the recent years, there has been an increasing interest in
the role of GCM in the maintenance of gastrointestinal homeo-
stasis and its potential implication in pathophysiological

Figure 1 Relative composition of the ceco-colonic microbiota, as
quantified by FISH, in the different experimental groups. Data repre-
sent relative abundance (%) of the different bacterial groups character-
ized by FISH (Bacteroides spp., Enterobacteriaceae, Bifidobacterium
spp., Lactobacillus–Enterococcus spp., and Clostridium cluster XIVa
group). Relative percent composition was calculated taking as 100 %
the total counts of the bacterial groups assessed. Barrier barrier-breed-
and-maintained group, Adapted barrier-breed adapted to conventional
conditions group, Conventional conventional-breed-and-maintained
group (see Table 1 for exact cell counts)
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conditions. Here we present, for the first time, evidence that
spontaneous variations in gut microbiota, related to environ-
mental adaptation, are associated with changes in the expres-
sion of secretomotor and sensory-related markers within the
gut (mainly the opioid, vanilloid, and endocannabinoid sys-
tems), without alterations in TLRs expression.

We show that the environmental conditions of
breeding/housing of the animals determine, at least par-
tially, the composition of the GCM, as previously
shown for both rats and mice [7, 26, 31]. Moreover,

in agreement with our previous observations [31], re-
sults obtained indicate that the relative composition of
the ceco-colonic microbiota in rats varies spontaneously
with changes in the environmental conditions. Changes
in the composition of GCM observed here are in con-
cordance with those previously described by us in sim-
ilar experimental conditions and using animals of the
same genetic background [31]. Main microbial changes
associated to the adaptation from a barrier to a conventional
environment implied a loss of Bacteroides spp. with a

Figure 2 Comparison of the
ceco-colonic microbiota, as
quantified by FISH (left
column) and qPCR (right
column), in the same animals.
FISH quantification (left
column): data are media
(interquartile range) ± SD for
each bacterial group analyzed
(n=4 per group). Because of
technical problem, one animal
of the barrier group was not
analyzed for Bifidobacterium
spp. *P<0.05 vs. the
conventional group; **P<0.01
vs. the conventional group;
#P<0.05 vs. the barrier
group. qPCR quantification
(right column): each point
represents an individual
animal. The horizontal line
with errors represent the
mean ± SEM (n=4 per
group). Because of technical
problems, one animal of the
barrier group was not
analyzed for Bifidobacterium
spp. and Clostridium spp.
and one animal of the
adapted group was not
analyzed for Bacteroides spp.
*P<0.05 vs. the conventional
group; ***P<0.001 vs. the
conventional group. Barrier
barrier-breed-and-maintained
group, Adapted barrier-breed
adapted to conventional
conditions group,
Conventional conventional-
breed-and-maintained group
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simultaneous increase in the counts of Lactobacillus–Entero-
coccus spp. and Bifidobacterium spp. Quantitative changes in
bacterial composition across groups were further confirmed
using qPCR. Overall, relative bacterial abundances assessed
by qPCR or direct bacterial quantifications by FISH were
equivalent. Since qPCR is a more sensitive technique than
FISH, these similarities reinforce the value of our FISH data
and indicate that the results described reflect a consistent
change in microbial composition.

Numerous reports have implicated GCM in the develop-
ment of immune responses within the gut and identified
bacterial flora as a significant component of the pathogene-
sis of several intestinal disorders, including inflammatory
bowel disease and irritable bowel syndrome [10, 23, 25, 39].
Following these observations, several studies suggest that
microbiota might influence immune- and neurally-mediated

responses within the gut. In particular, several lines of
evidence suggest that bacterial flora is implicated in the
modulation of sensory mechanisms arising from the gut
and, therefore, in changes in visceral pain-related responses.
First, clinical and preclinical studies have shown that ad-
ministration of certain probiotics can prevent abdominal
symptoms in IBS and IBD patients (pain and discomfort,
bloating, or altered bowel habits) [14, 16, 22, 32, 35–37].
Second, probiotic-like treatments reduced visceral pain-
related responses in animal models of the disease [15, 29].
Despite the clinical interest of these observations, the mech-
anisms mediating these beneficial effects remain largely
unknown. Animal data suggest, at least, a microbial-
dependent modulation of the opioid and the endocannabinoid
systems, both mediating analgesic responses within the gut [4,
12, 21], as a potential underlying mechanism [29, 33]. Here

Figure 3 mRNA expression of
TLR2, TLR4, TLR5, and TLR7
in colonic tissue samples of the
different experimental groups.
Barrier barrier-breed-and-
maintained group, Adapted
barrier-breed adapted to
conventional conditions group,
Conventional conventional-
breed-and-maintained group.
Data are mean ± SEM of four
animals per group

Figure 4 mRNA expression of
MOR, TRPV3, PAR-2, and
CB2 in colonic tissue samples
of the different experimental
groups. Data are mean ± SEM
of four animals per group.
*P<0.05 vs. barrier;
#P<0.05 vs. other groups.
Barrier barrier-breed-and-
maintained group, Adapted
barrier-breed adapted to
conventional conditions group,
Conventional conventional-
breed-and-maintained group
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we show that, in rats, spontaneous adaptive variations of
GCM, associated to environmental changes, lead to a modu-
lation of the expression of sensory-related systems within the
gut, including the opioid, the endocannabinoid, and the
vanilloid (TRPV) systems. Altogether these data support a
role for microbiota affecting sensory-related gastrointestinal
regulatory mechanisms.

Preliminary observations suggest that specific bacterial
strains might modulate the endogenous expression of sev-
eral mediators implicated in viscero-sensitivity. For in-
stance, a specific strain of L. acidophilus given as a
probiotic was able to modulate the content of CB2 and
MOR in the gut and to reduce visceral pain responses in
rats [29]. These results agree with the present observations
showing that spontaneous adaptive variations of the GCM
imply changes in the intestinal expression of receptors im-
plicated in sensory/nociceptive-related mechanisms. In the
present study, we did not correlate changes in receptor
expression with any particular strain of bacteria, but with
large spontaneous changes in gut commensal microbiota.
From our observations, spontaneous fluctuations of
Bacteroides spp., Bifidobacterium spp., and Lactobacillus
spp. strains correlate with changes in sensory-related
markers. Although no clear cause–effect relationship can
be inferred, these observations suggest that such bacterial
strains might be (directly or indirectly) implicated in the
changes observed in sensory-related markers. Previous stud-
ies have pointed towards two main genera of bacteria as
having beneficial effects in gut homeostasis, including the
modulation of visceral pain-related responses: Lactobacillus
spp. and Bifidobacterium spp. [14–16, 22, 29, 36, 37]. In
our conditions, spontaneous changes in these bacterial
groups correlated with variations in TRPV3 and MOR

expression. This partially agrees with previous reports in
which gut microbiota was related with the content of MOR
and CB2 receptors in the gut, leading to an analgesia-like
state [29]. Interestingly, expression changes were observed
in both pro-nociceptive (TRPV3 and PAR-2) and anti-
nociceptive (MOR and CB2) systems. In all cases, down-
regulation was observed in the adaptation process from
barrier to conventional conditions. This might suggest dif-
ferences in pain responses between animals maintained in
barrier or standard conditions or during the adaptation pro-
cess from one environment to the other, although this re-
mains to be demonstrated. Supporting this view, large
alterations of gut microbiota, associated to the treatment
with antibiotics or by adaptation to a standard, non-sterile
environment, were associated to altered visceral pain re-
sponses in mice [1, 34]. Moreover, mice data suggest also
that GCM is fundamental for the development of inflamma-
tory pain [2]. Therefore, it is feasible to assume that microbial
changes may result in alterations in visceral pain responses.

It is important to remind that receptor modulation was
initially determined at the gene expression level (mRNA).
To further determine if expression changes could have con-
sequences at the protein level, we further assessed the ex-
pression of CB1/CB2 and MOR in colonic tissues using
immunohistochemistry. In all cases CB1, CB2, and MOR
immunoreactivity were identified throughout the colon. Tis-
sue distribution observed for either receptor was in accor-
dance to that previously described for the colon in mice,
rats, and pigs [11, 19, 38]. Overall, no differences among
groups in immunoreactivity were observed for none of the
receptors assessed. Nevertheless, a more detailed analysis of
immunoreactivity in the myenteric plexus indicated lower
protein content in ganglionic structures in conventional-

Figure 5 Correlation between
the relative expression of
sensory-related markers and
bacterial counts. Top MOR;
bottom TRPV3 for either
Bacteroides spp. (BAC),
Lactobacillus–Enterococcus
spp. (LAB), or Bifidobacterium
spp. (BIF). Each point
represents an individual animal.
Broken lines represent the 95 %
confidence interval
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breed-and-maintained animals compared with the barrier-
breed-and-maintained group, in agreement with the mRNA
expression results. This reinforces the view that these
changes might translate into functional differences in CB2-
and MOR-mediated responses.

As mentioned, the mechanisms through which GCM in-
fluences the expression of neuro-immune mediators remain
largely unknown. Extensive work has demonstrated that the
microbiota interacts with the internal milieu through specific
bacterial recognition systems. These systems, with TLRs as
main exponent, recognize bacterial components throughout
specific epithelial receptors [8, 9, 20, 27, 28]. We previously
showed that spontaneous adaptive variation of the gut
microbiota is associated to minor changes in bacterial rec-
ognition systems, in particular TLR2 and TLR4 expression,

and that the expression of these TLRs had no clear correla-
tion with the microbiota [31]. The present results agree with
these observations and show that spontaneous changes of
GCM are not enough to directly modify the expression of
TLR2, TLR4, TLR5, or TLR7. It can be speculated that
profound changes in the microbiota, including the appear-
ance of pathogenic strains, can be necessary to significantly
alter host–microbe interactions, leading to changes in the
expression of TLRs.

Overall, the present observations support the view that
GCM is a dynamic system able to experience environmental-
related adaptive changes. Moreover, data obtained suggest that
the microbiota is able to interact with the host, leading to the
modulation of endogenous regulatory systems. This might be
part of the underlying mechanisms mediating the beneficial

Figure 6 Expression of MOR and CB2 assessed by immunohistochem-
istry. Representative images (×200) showing the localization of MOR (A,
a) and CB2 receptor (B, b) immunoreactivity in themyenteric plexus of the
rat colon. Upper panels (A, B) correspond to a barrier-breed-and-
maintained animal; lower panels (a, b) correspond to a conventional-
breed-and-maintained animal. Arrows indicate myenteric ganglia. Bar
graphs at the bottom show the quantification of MOR-like

immunoreactivity in the myenteric ganglia and the number of CB2-immu-
noreactive cells within the myenteric plexus in the different experimental
groups. Data are mean ± SEM (n=4 per group). Number on top of columns
correspond to P values (ANOVA) vs. barrier for MOR and vs. conven-
tional for CB2. Barrier barrier-breed-and-maintained group, Adapted bar-
rier-breed adapted to conventional conditions group, Conventional
conventional-breed-and-maintained group
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effects of certain probiotics on gastrointestinal disorders. The
present data directly implicate large spontaneous changes in
gut commensal microbiota with the modulation of endogenous
systems potentially implicated in sensory responses arising
from the gut. These observations warrant further studies
assessing how spontaneous or directed changes in gut com-
mensal flora affect neural functions within the gut from a
functional, morphological, and molecular point of view.
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