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A B S T R A C T   

The gastrointestinal tract (GI) is the largest immune organ whose function is controlled by a 
complex network of neurons from the enteric nervous system (ENS) as well as the sympathetic 
and parasympathetic system. Evolving evidence indicates that cross-communication between gut- 
innervating neurons and immune cells regulates many essential physiological functions including 
protection against mucosal infections. We previously demonstrated that following paraoxon 
treatment, 70 % of the mice were able to survive an oral infection with S. typhimurium, a virulent 
strain of Salmonella enterica serovar Typhimurium. The present study aims to investigate the effect 
that rivastigmine, a reversible AChE inhibitor used for the treatment of neurodegenerative dis-
eases, has on the murine immune defenses of the intestinal mucosa. Our findings show that, 
similar to what is observed with paraoxon, administration of rivastigmine promoted the release of 
secretory granules from goblet and Paneth cells, resulting in increased mucin layer. Surprisingly, 
however, and unlike paraoxon, rivastigmine treatment did not affect overall mortality of infected 
mice. In order to investigate the mechanistic basis for the differential effects observed between 
paraoxon and rivastigmine, we used multi-color flowcytometric analysis to characterize the im-
mune cell landscape in the intraepithelial (IE) and lamina propria (LP) compartments of intestinal 
mucosa. Our data indicate that treatment with paraoxon, but not rivastigmine, led to an increase 
of resident CD3+CD8+ T lymphocytes in the ileal mucosa (epithelium and lamina propria) and 
CD11b− CD11c+ dendritic cells in the LP. Our findings indicate the requirement for persistent 
cholinergic pathway engagement to effect a change in the cellular landscape of the mucosal tissue 
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that is necessary for protection against lethal bacterial infections. Moreover, optimal protection 
requires a collaboration between innate and adaptive mucosal immune responses in the intestine.   

1. Introduction 

The mean total surface area of the gastrointestinal (GI) mucosal system in human adults has been estimated at ~32 m2, which is 
amplifiable by a factor of ~100 b y the presence of villi and microvilli along the small and large intestines [1]. This large surface area 
facilitates the three main functions of the GI tract, namely digestion and absorption of nutrients, defense against invading pathogens, 
and continuous interaction with the commensal microbiota that molds and maintains immune homeostasis along the tract. Host 
defense along the GI tract utilizes non-immune as well as immune innate and adaptive mechanisms that encompass discrete lymphoid 
compartments, including the Peyer’s patches, lamina propria (LP) and intraepithelial lymphocytes (IELs) [2]. 

Salmonella enterica is one of the most common bacterial enteropathogens and the etiologic agent of salmonellosis and typhoid fever 
in humans. There are over 2600 Salmonella bacteria serotypes [3], being Salmonella enterica subsp. Salmonella enterica subsp. Enterica 
serovars Typhi and Paratyphi are the causative agents of Typhoid fever which accounted for ~9 million cases and 110,00 deaths in 
2019 alone (https://www.who.int/news-room/fact-sheets/detail/typhoid). Salmonella enterica serovar Typhimurium is responsible 
for salmonellosis, or food poisoning, in humans and over 91,000 salmonellosis cases are reported each year in the EU. It has been 
estimated that the overall economic burden of human salmonellosis is as high as €3 billion a year (European Food Safety Authority, 
2024). Infection usually occurs from eating contaminated foods (dairy, eggs, meat, raw product), drinking contaminated water or from 
contact with infected persons. Despite the efforts to prevent and control Salmonella enterica infections in humans, by avoiding 
contamination in animals, vegetables and fruits, the prevalence of Salmonella infections is still high. Moreover, antimicrobial resis-
tance in Salmonella strains is of concern for public health safety as it led to inability to treat the disease [4]. Furthermore, the developed 
vaccines are ineffective in preventing the infection [5]. Therefore, a new approach is needed to deal with bacterial infections. 

The GI tract is innervated by the enteric nervous system (ENS) composed of the myenteric and submucosal plexuses. Additionally, 
the GI tract receives extrinsic innervation by neurons of the sympathetic, parasympathetic (mainly vagal) and visceral nervous systems 
[6]. Direct vagal innervation has been described in the intestinal mucosa specifically between the intestinal crypts, the villous lamina 
propria reaching the basal membrane, but without making direct contact with epithelial cells [7,8]. Vagal stimulation leads to the 
release of acetylcholine (ACh) that acts on neurons of the ENS inducing the release of neuropeptides and neurotransmitters. 

Numerous immune cell populations, including lymphocytes, macrophages and dendritic cells, express ACh receptors (muscarinic 
and/or nicotinic) [9–11] which suggests that ACh could directly modulate the immune response. Lymphoid cells such as T cells, B cells, 
dendritic cells and macrophages, express ChAT (choline acetyltransferase) and release ACh in response to different signals [12,13]. 
Given that ACh is the major neurotransmitter in the cholinergic nervous system, and could potentially mediate communication be-
tween immune cells, suggests that ACh may play a central role in the interaction between the nervous and immune systems. In this 
context, Tracey and co-workers demonstrated that the inflammatory response is modulated by the existing collaboration between the 
nervous and immune systems, a concept known as the inflammatory reflex [14,15]. 

Although the anti-inflammatory effect of cholinergic stimulation has been demonstrated by various groups of investigators 
[16–23], the underlying mechanisms are not completely understood. At the level of the spleen, cholinergic stimulation induced the 
production of ACh by CD4+ T cells [12,24], which in turn binds to nicotinic acetylcholine receptors (nAChR) on macrophages [25] and 
reduce the production of pro-inflammatory cytokines, including TNFα. At the level of the pancreas and using the streptozotocin 
(STZ)-induced diabetic murine model, our laboratory demonstrated that acetylcholinesterase (AChE) inhibition avoided pancreatic 
beta-cell destruction and, therefore, the increase of glucose levels in blood in STZ-treated animals. This observation was correlated 
with a change in the type of immune response induced by STZ, that shifted from a predominant interleukin 17 (IL-17) to an interferon 
gamma (IFNγ) response [21]. The effect of AChE inhibition was also evident at the level of the GI mucosa, where it was found to induce 
anti-microbial innate immune defenses, leading to an enhanced survival of animals that received a lethal dose of S. typhimurium [26, 
27]. 

In all our aforementioned studies [21,26–28], modulation of ACh release was achieved through long-term administration of a 
highly selective and non-reversible inhibitor of the AChE enzyme, namely paraoxon. AChE hydrolyzes ACh in the synaptic cleft, hence 
increasing the levels of ACh available for postsynaptic stimulation [29]. However, given that paraoxon is not a physiologically 
designed AChE inhibitor, in the present study we aimed to analyze the efficiency of rivastigmine, an AChE inhibitor used for the 
treatment of neurodegenerative diseases, in the murine Salmonella infection model, and compare the effects that treatment with either 
paraoxon or rivastigmine exert on the immune cells that populate the mucosa in the intestine (SFig. 1) . We hypothesized that riva-
stigmine could have the same effect as paraoxon on the intestinal mucosa and, therefore, improve survival following a lethal infection. 

Our findings show that treatment with rivastigmine increased median survival of S. typhimurium infected mice and appears to delay 
the spread of pathogenic bacteria to other parts of the body. Importantly, however, rivastigmine failed to rescue the animals from 
succumbing to the infection, which was in sharp contrast to the overall effect previously observed with paraoxon. To gain an un-
derstanding of the requirements for host protection, we undertook a detailed analysis of the mucosal innate and adaptive immune 
system compartments following treatment with paraoxon or rivastigmine. Our findings indicate that rivastigmine and paraoxon 
induced similar innate immune responses which includes the secretion of granules from Paneth cells and goblet cell that resulted in an 
increase in the thickness of the mucin layer in the colon. However, the distribution of immune cells at the effector sites of the LP and 
IELs was distinct following the two treatments. These findings suggest that a more persistently stable AChE inhibition is required to 
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increase surveillance and prepare the intestinal mucosa for rapid control of microbial proliferation following infection with a virulent 
oral pathogen. 

2. Materials and methods 

2.1. Experimental animals 

BALB/c mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and bred in the animal facility at the College of 
Medicine and Health Science, United Arab Emirates University [27]. Male mice aged 8–12 weeks were used for all experiments in 
accordance, and after approval of the animal research ethics committee of the College of Medicine and Health Science, United Arab 
Emirates University (Protocol no. AE/06/81). 

2.2. Acetylcholinesterase inhibitors 

Paraoxon ethyl and rivastigmine were purchased from Sigma (St Louis, MO). A stock solution of 10 mmol/L paraoxon was prepared 
in anhydrous acetone and then diluted to 1 mmol/L in PBS. Ex tempore, a solution of 80 nmol/ml of paraoxon in PBS was prepared in 
order to deliver 40 nmol/mouse by daily intraperitoneal (i.p) injection (equivalent to 0.44 mg/kg of body weight). 

A stock solution of 50 mg/ml rivastigmine was prepared in DMSO and then diluted to a concentration of 17.7 μg/μl in PBS from 
which mice received 200μl/mouse/day by subcutaneous (s.c) injection (equivalent to 2 mg/kg). Mice in the control group received 
daily injections of PBS. 

2.3. Bacterial preparation and inoculation 

SL1344 strain of S. typhimurium was utilized in this study. Preparation of log-phase bacteria has been already described elsewhere 
[26,27,30,31]. SL1344 was administered by oral inoculation in 200 μl/mouse following already described protocol [26]. Bacterial 
dose was confirmed by colony-forming units (CFUs) plate counts. All experiments using Salmonella were performed following insti-
tutional biohazard regulations in a BSL2 laboratory. 

2.4. Experimental protocol 

Male mice age- and weight-matched BALB/c were randomly divided into three groups with 5 mice/group/experiment. Group I 
received daily injections of sterile saline and served as control. Group II received daily injections of paraoxon and Group III daily in-
jections of rivastigmine. Treatments were administered for three consecutive weeks with five injections per week with two days rest 
[27]. Once a week, mice were weighted and, in control and paraoxon-treated mice, blood collected and analyzed for AChE activity in 
red blood cells. After the three-week treatments and following the 2-day break, animals were either sacrificed (groups I, II and III) or 
infected with virulent bacteria (SL1344) and euthanized at the specified time points (groups I and III). In other experiments the 
survival of infected animals was monitored. Fig. 1A shows the timeline and experimental procedures. 

2.5. Calculation of bacterial counts 

On day three post infection, fecal pellets were freshly collected and, after being weighed, were placed in 1 ml cold PBS and ho-
mogenized. Afterwords, mice were sacrificed and internal organs (liver, spleen and intestine) as well as the intestinal content were 
obtained, placed in 1 ml cold PBS and homogenized. Crude or diluted homogenates (100 μl) were cultured at 37 ◦C on plates of SS agar 
with streptomycin (200 μl/ml). After overnight incubation, CFUs were calculated. 

2.6. Isolation of intraepithelial and lamina propria lymphoid cells from the intestine 

Following the treatment with saline, paraoxon or rivastigmine, mice were euthanized, and small intestines collected and cleaned of 
fecal content, fat tissue and Peyer’s patches before being weighed. Intestines were opened longitudinally, cut into small pieces and 
incubated with pre-digestion solution (HBSS w/o Ca++ and Mg++). Then, intestinal tissue was filtered, and supernatant collected. This 
procedure was repeated three times and, supernatant pulled, centrifuge and pellet containing IELs resuspended in PBS. For the 
isolation of LP leukocytes (LPLs), remaining intestinal tissue was further digested using the lamina propria dissociation kit (Miltenyi 
Biotec, Bergisch Gladbach, Germany) and the gentleMACS dissociator (Miltenyi Biotec), following manufacturer protocol. 

2.7. Flow cytometric analysis 

Isolated IELs and LPLs were analyzed using FACS and following standard protocol [27]. Cells were stained with different com-
binations of conjugated monoclonal antibodies CD3-BV785, CD4-PE, CD8α-APC/Fire750, CD8β-FITC, CD11b-Alexa Fluor 488, 
CD11c-APC or PE, CD19-PE-Dazzle594, CD45-PE or APC, CD103-BV421 and γδTCR- BV605 (All from BioLegend, San Diego, CA, USA). 
Non-viable cells that stained positive for Zombie Aqua Viability Dye-BV-510 (BioLegend), were excluded from the analysis. For each 
antibody, an appropriate isotype control was used. Data were collected on 30,000 cells using BD FACS Celesta (BD Biosciences, 
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Franklin Lakes, NJ, USA) and analyzed using FlowJo software (Ashland, OR, USA). 

2.8. Histological investigation of the intestine 

Ileum was removed and prepared for histological studies following established protocol. To visualize the acid mucins in the in-
testinal lumen, colon was excised and fixed using Carnoy’s solution. Colon sections were stained using 1 % (w/v) Alcian blue 3GX 
(Sigma, Saint Louis, MO, USA), differentiated in tap water, counter-stained with hematoxylin (Thermo Fisher Scientific, Waltham, MA, 
USA) and visualized with an Olympus BX51 microscope equipped with digital camera DP26 (Olympus Corporation, Tokyo, Japan). 
Mucin thickness in the intestinal lumen was measured in 3–4 high power fields (HPF)/section using 2–5 sections/mouse. A 3-steps 
staining protocol was followed to detect B cells, T cells (CD4 and CD8) as well as cells producing IFNγ on ileum sections. For B 
lymphocytes, anti-CD45R (BD, Franklin Lakes, NJ, USA) rat monoclonal antibody was used and followed by a secondary anti-rat HRP 
(Abcam) and DAB (Dako, Carpinteria, CA, USA). For CD4 and CD8 T lymphocytes as well as IFNγ-producing cells, rabbit anti-CD4, 
anti-CD8 and anti-IFNγ (all from Abcam, Cambridge, UK), respectively, were used followed by anti-rabbit HRP (Cell signaling, 
Danvers, MA, USA) and DAB. Sections were counter-stained with hematoxylin and visualized, and photographed, with an Olympus 
BX51 microscope equipped with digital camera DP26 (Olympus Corporation, Tokyo, Japan). Quantification of labeled cells was 
performed in 10 HPF/section using 2–3 section/mouse. CD4+ and CD8+ cells in LP and epithelium were counted separately. CD45R+

and IFNγ+ cells were difficult to determine their exact location within the intestinal mucosa for which these cells were quantified as 
mucosal cells without specifying the exact location. 

Indirect immunostaining for mucin and lysozyme was performed using rabbit polyclonal anti-mucin (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) and anti-lysozyme (Dako, Glostrup, Denmark), respectively, followed in both cases by FITC-conjugated donkey 
anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA, USA). All sections were counter-stained with propidium iodide (BD 

Fig. 1. Rivastigmine treatment reduced body growth and improved survival to oral infection with virulent S. typhimurium. (A) Graphic 
representation of the experimental timeline and procedures (Created with BioRender). During the three-week treatment with saline or rivastigmine, 
mice were weighed weekly, and (B) body weight gain calculated as percentage of the initial weight. Graph shows the mean values ± SEM of data 
pooled from 5 independent experiments (n = 33–32 mice/group). Asterisks denote statistically significant differences between the control and 
experimental group ****p < 0.0001. (C) After the treatments with saline or rivastigmine, animals received an oral infection with SL1344 (2 × 104 

CFUs/mouse). Survival was followed for up to 30 days after infection. Graph depicts the mean ± SEM of pooled data from two independent ex-
periments (n = 10/group). Chi squared (Mantel-Cox) statistical test was used for this analysis. Asterisks denote statistically significant differences 
between the control and experimental group (***p < 0.001). 
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Bioscience) and examined and photographed under a Nikon C1 laser scanning confocal microscope. For electron microscopy study, 
tissue was fixed, and prepared following a published protocol [27]. Sections were examined and photographed with TENAI G2 Spirit 
Transmission Electron Microscope (FEI, Hillsboro, OR, USA). 

2.9. Quantitative RT-PCR analysis 

RNA from IELs and LPLs was extracted by TRIzol method and repurified on Qiagen columns (RNA easy mini kit, Qiagen, Valencia, 
CA). cDNA was synthesized using TaqMan reverse transcription reagents (Applied Biosystems, Foster City, CA) according to manu-
facturer’s protocol. Premade Taqman primers and probes (Applied Biosystem) were used to study the expression of INFγ and HPRT. 
Transcript levels of target gen were normalized according to the ΔCq method to respective mRNA levels of the housekeeping gen 
HPRT. The expression of the target gene is reported as the level of expression relative to HPRT. 

2.10. Statistical analysis 

Statistical significance between control and treated groups was analyzed by unpaired two-tailed Student’s t-test or one-way 
ANOVA. For survival analysis, the log rank (Mantel-Cox) test for Kaplan-Meier functions was applied. GraphPad Prism software 
(San Diego, CA, USA) was utilized for the analysis. p values < 0.05 denoted significant differences between the experimental groups. 

3. Results 

3.1. Rivastigmine treatment reduced body weight growth 

The choice of rivastigmine over other AChE inhibitors was based on its selective inhibitory action on AChE and BChE. Galantamine 
is a weaker AChE inhibitor than rivastigmine and can also modulate nicotinic ACh receptors allosterically. Moreover, donepezil not 
only acts as an AChE inhibitor, but it also upregulates nicotinic AChR in neurons. Therefore, in order to avoid any effect on nicotinic 

Fig. 2. Rivastigmine treatment reduced bacterial counts in systemic organs at day 3 post infection. After saline or rivastigmine treatment, 
mice received an oral infection with SL1344 (1 × 105 CFUs/mouse). Three days after infection, mice were euthanized, organs collected and ho-
mogenized. Homogenate aliquots were plated, and bacterial counts calculated as CFUs/mg in (A) whole intestine, (B) feces and intestinal content as 
well as (C) spleen and (D) liver. Graphs show individual values and mean ± SEM from 2 independent experiments (n = 8 mice/group). Spleens were 
weighted before homogenization, and individual values and mean ± SEM from 3 independent experiments (13 mice/group) plotted in graph E. 
Student’s t-test was used for data analysis. No statistically significant differences between the control and experimental group were found in any of 
the graphs. 
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ACh receptors, we decided to use rivastigmine for the current study. 
Treatment with AChE inhibitors is associated with a transient weight loss [21,32]. To monitor the efficiency of rivastigmine 

treatment, mice were weighted weekly during the 3-week treatment period. Fig. 1B depicts the body weight gain of mice treated with 
saline or rivastigmine. Saline-treated mice showed a gradual increment in their body weight. However, rivastigmine-treated mice 
showed a significant decrease in body weight gain during the treatment, which is in line with the expected effect of AChE inhibitors. 

3.2. Rivastigmine exposure improved overall survival following a lethal infection 

The highly specific and irreversible AChE inhibitor, paraoxon, was previously shown to increase resistance to mucosal infection by 
virulent Salmonella (strain SL1344) [26,27]. To assess whether rivastigmine could act similarly, mice pretreated with saline or 
rivastigmine were orally infected with SL1344 (2 × 104 CFUs/mouse). Mice were followed for 30 days post-infection to determine 
overall survival. Rivastigmine administration led to a significant enhancement in survival (median survival increased from 9.5 days in 
saline group to 14 days) (Fig. 1C). Despite the improved survival, however, all mice in both the saline and rivastigmine groups 
eventually died from the infection, signifying the level of virulence of the Salmonella strain used in this study. 

3.3. Rivastigmine reduced bacterial dissemination 

Next, we investigated the presence of bacteria in the intestinal mucosa as well as in organs such as liver and spleen. Following saline 
or rivastigmine treatment, mice were orally infected with SL1344 (1 × 105 CFUs/mouse) and euthanized 3 days later. Bacterial counts 
in spleen, liver, fecal pellet as well as in the intestinal content and total intestine, were calculated. No differences in bacterial counts in 
the whole intestine (including content and tissue) were detected between the saline and rivastigmine groups. (Fig. 2A). However, the 
number of bacteria in the intestinal content and feces was lower in the saline-treated group than in the rivastigmine-treated group 
(Fig. 2B). In contrast, the bacterial load in liver and spleen was higher in saline group than in rivastigmine-treated group (Fig. 2C and 
D). Our results suggest that bacterial translocation and dissemination was initially prevented by rivastigmine treatment. The extent of 
splenomegaly was also assessed in the two experimental groups. The average spleen weight in saline-treated group was 76 ± 4.1 mg 
(mean ± SEM) slightly larger than in rivastigmine-treated mice (65 ± 4.6 mg) (Fig. 2E), possibly reflecting the reduction in bacterial 
translocation across the intestinal mucosa in the latter group. However, the differences in all the reported parameters between the 
saline and rivastigmine groups did not reach statistical significance, most likely due to the fact that mice were sacrificed only 3 days 
after infection. 

3.4. Rivastigmine induced the release of lysozyme and mucin 

Next, we investigated the potential changes that rivastigmine exerted in the intestinal mucosa as we have previously observed 
following paraoxon treatment [27]. Specifically, we wanted to see if we could detect any changes in the morphology of the intestinal 
mucosa that could explain the delay observed in bacterial translocation in rivastigmine-treated mice. Ultrastructural observation of 
intestinal tissue from saline-treated mice revealed healthy Paneth cells with nucleus at the basal part, a well-developed endoplasmic 
reticulum and multiple granules of different sizes frequently surrounded with clear halos (Fig. 3A and B). In contrast, examination of 
ileal tissue from rivastigmine-treated mice showed Paneth cells with atypical morphology, with evidence of stressed endoplasmic 

Fig. 3. Rivastigmine induced Paneth cells’ degranulation and release of lysozyme. (A-D) Electron microscopy pictures of ileum crypts. (A-B) 
Paneth cells from saline treated mice contain numerous protein-containing vesicles (arrows) and a prominent endoplasmic reticulum. (C-D) After 
rivastigmine treatment, the secretory granules in Paneth cells are fused and show irregular structure. ER: endoplasmic reticulum; L: intestinal 
lumen; N: nucleus. Scale bar = 2 μm. (E-H) Paraffin-embedded sections from the ileum were stained with anti-lysozyme antibody. (G,H) Riva-
stigmine treatment resulted in a reduction in the intensity of positively labeled (green) Paneth cells when compared to control group (E,F). Side 
panels in images F and H are magnified pictures of their respective delineated areas. Sections were counterstained with propidium iodide (red) L: 
lumen. Scale bar = 20 μm. All photos are representative of 3–5 mice/group from 2 independent experiments. 
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reticulum and large vacuoles (Fig. 3C). Some of these cells were devoid of any granules and presented with an apparently empty 
cytoplasm opened to the intestinal lumen (Fig. 3D). We next investigated if these structural modifications in Paneth cells were affecting 
their lysozyme content. Lysozyme is one of the antimicrobial proteins that Paneth cells produce and secrete in response to microbial 
interaction. Confocal microscopy of intestinal sections from control mice revealed Paneth cells with cytoplasm filled with lysozyme, 
revealed by an intense pattern of staining (Fig. 3E, F). However, sections from rivastigmine-treated group showed Paneth cells that 
exhibited a weak lysozyme staining (Fig. 3G, H) which indicates that lysozyme has been released, corroborating the results observed by 
ultramicroscopy. 

Goblet cells constitute a prominent cell population present in the epithelium of the intestine. By electron microscopy, goblet cells 
appeared scattered in between adjacent intestinal epithelial cells. In the saline control group, goblet cells were big with a cup shaped 
structure, and highly polarized. The nucleus was located at the base of the cells together with a well-developed endoplasmic reticulum, 
and an apical side filled with membrane-bound granules (Fig. 4A, B). In the rivastigmine-treated group, goblet cells were completely or 
partially depleted of granules and appeared to release their content to the intestinal lumen (Fig. 4C, D). In some goblet cells the 
secretion seemed to be very forceful to the extent that the cell membrane was disrupted. Given that mucin is the most abundant 
bioactive molecule synthesized by intestinal goblet cells, we analyzed the mucin content and goblet cell degranulation by confocal 
microscopy using a specific anti-mucin antibody. In saline-treated mice, labeled goblet cells appeared rounded in shape with a dense 

Fig. 4. Rivastigmine induced goblet cells’ degranulation. Electron microscopy pictures of ileum epithelium from mice treated with (A-B) saline 
or (C-D). In control mice, goblet cells (arrows) contain numerous mucous globules in their cytoplasm. Rivastigmine treatment induces degranulation 
of goblet cells and mucus secretion. Bar = 1 μm. (E-H) Paraffin-embedded sections from the ileum were stained with anti-mucin antibody. Confocal 
micrographs show the mucin content in the cytoplasm of goblet cells (green) in (E,F) saline and (G,H) rivastigmine-treated mice. Delineated zones 
(F, H) have been enlarged in the side panels. Scale bar = 40 μm in E and G. Scale bar = 20 μm in F and H. All photos are representative of 3–4 mice/ 
group from 2 independent experiments. L: intestinal lumen; ER: endoplasmic reticulum. 

Fig. 5. AChE inhibition results in a thicker colonic mucin. Mice treated with saline, paraoxon or rivastigmine were sacrificed. Colon excised, 
processed and stained with Alcian blue for mucin content visualization. Colon of mice treated with saline (A, B) show an intestinal lumen with a thin 
mucin layer (arrow). In contrast, (C,D) paraoxon and (E,F) rivastigmine treatment resulted in a much thicker layer of mucin. Scale bars at the top 
right corner of the picture = 20 μm. Pictures are representative of 3 slides/mouse, 4 mice per group from 3 independent experiments. L: lumen. 
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stained cytoplasm (Fig. 4E, F). In contrast, immunostaining of ileum of rivastigmine-treated mice revealed goblet cells with their apical 
side opened and releasing their content to the intestinal lumen (Fig. 4G, H). 

As a result of this degranulation, we hypothesized that the mucin layer coating the intestinal epithelium should be more prominent 
after treatment with AChE inhibitors. Previous work demonstrated that along the intestinal tract, there is a variation in the percentage 
of goblet cells which is directly correlated to the size of the mucin layer, being more abundant in the colon than in the small intestine 
[33]. Therefore, to better visualize any changes in the intestinal mucus layer induced by paraoxon and rivastigmine, we studied the 
proximal part of the colon. Following the treatment with saline or AChE inhibitors (paraoxon or rivastigmine) colon was excised and 
processed for histological analysis to detect the presence of epithelial mucins. The saline-control group showed a thin colonic mucus 
layer (Fig. 5A and B) compared to the many layers found in the intestinal lumen of paraoxon- (Fig. 5C and D) and rivastigmine- (Fig. 5E 
and F) treated groups. This fact was further investigated by measuring the depth of the mucin layer in the colon sections of each group 
(SFig. 2). The results confirmed a statistically significant increase in the intestinal mucin layer in the paraoxon and rivastigmine groups 
compared to the saline group. Taken together, these morphological findings demonstrate that both rivastigmine and paraoxon act 
similarly, and effectively induce the release granules from Paneth cells, causing the secretion of anti-microbial effector molecules, and 
goblet cells which leads to an increase in the intestinal mucus layer. 

3.5. Immunohistochemical analysis of mucosa-associated immune cells 

Paraoxon and rivastigmine share the property of inducing the release of mucin and lysozyme from goblet and Paneth cells, 
respectively, but yet rivastigmine was unable to induce the same level of protection against SL1344. This suggests that other alterations 
along the mucosal tract could underlie the observed protective effect. In the next series of studies, we focused on the potential changes 
induced by each of the AChE inhibitors on the lymphoid populations of the intestinal mucosa. Immunohistochemical staining of ileum 
sections from saline-, paraoxon- or rivastigmine-treated group was carried out to assess any potential alterations in lymphocyte 
numbers and location. Analysis of B cells in ileal sections revealed their presence mainly in the LP (Fig. 6A–C), where similar cell 
numbers per HPF were determined in all three experimental groups (SFig. 3A). CD4+ T cells were also mostly located in the LP 
(Fig. 6D–F) while CD8+ T cells were more abundant (~2-fold) in the intraepithelial (IE) compartment compared to the LP (Fig. 6G–I). 
While there were significant differences between the number of CD4 T cells in IE vs. LP compartments (SFig. 3B), there were no 
significant differences in their numbers within each compartment following each treatment. Likewise, the abundance of CD8 T cells in 
the IE was clearly statistically different than in the LP compartment (SFig. 3C). However, no statistically significant difference was 
found in their abundance within each compartment following treatment. 

Considering the essential role that the proinflammatory cytokine IFNγ plays in the defense against Salmonella infection [34], we 
investigated the presence and location of cells that produce IFNγ-in the ileal mucosa. Immunostaining with an anti-IFNγ antibody 
showed IFNγ+ cells among the epithelial cells and at the basal surface adjacent to the underlying tissue (Fig. 6J-L). Quantification of 
IFNγ+ cells at HPF reveled a small increment induced independently by both AChE inhibitors (16.3 ± 1.9 and 16.1 ± 1.5 cells per HPF, 

Fig. 6. Immunohistochemical study of immune cells in the intestinal mucosa. Ileum sections obtained from (A, D, G, J) saline- (B, E, H, K) 
paraoxon- and (C, F, I, L) rivastigmine-treated mice were stained with (A-C) anti-CD45R, (D-F) anti-CD4, (G-I) anti-CD8 and (J-L) anti-IFNγ an-
tibodies, as described in Material and Methods section, and counterstained with hematoxylin. Images show immune-positive, dark brown-stained 
cells. Scale bars at the top right corner of the picture = 20 μm. Photos are representative of 3–5 mice/group from 3 independent experiments. 
L: intestine lumen. 
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in paraoxon and rivastigmine, respectively) compared to saline-treated group (13.2 ± 1.4 cells/HPF) (SFig. 3D). However, this dif-
ference was not significant. To confirm this result, we carried out qRT-PCR analysis of purified IELs and LPLs. The data revealed a very 
low level of expression of IFNγ by both cell types. Importantly, there were no significant differences between control and drug-treated 
mice (SFig. 4). 

Therefore, treatment with paraoxon or rivastigmine did not appear to modify the normal distribution of lymphoid cells in the 
ileum. Moreover, quantitative differences were not observed among the three treatment groups. 

3.6. Phenotypic analysis of the mucosal immune populations by flowcytometry 

In order to determine the possible changes in intestinal immune cell populations following AChE inhibition more quantitatively, 
the immune cell phenotypes in the intestinal epithelium and lamina propria were determined by flow cytometry. Given the diverse cell 
types that populate the intestine, we were interested in examining potential alterations in the percentage of the different cell pop-
ulations within the epithelium and LP compartments following AChE inhibition in a non-infected model. After a 3-week treatment with 
saline, paraoxon or rivastigmine, intestinal tissues were processed, ileal hematopoietic cells (from epithelium and LP) isolated, stained 
with specific antibodies and analyzed by multicolor flow cytometry. All data analysis was made on single live cells. Supplementary 
Figs. 5 and 6 depict flow cytometry dot-plots showing the gating strategy used to identify total (SFig. 5A, SFig. 6A) and CD103+

resident (SFig. 5B, SFig. 6B) hematopoietic populations in the intraepithelial and LP compartments. 

3.6.1. Intraepithelial compartment 
In saline-treated animals, 37.3 % of IE cells consisted of CD45+ hematopoietic cells (Fig. 7A), of which the great majority (72 %) 

were CD3+ T lymphocytes (Fig. 7B), with only 6.6 % CD19+ B cells (Figs. 7C) and 4.6 % CD11b+ myeloid cells (Fig. 7D). Compared to 
the saline group, treatment with paraoxon induced a statistically significant increment in the total percentage of hematopoietic cells 
(49.4 %) in the IE compartment (Fig. 7A) that was not associated with any alteration in the percentage of any of the lymphoid or 
myeloid subpopulations (Fig. 7B–D). Noticeably, however, rivastigmine treatment resulted in a 30 % decrease in the percentage of 
hematopoietic cells in IE compartment compared to control group, but without significant alterations in the ratios of the different cell 

Fig. 7. Paraoxon treatment resulted in an increase in resident hematopoietic cells of CD8 phenotype in the intestinal epithelium. After 3 
weeks of treatment with saline, paraoxon or rivastigmine, mice were sacrificed. Isolated intraepithelial (IE) cells from ileum were analyzed by 
flowcytometry using specific mAbs. (A-D) Graphs show the percentage of (A) total CD45+ cells and its three main populations: (B) CD3+ T cells, (C) 
CD19+ B cells and (D) CD11b+ myeloid cells in the epithelium of saline-, paraoxon- and rivastigmine-treated mice. Graphs E-G depict the per-
centages of resident IE (E) hematopoietic cells CD45+CD103+ (F) CD3+ T cells and (G) CD8+ T cells. Graph H shows the percentage of CD8+CD103+

cells out of the total IE population. All graphs represent individual values and the mean ± SEM of 7–10 mice per group from 3 independent ex-
periments. One-way ANOVA statistical test was used for data analysis. Asterisks denote statistically significant differences between groups (*p <
0.05; **p < 0.01; ***p ≤ 0.001; ****p < 0.0001). 
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subpopulations (Fig. 7A–D). Representative dot plots for the three different subpopulations are shown in SFig. 7. 
CD103 is an integrin involved in cell-to-cell, and cell-to-matrix interactions [35] and mediates cell adhesion, migration, and 

lymphocyte homing [36]. Given that CD103 is an important marker for tissue-resident cells in the GI tract, we focused on CD103+ cells 
in our analysis of possible cellular perturbations induced by the different treatments. Fig. 7E shows a statistically significant increment 
in the percentage of the total CD103+ population in the paraoxon-treated group (37.8 %) compared to the saline group (27 %) in the IE 
compartment. On the contrary, following rivastigmine treatment this population decreased by 18.9 % compared to control, but the 
difference was not statistically significant. In all three groups, however, the majority (92–94 %) of these IE resident cells were 
identified as T cells (Fig. 7F), probably representing effector/memory T cells that play an important role in host defense against 
infection [37]. The IE T cell population (CD45+CD3+CD103+) was further characterized based on the expression of CD4 and CD8α 
proteins. We concentrated on the most prominent T cell population within this compartment, namely CD8+ T cells. In saline-treated 
animals, 70 % of the total resident T cells were CD8+ T cells. Compared to the saline group, paraoxon and rivastigmine treatment 
induced a small but insignificant increase in the percentage (79 % and 75 %, respectively) of these cells (Fig. 7G). Representative dot 
plots of these populations are shown in SFig. 8A–C. When expressed as a percentage of the total IEL population, the findings show that 
paraoxon induced a statistically significant increment in the percentage of CD8+CD103+ cells (mean ± SEM = 31.7 ± 4.9) compared 
to control (18.5 ± 1.7), corresponding to an increase of almost 59 % (Fig. 7H). In contrast, the abundance of CD8+CD103+ cells in 
rivastigmine-pretreated mice was slightly decreased (11.6 ± 1.8) compared to control (Fig. 7H). 

The CD8 coreceptor is a transmembrane dimeric protein that can be expressed as CD8αα homodimer or CD8αβ heterodimer in the 
intestinal mucosa [38]. Furthermore, the majority of mucosal T cells express the αβ T cell receptor (TCRαβ T cells). A second, minor, 
population of T cells express γδ TCR (TCRγδ T cells). Thus, based on the differential expression of CD8 and TCR proteins, and the panel 
of monoclonal antibodies used in our staining protocol, at least three different subpopulations of resident CD8+ T cells could be 
discerned in the small intestine: CD8αα+/TCRγδ+ cells, CD8αα+/TCRαβ+ cells, and CD8αβ+/TCRαβ+ T cells (SFig. 9, SFig. 8D). When 
comparing the percentages of any of these three T cell subpopulations in experimental vs control groups, no statistically significant 
changes were found (SFig. 9A–C). Considering the increment of resident CD45+ and CD8+ T cells induced by paraoxon treatment, we 
can conclude that all three CD8+ T subpopulations have undergone a significant increase in abundance following paraoxon, but not 
rivastigmine, treatment. 

Fig. 8. Phenotypic characterization of resident hemopoietic cells in the intestinal lamina propria. Isolated lamina propria (LP) cells from 
ileum of control and experimental groups were analyzed by flowcytometry using specific mAbs. (A-C) Graphs depict percentages of lamina propria 
resident (A) CD45+ CD103+cells, (B) CD3+ T cells and (C) CD8+ T cells in each group. In graphs D-F the percentages of (D) CD11b+CD11c+, (E) 
CD11b+CD11c− and (F) CD11b− CD11c+ cells (all populations out of CD45+ cells) in the lamina propria of saline-, paraoxon- and rivastigmine- 
treated groups. All graphs represent values and mean ± SEM of 5–10 individual mice per group from 3 independent experiments. One-way 
ANOVA statistical test was used for data analysis. Asterisks denote statistically significant differences between the indicated groups (*p < 0.05; 
**p < 0.01). 
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3.6.2. Lamina propria compartment 
We carried out an extensive phenotypic analysis of cells isolated from the LP compartment using multiple panels of antibodies to 

lymphoid and myeloid cell populations. In our hand, the isolated cells of the LP compartment in control mice typically consisted of 
~27 % CD45+ hematopoietic cells out of which ~25 % were CD3+ T cells, 36 % CD19+ B cells and ~5 % CD11b+ myeloid cells, while 
30–35 % of the LP CD45+ cells were not typable using our antibody panels (SFig. 10A–D). Neither paraoxon nor rivastigmine treatment 
induced major alterations in the percentage of the various CD45+ cell populations. Representative dot plots of these populations are 
shown in SFig. 11. We then focused on CD45+ CD103+ resident LP cells, which constituted only 4 ± 0.5 % (mean ± SEM) of the total 
isolated cells or ~15 % of the total CD45+ hematopoietic cells in control mice (Fig. 8A). Paraoxon treatment induced a significant 
increase (7 ± 1.5 %) in this population (corresponding to ~25 % of the total CD45+ hematopoietic cells) in contrast with rivastigmine 
treatment where this population decreased significatively to 2.5 ± 0.2 % (~9 % of the total CD45+ hematopoietic cells) (Fig. 8A). The 
majority of these resident cells were CD3+ T cells in all groups (Fig. 8B). Interestingly, we observed a significant increase in the 
percentage of resident T cells following paraoxon treatment (average of 92 ± 1.45 %) in comparison to the rivastigmine (82 ± 3 %) 
group but not to the saline (87 ± 1.9 %) group (Fig. 8B). The majority of these CD3+ cells (60–66 %) were CD8+ T cells in all groups 
(Fig. 8C). Representative dot plots of these cell populations are shown in SFig. 12 A,B Furthermore, quantitative analysis of the 
different CD8+ subpopulations, namely CD8αα+/TCRγδ+, CD8αα+/TCRγδ− and CD8αβ+ cells, revealed no significant alterations 
between saline and neither of the treated experimental groups (SFig.12 C,D and SFig. 13 A-C). 

We analyzed the myeloid cell population in the lamina propria based on the differential expression of CD11b and CD11c protein 
markers. Three distinct subpopulations could be identified (Fig. 8D–F), CD11b+CD11c+ dendritic cells (DCs), CD11b+CD11c− and 
CD11b− CD11c+. Our results showed that the CD11b+ populations, CD11c+ and CD11c− , represented ~3 % and 2 %, respectively, of 
the CD45+ cells in the saline group (Fig. 8D and E). The abundance of these cell populations was not significantly altered by paraoxon 
nor rivastigmine treatment. On the other hand, CD11b− CD11c+ population represented ~7 % of the total CD45+ cells in the saline 
group (Fig. 8F). After paraoxon treatment, the percentage of this population increased to 12 % while rivastigmine treatment did not 
induce any change (Fig. 8F). Representative dot plots are shown in SFig. 12E. 

Thus, only paraoxon but not rivastigmine treatment resulted in a recruitment of resident hematopoietic cells to the intraepithelial 
compartment as well as to the lamina propria. These resident cells were mostly CD8+ T cells. Additionally, paraoxon treatment led to 
an increment in CD11b− CD11c+ population in the lamina propria. 

4. Discussion 

We have previously demonstrated that exposure to paraoxon, an organophosphorus compound and specific inhibitor of the enzyme 
AChE, increased survival of mice that were orally infected with a virulent strain of Salmonella [26]. In the present study, we inves-
tigated whether rivastigmine, an ACh inhibitor used in humans for the treatment of dementia in Alzheimer’s and Parkinson’s diseases, 
can also efficiently rescue mice from succumbing to a lethal Salmonella infection. 

Rivastigmine is a relatively weak (IC50 = 4.5 μM) pseudo-irreversible cholinesterase inhibitor that has a safe profile in humans. 
Rivastigmine binds to the catalytic site of two enzymes, AChE and butyrylcholinesterase (BChE), inhibiting their hydrolytic activity 
that leads to a delay in the breakdown of ACh in the synaptic cleft. However, the precise mechanism of action is not completely 
understood yet [39–42]. Rivastigmine has a short half-life (1.5 h) and short pharmacodynamic effect (10 h) [43] and, therefore it is 
difficult to observe variations in the weekly enzymatic activity of the AChE in red blood cells during the treatment period, as typically 
observed following paraoxon treatment where the enzymatic activity of AChE is reduced by 50 % after one week of treatment [21,27]. 
So, instead, the effectiveness of the rivastigmine treatment was validated by following the animal’s body weight during the course of 
the treatment, as it is known that cholinergic stimulation, or increased levels of ACh, induces an increase in animal’s physical activity 
and in the intestinal peristaltic movement that leads to a slower body growth [21,27,32]. Our data showed that rivastigmine reduced 
the body growth of treated animls, confirming the efficacy of AChE inhibition. 

It is noteworthy that in our experimental Salmonella model rivastigmine was not able to save treated animals from succumbing to an 
oral infection with S. typhimurium despite the small but significant enhancement in survival. The fact that at day 3 post-infection, 
systemic organs of rivastigmine-treated mice contained less bacteria than their feces and intestinal content suggests the existence 
of an effective intestinal barrier that limits the translocation of bacteria to the intestinal mucosa and their subsequent systemic 
dissemination. However, this effect is only transitory as eventually all infected mice succumbed to the infection. This outcome is in 
sharp contrast to the good level of protection observed in animals treated with paraoxon where ~80 % of mice survive up to 60 days 
following infection [27]. However, previous studies have shown that rivastigmine ameliorated clinical symptoms of experimental 
autoimmune encephalomyelitis (EAE) and reduced the production of pro-inflammatory cytokines in mice [44]. Moreover, in a model 
of dextran sodium sulphate (DSS)-induced colitis in mice, rivastigmine reduced gastrointestinal inflammation, disease severity and 
colon damage [45]. The same DSS mouse model was used by another group to demonstrate that pyridostigmine, another AChE in-
hibitor, reduced eosinophilic infiltration, increased mucin production and improved epithelial integrity [46]. 

When oral pathogens try to invade the intestinal mucosa, the first obstacle they encounter is the mucus layer covering the 
gastrointestinal epithelium where the microbes are halted, trapped and then removed by peristalsis [47]. The goblet cells are essential 
members of the intestinal innate defense mechanism that maintain intestinal homeostasis [48], and are responsible for the synthesis 
and secretion of mucins, the main component of the mucus layer [49]. The binding of ACh to the M3 muscarinic receptors expressed on 
goblet cells induces the mobilization of Ca2+ in the cytoplasm [50], resulting in mucus secretion [51] by compound exocytosis that 
induces the fusion and secretion of multiple pre-formed apically stored mucin-containing granules [51,52]. Herein we demonstrate 
that, similar to what was previously observed with paraoxon [27], treatment with rivastigmine induced goblet cell degranulation and 

A. Al-Mansori et al.                                                                                                                                                                                                   



Heliyon 10 (2024) e33849

12

the release of mucin, which explains the increased thickness of the intestinal mucus layer. The mucus layer also contains a variety of 
host defense peptides, secreted by the Paneth cells located at the base of the small intestinal crypts [53]. In response to microbial 
antigens, Paneth cells release the content of their secretory granules, rich in anti-microbial peptides and proteolytic enzymes like 
lysozyme, to the intestinal lumen [54,55]. Moreover, Paneth cells express muscarinic AChRs [56] and are able to degranulate 
following stimulation with carbamylcholine, an acetylcholine receptor agonist [57]. Similarly, herein we report that treatment with 
either paraoxon or rivastigmine induced the degranulation of Paneth cells and release of lysozyme to the intestinal lumen [27]. 
However, we cannot discard the possibility of a direct interaction between rivastigmine or paraoxon with the Paneth and goblet cells 
that could induce their degranulation for which further in vitro studies are needed. Taken together, our results indicate that riva-
stigmine acts in an analogous manner to paraoxon insofar as its ability to induce an effective intestinal barrier that could delay the 
translocation of pathogens to the intestinal mucosa, hence providing a rationale for the increased survival of Salmonella-infected 
animals. However, unlike paraoxon which provided long term protection against virulent Salmonella in 80 % of mice [26,27], 
rivastigmine-treated mice could not be fully protected against the lethal infection. This suggests that paraoxon and rivastigmine could 
act differentially on other compartments of the gut-associated lymphoid tissue. 

IELs and LPLs form very specialized lymphoid compartments that regulate the intestinal immune response to infection (reviewed in 
Ref. [58]). These compartments are phenotypically and functionally distinct due to their diverse cell populations (Reviewed in 
Ref. [59]. IELs consist mainly of resident CD103+CD8+ T cells [60–62], located among the basolateral surface of the epithelial cells, at 
the intersection between the external and internal environment [63,64] which allows them to monitor the intestinal microbiota. 
Functionally, these cells maintain mucosal homeostasis by continuous surveillance of the intestine and act as immunoregulatory ef-
fectors with potent cytolytic activity protecting host tissues from infection and uncontrolled systemic infiltration [65,66]. Our findings 
show that paraoxon treatment led to a significant increase in the percentage of CD103+CD8+ cells in the ileal mucosa, providing a 
reinforcement of this first line of cellular immune defense [67]. In this regard, CD8+ T cells have been shown to prevent early systemic 
dissemination of Y. enterocolitica [68] and play an essential role in Salmonella clearance [69]. Studies on patients with inflammatory 
bowel disease (IBD) reported low percentages of CD103+ T cells in comparation to healthy controls [70] and a shift toward more 
CD103- T cells during active inflammation [71]. Therefore, expansion in the percentage of CD103+CD8+ cells in the intestinal mucosa 
represents a clear advantage for a rapid and efficient host response to an infection. Contrary to paraoxon, rivastigmine treatment did 
not induce any increase in these populations which could indicate that more persistent high levels of ACh are needed to induce changes 
on the mucosal immune cell populations. 

CD11c is an integrin molecule expressed typically on dendritic cells and, therefore, is considered a typical marker for dendritic cells 
[72]. However, CD11c can also be expressed on other cell populations like activated T and B lymphocytes as well as NK cells [73]. 
Several studies had tried to elucidate the role of CD11c on these cells and although it seems to be correlated with higher cytotoxicity 
and effector or regulatory functions [74], it is still unclear. The fact that paraoxon treatment resulted in an increase in the percentage of 
CD11c+CD11b− cells in the intestinal LP could indicate that these cells are not the typical dendritic cells, instead they are probably 
CD8+ cells (unpublished data) as it was reported by others [75]. Moreover, some studies correlated the expression of CD11c with a T 
cell population that gets expanded in response to infection [76]. An increase of CD11c expression on T cells of uninfected mice would 
indicate an activation and/or migration of these cells to the LP and constitute an advantage to the host for a more rapid adaptive 
immune response to a potential infection, when the effector responses are essential. Further studies are needed to investigate the direct 
effect of ACh on the expression of CD11c integrin. Similar to CD8+CD103+ cells, the increase of CD11b− CD11c+ cells was not observed 
in the intestinal mucosa of rivastigmine-treated mice, suggesting that high levels of ACh in the intestinal microenvironment promote 
the expression of CD103 and, probably, CD11c on T cells in the intestinal mucosa. 

These results suggest that CD8+ T and CD11b− CD11c+ cells are able to respond to the elevated levels of ACh induced by the in-
hibition of AChE. T and B lymphocytes as well as DCs and macrophages, express muscarinic and nicotinic receptors [11] and other 
components (ChAT, AChE) necessary for a functional, non-neuronal cholinergic system [12,13]. Thus, ACh could play a role in 
regulating immune cell functions, thereby modulating the immune response. In fact, multiple studies have shown that, upon acti-
vation, T and B cells can produce ACh which may contribute to immune responses in several possible ways, by modulating macrophage 
function [12], controlling neutrophil recruitment [13], regulating intestinal AMP secretion [77], inducing T cell migration [78] and 
increasing vasodilation [79]. Inhibition of AChE activity could modulate mucosal immune system cells through (a) a direct interaction 
of their AChR with ACh or (b) indirect thorough products (cytokines, chemokines, etc) secreted by other cells in response to ACh. 
Another possibility to consider is that the increase in mucin and AMP secretion induced by AChE inhibition could influence the 
microbiota composition which in turn could modulate the cellular composition of the intestinal mucosa. However, much needs to be 
done to clearly understand how AChE inhibition regulates the complex immune cellular network existing in the intestinal mucosa. 

Independently of the source of ACh (neuronal or non-neuronal), our data suggest that elevated levels of ACh induced an increase in 
the percentage of CD8+ tissue resident T cells (CD8+CD103+). These cells are retained in the mucosa in a semi-activated state or 
“poised activation state” as they not only express genes associated with cytotoxic T cells (Granzyme A and B, Reg3γ) but also express 
transcripts of genes involved in immune regulation such as CTLA4 and Ly49E-G [80,81]; importantly, however, they lack expression of 
cytokines [81]. The activation status of IELs is thought to be maintained by factors in the local environment. In fact, lymphocytes in the 
intestinal mucosa, specially IELs, express receptors for TGFβ, IL-15 and IL-7, all secreted by IECs. TGFβ is involved in the maintenance 
of IELs and induction of CD103 expression [82], while IL-15 triggers IELs to became cytotoxic [83,84] and IL-7 regulates their survival 
and proliferation [85]. Considering that IECs express different subtypes of muscarinic ACh receptors [86], we could hypothesize that 
persistent high levels of ACh not only stimulate the production of mucins and lysozyme from goblet and Paneth cells, respectively, but 
also could induce IECs to produce cytokines such TGFβ, IL-15 and IL-7 that would induce the expression of CD103 and CD11c on CD8+

T cells, thereby promoting their proliferation in the intestinal mucosa (Fig. 9). Given that the expression of CD11c on T cells is also 
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associated with mucosal homing and activated state [87], the expression of both CD103 and CD11c would enable CD8+ T cells to 
quickly respond to an infection, modulating the initial response and recruitment of other immune cells. Although, to the best of our 
knowledge, there are no reports describing a direct effect of ACh on the expression of CD103 or CD11c on T cells, we cannot rule out the 
possibility that these proteins may also be modulated through the direct action of ACh on these cells. 

Our results demonstrate that although paraoxon and rivastigmine both inhibit the activity of the AChE, they act differentially on 
the intestinal mucosa. This can be due to several factors: (a) paraoxon is an irreversible AChE inhibitor while rivastigmine is a 
reversible AChE inhibitor. This means that paraoxon-treated mice would be exposed to a more prolonged inhibition of AChE activity 
and, therefore, higher levels of ACh than mice treated with rivastigmine; (b) the plasma half-life of paraoxon is 20 h [88] while for 
rivastigmine is only 1.5 h [43] which means that the elevated levels of ACh (induced by AChE inhibition) are more constant following 
paraoxon administration than rivastigmine; (c) rivastigmine can cross the blood-brain barrier (BBB) but not paraoxon for which 
paraoxon would exert its effect only in the periphery. In fact, it has been described that rivastigmine is quite specific and acts mostly on 
the AChE in the brain compared to the peripheral tissues [89] which could indicate that in our model, the effect observed in the GI tract 
of paraoxon-treated mice does not involve directly the central nervous system (CNS). Finally, we would like to comment on the 
observation that high percentage of the CD45+ cells in the LP lack antigen-specific receptor (CD3− CD19− CD11b− ), as previously 
reported by others [90], suggesting the presence of other cells including innate lymphoid cells (ILCs), important for immuno-
surveillance and cytokine response [91,92]. We are currently investigating this possibility. 

In the current study, we attempted to shed light on the potential reasons for the differential outcome on protection afforded by 
paraoxon and rivastigmine by assessing the alterations in the mucosal immune system induced by either treatment in non-infected 
mice. We reasoned that carrying out this analysis in mice treated only with the different inhibitors may provide clues as to why 
paraoxon-treated mice survive a lethal infection while rivastigmine treatment fails to do so. We hypothesized that cholinergic stim-
ulation by AChE inhibitors may create a mucosal environment less favorable for the growth of Salmonella and more able to resist 
bacterial infection. We are cognizant of the fact that any observed changes in mucosal immune system in non-infected mice may not be 
the same as in infected animals. To address this, we would need to carry out a thorough analysis in the context of drug treatment and 
infection. Based on the present findings, we propose that a sustained and, perhaps, more peripheral cholinergic stimulation by AChE 
inhibitors could modulate the immune cell populations in charge of surveillance and recognition of invading pathogens, allowing them 
to mount a quick and efficient response. Overall, our data suggest that peripheral AChE inhibitors (such as paraoxon) create a robust 
anti-pathogen environment in the intestinal mucosa, not only in the epithelium but more importantly in the LP where the invading 
pathogens need to be stopped to avoid systemic dissemination, rendering the host more resistant to pathogen invasion. However, given 
the complexity of mucosal cell interactions that could take place following AChE inhibition, more exhaustive investigations are 
needed. Our results indicate the possibility of a new cellular mechanism in which AChE inhibition leads to increased accumulation of 
CD8+ T cells within the intestinal mucosa, thus highlighting a new modality for mobilizing T cells in the GI tract. This assumption 
would support cholinergic stimulation as a useful therapeutic approach to modulate the immune mechanisms underlying inflam-
matory processes. 

Data availability 

The data supporting the findings of this study are available within the article and its supplementary material. Further inquiries can 
be directed to the corresponding author. 

Fig. 9. Graphic representation of possible mechanism by which ACh modulates the resident CD8 population in the intestinal mucosa. Created 
with BioRender. 
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