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Abstract 
The enteric nervous system (ENS) is a complex structure located in the wall of the gastro-

intestinal tract. One of the less-known active substances found in the ENS is cocaine- and 

amphetamine-regulated transcript peptide (CART). It is known that CART-positive enteric 

neurons take part in the reactions to pathological stimuli, but knowledge of physiological 

stimuli-dependent changes in their population is extremely limited. The aim of the present 

study was to investigate the age- and gender-dependent diversities in the distribution of 

CART-positive neurons in the porcine colonic ENS using the double immunofluorescence 

technique. The obtained results have shown that age affects the number of CART-positive 

neurons in the colonic ENS and the character and intensity of age-caused changes 

depend on the type of the enteric plexus, and the most visible changes have been noted 

in the myenteric plexus in which the percentage of CART-positive neurons amounted to 

22.3 ± 0.2% in young females, 20.7 ± 0.4% in young males, 23.7 ± 0.2% in adult females 

and 25.8 ± 01% in adult males. Moreover, during the present study, sex-dependent diver-

sities in the percentage of CART-positive neurons were found, especially in adult animals. 

The obtained results suggest that CART in the ENS takes part in neuroplasticity pro-

cesses occurring during the development, maturation and/or aging of the gastrointestinal 

tract, as well as that the number of CART-positive neurons is controlled by sex hormones 

and depends on the gender. However, the elucidation of all aspects connected with the 

influence of age and gender on the population of CART-positive neurons in the ENS 

requires further comprehensive studies.
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Introduction
The enteric nervous system (ENS) which is situated in the wall of the gastrointestinal tract. 
takes part in the regulation of many gastric and intestinal functions [1,2]. Due to the millions 
of neurons constituting the ENS and its high degree of independence from the central nervous 
system (CNS), it is often called the “second” or “gut brain” [3–5].

The enteric neurons form intramural ganglia and are often interconnected with each other 
by a dense network of fibres and create ganglionated plexuses [6–10]. In the large intestine of 
the domestic pig, the ENS is built of three types of enteric plexuses: 1) myenteric plexus (MP) 
located between circular and longitudinal muscular fibres; 2) outer submucous plexus (OSP) 
– located in the submucosal layer, laid over the circular muscle fibres and 3) inner submucous 
plexus (ISP) – located in the submucosal layer, beneath the mucosal layer.

The enteric neurons are characterised by high morphological, functional and neurochem-
ical diversity [11]. Till now, several dozens of substances acting as neurotransmitters, neuro-
modulators, enzymes or transporters have been described in the enteric neurons [12–14]. One 
of these substances is cocaine- and amphetamine-regulated transcript (CART) peptide [11].

CART peptide occurs in both the central and peripheral nervous system of various mam-
mal species, including humans, and it is considered to be one of the most important factors 
involved in the regulation of food intake and anorexigenic actions [14–16]. Moreover, CART 
plays a part in the development of the nervous system and has neuroprotective properties 
[17,18]. CART has also been identified in the enteric nervous system in all the enteric plexuses 
in various segments of the gastrointestinal tract of a diversity of mammal species [14]. CART 
in the intestine is probably involved in the regulation of peristalsis and secretory activity, 
but not through a direct effect on the intestinal wall but through the CNS [19]. Locally, the 
CART-positive enteric neurons are also involved in the plastic modulations of the enteric neu-
rons under the impact of physiological and pathological stimuli [20,21]. However, the exact 
roles of CART in the intestine still remain unexplained.

The enteric neurons can respond to a wide range of physiological and pathological factors 
[22–24]. These changes concern the structure and functions of neurons but primarily manifest 
themselves in a change in their neurochemical characteristics and fluctuation in intraneuronal 
synthesis, transport and secretion of active factors [24–26]. The majority of studies focus on 
the changes in the ENS under pathological stimuli, including gastrointestinal and systemic 
diseases, inflammatory processes and toxic substances in the food [21,22,27–30]. The ENS 
can also change under physiological factors, including age, gender or diet, but the knowledge 
about these issues is much more limited [31–35].

Previous results have described changes in the number of enteric neurons containing 
CART exposed to diverse pathological factors, which strongly suggests that CART–posi-
tive neurons in the gastrointestinal tract take part in adaptive and/or protective processes 
[21,36–38]. On the other hand, information about the participation of CART–positive enteric 
neurons in adaptive processes during aging is extremely scanty and is limited to only one 
study, which describes age-dependent changes in the degree of co-localisation of calcitonin 
gene-related peptide and CART in the same enteric neurons [39]. However, to date, the 
influence of age and/or gender on the percentage of enteric neurons containing CART has not 
been studied at all.

It should be pointed out that the choice of the animal species and segment of the diges-
tive tract was not random. It is relatively well known that the ENS in the domestic pig shows 
great similarities to human ENS in terms of organisation, biochemistry and neurochemical 
characterisation of neurons [40,41]. Therefore, physiological and pathological processes and 
neuroplasticity reactions in the enteric neurons are similar in both these mammal species, and 
the domestic pig is considered to be an optimal animal model for studying the human ENS 
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[42,43]. In turn, the descending colon is a segment of the digestive tract where many diseases 
can develop. In many pathological processes occurring in the descending colon, e.g., Crohn’s 
disease and cancer, changes in the ENS have been noted [44–46], and the risk of these pro-
cesses often depends both on the age and gender of individuals [29].

Given the above, the aim of the present study was to investigate for the first time the 
correlation between age and gender and the number of neurons containing CART in the ENS 
localised in the wall of the descending colon of the domestic pig. The results obtained in the 
present work may contribute to a better understanding of the roles of CART in neuroplasticity 
processes occurring during the development and aging of the ENS.

Materials and methods
The investigation was performed on the tissues collected from domestic pigs slaughtered 
at commercial slaughterhouses using a typical method of slaughter (carbon dioxide). All 
experimental protocols were approved by the Local Ethical Committee for Animal Experi-
ments in Olsztyn working at the University of Warmia and Mazury in Olsztyn, according to 
Act for the Protection of Animals for Scientific or Educational Purposes of 15 January 2015 
(Official Gazette 2015, No. 266), applicable in the Republic of Poland (based on the consent 
No 28/2013 of 22 May 2013 and 65/2013/DLZ of 27 Nov 2013). During this experiment, all 
methods were carried out in accordance with relevant guidelines and European and Polish 
regulations. Moreover, the study was carried out in compliance with the ARRIVE guidelines.

The fragments of the descending colon with a length of about 2 cm and located about 30 cm 
before the anus were collected from 20 animals divided into four groups (n = 5 in each group): 
1) YF group – young female pigs before puberty (about 10 weeks old); 2) AF group – adult 
female pigs after puberty (7–8 months old); 3) YM group – young male pigs before puberty 
(about 10 weeks old) and 4) AM – adult male pigs after puberty (7–8 months old). Male pigs 
were castrated at the age of about one week.

The intestinal fragments were collected immediately after the death of the animals during 
bowel removal in post-slaughter processing. Just after sampling, tissues were put into a solu-
tion of 4% buffered paraformaldehyde (pH 7.4) for 1 h to perform immersive fixation. The 
fragments of the intestine were then rinsed in a phosphate buffer (0.1 M, pH 7.4) for three 
days at 5 °C with a daily exchange of the buffer. After this period, tissues were put in an 18% 
phosphate-buffered sucrose solution and stored at 5 °C for at least three weeks until further 
study. After this period, the fragments of the colon were frozen at − 22 °C, cut perpendicular 
to the intestinal lumen into 14-µm-thick sections with a microtome (Microm, HM 525, Wall-
dorf, Germany) and mounted on the microscopic slides.

Intestinal sections were subjected to the typical double immunofluorescence method 
described previously by Makowska and Gonkowski [39]. In brief, the method consisted of 
the following stages: 1) drying the sections at room temperature for 45 min; 2) incubation 
with “blocking” solution (10% goat serum, 0.1% bovine serum albumin (BSA), 0.01% NaN3, 
Triton X-100, and thimerosal in PBS) for 1 h to prevent non-specific staining; 3) overnight 
incubation with the mixture of two antibodies: mouse antibody directed against protein gene 
product 9.5 (PGP 9.5, used as a pan-neuronal marker obtained from Biogenesis Ltd., Poole, 
UK, (working dilution 1:1000) and rabbit antibody against CART peptide purchased from 
Phoenix Pharmaceuticals, Inc., Burlingame, CA, USA (working dilution 1:16000); 4) one-
hour incubation with a mixture of species-specific secondary antisera: donkey anti-mouse IgG 
conjugated with Alexa fluor 488 and donkey anti-rabbit IgG conjugated with Alexa fluor 546 
(both from Invitrogen, Carlsbad, CA, USA, both in a working dilution of 1:1000); 5) covering 
the sections with buffered glycerol and coverslips. The information about antibodies used I 
the present study is summarized in Table 1.
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All of the above-mentioned stages were performed at room temperature. Stages no. 2,3, 
and 4 were performed in a humid chamber. Between each stage of labelling, colon sections 
were rinsed in PBS for 30 min with a PBS change every 10 min. Moreover 4′,6-diamidino-
2-phenylindole (DAPI) obtained from Sigma obtained from Sigma-Aldirch (St Louis, MO, 
USA) in working dilution 1 µ /ml was used to visualise cell nuclei.

Checking the specificity of the staining performed consisted of typical testing, including 
1) pre-absorption of antibodies with appropriate antigens: PGP 9.5 (AbD Serotec, Kidling-
ton, UK) or CART (Phoenix Pharmaceuticals, Burlingame, CA, USA) at a concentration of 
20 μg/mL, overnight at room temperature; 2) omission test and 3) replacement of primary 
antibodies by non–immune sera. Negative staining was obtained during the pre-absorption of 
antibodies after applying the above tests.

Intestinal fragments were analysed using an immunofluorescence microscope BX51 
(Olympus, Tokyo, Japan) equipped with appropriate filters. To establish the percentage of 
enteric neurons containing CART, at least 500 cells immunoreactive to PGP 9.5 located 
in each type of enteric ganglia were evaluated for the presence of CART in each animal 
included in the study. The results were presented in percentages, and the number of ana-
lysed PGP 9.5-positive cells was considered 100%. To prevent double counting the same 
neurons, sections of the descending colon included in the analysis were located at least 200 
μm from each other. The obtained results were presented as mean values ±  SEM. A sta-
tistical analysis was performed with a T-Student test using GraphPad Prism version 9.2.0 
(GraphPad Software, San Diego, California, USA). Differences were considered statistically 
significant at P < 0.05.

Results
Neurons containing CART were found in all types of colonic enteric plexuses in all groups of 
animals included in the study.

The largest percentage of CART-positive neurons was observed in the MP. In young female 
pigs, the percentage of such neurons amounted to 22.3 ±  0.2% of all cells immunoreactive 
to PGP 9.5 and was statistically significantly higher than the value noted in young male pigs, 
where the percentage of CART-positive cells achieved the level of 20.7 ±  0.4%. Moreover, the 
number of CART-like immunoreactive neurons in the MP increased with the growth and 
maturation of the organism, and this increase was more visible in male pigs. In adult pigs, the 
percentage of neurons containing CART amounted to 23.7 ±  0.2% and 25.8 ±  0.1% in females 
and males, respectively. These values were statistically significantly higher than these values in 
young animals of the appropriate gender. Moreover, contrary to young animals, the percent-
age of CART-positive cells noted in adult males was statistically significantly higher than that 
noted in females (Fig 1, Fig 2 Table 2).

Table 1.  The list of primary and secondary antibodies used in this study.

Primary Antibodies
Antigen Code Species Working Dilution Supplier
PGP 9.5 7863-2004 Mouse 1:1000 Biogenesis Ltd., Poole, UK
CART H-003–61 Rabbit 1:16000 Phoenix Pharmaceuticals, Inc., Burlingame, CA, USA
Secondary Antibodies
Reagents Code Working  Dilution Supplier
Alexa fluor 488 donkey anti-mouse IgG R37114 1:1000 Invitrogen, Carlsbad, CA, USA
Alexa fluor 546 donkey anti-rabbit IgG A10040 1:1000 Invitrogen,

https://doi.org/10.1371/journal.pone.0321339.t001

https://doi.org/10.1371/journal.pone.0321339.t001
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A much smaller percentage of CART-positive neurons was observed in the OSP. In the 
young animals, these values amounted to 11.5 ±  0.6% and 11.7 ±  0.2% of all PGP 9.5-positive 
cells in young females and males, respectively. There were no statistically significant differ-
ences between genders in young animals. In adult females, the percentage of CART-positive 
cells amounted to 10.7 ±  0.3% and did not differ statistically significantly from that observed 
in young pigs of this gender. In turn, in adult males, the percentage of neurons immunoreac-
tive to CART achieved the level of 10.4 ±  0.4% and was statistically significantly lower than 
that found in young males. There were no statistically significant differences between genders 
in adult animals (Fig 1).

In the ISP, CART-positive neurons were the least numerous. In young animals, the per-
centage of such neurons achieved the level of 0.2 ±  0.1% both in females and males. These 
values increased slightly with increasing age but still oscillated only around 1% of all PGP 9.5 
– positive cells. In adult animals, the percentage of neurons containing CART amounted to 1.0 

Fig 1.  Graphical comparison of the number of nerve cells immunoreactive to protein gene product (PGP 9.5) – used here as a pan-neuronal marker 
and cocaine- and amphetamine-regulated peptide (CART) in inner submucous (ISP), outer submucous (OSP) and myenteric plexus (MP) of 
porcine colon between young females (YF), young males (YM), adult females (AF) and adult males (AM). Statistically significant differences between 
groups are marked with * .

https://doi.org/10.1371/journal.pone.0321339.g001

https://doi.org/10.1371/journal.pone.0321339.g001
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±  0.1% and 1.6 ±  0.1%. Both in adult females and males, the values were statistically signifi-
cantly higher than those noted in young animals of the same gender. Moreover, the difference 
in the percentage of CART-positive neurons between adult females and males was statistically 
significant (Fig 1). The results obtained in the present study are summarised in Table 2.

Discussion
During the present study, neurons containing CART have been noted in all types of 
enteric plexuses localised in the descending colon of both young and adult animals, which 

Fig 2.  Distribution pattern of nerve cells immunoreactive to protein gene-product 9.5 (PGP 9.5) – used as a pan-neuronal marker – and cocaine- 
and amphetamine-regulated peptide (CART) in the myenteric (MP), outer submucous (OSP) and inner submucous (ISP) plexuses of porcine 
descending colon in young females (YF), young males (YM), adult females (AF) and adult males (AM). The images are the result of the overlap of 
both stainings. The arrows indicate neurons immunoreactive to both – PGP 9.5 and the other neuronal active substance studied.

https://doi.org/10.1371/journal.pone.0321339.g002

Table 2.  The percentage (mean ±  SEM) of enteric neurons containing CART in the porcine descending colon 
under physiological conditions in young (10-week-old) females and males and adult (7–8-month-old) females 
and males.

YF YM AF AM
MP 22.3 ±  0.22ad 20.7 ±  0.4ac 23.7 ±  0.2bd 25.8 ±  0.1bc

OSP 11.5 ±  0.6 11.7 ±  0.2c 10.7 ±  0.3 10.4 ±  0.4c

ISP 0.2 ±  0.1d 0.2 ±  0.1c 1.0 ±  0.1bd 1.6 ±  0.1bc

MP: myenteric plexus; OSP: outer submucous plexus; ISP: inner submucous plexus; YF – young female, YM – young 
male; AF – adult female, AM – adult male. Statistically significant (P ≤ 0.05) differences are marked as follows: be-
tween young females and males with a, between adult females and males with b, between young and adult males with c, 
between young and adult females with d.

https://doi.org/10.1371/journal.pone.0321339.t002

https://doi.org/10.1371/journal.pone.0321339.g002
https://doi.org/10.1371/journal.pone.0321339.t002
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may confirm the multidirectional roles of this peptide in the digestive tract suggested by 
previous studies [17,28,47]. Both the present observation and previous investigations have 
shown the largest population of CART-positive neurons in the MP, which confirms that 
CART is a factor that, first of all, regulates intestinal motility [17,28,48,49]. In turn, the 
small number of CART-containing cells in the ISP suggests that this peptide plays a rela-
tively minor role in intestinal secretion, although some previous studies have described the 
possibility of CART participation in the regulation of the gastrointestinal glands’ activity 
[50,51]. Moreover, the present study confirms intra-species differences in the distribution 
of CART in the enteric neurons [17,20,21,48]. However, it should be pointed out, that 
there are also clear differences in the percentage of CART-positive neurons between the 
present study and previous investigations performed on juvenile domestic pigs [14,48]. 
This fact strongly suggests that the synthesis and distribution of this peptide in the enteric 
neurons may depend on the race of animals, food and/or other not quite clear environ-
mental factors.

It is commonly known that the ENS is a complex structure that may change under the 
influence of many pathological and physiological factors [22,24]. These changes include 
neuronal morphology, functions and neurochemical characterisation and reflect adaptive 
processes in response to acting stimuli [43,52,53]. Contrary to the influence of pathological 
and toxic factors on the ENS, the knowledge about changes in the enteric neurons caused by 
physiological factors (especially by maturation and aging) is rather scanty, but it is known that 
these changes may manifest themselves by modification of the number and shape of neurons 
and their ability to synthesise active substances [35,54,55].

The results obtained in the present study confirmed age-dependent changes in the pop-
ulation of the enteric neurons containing CART in the porcine colon. It should be under-
lined that maturation-induced changes in the intestine are multidirectional and concern the 
muscular layer, intramural blood vessels and intestinal secretory activity [56,57]. Moreover, 
maturation and aging directly affect the ENS, changing the length, number and appearance 
of axons and dendrites of the enteric neurons, as well as nerve electrophysiological properties 
and organisation of synapses [25,39].

The present results strongly suggest the participation of CART in adaptive processes 
connected with the development, maturation and aging of the large intestine. It is all the more 
likely that CART has been described as a factor participating in the development and differen-
tiation of neuronal cells and synaptic connections within the central nervous system [58,59]. 
In light of this research, it is highly probable that CART may perform similar functions within 
the ENS. Age-dependent changes in the number of CART-positive neurons may also result 
from interactions between intestinal bacterial flora and the ENS. This thesis is supported by 
the understanding that the maturation process significantly affects the composition of the 
intestinal flora [60]. Additionally, research has shown that the microbiota can modulate the 
enteric neurons that contain CART [61].

The next reason for the increase in the percentage of enteric CART-positive neurons 
in older animals may be connected with the neurotrophic and protective functions of this 
peptide, as suggested by previous studies [62,63]. It is commonly known that throughout 
life, the intestinal wall is affected by many mechanical, chemical and stress stimuli [56,57,64]. 
Such a situation can lead to the development of inflammatory processes and various intestinal 
diseases in later life [65,66]. On the other hand, it is known that the ENS shows protective and 
regenerative abilities and protects the gastrointestinal tract in pathological states [4,10,43,53]. 
Therefore, the increase in the percentage of neurons containing CART in the MP and ISP 
noted in the present study may be connected with these processes because CART in some pre-
vious studies has been described as a protective factor [19,62,63,67]. However, in light of the 
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facts mentioned above and noted in the present observation, the slight decrease in the number 
of CART–positive cells in the OSP of adult males in comparison to young males is not clear.

During the present study, gender-dependent differences in the percentage of CART-
positive neurons in the colonic ENS were also noted, and these differences were more visible 
in adult animals. This fact confirms that the neurochemical characterisation of the enteric 
neurons depends on gender. Previous knowledge about the influence of gender on the organ-
isation of the ENS is rather limited [39,68,69]. It is known that receptors for sex hormones are 
widely distributed in the gastrointestinal tract, including the enteric neurons and glial cells 
[70]. Previous studies have also reported that sex hormones affect the ENS. It was found that 
stimulation of oestrogen receptor β leads to neuroprotective reactions involving enteric glial 
cell proliferation and neuronal differentiation [71].

Nevertheless, previous reports concerning gender-dependent differences within the ENS 
are inconclusive. Some of them have described such differences in the reaction of the ENS to 
some pathological and stress stimuli [72], as well as in the neurochemical characterisation of 
the enteric neurons [39]. In turn, other studies have not reported diversities in the organi-
sation of the ENS between males and females [73]. The results obtained in the present study 
have confirmed gender-dependent differences in CART distribution in the enteric neurons. 
This is in agreement with previous reports on the central nervous system, where the knowl-
edge about CART is better developed and gender-dependent diversity in the distribution and 
functions of structures containing CART have been reported [74].

Conclusions
To sum up, the results obtained in the present study have shown that the percentage of the 
neurons containing CART in the colonic ENS of the domestic pig depends not only on the 
type of the enteric plexus but also on the age of the animals. The presence of CART-positive 
neurons in all types of enteric plexuses confirms the multidirectional roles of CART in the 
regulation of large intestine functions. In turn, age-dependent changes in the number of 
CART-positive enteric neurons strongly suggest that this peptide plays a part in the processes 
connected with the development, maturation, and/or aging of the ENS and gastrointestinal 
tract. The results have also shown gender-dependent diversities in the distribution of CART 
in the enteric neurons. This fact shows that CART-positive neurons are influenced by sex 
hormones and suggests various exact functions of this peptide in the male and female gastro-
intestinal tract. However, it should be pointed out that clarification of all issues related to the 
exact functions of CART in the regulation of the functioning of the ENS in the large intestine 
requires further comprehensive research.
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