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Enteric glial cell diversification is influenced by spatiotemporal factors and source of neural progenitors in mice
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Previously focused primarily on enteric neurons, studies of the enteric nervous system (ENS) in both health and disease are now broadening to recognize the equally significant role played by enteric glial cells (EGCs). Commensurate to the vast array of gastrointestinal functions they influence, EGCs exhibit considerable diversity in terms of location, morphology, molecular profiles, and functional attributes. However, the mechanisms underlying this diversification of EGCs remain largely unexplored. To begin unraveling the mechanistic complexities of EGC diversity, the current study aimed to examine its spatiotemporal aspects in greater detail, and to assess whether the various sources of enteric neural progenitors contribute differentially to this diversity. Based on established topo-morphological criteria for categorizing EGCs into four main subtypes, our detailed immunofluorescence analyses first revealed that these subtypes emerge sequentially during early postnatal development, in a coordinated manner with the structural changes that occur in the ENS. When combined with genetic cell lineage tracing experiments, our analyses then uncovered a strongly biased contribution by Schwann cell-derived enteric neural progenitors to particular topo-morphological subtypes of EGCs. Taken together, these findings provide a robust foundation for further investigations into the molecular and cellular mechanisms governing EGC diversity.
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1 Introduction

The enteric nervous system (ENS) is an integrated neural network that extends throughout the gastrointestinal tract. In mammals, the ENS is mainly subdivided into the myenteric and submucosal plexuses, each consisting of interconnected ganglia containing both enteric neurons and enteric glial cells (EGCs). Each plexus serves overlapping yet distinct functions (Furness, 2012; Schneider et al., 2019; Sharkey and Mawe, 2023). For instance, the myenteric plexus, nestled between the longitudinal and circular smooth muscle layers, is chiefly responsible for orchestrating complex patterns of smooth muscle contraction/relaxation to regulate peristalsis. In contrast, the submucosal plexus, positioned between the circular smooth muscle layer and the mucosal lamina propria, has the unique capability to interact with epithelial cells to regulate selective permeability. That said, both plexuses share a similar ability to functionally interact with the gut-resident immune system (Progatzky and Pachnis, 2022; Yoo and Mazmanian, 2017).

Current state of knowledge strongly suggests that many roles of the ENS are in fact mainly fulfilled by EGCs, rather than enteric neurons (Boesmans et al., 2021; Lefevre et al., 2023; Seguella and Gulbransen, 2021; Rosenberg and Rao, 2021). Notable examples include the regulation of gastrointestinal immunity (Progatzky et al., 2021) and epithelial integrity (Baghdadi et al., 2022), where EGCs can detect damages and release appropriate pro-resolution substances (Progatzky and Pachnis, 2022; Lefevre et al., 2023; Seguella and Gulbransen, 2021; Baghdadi and Kim, 2023). In addition, EGCs are not only essential for providing trophic support to enteric neurons, but even have the potential to differentiate into enteric neurons themselves (Belkind-Gerson et al., 2017; Joseph et al., 2011; Laranjeira et al., 2011; McCallum et al., 2020). A prevalent view in the field is that all these different roles played by EGCs are distributed across different EGC subtypes. However, there is currently no clear consensus on how to classify these EGC subtypes. Depending on the criteria used, between three to nine subtypes of EGCs have been described (Lefevre et al., 2023). The more widely used classification system is based on topo-morphological criteria established from the study of adult rodents (Boesmans et al., 2015; Gulbransen and Sharkey, 2012; Charrier and Pilon, 2017; Hanani and Reichenbach, 1994), also validated in zebrafish (McCallum et al., 2020). This classification system allows to categorize EGCs into four main subtypes, each with a specific morphology linked to a particular location: highly branched Type I in ganglia, fibrous Type II in interganglionic fibers, multipolar unbranched Type III outside ganglia and interganglionic fibers, and bipolar Type IV deeper in muscles. Yet, how these (or any other) EGC subtypes are generated is currently elusive.

An important limitation for the study of EGC diversity is that we do not really know when diversification occurs. The early postnatal period is presumably critical, when both plexuses of the ENS must adapt to structural changes in the bowel wall. These structural changes might be a driving force for EGC diversification, at least based on topological criteria. Indeed, both the size and thickness of the bowel undergo significant changes during this period, implying that both plexuses must expand and transform in a coordinated manner to ensure various vital gastrointestinal functions (Roberts et al., 2007). In the myenteric plexus, this is notably reflected by the morphological transformation from dense juxtaposed groups of cells into individual and sparse ganglia, a process also accompanied by the expansion of both glial (Cossais et al., 2016) and neuronal (Liu et al., 2009) cell populations as well as by changes in the proportion of cholinergic and nitrergic neuron subtypes (de Vries et al., 2010). Although much less studied, similar maturation-associated changes have also been reported in the submucosal plexus (Young and Ciampoli, 1998).

Another potential source of EGC diversity might reside in the different origins of ENS progenitors, which are mainly derived either directly from neural crest cells or indirectly via neural crest-derived Schwann cell precursor (SCPs) (Pilon, 2021). The contribution of SCPs to the pool of enteric neurons is relatively well documented, with multiple reports supporting the existence of SCP-derived neurons in evolutionary distant species like the lamprey (Green et al., 2017), chicken (Espinosa-Medina et al., 2017), zebrafish (El-Nachef and Bronner, 2020; Kuil et al., 2023), mouse (Soret et al., 2020; Uesaka et al., 2015; Uesaka et al., 2021) and human (Woods et al., 2021). In contrast, although studies in both normal (Uesaka et al., 2015) and ENS-deficient (Soret et al., 2020; Uesaka et al., 2021) mice strongly suggest that SCPs can give rise to EGCs as well, this contribution has not been systematically assessed so far. In particular, the possibility that SCPs preferentially contribute to certain subtypes of EGCs, as they do for the Calretinin-positive subtype of enteric neurons in healthy mice (Uesaka et al., 2015), is unknown.

In the current study, we carefully analyzed the emergence of EGC diversity from a spatiotemporal perspective in two segments of the murine gastrointestinal tract (distal ileum and distal colon), while also assessing the specific contribution of SCPs to the EGC pool. Our immunofluorescence analyses revealed asynchronous emergence of the four main topo-morphological EGC subtypes during the early postnatal period, with different order of appearance along the radial axis (myenteric plexus vs. submucosal plexus). Our genetic cell lineage tracing experiments further showed a greater contribution of SCPs to the EGC pool in the colon than in the ileum, as previously reported for enteric neurons. Most interestingly, this contribution was also found not to be equal among the four topo-morphological subtypes, with a bias for Type IV in the myenteric plexus / circular muscle and a bias for Type II in the submucosal plexus. These findings provide a stepping stone for a better understanding of EGC diversification, thereby also opening new avenues for exploring functional diversity within the ENS.



2 Materials and methods


2.1 Mice

Wild-type FVB mice [FVB/NCrl; Strain code 207] were obtained from Charles River Laboratory, whereas the Dhh-Cre line [Jax stock #012929; FVB(Cg)-Tg(Dhh-cre)1Mejr/J] was obtained from the Jackson Laboratory. The Rosa26[FloxedSTOP]YFP line [Gt(ROSA)26SorTM1(EYFP)Cos] was kindly directly provided by Dr. Frank Costantini (Columbia University). Both Dhh-Cre and Rosa26[FloxedSTOP]YFP mice were maintained on the FVB background and genotyped by standard PCR using primers listed in Supplementary Table 1. Breeding couples were kept in individually ventilated cages and fed Charles River Rodent Diet #5075 (Cargill Animal Nutrition). All experiments were conducted in accordance with the guidelines of the Canadian Council on Animal Care (CCAC) and approved by the institutional committee (CIPA #992) of the Université du Québec à Montreal (UQAM). Euthanasia was performed either by decapitation for mice aged between postnatal day (P) 1 to P10, or by exposure to carbon dioxide (CO2) following isoflurane anesthesia for P20 mice. Animals from both sexes were included for each time point (see supplemental Data Sheet 1 for more details).



2.2 Sample collection and processing

After euthanasia, mice were pinned to a styrofoam slab to facilitate the removal of the skin and peritoneum, providing access to the gastrointestinal system. The small intestine and colon were then collected and kept in ice-cold 1X PBS (Phosphate-Buffered Saline) throughout the duration of the dissection. For both segments, we used only the most distal quarter, either just upstream of the cecum (distal ileum) or the anus (distal colon). Each sample was cut longitudinally along the mesentery, extensively washed in 1X PBS to remove stool, and pinned with mucosa side up onto Sylgard-coated (Dow Corning, Freeland, MI) Petri dishes. Pinned tissues were subsequently fixed overnight in 4% paraformaldehyde diluted in 1X PBS, followed by three washes of 10 min in 1X PBS. Tissues from P20 mice were further carefully microdissected to peel off the mucosal layer (including the submucosal plexus) while also preserving the muscle layers (including the myenteric plexus). All samples were stored in 1X PBS at 4°C prior to whole-mount immunofluorescence staining.



2.3 Whole-mount immunofluorescence staining

Ileum and colon samples were initially permeabilized for 2 h in blocking solution (5% Fetal Bovine Serum and 1% Triton-X100 in 1X PBS), followed by overnight incubation at 4°C with primary antibodies diluted in same blocking solution. After three washes of 10 min in 1X PBS, samples were then incubated with relevant secondary antibodies diluted in blocking solution for 1 h 30, followed by three additional washes of 10 min in 1X PBS. During the second wash, samples were counterstained with DAPI (4’,6-diamidino-2-phenylindole) diluted in 1X PBS. The specific antibodies used, and their dilution factors are listed in Supplementary Table 2. To enable the observation of plexuses via confocal microscopy, the stained tissues were mounted between two 24 x 50 mm glass coverslips in 100% Glycerol.



2.4 Imaging and data analysis

All immunofluorescence images were acquired using a Nikon A1 confocal microscope with Plan Fluor 20x/0.75 MImm and Plan Apo λ 60x/1.40 objectives. For each biological replicate, between 3 and 10 representative z-stack images were acquired, and then analyzed using the ImageJ software. EGC subtypes were manually quantified using the “Cell Counter” plugin, based on the location of SOX10+ cells and/or morphology of S100β+ cells (Supplementary Figures 1–3 and Supplementary Movies 1, 2). EGC proportions were calculated by including all relevant EGC subtypes in the total count (Type I to IV in the myenteric plexus / circular muscle layer; Type I to III in the submucosal plexus). The surface area of ganglia, extraganglionic space and interganglionic fibers were manually delineated and measured using the “freehand selections” tool, as shown in Supplementary Figure 1C.



2.5 Statistics

Each experiment was performed using 3–4 biological replicates, and either 3–5 (for myenteric plexus / circular muscle) or 6–10 (for submucosal plexus) fields of view per replicate (see supplemental Data Sheet 1 for detailed information about each replicate, including sex and number of counted cells). For quantitative analysis, data are expressed as the mean ± standard deviation (SD), with the value of each imaging field also represented by a dot. Based on these single values, statistical significance of differences between groups was determined in GraphPad Prism 9.5.1, using either two-tailed Welch’s t-tests (when comparing two groups) or One-Way/Two-Way ANOVA with Tukey’s multiple comparison tests (when comparing more than two groups). Tests used are indicated in figure legends. Data were considered statistically significant when the P-value was less than 0.05.




3 Results


3.1 Topo-morphological subtypes of EGCs emerge sequentially during postnatal maturation of the myenteric plexus

To gain insight about the process of EGC diversification, we first analyzed the appearance of the four main topo-morphological subtypes of EGCs in the myenteric plexus and circular muscle of wild-type FVB mice. Using whole-mount immunostaining, we studied four time points (P1, P5, P10 and P20) spanning the postnatal period before weaning. The longitudinal muscle layer was excluded from this analysis because of interference from the juxtaposed serosa, which gave high background signal in immunofluorescence staining. Staining of EGCs and neuronal networks was performed using antibodies against SOX10 and βIII-Tubulin, respectively. SOX10 staining is great for cell counting, being also generally sufficient for identifying EGC subtypes based on topological criteria only (Supplementary Figure 1A and Supplementary Movies 1, 2)−as the unique morphology of each subtype is linked to a specific location, along both the x/y plane and the z-axis (Boesmans et al., 2015; Gulbransen and Sharkey, 2012; Charrier and Pilon, 2017; Hanani and Reichenbach, 1994). Notably, location along the z-axis is especially useful for distinguishing Type III from Type IV EGCs, as both subtypes are clearly not in the same plane (Supplementary Figure 1A and Supplementary Movies 1, 2). That said, we also co-stained all tissues for S100β to enable definitive identification of EGC subtypes based on gross morphological criteria as well. Although global S100β staining is not as good as sparce labeling approaches for revealing morphological details of EGCs (Boesmans et al., 2015; Hanani and Reichenbach, 1994; Rao et al., 2015), it nonetheless often proved to be useful for distinguishing between multipolar Type I and elongated Type II EGCs (from P5 onwards), when Type II EGCs are at the border of ganglia and oriented toward interganglionic fibers (Supplementary Figure 1B). Interestingly, our S100β staining data further revealed that each EGC subtype within the myenteric plexus / circular muscle gradually acquires its definitive gross morphological characteristics between P1 and P20 (Supplementary Figure 2). For the sake of simplicity, detailed S100β data are however not shown in the main figures. Given that as little as 2–6% of all SOX10+ cells from the myenteric plexus / circular muscle are negative for S100β during the investigated period (Table 1), we reasoned that the impact of this decision on our estimates of the relative proportions of EGC subtypes would be minimal.


TABLE 1 Percentage overlap between SOX10 and S100β stainings,
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At P1, the vast majority of SOX10+ cells (> 85%) can be classified as Type I EGCs, in both the distal ileum (Figures 1A–D) and the distal colon (Figures 2A–D). Most of the remaining EGCs fall into the Type II category (8–12%), while the other EGC subtypes are either marginally detected (2% for Type III) or absent (Type IV) in both bowel segments at this stage (Figures 1A–D, 2A–D). At P5, the proportions of Type III and Type IV EGCs are both markedly increased, with a steeper rise in Type III in the distal ileum (Figures 1A–D) and Type IV in the distal colon (Figures 2A–D). These increased proportions of Type III and Type IV are mostly made at the expense of Type I EGCs, while the proportion of Type II EGCs remains relatively stable in both bowel segments (Figures 1A–D, 2A–D). The pool of Type III and Type IV EGCs continue to grow at P10 and P20, with asymmetric patterns favoring Type IV in the distal ileum (Figures 1A–D) or Type III in the distal colon (Figures 2A–D). As the proportion of Type II remains stable at all analyzed time points, this expansion of the pool of Type III and Type IV EGCs continues to be made at the expense of Type I EGCs in both bowel segments. Nonetheless, Type I EGCs are still the most common subtype, representing about half (49 ± 10% in distal ileum; 45 ± 10% in distal colon) of all EGCs at P20 (Figures 1A–D, 2A–D). At this stage, Type III (20 ± 6% in distal ileum; 20 ± 5% in distal colon) and Type IV (17 ± 3% in distal ileum; 21 ± 8% in distal colon) EGCs are now equally represented, both outnumbering Type II EGCs (14 ± 5% in distal ileum; 14 ± 6% in distal colon) (Figures 1A–D, 2A–D).


[image: image]

FIGURE 1
Analysis of EGC diversity in the maturing postnatal myenteric plexus of the distal ileum. (A,B) Immunofluorescence analysis of the myenteric plexus (A) and associated circular muscle (B) in the distal ileum of wild-type FVB mice, at indicated postnatal ages (P1, P5, P10 and P20). Intestinal tissues were immunolabeled with antibodies against SOX10 for EGCs (cyan) and βIII-Tubulin for neuronal fibers (gray). Displayed images are z-stack projections representative of observations made from N = 3 mice per time point. Scale bar, 70 μm. (C,D) Quantitative analysis of the relative proportions of EGC Type I to IV, using images such as those displayed in panels (A,B) (N = 3 mice per time point; n = 3 to 5 60x fields of view per animal). (E) Quantitative analysis of indicated morphometric parameters (ganglionic surface area, extraganglionic surface area, interganglionic fiber surface area and circular muscle thickness) in the distal ileum as a function of age during the early postnatal period. (F) Correlation analysis (excluding 0% and 100% values; incompatible with proportion calculations) between Type I proportion and ganglionic area, Type II proportion and interganglionic fiber area, Type III proportion and extraganglionic area, and Type IV and circular muscle thickness. Colored symbols correspond to the indicated time points. r is Pearson’s correlation coefficient. *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001; One-Way ANOVA and Tukey’s multiple comparison test.
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FIGURE 2
Analysis of EGC diversity in the maturing postnatal myenteric plexus of the distal colon. (A,B) Immunofluorescence analysis of the myenteric plexus (A) and associated circular muscle (B) in the distal colon of wild-type FVB mice, at indicated postnatal ages (P1, P5, P10 and P20). Intestinal tissues were immunolabeled with antibodies against SOX10 for EGCs (cyan) and βIII-Tubulin for neuronal fibers (gray). Displayed images are z-stack projections representative of observations made from N = 3 mice per time point. Scale bar, 70μm. (C,D) Quantitative analysis of the relative proportions of EGC Type I to IV, using images such as those displayed in panels (A,B) (N = 3 mice per time point; n = 3 to 5 60x fields of view per animal). (E) Quantitative analysis of indicated morphometric parameters (ganglionic surface area, extraganglionic surface area, interganglionic fiber surface area and circular muscle thickness) in the distal colon as a function of age during the early postnatal period. (F) Correlation analysis (excluding 0% and 100% values; incompatible with proportion calculations) between Type I proportion and ganglionic area, Type II proportion and interganglionic fiber area, Type III proportion and extraganglionic area, and Type IV and circular muscle thickness. Colored symbols correspond to the indicated time points. r is Pearson’s correlation coefficient. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; One-Way ANOVA and Tukey’s multiple comparison test.


We next verified the possibility that the sequential appearance of the four topo-morphological subtypes of EGCs described above could be related to structural changes that occur in the bowel wall between P1 and P20. To this end, we carefully measured the surface area of ganglia, extraganglionic space, and interganglionic fibers as well as the thickness of the circular muscle layer (Supplementary Figure 1C), in all samples used for EGC subtype quantification in both the distal ileum (Figure 1E) and distal colon (Figure 2E). In accordance with the observed loosening of the connections between myenteric ganglia in both bowel segments, these analyses revealed a significant stage-dependant decrease in ganglionic surface area accompanied by a commensurate increase in extraganglionic surface area (Figures 1E, 2E). When analyzed as a function of EGC subtype proportions in corresponding samples, these structural changes are strongly correlated with the proportions of Type I EGCs and Type III EGCs, respectively (Figures 1F, 2F). The surface area of interganglionic fibers was not found to vary much overall between P1 and P20 (Figures 1E, 2E), similar to the proportion of Type II EGCs (Figures 1D, 2D), but both parameters are nonetheless again positively correlated when analyzed as a function of each other in each sample (Figures 1F, 2F). Lastly, we noted that the thickness of the circular muscle layer generally increases with age in both bowel segments, peaking at P10 and then slightly decreasing at P20. However, this increase was found to be delayed in the distal ileum compared to the distal colon, being suddenly detectable at P10 and P5, respectively (Figures 1E, 2E). Remarkably, this particular kinetics mimics the abrupt increase in the proportion of Type IV EGCs detected in each bowel segment, hence resulting in a positive correlation once again (Figures 1F, 2F).

From this systematic characterization of the maturing myenteric plexus / circular muscle, we can thus conclude that the four topo-morphological subtypes of EGCs appear in numerical order, from Type I/II (co-occurring) to Type IV, regardless of the bowel segment examined. Moreover, our correlation data strongly support the notion that structural changes in the early postnatal bowel, including within the ENS, have a profound influence on the relative proportions of these four EGC subtypes.



3.2 Topo-morphological subtypes of EGCs emerge sequentially during postnatal maturation of the submucosal plexus, but in a different order compared to the myenteric plexus

To complement our analyses of the myenteric plexus / circular muscle, we then turned to the submucosal plexus (largely excluding the mucosa), using the exact same experimental design as described above. Here, DAPI staining (in conjunction with βIII-Tubulin staining) proved to be useful for delineating the tiny submucosal ganglia, based on the round nucleus of neurons (Supplementary Figure 3). We also found that the overlap between SOX10 and S100β stainings is much lower here than in the myenteric plexus at P1 (Table 1), but we validated that proportions of EGC subtypes are nonetheless very similar when using combined SOX10-S100β data instead of SOX10 data alone at both P1 (ileum) and P5 (colon) (Supplementary Figure 4). Of note, S100β data further revealed that acquisition of definitive gross morphological attributes is delayed in the submucosal plexus (Supplementary Figure 2B) compared to the myenteric plexus (Supplementary Figure 2A).

Our detailed SOX10 immunofluorescence analyses again revealed the sequential appearance of EGC subtypes between P1 and P20, but not in the same order as in the myenteric plexus and with more pronounced regional differences between distal ileum (Figures 3A–C) and distal colon (Figures 4A–C). At P1, Type II EGCs are clearly predominating in the submucosal plexus, being even virtually exclusive in the distal colon (Figures 4A–C). This pattern is inversely reflected in the detection of Type I EGCs, which are present in the distal ileum at P1 (Figures 3A–C) but are not detected until P5 in the distal colon (Figures 4A–C). This population of Type I EGCs then generally grows over time in both bowel segments (Figures 3A–C, 4A–C), until eventually outnumbering Type II EGCs in the distal ileum at P20 (49 ± 13% of Type I vs 38 ± 14% of Type II), but not in the distal colon where Type II remains the most common subtype at this stage as well (36 ± 15% of Type I vs 58 ± 14% of Type II). In both bowel segments (Figures 3A–C, 4A–C), Type III EGCs are not detected at P1, then forming a relatively marginal population until P20, at which stage they are more numerous in the distal ileum (13 ± 6%) than in the distal colon (6% ± 6%). However, it is important to bear in mind that these proportions only take into account Type III EGCs close to the submucosal plexus (a.k.a. Type III[SMP]), and not those located deeper in villi (a.k.a. Type III[mucosa]), which are difficult to visualize along the z-axis after whole-mount staining (as performed in the current study).
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FIGURE 3
Analysis of EGC diversity in the maturing postnatal submucosal plexus of the distal ileum. (A) Immunofluorescence analysis of the submucosal plexus in the distal ileum of wild-type FVB mice, at indicated postnatal ages (P1, P5, P10 and P20). Intestinal tissues were immunolabeled with antibodies against SOX10 for EGCs (cyan) and βIII-Tubulin for neuronal fibers (gray). Displayed images are z-stack projections representative of observations made from N = 3 mice per time point. Scale bar, 70 μm. (B,C) Quantitative analysis of the relative proportions of EGC Type I to IV, using images such as those displayed in panel A (N = 3 mice per time point; n = 3 to 5 60x fields of view per animal). (D) Quantitative analysis of indicated morphometric parameters (ganglionic surface area, extraganglionic surface area, and interganglionic fiber surface area) in the distal ileum as a function of age during the early postnatal period. (E) Correlation analysis (excluding 0% and 100% values; incompatible with proportion calculations) between Type I proportion and ganglionic area, Type II proportion and interganglionic fiber area, and Type III proportion and extraganglionic area. Colored symbols correspond to the indicated time points. r is Pearson’s correlation coefficient. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; One-Way ANOVA and Tukey’s multiple comparison test.
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FIGURE 4
Analysis of EGC diversity in the maturing postnatal submucosal plexus of the distal colon. (A) Immunofluorescence analysis of the submucosal plexus in the distal colon of FVB WT mice, at indicated postnatal ages (P1, P5, P10 and P20). Intestinal tissues were immunolabeled with antibodies against SOX10 for EGCs (cyan) and βIII-Tubulin for neuronal fibers (gray). Displayed images are z-stack projections representative of observations made from N = 3 mice per time point. Scale bar, 70μm. (B-C) Quantitative analysis of the relative proportions of EGC Type I to IV, using images such as those displayed in panel A (N = 3 mice per time point; n = 3 to 5 60x fields of view per animal). (D) Quantitative analysis of indicated morphometric parameters (ganglionic surface area, extraganglionic surface area, and interganglionic fiber surface area) in the distal colon as a function of age during the early postnatal period. (E) Correlation analysis (excluding 0% and 100% values; incompatible with proportion calculations) between Type I proportion and ganglionic area, Type II proportion and interganglionic fiber area, and Type III proportion and extraganglionic area. Colored symbols correspond to the indicated time points. r is Pearson’s correlation coefficient. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001; One-Way ANOVA and Tukey’s multiple comparison test.


Comparison with morphometric parameters of the submucosal plexus again revealed a robust correlation between the surface area occupied by ENS ganglia and the proportion of Type I EGCs, in each sample from the distal ileum (Figures 3D–E) and distal colon (Figures 4D–E). Yet, at the difference of the myenteric plexus, where the ganglionic surface area decreases between P1 and P20 in both bowel segments (Figures 1E, 2E), the corresponding surface area in the submucosal plexus was found to generally increase over time (Figures 3D, 4D) – in line with the notion that the submucosal plexus initially develops via inward cell migration from the myenteric plexus (McKeown et al., 2001; Singh et al., 2015; Lasrado et al., 2017). Accordingly, the surface area of the extraganglionic space, which markedly increases over time in the myenteric plexus (Figures 1E, 2E), was here found to slightly decrease in the submucosal plexus from P1 onwards (Figures 3D, 4D). Despite this difference between plexuses, a positive correlation can again be observed when the extraganglionic surface area is analyzed as a function of the proportion of Type III[SMP] EGCs in each sample from both bowel segments (Figures 3E, 4E). This correlation is however weaker in the distal colon, where fewer Type III[SMP] EGCs were detected. A more striking regional difference was noted for the surface area occupied by interganglionic submucosal nerves between P1 and P20, resulting in a robust stage-dependent decrease in the distal ileum (Figure 3D) and, conversely, a modest stage-dependent increase in the distal colon (Figure 4D). Nonetheless, a positive correlation with the proportion of Type II EGCs can once again be noted in both bowel segments (Figures 3E, 4E), this correlation being again weaker in the distal colon.

In sum, our immunofluorescence data indicate that EGC diversification based on topo-morphological criteria takes a different path in the submucosal plexus, with Type II EGCs appearing first, followed by Type I and Type III, respectively. Also, our correlation data again support a model whereby EGC diversification is generally impacted by structural changes in the ENS.



3.3 SCPs preferentially contribute to specific topo-morphological EGC subtypes, which vary depending of bowel segment

To evaluate the specific contribution of SCPs to enteric gliogenesis during early postnatal development, we used the same genetic cell lineage tracing system as previously used to identify SCP derivatives in the bowel (Soret et al., 2020) and the inner ear (Bonnamour et al., 2021), comprising the transgenic Dhh-Cre driver (Jaegle et al., 2003) and the Rosa26[FloxedSTOP]YFP reporter allele (Srinivas et al., 2001). When ENS progenitors directly derived from neural crest cells have just completed their colonization of the developing bowel (i.e., at embryonic day 14.5), this system specifically labels a subset of SOX10+ SCPs on mesentery-associated nerves, and none of the SOX10+ ENS cells already present in the ileum and colon (Supplementary Figure 5). A similar conclusion was previously drawn using the same Cre driver with a different Cre reporter allele, and this study further reported that SCPs start to colonize the developing bowel a few days later, just before birth (Uesaka et al., 2015). As also reported in this prior work focused on enteric neurogenesis (Uesaka et al., 2015), our detailed immunofluorescence analyses revealed that the contribution of YFP+ SCPs to the general pool of ENS cells after birth is much greater in the colon than in the ileum, at all stages examined between P1 and P20. As evidenced in the myenteric plexus at P5 (Figures 5A, B) we further found that this contribution is unevenly distributed, being apparently more extensive in the vicinity of extrinsic nerves that constitute the entry point for SCPs (see inset in Figure 5B). This patchy distribution led to widely distributed values in our global quantitative analysis of SCP-derived EGCs at P20 (Figure 5C). Interestingly, this analysis nonetheless highlighted the fact that the SCP contribution is also generally lower in the myenteric plexus/circular muscle than in the submucosal plexus, in both bowel segments (Figure 5C).


[image: image]

FIGURE 5
Global analysis of the SCP contribution to enteric gliogenesis. (A,B) Immunofluorescence-based analysis of the distribution of YFP+ SCPs in the myenteric plexus of the distal ileum (A) and distal colon (B) from Dhh-Cre;Rosa26[FloxedSTOP]YFP mice at P5. Intestinal tissues were immunolabeled with antibodies against GFP/YFP for SCP-derived cells (green) and βIII-Tubulin for neuronal fibers (grey). Displayed images are z-stack projections representative of observations made from N = 3 mice per time point. Scale bar, 200 μm. (C) Quantitative analysis of the global SCP contribution to enteric gliogenesis in the myenteric plexus/muscular layer (black dots) and submucosal plexus (white dots) of the distal ileum and distal colon from Dhh-Cre;Rosa26[FloxedSTOP]YFP mice at P20. Each dot represents the percentage of YFP+ SOX10+ EGCs over the total of SOX10+ EGCs in a single 60x field of view for N = 3 mice (n = 3–5 fields of view per tissue for the myenteric plexus/muscular layer; n = 6–10 fields of view per tissue for the submucosal layer). (D-F) Immunofluorescence analysis of the circular muscle layer (D), the myenteric plexus (E) and the submucosal plexus (F) of the distal colon from Dhh-Cre;Rosa26[FloxedSTOP]YFP mice at P20. Tissues were immunolabeled with SOX10 (cyan), GFP/YFP (green) and βIII-Tubulin antibodies (gray). Scale bar, 70 μm. ***P ≤ 0.001, ****P ≤ 0.0001; Two-Way ANOVA and Tukey’s multiple comparison test.


When analyzed as a function of topo-morphological subtypes, our immunofluorescence data then revealed that SCPs can contribute to every EGC subtype from both plexuses, as notably shown in the colon at P20 (Figures 5D–F). However, it is important to note that the final SCP contribution at P20 is clearly biased to particular EGC subtypes in a plexus-specific manner, favoring EGC Type IV in the myenteric plexus / circular muscle (40–53% of all SCP-derived EGCs; Figures 6A, B and Supplementary Figures 6A, B) and Type II in the submucosal plexus (58–67% of all SCP-derived EGCs; Figures 6C, D and Supplementary Figures 6C, D), in both bowel segments. Each bias seems to be established in accordance with the kinetics of appearance of their corresponding EGC subtype between P1 and P20, with the Type IV bias in the myenteric plexus / circular muscle (see Figures 6A, B vs. Figures 1C, 2C) appearing in a delayed manner relative to the Type II bias in the submucosal plexus (see Figures 6C, D vs. Figures 3C, 4C). Type I EGCs in the myenteric plexus / circular muscle from the distal colon initially constitute the highest contribution of SCPs, but this contribution then markedly decreases to ultimately stabilize around 26–32% in all locations at P20 (Figure 6 and Supplementary Figure 6). Type III EGCs constitute the lowest contribution overall, representing only 1–16% of SCP-derived EGCs at P20 (Figure 6 and Supplementary Figure 6). In conclusion, the SCP contribution to the EGC pool is not equal, being regionally different according to both the longitudinal (ileum vs. colon) and the radial (myenteric plexus / muscle vs. submucosal plexus) axes of the bowel.


[image: image]

FIGURE 6
Detailed analysis of the SCP contribution to EGC diversity. (A–D) Quantitative analysis of the SCP contribution to enteric gliogenesis as a function of EGC Types I to IV, in the myenteric plexus/muscular layer of the distal ileum (A) and the distal colon (B), as well as in the submucosal plexus of the distal ileum (C) and the distal colon (D). EGC subtypes were quantified using images such as those displayed in Figures 5D–F (N = 3 mice; n = 3–5 fields of view per tissue for the myenteric plexus/muscular layer; n = 6–10 fields of view per tissue for the submucosal layer). Size of sub-bars corresponds to the average of the percentage of YFP+ SOX10+ EGCs among all SOX10+ EGCs, in the indicated tissue layers and bowel segments.





4 Discussion

In this study, we investigated EGC diversification during the postnatal maturation of the myenteric and submucosal plexuses in both the distal ileum and distal colon. Combined with cell lineage tracing studies, our quantitative analyses highlighted important regional differences in the proportions and origins of the different topo-morphological subtypes of EGCs. That said, it is necessary to interpret these relative proportions for what they are, that is an estimate – not definitive exact values. Using SOX10 staining data alone had the potential disadvantage of including postnatal ENS progenitors in our calculations (Bondurand et al., 2003), although this possibility must also be considered with caution as the distinction between bona fide ENS progenitors and neurogenic EGCs becomes increasingly blurred (Guyer et al., 2023). The alternative of systematically using combined SOX10-S100β staining data for these calculations might have yielded slightly different proportions (Supplementary Figure 4), but these modest differences would not have changed our general conclusions. Therefore, regardless of precise values, we expect that the new insights provided by our work will pave the way for more comprehensive studies of the ENS in health and disease, as discussed below.

At P20 (i.e., at the end of postnatal maturation), there is no difference between the distal ileum and distal colon in terms of proportions of the four topo-morphological EGC subtypes in the myenteric plexus / circular muscle, with Type I EGCs clearly predominating in both segments. Yet, a difference was noted in the kinetics of expansion of Type III and Type IV pools during earlier stages, with sudden increases of Type III in the ileum and Type IV in the colon, the proportions of both then remaining stable over time. More striking differences can be noted when comparing myenteric and submucosal plexuses in general, with Type II EGCs being much more frequent in the submucosal plexus. In this case, there is also a notable regional difference in that Type II EGCs even outnumber Type I EGCs specifically in the distal colon. When also integrated with the structural changes that occur in the bowel wall, all these complex spatiotemporal differences suggest that Type I and II EGCs from the myenteric plexus might give rise to the other topo-morphological subtypes in the myenteric plexus (via lateral and short radial migration) and submucosal plexus (via longer inward migration). Newcoming Type II EGCs in the submucosal plexus might then also contribute to generate EGC diversity as well, by acting as a local source of Type I and Type III EGCs. Testing these hierarchical models will be technically challenging in mice, although not impossible by combining genetic cell lineage tracing (using a tamoxifen-inducible Sox10-Cre driver for instance) (Deal et al., 2021) with live imaging of bowel explants. This question might in fact be easier to address in the more imaging-friendly zebrafish, in which all topo-morphological subtypes of EGCs have also been described (McCallum et al., 2020). An important related objective would be to identify and understand the signaling pathways involved in the directed migration of EGC subtypes. The Netrin/DCC pathway is a prime candidate for the control of radial migration (Jiang et al., 2003), but most likely not the only one. Knowing which pathways are involved and how they work would be especially useful for devising new or improved ENS therapies based on in situ stimulation with exogenous growth factors (Pilon, 2021; Soret et al., 2020; Soret et al., 2021) or transplantation of genetically modified ENS progenitors (Mueller et al., 2024).

Beyond spatiotemporal considerations, we found that the different types of ENS progenitors can also be a significant source of EGC diversity. Indeed, although SCPs have the potential to generate all topo-morphological subtypes of EGCs, they have a marked preference for differentiating into Type IV in the myenteric plexus / circular muscle and into Type II in the submucosal plexus. By extension, these data thus indicate that neural crest-derived ENS progenitors are by far the main source of Type I and Type III EGCs. This discovery is reminiscent of the biased origin of fibrous vs protoplasmic astrocytes in the central nervous system, where fibrous astrocytes are mainly derived from subventricular neural progenitors whereas protoplasmic astrocytes are rather preferentially derived from radial glia (Sovrea and Bosca, 2013). These different developmental pathways are believed to also impact the transcriptional signature and hence the function of astrocyte subtypes (Tabata, 2015). Whether this is also the case for SCP-derived EGCs will definitely be an exciting question to address in future work. In this regard, a previously published bulk RNA-seq analysis of Plp1-GFP+ EGCs suggests that molecular traces of an SCP origin might be present in some EGCs (Rao et al., 2015). However, a firm conclusion cannot be drawn without multi-marker staining of gastrointestinal tissues, and our preliminary investigations along these lines were not successful for Mpz – one of the candidate SCP marker gene identified in the previous bulk RNA-seq experiment (Rao et al., 2015). Using immunofluorescence, we failed to detect the corresponding protein in SCP-derived EGCs, while the same antibody works well for labeling sciatic nerve-associated Schwann cells (Supplementary Figure 7). This question of whether there is some kind of connection between topo-morphological and transcriptional subtypes of EGCs is certainly of great interest to the field (Lefevre et al., 2023), as notably highlighted in some studies recently posted as preprints (Majd et al., 2022; Windster et al., 2023). With the identification of subtype-specific markers will come the possibility to precisely evaluate the in vivo functional importance of specific EGC subtypes via Cre/Lox-induced cell ablation with diphteria toxin-expressing reporters, as previously done for larger populations of EGCs (Baghdadi et al., 2022; Rao et al., 2017).

Regardless of where future research leads us, the new knowledge gained from the current study is already particularly important for all studies dealing with ENS regeneration (Pilon, 2021). Any project in this regard should now consider verifying the proper re-establishment of EGC subtypes in complementary proportions, as this is most likely essential for the normal functioning of the regenerated ENS. Given that EGC diversification is greatly influenced by the origin of ENS progenitors, this is also a call for using mixtures of different types of ENS progenitors in cell transplantation-based approaches. Moreover, the fact that we now know the relative proportions of the different topo-morphological EGC subtypes during postnatal maturation of the ENS (in both the myenteric and the submucosal plexus from two bowel segments) will allow to verify the physiological status of the gastrointestinal tract in health and disease with a much higher degree of precision.
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