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HIGHLIGHTS

® The expression of the astrocytic marker Aldh1L1 was studied in the enteric nervous system using Aldh1L1-eGFP BAC transgenic mice.
e Only enteric glial cells outside the ganglia showed Aldh1L1 promoter activity.
e Aldh1L1-eGFP expression was also observed in interstitial cells of Cajal and in a subpopulation of excitatory enteric neurons.
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Enteric glial cells are increasingly acknowledged as important partners of enteric neurons in the con-
trol of gastrointestinal function. They share morphological features and expression of antigenic markers
with astrocytes of the central nervous system. Recently, aldehyde dehydrogenase 1 family member L1
(Aldh1L1) has been proposed as a novel and specific marker for astrocytes. Taking the known similarities
between astrocytes and enteric glia into account, we sought to investigate whether enteric glial cells
also express Aldh1L1. To this end, we performed immunostaining on preparations of myenteric plexus
obtained from adult Aldh1L1-eGFP bacterial artificial chromosome (BAC) transgenic mice and found that
the Aldh1L1 promoter is indeed active in enteric glia, albeit mainly in cells residing outside the myenteric
ganglia. Apart from enteric glia, we also observed eGFP expression in interstitial cells of Cajal. Further-
more, myenteric ganglia of the large intestine contained eGFP positive neurons. Taken together, our data
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indicate that Aldh1L1 is not a suitable marker for enteric glial cells.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Similar to other parts of the nervous system, the enteric ner-
vous system (ENS) is composed of neurons and glia. This neural
network is situated within the gut wall and autonomically con-
trols many aspects of gastrointestinal function independent of the
brain [1]. Over the last two decades, our knowledge of enteric glial
cell function has evolved from thinking of them acting merely in a
simple neuro-supportive role to encompass an intriguingly diverse
range of roles in maintaining gut homeostasis. Enteric glial cells
are involved in mucosal barrier protection, inflammatory reactions
and motility [2-4]. Enteric glia are phenotypically similar to central
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nervous system (CNS) astrocytes; in addition to sharing morpho-
logical features, enteric glial cells and astrocytes both express the
intermediate filament glial fibrillary acidic protein (GFAP) and the
Ca?* binding protein S100B [5]. Recently, transcriptional profiling
studies of astroglia in the CNS have identified aldehyde dehy-
drogenase 1 family member L1 (Aldh1L1) as a new marker for
astrocytes and astrocytic precursors [6-8]. Aldh1L1, also named 10-
formyltetrahydrofolate dehydrogenase (FDH), is a folate enzyme
that converts 10-formyltetrahydrofolate to tetrahydrofolate [9].
It is crucial in several biochemical reactions, including de novo
nucleotide biosynthesis and regeneration of methionine, rendering
it of great influence in cell division and growth. Using Aldh1L1 as
an astrocyte marker was originally proposed based on data argu-
ing that Aldh1L1 is highly, broadly and specifically expressed by
nearly all astrocytes, but not other CNS cell types [6,8]. Given the
many similarities between enteric glial cells and astrocytes, the aim
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of the current study was to investigate whether Aldh1L1 would also
be a suitable marker for the glial cells in the ENS.

2. Methods

Adult Aldh1L1-eGFPbacterial artificial chromosome (BAC) trans-
genic mice (GENSAT project [10]) of either sex were used. These
animals express an eGFP reporter gene under control of the
Aldh1L1 promoter, which is thought to accurately reflect Aldh1L1
protein expression [6-8]. Animals were killed by cervical dislo-
cation, under approval by the Animal Ethics Committee of the
University of Leuven. The gut was isolated, cut along the mesen-
teric border and pinned flat in a Sylgard Petri dish containing
Krebs solution continuously oxygenated with carbogen (95% O, /5%
CO,). The mucosal and submucosal layers were peeled away and
the tissue was fixed in 4% paraformaldehyde-containing Krebs-
buffered solution for 45 min at room temperature. After washing
in PBS, the circular muscle layer was carefully removed to expose
the myenteric plexus and the tissues were then processed for

immunohistochemistry. The myenteric plexus preparations were
permeabilized with 0.5% Triton X-100 in PBS containing 4% don-
key serum and incubated in the following primary antibodies for
24 h at 4°C: rat anti-GFP (which also detects eGFP; 1:1000; Gen-
taur, Kampenhout, Belgium); goat anti-Sox10 (1:300; Santa Cruz
Biotechnologies, Santa Cruz, CA, USA); rabbit anti-S100 (1:500;
Dako, Glostrup, Germany); mouse anti-HuCD (1:500; Molecular
Probes, Invitrogen, Merelbeke, Belgium); goat anti-c-Kit (1:200;
Santa Cruz Biotechnologies); rabbit anti-nNOS (1:400; Santa Cruz
Biotechnologies); rabbit anti-calretinin (1:2000; Chemicon Inter-
national, Temecula, CA, USA); rabbit anti-calbindin D-28K (1:1600;
Swant, Bellinzona, Switzerland) and rabbit anti-neurofilament M
145kDa (1:1000; Chemicon International). After washing, sec-
ondary antibodies raised in donkey were applied for 2h at
room temperature: anti-rat Alexa 488 (1:1000; Molecular Probes,
Invitrogen); anti-goat Alexa 594 (1:1000; Molecular Probes, Invi-
trogen); anti-rabbit AMCA (1:250; Jackson Laboratories, West
Grove, PA, USA) and anti-rabbit Alexa 594 (1:1000; Molecu-
lar Probes, Invitrogen). Preparations were imaged using a Zeiss

Fig. 1. Aldh1L1 promoter activity in the enteric nervous system. Maximum projections of confocal images from immunolabeled myenteric plexus preparations obtained from
Aldh1L1-eGFP mouse gut. eGFP expression was detected with an antibody directed against GFP (green). eGFP positive enteric glial cells (A and B), identified by immunostaining
for Sox10 and S1003, mainly reside in the interganglionic connectives (arrows) and intestinal muscle layers (arrowheads). Cells positive for eGFP but negative for enteric glia
markers (asterisks, A and B) can also be found in the myenteric plexus and are identified as interstitial cells of Cajal (ICC) by immunolabeling for c-Kit (asterisks, C-F). Note
that in contrast to the nuclei of enteric glial cells (arrows, C-F), the eGFP signal is absent from the nuclei of ICC. A subset of enteric neurons positive for the pan-neuronal

marker HuCD (G-I) expresses eGFP under control of the Aldh1L1 promoter.
Scale bars=100 wm in (A-B and G-I); 50 wm in (C-F).
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LSM510 multiphoton confocal microscope (Cell Imaging Core,
University of Leuven). All observations and associated statistics
were obtained from specimens derived from at least three mice.
Values are given as mean = standard error of the mean (SEM).
The n value refers to the total number of eGFP positive cells
counted.

3. Results

To investigate the expression of Aldh1L1 in the mouse ENS, we
performed anti-GFP immunostaining on preparations of myenteric
plexus obtained from Aldh1L1-eGFP mouse gut. eGFP immunore-
activity was detected in enteric glial cells and confirmed by
co-labeling with antibodies against the enteric glia markers S100(3
and Sox10 (Fig. 1A and B). Interestingly, the majority of eGFP
positive enteric glial cells were located outside the myenteric gan-
glia, i.e. in the interganglionic connectives, tertiary plexus and

muscle layers. In the myenteric plexus preparations from the
small intestine, we also observed reporter expression in inter-
stitial cells of Cajal (ICC) in addition to enteric glial cells, as
confirmed by double labeling for GFP and c-Kit (Fig. 1C-F). Surpris-
ingly, we found that myenteric ganglia of the distal gut contained
neurons positive for eGFP, as identified by co-labeling for the
pan-neuronal marker HuCD (Fig. 1G-I). A quantification of the dif-
ferent cell types expressing eGFP in the myenteric plexus of the
ileum is shown in Table 1. In contrast with the small intestine
where eGFP positive neurons are very rare (Table 1), approxi-
mately one third (32.0 & 3.2%) of the colonic ganglia are populated
with eGFP positive neurons. These neurons had large and smooth
cell bodies, resembling neuronal type Il morphology. Because
of the consistent and specific expression pattern of the eGFP
positive neurons, we performed a set of double stainings to fur-
ther investigate the neurochemical coding of these neurons and
possibly pinpoint a specific subtype of enteric neurons. 77.1 & 3.6%

Fig. 2. Aldh1L1 promoter activity in enteric neurons. Maximum projections of confocal images from immunolabeled myenteric plexus preparations obtained from Aldh1L1-
eGFP mouse colon. eGFP expression was detected with an antibody directed against GFP (green). The majority of eGFP positive neurons express calretinin (calret, A-C) but not
neuronal nitric oxide synthase (nNOS, D-F). The arrows and arrowhead in (A-C) indicate eGFP expressing neurons that are respectively positive and negative for calretinin.
Note the presence of both neurons with high (arrows) and low (arrowheads) levels of anti-GFP labeling, all of them negative for nNOS, in (D-F). A large number of eGFP
neurons are positive for calbindin (calb, arrow, G and H) and neurofilament-M 145 kDa (NF-M, arrow, I and J).

Scale bars =100 pwm in (A-C and D-F); 50 wm in (G and H; I and J).
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Table 1
Quantification of AldhL1-eGFP expressing cells in the myenteric plexus.

Cell type % of eGFP cells Number of cells
(+SEM) counted

Enteric glial cells 70.0 + 4.7 836

Ganglionic glia 125+ 14 149

Extraganglionic glia 57.5+ 3.5 687

ICC 288 +£4.3 310

Enteric neurons 1.1+ 04 11

(n=175) of the eGFP positive neurons were found to express cal-
retinin but none (n=151) were positive for neuronal nitric oxide
synthase (nNOS) (Fig. 2A-F), thus indicating their excitatory nature.
Next, we performed double stainings for GFP and calbindin or GFP
and neurofilament-M 145 kDa (Fig. 2G-]). A rather faint calbindin
immunoreactivity was observed in about half (50.3 £1.7%, n=96)
of the eGFP positive neurons. In addition, 62.5 + 4.2% (n=66) of the
eGFP positive neurons were labeled with an antibody directed to
neurofilament-M 145 kDa.

4. Discussion

In the current study, we used expression of an eGFP reporter
gene to demonstrate Aldh1L1 promoter activity (and likely protein
expression) in glial cells of the ENS, to see if it mimicked the pre-
viously described expression in astroglia of the CNS [6]. Although
not all enteric glial cells were found to be positive for eGFP, our
data further strengthen the notion that enteric glial cells are simi-
lar to astrocytes. Remarkably, eGFP was predominantly expressed
by enteric glia residing outside rather than within the myenteric
ganglia. Using both transgenic lines and antibodies, almost com-
plete Aldh1L1 labeling of astrocytes has been shown throughout
the brain, which justifies its use as a novel astrocytic marker [7,8].
Thus, our findings indicate that Aldh1L1 most likely cannot be used
as a general marker for glial cells in the gut and we hypothesize that
the selective expression of Aldh1L1 might reflect enteric glial cell
heterogeneity [11]. Moreover, we also observed reporter expres-
sion in ENS cell types other than enteric glia. eGFP was present
in a subset of enteric neurons, in particularly in the myenteric
plexus of the colon. This needs to be assessed in light of the fact
that although Aldh1L1 is generally accepted as a suitable marker
for CNS astrocytes, Aldh1L1 transcriptional activity has also been
found in some neurons in the anterior dorsal thalamus [12]. In our
experiments, the immunoreactivity for calretinin, calbindin and
neurofilament-M 145 kDa, but not for nNOS, as well as the type
II-like morphology, suggests that the enteric neurons expressing
the reporter are a subset of intrinsic primary afferent neurons, as
described by Qu et al. in the mouse ileum [13]. Future studies will
need to address whether these neurons have the electrophysiolog-
ical and morphological characteristics associated with this type of
enteric nerve cell. In addition to enteric glia and neurons, we also
found Aldh1L1 promoter activity in ICC. This is remarkable since ICC
are developmentally unrelated to enteric neurons and glia; they
originate from the mesenchyme, while enteric neurons and glia
develop from common neural crest precursors [14,15]. Fate map-
ping using Aldh1L1-Cre mice would be helpful in understanding the
temporal control of Aldh1L1 expression in the ENS [7]. Of course,
it is also worth investigating what the specific role of the Aldh1L1
protein, and thus the importance of folate metabolism, is in these
gut cells. In conclusion, although Aldh1L1 is increasingly used as
an astrocyte marker in the CNS, our data indicate that it does not
reliably label enteric glial cells in the gastrointestinal tract.
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