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enteric nervous system defects
and intestinal pseudo-obstruction
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The retinoblastoma 1 (RB1) tumor suppressor is a critical regulator of cell cycle progression and develop-
ment. To investigate the role of RB1 in neural crest-derived melanocytes, we bred mice with a floxed Rb1
allele with mice expressing Cre from the tyrosinase (Tyr) promoter. TyrCre*;Rb1/Vf mice exhibited no mela-
nocyte defects but died unexpectedly early with intestinal obstruction, striking defects in the enteric nervous
system (ENS), and abnormal intestinal motility. Cre-induced DNA recombination occurred in all enteric
glia and most small bowel myenteric neurons, yet phenotypic effects of Rb1 loss were cell-type specific.
Enteric glia were twice as abundant in mutant mice compared with those in control animals, while myen-
teric neuron number was normal. Most myenteric neurons also appeared normal in size, but NO-producing
myenteric neurons developed very large nuclei as a result of DNA replication without cell division
(i.e., endoreplication). Parallel studies in vitro found that exogenous NO and Rb1 shRNA increased ENS
precursor DNA replication and nuclear size. The large, irregularly shaped nuclei in NO-producing neurons
were remarkably similar to those in progeria, an early-onset aging disorder that has been linked to RB1

dysfunction. These findings reveal a role for RB1 in the ENS.

Introduction

Chronic intestinal pseudo-obstruction (CIPO) is the clinical indi-
cation for 9 percent of small bowel transplants (1), yet the etiology
for these disorders remains poorly understood. CIPO is diagnosed
when bowel motility defects cause functional, but not mechanical,
obstruction, leading to abdominal distension, pain, malnutrition,
and, in severe cases, dependence on parenteral nutrition or intes-
tinal transplantation for survival. It is likely that diverse genetic,
infectious, autoimmune, metabolic, and toxic insults all contrib-
ute to CIPO etiology.

Intestinal motility and many other aspects of bowel function are
controlled by an interconnected intrinsic network of neurons and
glia called the enteric nervous system (ENS) (2-4). The ENS forms
from neural crest-derived cells that migrate through fetal bowel,
proliferate extensively, and then exit the cell cycle and differentiate
into many different neuronal subtypes (5-7). Defects in specific
types of enteric neurons may cause life-threatening disease, and,
like in the central nervous system, neurons in the ENS must be
present in the proper ratios and with correct patterning for the
bowel to work well. Signals that control ENS precursor prolifera-
tion and cell cycle exit are incompletely understood. Furthermore,
the ENS can be damaged in many ways, often with preferential
effects on NO-producing enteric neurons that inhibit bowel con-
traction (8). There are also regional differences in the susceptibility
of enteric neurons to damage that are not well understood (9).

We initially intended to develop a model of melanoma by delet-
ing the tumor suppressor retinoblastoma 1 (Rb1) in melanocytes,
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another neural crest derivative. RbI is frequently inactivated in
human cancer (10) and critically regulates cell division and devel-
opment (11-16). Cyclin-dependent kinases promote cell division
by reversibly inactivating RB1 via a hierarchical series of phosphor-
ylation events and sequential conformational changes (12, 13).
The best understood function of RB1 is to induce cell cycle exit
by preventing cells from entering S phase (17), but it also partici-
pates in cell cycle checkpoints in S and G,/M phases (14). RB1 is
important not only for tumor suppression but also for develop-
ment, terminal differentiation, and tissue homeostasis (15), with
mutations causing tissue-specific defects (18, 19). We had previ-
ously demonstrated that RB1 couples cell cycle exit with terminal
differentiation in melanocytes (20) and therefore crossed mice
carrying a tyrosinase-Cre (TyrCre) transgene with mice harboring
floxed Rb1 alleles. This TyrCre transgene is expressed not only in
the melanocyte lineage, but also in the developing ENS. We dis-
covered that Rb1 inactivation in the ENS led to a progressive, fatal,
and very unusual defect in a subset of myenteric neurons that pro-
duce NO. These cells undergo endoreplication and develop giant,
irregularly shaped nuclei similar to those seen in progeria. Strik-
ingly, although Rb1 is also deleted in enteric glia and other types of
enteric neurons, these cells do not undergo endoreplication, high-
lighting the complexity of cell cycle regulation and differences in
Rb1 dependence of distinct cell types within the ENS lineage.

Results

Rb1 loss in the ENS causes a severe intestinal motility disorder and early
death. Rb1"# mice were bred with TyrCre mice, and at P8, the resulting
TyrCre";Rb1I" mice (Rb1 conditional KO [cKO| mice; Figure 1A) were
present at a normal Mendelian ratio (RbI**, 19%; heterozygous Rb1
cKO, 59%; Rb1 cKO, 22%; %2 test P = 0.5, n = 37 Cre* mice analyzed).
However, the P8 Rb1 cKO mice were smaller than littermates and
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continued to grow poorly (Figure 1, B and F). By P21, Rb1 cKO mice
were present at alower ratio than expected (RbI7*,29%; heterozygous
Rb1 cKO, 55%; Rb1 cKO, 16%; %? test P < 0.001, n = 806 Cre* mice
analyzed). By P30, 50% of Rb1 cKO mice had died (Figure 1C).
To determine the cause of death, RbI cKO animals were subjected
to necropsy for gross and histopathologic examination of all major
organs. We did not observe any melanocyte defects or tumors, simi-
lar to results of Tonks et al. (21), but early death prevented the study
of late-onset melanoma. The only abnormality detected was marked
dilation of the distal small intestine (DSI) with intraluminal stool
or air accumulation and contraction of the more distal bowel. This
phenotype was evident in some RbI cKO mice by P8 (Figure 1D;
n =2 out of 4 examined) and in 70% of mice at 30 days or older
(Figure 1E; WT, n = 14; RbI cKO, n = 21), indicating a progressive
bowel motility defect that likely underlies the poor growth and
early death in these mice. Heterozygous TyrCre;Rb1"/ mice were
healthy without abnormal phenotype at all ages examined (data not
shown). Because TyrCre mice express Cre in neural crest derivatives,
including the ENS (22-24), we hypothesized that this Rb1 mutation
caused ENS defects.

Rb1 cKO mouse myenteric plexus neurons undergo DNA replication with-
out mitosis. The gross intestinal phenotype in Rb1 cKO mice with
dilated proximal and relatively narrow distal bowel was reminis-
cent of human Hirschsprung disease, in which the ENS is absent
from the distal bowel. However, histopathologic examination
of mice at various ages from PO to adulthood did not reveal the
characteristic distal bowel aganglionosis of Hirschsprung dis-
ease (n = 33 mice examined). Since the ENS was present, we next
considered the possibility that one or more cell types within the
ENS were abnormal in RbI ¢cKO mice. To test this hypothesis,
adult mouse whole-mount preparations of the bowel muscle lay-
ers containing the myenteric plexus were stained with antibod-
ies against HuC/D for visualizing neuronal cell bodies, TuJ1 for
visualizing neurites, and S100 or SOX10 for visualizing enteric
glia (Figure 2, A-H). At P30, SOX10 and S100 antibodies labeled
exactly the same cells (100% overlap) in WT and RbI cKO mice
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Figure 1
Rb1 cKO mice gain weight slowly and
die of intestinal pseudo-obstruction.
(A) LoxP sites surrounding Rb7 exon 19
led to inactivation by tyrosinase
promoter—driven Cre-recombinase.
(B) Adult Rb7 cKO mice were smaller
0 than WT littermates (ruler depicts
0 30 60 90120 centimeters). (C) Rb71 cKO mice die
Age (d) prematurely; 50% of mice were dead by
P30. (D and E) DSIs of Rb7 cKO mice
become dilated (red arrows) and colons
have hard dark stool scybala at (D) P8
and (E) P30. Ce, cecum; Co, colon;
3 STM, stomach; Sl, small intestine; DSI,
: distal small bowel. (F) Rb7 cKO mice
8 M grow slowly (control, n = 33; Rb1 cKO,
u n=233).*P < 0.05.
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(Supplemental Figure 1; supplemental material available online
with this article; doi:10.1172/JC167653DS1). Quantitative analy-
sis of Rb1 cKO mice demonstrated a normal density of myenteric
neurons in the distal small bowels and colons but a significant
increase in enteric glial density compared with that in WT mice
(Figure 2,Tand]). Interestingly, there were also many exceptionally
large neurons (but not glia) in the distal small bowels of Rb1 ¢cKO
mice that were not observed in WT animals (Figure 2, D and H).
Large neurons were seen, but were uncommon, in the colons of Rb1
cKO animals. To further investigate nuclear morphology in distal
small bowel, we used an antibody against the nuclear matrix proteins
lamin A/C (LMNA/C) in combination with HuC/D and the DNA
dye DRAQS (Figure 3, A-D). This staining demonstrated very large
nuclei with complex internal and external LMNA/C-containing
lamina. In some cases, LMNA/C “vesicles” are contained within a
larger nuclear lamina, and in others, smaller LMNA/C “vesicles”
are adjacent to or contiguous with a larger nucleus (see Supple-
mental Figure 2 and Supplemental Videos 1-6). In addition to the
unusual nuclear lamina structures, the large nuclear size suggested
that these neurons might be replicating DNA without cell division
(i.e., endoreplication). Alternatively, nuclear enlargement might be
independent of DNA replication. To distinguish between these pos-
sibilities, we first attempted fluorescence-activated cell sorting and
fluorescence in situ hybridization to estimate DNA content, but
these techniques were not successful on the whole-mount prepa-
rations required for these studies. Therefore, we used confocal
microscopy and integrated DRAQS staining intensity to estimate
DNA content and measure nuclear volume. For these analyses, we
used a lamin B2 antibody that stained the nuclear lamina of myen-
teric neurons but not those of other cells in the whole-mount prep-
arations (Supplemental Figure 3). This analysis demonstrated that
nuclear volume in Rb1 cKO mice was up to 32-fold larger than that
in WT mice and nuclear volume was directly proportional to DNA
content (Figure 3E), consistent with endoreplication in Rb1 mutant
myenteric neurons. To validate the hypothesis that RbI mutant
myenteric neurons continue to replicate DNA after control myen-
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Rb1 cKO mice have disorganized myenteric ganglia with giant neurons and increased enteric glia. (A—D) Whole-mount preparations of the
myenteric plexus stained with antibodies to HuC/D (red, neuronal marker) and Tuj1 (green, neuron-specific blll tubulin) demonstrated some very
large myenteric neurons in Rb7 cKO mice. (E and F) S100 (green, glia cytoplasm marker) and HuC/D (red) or (G and H) SOX10 (green, glial
protein), DRAQ5 (blue, DNA dye), and HuC/D (red) immunohistochemistry showed an increased ratio of glia to neurons and normal glial cell
size in ganglia with very large neurons (white arrow in H). (A and B) Ganglia also appear disorganized in Rb7 cKO mice. (I) Quantitative analysis
demonstrated approximately twice as many enteric glia in the distal small bowels and colons of Rb7 cKO mice compared with those in controls.
Neuron numbers were equal in Rb7 cKO and control mice. (J) We confirmed an increased glia to neuron ratio by counting cells within the same
field of view in the distal small bowel and colon. Scale bar: 100 um (A and B); 50 um (C-F); 20 um (G and H). *P < 0.05 versus control. n > 1,000

neurons and >2,000 glia per analysis.

teric neurons have exited the cell cycle, we injected mice with BrdU
daily from P9 to P16 and analyzed the enteric neurons at P20 with
an antibody against BrdU in conjunction with PGP9.5 (neuronal)
and SOX10 (glial) immunohistochemistry. This revealed a marked
increase in BrdU incorporation in neurons of Rb1 cKO mice com-
pared with those in WT mice (Figure 4, A, B, and E), indicating that
Rb1 mutant myenteric neurons continue to replicate DNA at this
age, whereas WT myenteric neurons have ceased DNA synthesis.
Similarly, staining with an antibody against the proliferation mark-
er Ki67 (Figure 4, C, D, and F) showed that RbI mutant myenteric
neurons remained in the cell cycle, whereas WT myenteric neurons
had exited the cell cycle at this age. Some SOX10* enteric glial cells
were also positive for Ki67 and BrdU staining, but the percentag-
es of positive cells did not differ between Rb1 ¢KO and WT mice
(Figure 4, E and F).

Nuclear enlargement is not likely to be associated with neuronal
cell death, since we were unable to detect TUNEL-positive cells in
the myenteric plexuses of Rb1 cKO or control mice at P30, P50,
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or P60 (data not shown). We also did not find evidence of DNA
damage in myenteric neurons by staining with y-H2AX antibody
(Supplemental Figure 4).

NO-producing distal small bowel myenteric neurons are selectively affect-
ed by RBI loss. We observed a marked variability in the nuclear size
of myenteric plexus neurons in the distal small bowel of Rb1 cKO
mice and hypothesized that RB1 loss may selectively affect certain
types of myenteric neurons. If this were the case, then the affected
cell type would likely be an abundant one, such as NO-producing
inhibitory motor neurons or calretinin-expressing excitatory motor
neurons. To evaluate NO-producing cells, we used nicotinamide
adenine dinucleotide phosphate diaphorase (NADPH-d) staining
on whole-mount preparations of the distal small bowel myenteric
plexus at P8 and P30 (Figure 5). At P30, many NADPH-d-expressing
neurons exhibited giant nuclei, whereas very few giant nuclei were
observed at P8, suggesting that postnatal DNA replication with-
out mitosis in NO-producing myenteric neurons leads to progres-
sive nuclear enlargement. This is consistent with the observation
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