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Megaesophagus Is a Major Pathological
Condition in Rats With a Large Deletion
in the Rbm20 Gene
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Abstract
A spontaneously arising, loss-of-function mutation in the RNA binding motif protein 20 (Rbm20) gene, which encodes a nuclear
splicing protein, was previously identified as the underlying reason for expression of an abnormally large TITIN (TTN) protein in a
rat model of cardiomyopathy. An outbreak of Pseudomonas aeruginosa led to submission of rats with dyspnea, sneezing, lethargy,
nasal discharge, and/or unexpected death for diagnostic evaluation. Necropsy revealed underlying megaesophagus in Rbm20–/–

rats. Further phenotyping of this rat strain and determination of the size of esophageal TTN was undertaken. The Rbm20-
defective rats developed megaesophagus at an early age (26 weeks) with high frequency (13/32, 41%). They also often exhibited
secondary rhinitis (9/32, 28%), aspiration pneumonia (8/32, 25%), and otitis media/interna (6/32, 19%). In addition, these rats had a
high prevalence of hydronephrosis (13/32, 41%). RBM20 is involved in splicing multiple RNA transcripts, one of which is the
muscle-specific protein TTN. Rbm20 mutations are a significant cause of dilated cardiomyopathy in humans. In Rbm20-defective
rats, TTN size was significantly increased in the skeletal muscle of the esophagus. Megaesophagus in this rat strain (maintained on a
mixed genetic background) is hypothesized to result from altered TTN stretch signaling in esophageal skeletal muscle. This study
describes a novel mechanism for the development of megaesophagus, which may be useful for understanding the pathogenesis of
megaesophagus in humans and offers insights into potential myogenic causes of this condition. This is the first report of mega-
esophagus and other noncardiac pathogenic changes associated with mutation of Rbm20 in any species.

Keywords
aspiration, cardiomyopathy, hydronephrosis, megaesophagus, otitis media, rat, rhinitis, striated muscle, titin

Megaesophagus is dilation of the esophagus. It can affect part

of or the entire esophagus, may be congenital or acquired, and

can reflect peripheral or central nervous system disease

(afferent, interneuron, or efferent pathways), neuromuscular

junction dysfunction, or muscular disease. In humans, mega-

esophagus is frequently due to lower esophageal sphincter

achalasia (failure to relax), with subsequent retention of

ingesta within the distal esophagus, inflammation of the wall

(esophagitis), loss of ganglion cells, and dilation.7,42,44

Aspiration pneumonia is an important consequence of mega-

esophagus in several species and can cause significant mor-

tality. Herein, we describe a hereditary rat model (designated

the Rbm20–/– rat) that recapitulates many features of mega-

esophagus, including aspiration pneumonia.

Megaesophagus has been described in humans, dogs, cats,

horses, cattle, rats,1,6,17,41 mice,40,11 nonhuman primates,32 fer-

rets,2 and camelids.47 Its causes and morphological and func-

tional changes in rats are briefly reviewed here. Idiopathic

megaesophagus with mortality has been reported in rats.1,6,17,41

Aspiration pneumonia was identified in 1 report and esopha-

geal impaction in another.17,41 In the case of esophageal

impaction, the rats were of the BHE nonobese diabetic

strain, and the caudal half of the esophagus was dilated;

there was local myodegeneration attributed to compression

atrophy.41 One substrain of Long-Evans rats with a high

prevalence of megaesophagus exhibited precardial esopha-

geal dilation, decreased numbers of ganglion cells within

the myenteric plexus of both the thoracic and abdominal

portions of the esophagus, and decreased muscularis thick-

ness in the thoracic portion.1 This condition was considered

hereditary and neurogenic.1

1Research Animal Resources Center and Muscle Biology Laboratory, University

of Wisconsin, Madison, WI, USA
2Muscle Biology Laboratory, University of Wisconsin, Madison, WI, USA

Supplemental material for this article is available online.

Corresponding Author:

Denise J. Schwahn, Zoetis Research and Development, 333 Portage St,

Kalamazoo, MI 49007, USA.

Email: denise.schwahn@gmail.com

Veterinary Pathology
2020, Vol. 57(1) 151-159
ª The Author(s) 2019
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/0300985819854224
journals.sagepub.com/home/vet

https://orcid.org/0000-0001-8665-2402
https://orcid.org/0000-0001-8665-2402
https://orcid.org/0000-0002-5236-2906
https://orcid.org/0000-0002-5236-2906
mailto:denise.schwahn@gmail.com
https://sagepub.com/journals-permissions
https://doi.org/10.1177/0300985819854224
http://journals.sagepub.com/home/vet


Ninety percent of 3- to 4-month old rats carrying an addi-

tional copy of the Poliovirus receptor-related 3 (Pvrl3, Nectin

3, CD113) gene had megaesophagus with features of achalasia,

and they exhibited myodegeneration, inflammation, and

decreased numbers of myenteric ganglia.37 The cause of

achalasia may have been an effect of transgene insertion or a

random mutation in a founder rat.37 Surgical models of mega-

esophagus apply a constricting ring to the serosal aspect of the

abdominal esophagus, causing distension of the middle third of

the esophagus and thinning of the submucosa and muscularis.42

The muscularis reproducibly hypertrophies at the site of the

ring-induced stenosis, and foci of aspiration pneumonia are

common.42 Chemical models of megaesophagus use benzalk-

onium chloride, which denervates the esophagus, causing acha-

lasia, megaesophagus, hypertrophy of the muscularis, and

increased epithelial proliferation in rats.8

RNA binding motif protein 20 (RBM20) is an RNA-binding

protein that regulates splicing of multiple cardiac proteins.16

Alternative splicing is an important control mechanism for

sarcomeric protein function in the heart.16,48 Mutations in

RBM20 are a major cause of dilated cardiomyopathy in

humans.16,27,31 Loss-of-function mutations in RBM20 result

in improperly spliced TTN, a protein that controls both sarco-

meric length and passive myofiber stiffness, resulting in a lon-

ger sarcomere and subsequent cardiac dilation.16,49 Mutations

in RBM20 may also be a cause of statin-associated myopathy.35

The hearts of mice with deletion of the RNA recognition motif

of Rbm20 exhibit decreased diastolic stiffness and increased

cardiac fibrosis.34 In addition, RBM20 is a splicing factor for

Enigma homolog 1 (ENH1, PDLIM5, L9, ENH), a scaffolding

protein found within striated myofibers, increasing the expres-

sion of a shorter splice isoform (ENH3).20 Defects in RBM20

are associated with an increased ratio of ENH1/ENH3, which

promotes hypertrophy of cardiac myofibers and is hypothe-

sized to be a mechanism of cardiomyopathy in humans.20

The Rbm20-defective rat was discovered by chance during a

developmental study on the giant protein TTN.13 Differently

sized TTN isoforms are expressed from a single gene via alter-

native splicing in an age-dependent manner.13,27 In the devel-

opmental study, some rats expressed a much larger TTN than

that of age-matched wild-type rats, and all rats with the larger

TTN came from the same litter.13 The increased TTN size was

due to an autosomal dominant 95-kb deletion in Rbm20, corre-

sponding to the loss of exons 2 to 14 and disruption of its

important role in alternative splicing.16 Over 30 different genes

show altered splicing in this rat strain (herein designated

Rbm20–/–), but the changes in TTN appear to be the most

significant.16 The Rbm20–/– rat expresses a markedly enlarged

TTN protein in striated myofibers of both cardiac and skeletal

muscles.16,27,28 Adult Rbm20–/– rats exhibit left ventricular

dilation with increased diastolic parameters but no changes in

systolic parameters or contractility.16 Rbm20–/– rats have

decreased exercise tolerance, electrocardiographic abnormal-

ities, and a predisposition to arrhythmia and unexpected death,

similar to humans with RBM20 mutations.16 Histologically, in

Rbm20–/– rats, there is subendocardial fibrosis, and

ultrastructurally, there are abnormal myofibril arrangements,

Z line streaming, and lipofuscin deposits.15 Elongated and flac-

cid TTN filaments are thought to lead to reduced myofilament

recoil with a compensatory increase in collagen biosynthesis,

leading to subendocardial fibrosis.16

The current study was undertaken to more completely char-

acterize the phenotype of a spontaneously arising Rbm20 muta-

tion in rats linked to cardiac disease in humans and assess its

suitability as a model of human megaesophagus. We identified

a high incidence of megaesophagus with subsequent aspiration

pneumonia, rhinitis, and/or otitis media with intralesional for-

eign material in Rbm20–/– rats. Megaesophagus is hypothesized

to be due to the abnormally large TTN isoform expressed in

esophageal skeletal muscle, resulting in elongated sarcomeres,

myofibers, and organ dilation. A high incidence of hydrone-

phrosis was also noted.

Materials and Methods

Animals

Rbm20–/– rats were maintained on a mixed genetic background

consisting of 50% Brown Norway, 25% Fisher 344, and 25%
Sprague-Dawley strains. Rats were cohoused in groups of 2 in

open-topped cages in 2 separate conventional facilities with

12/12-hour light/dark cycles and stable temperature (22�F).

Teklad standard rodent chow (Harlan, Madison, WI) and water

were available ad libitum. Enrichment was provided to dams

via a stainless steel loft. Animals housed singly were provided

with a PVC tube and Nyla bones. Both colonies were free of rat

coronavirus, rat theilovirus, Pneumocystis carinii, Sendai virus,

pneumonia virus of mice, Mycoplasma pulmonis, rat reovirus

3, lymphocytic choriomeningitis virus, cilia-associated respira-

tory bacillus, Hantaan virus, Clostridium piliforme, mouse ade-

novirus 1, and mouse adenovirus 2. Positive serologic results

were occasionally seen for a generic parvovirus antigen in both

colonies. All rats were genotyped by polymerase chain reaction

(PCR) as described previously.16 Animal care and use were in

accordance with the Guide for Care and Use of Laboratory

Animals published by the US National Institutes of Health

(NIH publication 85-23, revised 1996), and all experimental

procedures were approved by the University of Wisconsin

Institutional Animal Care and Use Committee.

Case Inclusion Criteria

Thirty-two Rbm20–/– rats of both sexes and ages 6 to 60 weeks,

4 Rbm20þ/– rats of both sexes and ages 10 to 47 weeks, and

6 Rbm20þ/þ (wild-type) rats of both sexes and ages 6 to

84 weeks were included in this study. Initial cases in all 3

genotypes presented with clinical signs that included dyspnea,

sneezing, nasal discharge, head tilt, buphthalmia, lethargy, and

unexpected death (Suppl. Table S1). Clinically normal rats of

all 3 genotypes were recruited for use as phenotypic compar-

isons. Rats of any genotype that had been experimentally

manipulated in any way were excluded from this study.
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Necropsy, Histology, and Photomicrography

All rats were euthanized via carbon dioxide inhalation. Imme-

diately following sacrifice, rats of all genotypes were examined

grossly by a board-certified veterinary pathologist (D.J.S.).

Rats with clinical signs were subject to complete necropsy,

including microbiological culture of relevant tissues. Rats lack-

ing clinical signs were subject to an abbreviated necropsy pro-

cedure, which excluded detailed evaluation of the lower

intestinal tract. External esophageal diameters were measured

using a ruler on the widest portion of the unopened, flattened

esophagus. Megaesophagus was defined as a maximal external

esophageal diameter �5 mm. Subsequently, the entire esopha-

gus and proximal (squamous) portion of the stomach were

opened longitudinally and fixed as a Swiss roll, with the cervi-

cal esophagus in the center of the roll. In cases with clinical

disease, fresh tissues (including brain, tongue, larynx, trachea,

lungs, esophagus and proximal stomach, heart, thymus, entire

emptied gastrointestinal tract, kidneys, adrenal glands, repro-

ductive organs, bladder, spleen, preputial/clitoral glands) were

placed into 10% neutral-buffered formalin or decalcification

solution (head, left pelvic limb; Surgipath Decalcifier I, Leica

Biosystems, Buffalo Grove, IL). In cases lacking clinical signs,

fresh tissues (lungs, cardiopulmonary hilar lymph nodes, eso-

phagus and cranial stomach, heart, thymus, and any grossly

abnormal tissue) were placed into 10% neutral-buffered forma-

lin or decalcification solution (head). After 24 hours of fixa-

tion, tissues were trimmed, processed, embedded in paraffin,

sectioned at 5 mm, and stained with hematoxylin and eosin

(HE) or Masson’s trichrome for light microscopic evaluation.

A board-certified veterinary pathologist (D.J.S.) examined tis-

sues and graded esophageal thickness and fibrosis from rats of

all genotypes. Esophageal wall thickness was measured using

a stage micrometer. Fibrosis (blue staining of collagen in

trichrome-stained sections) was graded on a 5-point scale

where 0, 1, 2, 3, 4, and 5 were equivalent to none, minimal,

mild, moderate, marked, and severe, respectively. Photomicro-

graphs were taken with an Olympus DP26 camera (Olympus,

Center Valley, PA) mounted on a Nikon Eclipse 50i micro-

scope (Nikon, Melville, NY).

Agarose Gel Electrophoretic Fractionation of TTN
Isoforms

The esophagi of both Rbm20þ/þ (n¼ 4–5) and Rbm20–/– (n¼ 3)

rats were isolated and divided into 3 portions of approximately

equal length; the portions were designated the cervical, cranial

thoracic, and caudal thoracic segments based on anatomic loca-

tion. The external esophageal diameter of all esophagi was <5

mm; megaesophagus was not apparent in any rat. Muscle sam-

ples from each segment of each rat were collected and immedi-

ately flash-frozen in liquid nitrogen. Tissues were solubilized

(1:50 w/v) in a sample buffer consisting of 8 M urea, 2 M

thiourea, 3% sodium dodecyl sulfate w/v, 75 mM dithiothreitol,

0.03% bromophenol blue, and 0.05 M Tris-HCl, pH 6.8. Equal

quantities were subjected to sodium dodecyl sulfate (SDS) gel

electrophoresis in agarose.46 Sizes were estimated using stan-

dards of RBM20–/– cardiac TTN isoform (3.83 MDa) run in its

own lane on the same gel and RBM20þ/þ adult cardiac TTN

N2B isoform (2.97 MDa), which was mixed with the esophageal

protein samples. Molecular weights were estimated using the 2

standards and assuming a linear relationship between migration

distance and the logarithm of the molecular mass.28,46

Statistical Analysis

Statistical analysis was performed using standard formulas

within Microsoft Excel (Microsoft, Redmond, WA). P values

were obtained using 2-tailed tests for equal variances.

The histologic slides and additional data analyzed in this

study are available by request to the first author.

Results

For this study, 42 rats of all Rbm20 genotypes (32 Rbm20–/–,

4 Rbm20þ/–, and 6 wild-type) at 6 to 84 weeks of age were

examined grossly and microscopically. Of the 32 Rbm20–/–

rats, 8 (25%) had clinical signs, including dyspnea, sneezing,

lethargy, nasal discharge, and unexpected death; 24 had no

clinical signs. One of the 4 (25%) Rbm20þ/– rats presented for

sneezing; the others had no clinical signs. Four of the 6 (75%)

wild-type rats presented with clinical signs that included sneez-

ing, dyspnea, head tilt, buphthalmia, and unexpected death; the

others lacked clinical disease. Megaesophagus was present in

13 of 32 (41%) Rbm20–/– rats and 1 of 4 (25%) Rbm20þ/– rats

(Fig. 1, Suppl. Table S1). In the 13 Rbm20–/– rats with mega-

esophagus, the external esophageal diameters ranged from 5 to

17 mm; 8 females and 5 males were affected, and the youngest

Rbm20–/– animal with megaesophagus was 26 weeks old

Figure 1. Bubble plot of closed esophageal diameter (mm) vs age
(weeks) in rats of all Rbm20 genotypes. The width of the bubble
represents the number of rats with this age and esophageal diameter.
Most animals of all genotypes and ages had esophageal diameters of
2 mm. Diameters larger than 5 mm were considered dilated; all rats
with megaesophagus were Rbm20–/–. Note that 1 heterozygote with
megaesophagus did not have a measurement for the diameter; this
animal is excluded from this plot.
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(Fig. 1, Suppl. Table S1). Wild-type rats and rats without mega-

esophagus typically had esophageal diameters of 2 mm (Fig. 1,

Suppl. Table S1). Megaesophagus always involved the

intrathoracic and intra-abdominal portions of the esophagus

and never the cervical portion (Fig. 2). The esophageal dia-

meter in the Rbm20þ/– rat with megaesophagus was not mea-

sured, but dilation was grossly apparent. This rat also presented

with sneezing.

Figures 2–5. Megaesophagus and aspiration pneumonia, 34-week-old Rbm20–/– rat. The esophagus is markedly dilated; its closed esophageal
diameter was 17 mm. D, remnant of removed diaphragm; H, heart; S, stomach. Figures 3–4. Chronic otitis media, 36-week-old Rbm20–/– rat
with megaesophagus. Figure 3. The middle ear (ME) cavity is filled by pyogranulomatous inflammation with thickening of the tympanic
membrane (TM). Hematoxylin and eosin (HE). Figure 4. The middle ear contains viable and degenerate neutrophils admixed with macrophages,
surrounding intralesional foreign material (a) that is birefringent under polarized light (b, arrow), indicating plant origin. HE. EE, external ear
canal. Figure 5. Chronic aspiration pneumonia, 41-week-old Rbm20–/– rat with megaesophagus. A bronchiole is filled with viable and degen-
erate neutrophils admixed with macrophages, some multinucleated (arrowhead), surrounding intralesional plant material (a) that refracts
polarized light (b, arrow). HE.
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Of the 8 rats (5 Rbm20–/–, 1 Rbm20þ/–, and 2 Rbm20þ/þ)

with clinical signs of upper respiratory disease (dyspnea, sneez-

ing, and nasal discharge), all 8 had histologic evidence of

aspiration pneumonia, rhinitis, and/or otitis media/interna

(Figs. 3–5b, Suppl. Table S1). Three of the 5 rats (60%) that

presented for lethargy or unexpected death also had histologic

evidence of aspiration pneumonia, rhinitis, and/or otitis media/

interna; all were Rbm20–/–. Aspiration pneumonia, rhinitis,

and/or otitis media/interna were identified histologically in

an additional 3 rats (all Rbm20–/–) that lacked clinical signs

of respiratory disease, lethargy, or unexpected death and were

apparently healthy (Suppl. Table S1).

A total of 12 Rbm20–/– (11/32; 34%) or Rbm20þ/– (1/4;

25%) rats had histologic evidence of aspiration pneumonia,

rhinitis, and/or otitis media/interna; of these rats, all also had

megaesophagus. Megaesophagus was not identified in any

Rbm20þ/þ rat. Aspiration pneumonia, rhinitis, and otitis

media/interna (with intralesional foreign plant material) are

considered secondary to megaesophagus and represent reflux

of esophageal contents. In the 14 rats with megaesophagus, the

prevalence of rhinitis was 71%, the prevalence of aspiration

pneumonia was 64%, and the prevalence of otitis media/interna

was 43%. While gross evidence of megaesophagus was first

seen at 26 weeks of age, the sequelae of aspiration pneumonia,

rhinitis, and/or otitis media were not identified microscopically

until 36 weeks of age. The most common pathogen isolated

from cases of aspiration pneumonia, rhinitis, or otitis media/

interna was Pseudomonas aeruginosa.

As megaesophagus is often associated with esophageal wall

thinning, the average thickness of the esophageal wall was

measured at 3 different locations (cervical, cranial thoracic,

and caudal thoracic) on a Swiss roll section in rats of each

genotype (Figs. 6–9). Substantial differences in the thickness

of different segments of the esophagus were not apparent. The

overall average esophageal wall thickness in Rbm20þ/þ rats

was 326.7 + 94.3 mm (P < .006 vs Rbm20–/–; n ¼ 6 segments);

esophageal walls were thinner in Rbm20þ/– rats (308.9 +
74.0 mm, P < .006 vs Rbm20–/–; n ¼ 9 segments) and even

thinner in Rbm20–/– rats (215.2 + 44.0 mm; n ¼ 54 segments)

(Fig. 6). Esophageal wall thickness was further subdivided by

segment among Rbm20–/– rats with and without grossly appar-

ent megaesophagus, but no substantial difference was apparent

(Fig. 6). Overall esophageal wall thickness was not signifi-

cantly different between Rbm20–/– rats with megaesophagus

(208.0 + 49.1 mm) and without megaesophagus (218.0 +
43.7 mm; P ¼ .42).

Fibrosis may be a component of esophageal wall thinning.

To address this possibility, Masson’s trichrome staining with

numerical scoring of the amount of collagenous (blue) staining

was used. Age-, sex-, and genotype-matched controls without

megaesophagus were also examined (Figs. 7, 8). In 3 age- and

sex-matched pairs of Rbm20–/– rats with and without megae-

sophagus, the quantity of blue staining on trichrome-stained

Swiss rolls of the esophagi was graded (data not shown). There

was slightly less collagenous connective tissue staining in

Rbm20–/–animals with megaesophagus (Fig. 8b) than in

Rbm20–/– rats without megaesophagus (Fig. 7b), but the differ-

ence was not notable, and the histologic perception was of

equal amount of collagen in the esophageal walls of both ani-

mals (Figs. 7, 8). The subjective decrease in fibrous tissue in

rats with megaesophagus may be due to the same quantity of

extracellular matrix and collagen spread over a greater area

(due to dilation).

Megaesophagus may be due to decreased numbers or func-

tion of the submucosal or myenteric plexuses within the eso-

phageal wall. Swiss roll sections of rat esophagi were

examined for the presence of both plexuses as well as any

histological abnormalities (Figs. 7–9). Submucosal plexuses

were difficult to identify with HE or trichrome staining in any

of the 47 rats examined, but myenteric plexuses were regu-

larly encountered in rats of all Rbm20 genotypes (Figs. 7a

inset, 8a inset, 9 inset, and data not shown). Myenteric

plexuses were counted in each animal, and the number of

these plexuses did not differ by genotype (data not shown).

No histologic abnormalities of the plexuses were noted. There

were no differences in the number of ganglion cells within the

submucosal and myenteric plexuses in animals with megae-

sophagus vs those with normal esophagi (data not shown).

Inflammation was not identified in any portion of the esopha-

gus in any rat.

An increased prevalence of hydronephrosis was also noted

(Fig. 10, Suppl. Table S1). Either unilateral or bilateral hydro-

nephrosis was identified in 14 rats (33%). Thirteen of these rats

were Rbm20–/– (7 females, 6 males), and one was Rbm20þ/þ

(female). The prevalence of hydronephrosis in Rbm20–/– rats

was 41% (n ¼ 32), and the prevalence of hydronephrosis in

Figure 6. Average esophageal wall thickness shown by segment for
rats of all Rbm20 genotypes. “Rbm20–/–” indicates all genotypically null
animals, “Rbm20–/– N” indicates genotypically null rats with esophagi
of �5 mm, and “Rbm20–/– M” indicates genotypically null rats with
megaesophagus. The average thickness of the esophageal wall among
all Rbm20–/– rats was 194.4 + 76.2 mm in the cervical portion,
195.6 + 74.1 mm in the cranial thoracic portion, and 255.6 + 65.3
mm in the caudal thoracic portion (n ¼ 18). Standard deviations are
depicted. n¼ 2 for Rbm20þ/þ rats; n¼ 3 for Rbm20þ/– rats; n¼ 13 for
Rbm20–/– N rats, and n ¼ 5 for Rbm20–/– M rats.
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wild-type rats was 17% (n ¼ 6). Hydronephrosis was not seen

in Rbm20þ/– rats, possibly due to the small sample size (n¼ 4).

Interestingly, 6 of the 13 (46%) Rbm20–/– rats with hydrone-

phrosis had concurrent megaesophagus, suggesting the possi-

bility of a functional molecular link between the 2 conditions.

Seven of the 14 (50%) rats with hydronephrosis had associated

urinary disease, such as urolithiasis (15%) or urinary tract

infection (8%). The Rbm20þ/þ rat with hydronephrosis died

of septic pneumonia at 52 weeks of age and did not have

evidence of concurrent urinary tract disease.

Figures 7–10. Esophageal Swiss rolls from rats of varying Rbm20 genotypes. Figure 7 is from a 52-week-old Rbm20–/– rat without mega-
esophagus, Figure 8 is from a 60-week-old Rbm20–/– rat with megaesophagus, and Figure 9 is from a 64-week-old Rbm20þ/þ rat without
megaesophagus. In each case, all layers of the esophagus are present in appropriate ratios (a). Insets show normal ganglion cells (arrow) of the
myenteric plexus. Similar amounts of fibrosis (F, blue) are seen in the submucosal regions in both the Rbm20–/– rat lacking megaesophagus
(Fig. 7b) and the Rbm20–/– rat with megaesophagus (Fig. 8b); a similar amount of fibrosis was also seen in the Rbm20þ/þ rat (data not shown).
A, Hematoxylin and eosin (HE). B, Masson’s trichrome. E, epithelium; M, muscularis. Figure 10. Hydronephrosis, 52-week-old Rbm20–/– rat with
megaesophagus. HE. H, dilated pelvis; M, medulla; P, papilla.
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Given the role of RBM20 in splicing Ttn and TTN’s role in

determining the length of the sarcomere in striated myofibers,

examination of the size of the TTN isoforms in Rbm20–/– rats

was undertaken. Large molecule gel electrophoresis of the 3

segments of the esophagi of Rbm20þ/þ and Rbm20–/– rats was

used to determine the size of the TTN isoforms in the cervical,

cranial thoracic, and caudal thoracic segments (Figs. 11,12).

The TTN isoform seen in the Rbm20–/– rats was much larger in

all segments of the esophagi of Rbm20–/– rats (*3700 kDa)

compared with the isoform in Rbm20þ/þ rats, which further

appeared to vary by esophageal segment (*3460 kDa in the

cervical portion, *3490 kDa in the cranial thoracic portion,

and *3590 kDa in the caudal thoracic portion) (Fig. 12).

Discussion

This study was undertaken to further characterize the phe-

notype of Rbm20–/– rats; a high prevalence of megaesopha-

gus with secondary aspiration pneumonia, rhinitis, and/or

otitis media was found. There was a close relationship

between the presence of megaesophagus, aspiration pneu-

monia, rhinitis, otitis media, and clinical signs such as dys-

pnea, sneezing, and nasal discharge. Megaesophagus in

Rbm20–/– rats was first identified at 26 weeks of age, while

the sequelae of aspiration pneumonia, rhinitis, and/or otitis

media were first seen at 36 weeks of age. Megaesophagus in

Rbm20–/– and Rbm20þ/– rats is likely myogenic, as wall

thinning was seen in rats of both genotypes regardless of

the presence of megaesophagus. This finding supports the

hypothesis that the Rbm20 deletion mutation leads to aber-

rant Ttn splicing and more flaccid (thinner) myofibers and

muscles. There was no evidence of increased esophageal

wall fibrosis, histologic abnormalities of the ganglion cells

of the submucosal or myenteric plexuses, or inflammation.

The primary myogenic mechanism of megaesophagus in

Rbm20–/– rats is unique among rats with megaesophagus

and also differs from most human cases, which tend to be

neurogenic.7

This study also found a similarly high prevalence of both

megaesophagus (41%) and hydronephrosis (41%) in rats with a

95-kb, inactivating, autosomal dominant deletion of the Rbm20

gene. The observed increased prevalence of hydronephrosis in

Rbm20–/– rats may be partly due to their genetic background.

Congenital hydronephrosis is a common strain-related lesion in

both Brown Norway and Sprague-Dawley rats, 2 of the 3

strains on which the Rbm20 mutation is maintained, and a small

contribution of these genetic backgrounds to the prevalence of

hydronephrosis is expected.38,45 The prevalence of hydrone-

phrosis was reported to be 67% to 75% in Brown Norway rats43

and 2.0% to 5.1% in Sprague-Dawley rats.5,45 The Rbm20–/–

rats are 50% Brown Norway and 25% Sprague-Dawley, so the

predicted prevalence of hydronephrosis in such a cross is

approximately 34% to 40%. The observed prevalence of hydro-

nephrosis in Rbm20þ/þ rats was 17% (n ¼ 6). The observed

prevalence of hydronephrosis in Rbm20–/– rats was 41%, which

is slightly greater than expected, and almost half of Rbm20–/–

rats with megaesophagus also had hydronephrosis. Therefore, a

link between loss of Rbm20 function and hydronephrosis is

possible. Interestingly, one of the transcripts spliced by

RBM20 is MECP2, a gene whose duplication has been associ-

ated with hydronephrosis in human fetuses.9

RBM20 plays an important role in the development of

megaesophagus in these rats, most likely through its action in

splicing Ttn. The rat esophageal muscularis is composed

entirely of striated myofibers.21,39,36 The TTN isoform seen

in the esophagi of Rbm20–/– rats is dramatically larger than the

isoform in Rbm20þ/þ rats; this is similar to what is seen in

cardiac muscle and in several skeletal muscles of Rbm20–/–

rats.16,27,28,33 Identification of larger TTN isoforms in striated

muscles of Rbm20–/– rats strongly suggests that TTN is

Figure 11. Agarose gel electrophoresis of TTN isoforms in different
portions of the esophagus in Rbm20þ/þ and Rbm20–/– animals without
megaesophagus. TTN isoforms are larger in all parts of the esophagus
in Rbm20–/– rats. All esophagus samples contain a band at 2.97 MDa
(the predominant TTN isoform) from the deliberate addition of wild-
type cardiac TTN for use as an internal size standard. Cd, caudal
thoracic esophagus; Cr, cervical esophagus; Hm, Rbm20–/–; Md, cranial
thoracic esophagus; MDa, megadaltons; Std, mass standard; T2, a pro-
teolytic fragment of TTN; Wt, Rbm20þ/þ.

Figure 12. Larger TTN isoforms are seen in different portions of the
esophagus in Rbm20–/– rats without megaesophagus. The average
TTN size in all parts of the esophagus of Rbm20–/– rats was
*3700 kDa, while the average TTN size in wild-type rats was approx-
imately 200 kDa less and varied from *3460 kDa in the cervical
portion to *3590 kDa in the caudal thoracic portion. The data
represent averages of multiple gels; standard deviations are depicted.
n¼ 4 for Rbm20þ/þ cervical segments; n¼ 5 for Rbm20þ/þ cranial and
caudal thoracic segments; n¼ 3 for Rbm20–/– cervical, cranial thoracic,
and caudal thoracic segments.
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improperly spliced in Rbm20–/– rats. The larger TTN isoform

lengthens individual sarcomeres,14 which is hypothesized to

extend to longer myofilaments and myofibers with less passive

tension, allowing the development of megaesophagus with

secondary respiratory diseases such as aspiration pneumonia,

rhinitis, and otitis media/interna. The failure to observe cervi-

cal esophageal dilation is attributed to differences in external

esophageal pressures, where the cervical portion has high

external pressure, and the thoracic and abdominal portions

have low external pressures.

TTN extends the full length of the sarcomere and is

physically linked to both the Z and M lines, thereby controlling

sarcomere length. Larger TTN isoforms have additional amino

acids from the inclusion of alternately spliced exons; the addi-

tional amino acids are found in the I band region, giving the

myofibers (and muscle) a lower passive tension. TTN has also

been suggested to act as a stretch sensor in cardiac and skeletal

muscle.10,12,18,19,24,25,29,30 One signaling pathway involves a

complex of TTN, muscle LIM protein (MLP), and telethonin

(also called TCAP), through which MLP is translocated to the

nucleus in response to stretch.22,23 Mutations in any of these 3

genes are associated with both dilated and hypertrophic cardi-

omyopathies in humans.3 In addition, the larger TTN isoforms

expressed in the Rbm20–/– rats and in humans lead to dilated

cardiomyopathy in both species.4,16,26 Both decreased passive

tension of myofibers containing enlarged TTN isoforms and

reduced mechanical signaling by TTN are hypothesized to play

roles in the pathogenesis of both cardiac and esophageal

dilation in the Rbm20–/– rat.16,26 The findings of this study

suggest that expression of a very large TTN isoform (due to a

large deletion in the Rbm20 gene leading to failure of proper

Ttn splicing) causes megaesophagus, with subsequent aspira-

tion pneumonia, rhinitis, and otitis media/interna in rats.

There is primary thinning of the esophageal muscularis.

Fibrosis, inflammation, or neurogenic atrophy is not a driver

of megaesophagus in Rbm20–/– rats. The Rbm20–/– rat exhibits

a primary myogenic megaesophagus and may be a suitable

model for myogenic cases of megaesophagus in humans,

although most human cases are neurogenic. This is the first

report of noncardiac pathogenic changes associated with an

Rbm20 mutation.
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30. Linke WA, Krüger M. The giant protein titin as an integrator of myocyte

signaling pathways. Physiology (Bethesda). 2010;25(3):186–198.

31. Ma J, Lu L, Guo W, et al. Emerging role for RBM20 and its splicing

substrates in cardiac function and heart failure. Curr Pharm Des. 2016;

22(31):4744–4751.

32. Marsden PD, Seah SK, Draper CC, et al. Experimental Trypanosoma cruzi

infections in rhesus monkeys. II. The early chronic phase. Trans R Soc Trop

Med Hyg. 1976;70(3):247–251.

33. Mateja RD, Greaser ML, de Tombe PP. Impact of titin isoform on length

dependent activation and cross-bridge cycling kinetics in rat skeletal muscle.

Biochim et Biophys Acta. 2013;1833(4):804–811.

34. Methawasin M, Hutchinson KR, Lee EJ, et al. Experimentally increasing

titin compliance in a novel mouse model attenuates the Frank-Starling

mechanism but has a beneficial effect on diastole. Circulation. 2014;

129(19):1924–1936.

35. Neroldova M, Stranecky V, Hodanova K, et al. Rare variant in known and novel

candidate genes predisposing to statin-associated myopathy. Pharmacoge-

nomics. 2016;17:1405–1414.

36. Nolte T, Brander-Weber P, Dangler C, et al. Nonproliferative and proliferative

lesions of the gastrointestinal tract, pancreas, and salivary glands of the rat and

mouse. J Toxicol Pathol. 2016;29(suppl 1):1S–124S.

37. Pang J, Borjeson TM, Muthupalani S, et al. Megaesophagus in a line of trans-

genic rats: a model of achalasia. Vet Pathol. 2014;51(6):1187–1200.

38. Proovost AP, van Aken M, Molenaar JC. Long-term follow-up of renal function

in rats with unilateral hydronephrosis. Scand J Urol Nephrol. 1990;24(2):

127–132.

39. Randelia HP, Deo MG, Lalitha VS. Megaesophagus in mouse: histochemical

studies. Gastroenterology. 1988;94(5, pt 1):1243–1244.

40. Randelia HP, Lalitha VS. Megaoesophagus in ICRC mice. Lab Anim. 1988;

22(1):23–26.

41. Ruben Z, Rorhbacher E, Miller JE. Esophageal impaction in BHE rats. Lab

Anim Sci. 1983;33(1):63–65.

42. Sons HU, Borchard F, Muller-Jah KL. Megaesophagus: induction by a simple

animal experiment. Exp Pathol. 1986;30(4):193–201.

43. Spangler EL, Waggie KS, Hengemihle J, et al. Behavioral assessment of aging

in male Fischer 344 and Brown Norway rat strains and their F1 hybrid. Neuro-

biol Aging. 1994;15(3):319–328.

44. van der Weyden L, Happerfield L, Arends MJ, et al. Megaoesophagus in

rassf1a-null mice. Int J Exp Path. 2009;90(2):101–108.

45. Van Winkle TJ, Womack JE, Barbo WD, et al. Incidence of hydronephrosis

among several production colonies of outbred Sprague-Dawley rats. Lab Anim

Sci. 1988;38(4):402–406.

46. Warren CM, Krzesinski PR, Greaser ML. Vertical agarose gel electrophoresis

and electroblotting of high molecular weight proteins. Electrophoresis. 2003;

24(11):1695–1702.

47. Watrous BJ, Pearson EG, Smith BB, et al. Megaesophagus in 15 llamas: a

retrospective study (1985–1993). J Vet Intern Med. 1995;9(2):92–99.

48. Weeland CJ, van den Hoogenhof MM, Beqqali A, et al. Insights into alternative

splicing of sarcomeric genes in the heart. J Mol Cell Cardiol. 2015;81:107–113.

49. Wyles SP, Li X, Hrstka SC, et al. Modeling structural and functional deficien-

cies of Rbm20 familial dilated cardiomyopathy using human induced pluripo-

tent stem cells. Hum Mol Genet. 2016;25(2):254–265.

Schwahn et al 159



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


