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Abstract

Megaesophagus is defined as the abnormal enlargement or dilatation of the esophagus,
characterized by a lack of normal contraction of the esophageal walls. This is called achalasia
when associated with reduced or no relaxation of the lower esophageal sphincter (LES). To date,
there are few naturally occurring models for this disease. A colony of transgenic (Pvrl3-Cre) rats
presented with megaesophagus at 3 to 4 months of age; further breeding studies revealed a
prevalence of 90% of transgene-positive animals having megaesophagus. Affected rats could be
maintained on a total liquid diet long term and were shown to display the classic features of
dilated esophagus, closed lower esophageal sphincter, and abnormal contractions on contrast
radiography and fluoroscopy. Histologically, the findings of muscle degeneration, inflammation,
and a reduced number of myenteric ganglia in the esophagus combined with ultrastructural lesions
of muscle fiber disarray and mitochondrial changes in the striated muscle of these animals closely
mimic that seen in the human condition. Muscle contractile studies looking at the response of the
lower esophageal sphincter and fundus to electrical field stimulation, sodium nitroprusside, and L-
nitro-L-arginine methyl ester also demonstrate the similarity between megaesophagus in the
transgenic rats and patients with achalasia. No primary cause for megaesophagus was found, but
the close parallel to the human form of the disease, as well as ease of care and manipulation of
these rats, makes this a suitable model to better understand the etiology of achalasia as well as
study new management and treatment options for this incurable condition.
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Megaesophagus is defined as the abnormal enlargement or dilatation of the esophagus,
characterized by a lack of normal contraction of the esophageal walls. This is called
achalasia when associated with reduced or no relaxation of the lower esophageal sphincter
(LES). Primary achalasia is very rare, with an annual incidence of approximately 1/100 000
and a prevalence rate of 1/10 000.22 In the United States, the prevalence is 10 cases per 100
000, with an incidence of 6 cases per 100 000 each year.>*

Achalasia is known to affect any age, although it is more commonly observed in an older
population, usually secondary to other diseases. The familial or syndromic form of achalasia
often presents in childhood.34 Due to the nonspecificity of symptoms and the rarity of the
disease, many patients go years before a diagnosis of achalasia is made.2> The main clinical
observation of achalasia is dysphagia to solids and liquids; in people, symptoms also include
chest pain, heartburn, and regurgitation.1? Aspiration pneumonia is a common sequela, as is
weight loss, although this typically manifests later in the disease process. Patients with
chronic achalasia are also at increased risk of developing esophageal cancer,825 likely due
to food stasis leading to bacterial overgrowth and nitrosamine production that causes chronic
inflammation and dysplasia.?*

There is no cure for achalasia, as normal motor function cannot be restored; clinical
intervention is based on alleviating the symptoms of dysphagia and associated
complications. The success of each therapeutic and management option currently available
varies widely depending on the type of patient.22 Early diagnosis and treatment are
important to reduce the risk of serious complications such as aspiration pneumonia and
esophageal perforations.22 Many management options target reducing LES pressure through
medications such as calcium channel blockers and nitrates, injections of botulinum toxin, or
surgical intervention such as pneumatic dilations and Heller myotomies.2 Unfortunately,
these are palliative treatments, and there is a tendency for quality of life to decline with time,
leading to the constant search for better treatment and management options.>3

In animals, achalasia is better known as megaesophagus. It is most often described in dogs,
although a number of cases have also been cited in cats and ferrets.>17:39 Some well-
characterized causes in animals include myasthenia gravis,?1:72:83 vascular ring
anomalies,®2952 and hypothyroidism.30:44 Megaesophagus may also be inherited—one
study demonstrated that a line of affected Wire Fox Terriers with megaesophagus were
traced back to 1 sire.50

Achalasia as a cause of megaesophagus is often not well documented, and the etiology is
still unknown.>® The current leading hypothesis is that achalasia is due to inflammation of
the myenteric plexus in the esophagus triggered by an initial insult such as a familial,
infectious, or autoimmune cause.14:34.61.64 The denervation and loss of ganglion cells in the
myenteric plexus both in the esophageal body and the LES is a common feature directly
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linked to abnormal esophageal function36:61 but is not a consistent finding in all achalasia
cases.®1 Similarly, in dogs, it is debatable if the difference in the numbers of myenteric
ganglion cells plays a significant role in this disease.1>16:42 The human esophagus consists
of skeletal muscle proximally and gradually transitions into smooth muscle distally.*9 In
contrast, the entire esophagus is made up of skeletal muscle in many animals, including the
rat.84 In addition, the LES of a rat consists of smooth muscle.” Nonetheless, despite these
anatomical differences, the presentation of achalasia (or megaesophagus) in both humans
and animals is the same.

There are no suitable naturally occurring animal models for achalasia. Nonetheless,
achalasia can be induced and is often done experimentally to study this
condition.428:48,68,69,73,79.88 Jsing gauze soaked with benzalkonium chloride (BAC)
wrapped around the abdominal portion of the esophagus in rats, investigators demonstrated
that the esophageal diameter was increased and the number of myenteric plexus neurons was
reduced while the histological changes and contractile characteristics similar to that in
humans with achalasia were noted.28:68 One group successfully used this model to study
preneoplastic lesions associated with achalasia.8?

BAC has also been successfully applied in the opossum32:73 and dog.88 A drawback to BAC
studies is that it takes 3 months or more for esophageal dilatation to occur. Other studies
have used mechanical obstruction of the esophagus by banding*6:51.69 or by placing a
pressure cuff around the gastroesophageal junction.®”:’® These models mimic distal
esophageal obstruction and demonstrate that esophageal aperistalsis can be secondary to the
obstruction, although these findings are insufficient to explain the entire presentation of
achalasia.5! Surgical vagotomy has also been attempted in opossums,*8 dogs, 4 and
primates,* but achalasia is not consistently reproducible.

Here we present a model of achalasia with high penetrance in a colony of transgenic rats. At
the time of megaesophagus presentation, no rats had undergone experimental manipulation.
This article presents the clinical presentation, diagnosis, management, and pathology of
these rats with megaesophagus and demonstrates the validity of this transgenic rat strain as a
model for achalasia.

Materials and Methods

Animals and Clinical Monitoring

Transgenic rats were initially generated for a neuroscience laboratory at the Massachusetts
Institute of Technology (MIT) by RIKEN, Japan, with the intention of studying the
poliovirus receptor—related 3 (Pvrl3) gene in the CA1 region of the hippocampus according
to previously published methods.”® Briefly, the Pvrl3-Cre gene was inserted into a bacterial
artificial chromosome clone, which was subsequently linearized, purified, and injected into
the pronucleus of Crlj:WI embryos (Charles River Japan, Yokohama, Japan). Injected
embryos were surgically transferred to pseudopregnant female rats. Transgene-positive
offspring were identified by standard polymerase chain reaction (PCR) genotyping methods
(Transnetyx, Cordova, TN). Four founder lines were generated; however, all animals
received at MIT were from the same founder male. In-house breeding at MIT crossed the
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transgenic animals with Crl:WI rats (Charles River Laboratories, Raleigh, NC), and 18 stud
males were retained. This initial group of rats was between the ages of 3 and 4 months when
they presented with megaesophagus and are categorized as group I. There were also 3
transgenic negative age-matched males in the colony that were used as controls. Animals
affected with megaesophagus were transitioned onto the PMI Micro-stabilized rodent liquid
diet LD101 (TestDiet, St Louis, MO) and maintained exclusively on this, while the
unaffected rats were provided the regular commercial rodent diet Prolab RMH 3000, PMI
(LabDiet, St Louis, MO). All diets were provided ad libitum.

Two of the stud males were backcrossed to their wild-type mothers and their offspring
categorized as group Il. Offspring from these matings were randomly divided in a blinded
fashion into 2 subgroups—one maintained exclusively on the PMI liquid diet and the other
on a half liquid and half regular diet. One of the transgene-negative rats was also mated with
a wild-type mother to generate age-matched controls for group I1.

The weights and clinical presentation of group | animals were intensively monitored for the
first month after diagnosis until the weights were stabilized and maintained for a year.
Group I animals were also weighed weekly from 4 to 11 weeks of age to tabulate weight
changes.

Contrast Radiography and Fluoroscopy

For radiography, rats from group | were anesthetized with isoflurane (Forane; Baxter,
Deerfield, IL) and then gavaged with Omnipaque 140 mg/ml (GE Healthcare, Core,
Ireland). Radiographs were taken at 0, 30, and 60 minutes after administration. Group Il
animals were radiographed once at 0 minutes initially at 4 and 8 weeks of age. For
fluoroscopy, a subset of group | rats were trained to voluntarily drink Omnipaque mixed
with Nutri-Cal (Vétoquinol, Vineland, NJ) prior to imaging with the OEC9800 C-arm (GE
Healthcare, Waukesha, W1).

Complete Blood Counts, Serum Biochemistry, and Acetylcholine Receptor Antibodies

Complete blood counts and serum biochemistry for a subset of animals were sent to Idexx
Laboratories (North Grafton, MA). Serum was analyzed for the presence of acetylcholine
receptor (AChR) antibodies to rule out myasthenia gravis as a cause. Antibodies were
measured by immunoprecipitation of 125I-a bungarotoxin (12°1-a Bgt)-labeled AChRs and
expressed as nmol of toxin binding sites/L serum (nM). Serum from a Long Evans rat with
confirmed megaesophagus (unpublished data) was included as a positive control. Titers less
than 0.2 nM were considered negative.

Histopathology and Immunohistochemistry

Tissues collected at necropsy were fixed in 10% neutral buffered formalin (Sigma-Aldrich,
St Louis, MO) for at least 24 hours and processed for embedding in paraffin, followed by
sectioning of paraffin blocks at 5-um sections and routinely stained with hematoxylin and
eosin (HE). For immunohisto-chemistry, formalin-fixed sections of the esophagus and
stomach were stained for neuronal nitric oxide synthase (nNOS) using rabbit polyclonal
nNOS antibody (#61-7000; Invitrogen, Camarillo, CA) and secondary goat anti—rabbit
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antibody (#559286; BD Pharmingen, San Diego, CA) before development with SA-HRP
and DAB. Methods for antigen retrieval, blocking steps, and counterstaining were as
previously described.56 A board-certified veterinary pathologist (S.M.) evaluated all slides.
The number of myenteric ganglia per ten 20x high-powered fields was counted and analyzed
with the unpaired t-test using GraphPad Prism (GraphPad Software, La Jolla, CA). P < .05
was considered significant.

Transmission Electron Microscopy

Sections (1 mm) of skeletal muscle from the thoracic esophagus of 2 rats with
megaesophagus and 1 control were fixed in 2.5% glutaraldehyde and 3% paraformaldehyde
with 5% sucrose in 0.1 M sodium cacodylate buffer. The tissue was postfixed in 1% OsOg4 in
veronal acetate buffer. The tissue was stained en bloc overnight with 0.5% uranyl acetate in
veronal acetate buffer, then dehydrated and embedded in Spurr’s resin. Sections were cut on
a microtome (Reichert Ultracut E; Reichert Technologies, Buffalo, NY) with a diamond
knife and stained with 2% uranyl acetate followed by 0.1% lead citrate. Samples were
examined using the Technai Spirit Transmission Electron Microscope (FEI Company,
Hillsboro, OR) at 80 kV and the ultrastructural images interpreted by S.M.

Muscle Contractile Studies

At necropsy, the esophagus and stomach of 2 transgenic and 2 normal rats were excised and
placed in cold Kreb’s solution (120 mM NacCl, 5.9 mM KCI, 25 mM NaHCOg3, 1.2 mM
NayH,POy, 1.2 mM MgCI-6H,0, 2.5 mM CaClsy, and 11.5 mM dextrose). Three
longitudinal smooth muscle strips from the fundus without mucosa and 2 strips with intact
mucosa corresponding to the middle and distal portions of the LES were obtained from each
animal. Smooth muscle strips were mounted in a tissue chamber maintained at 37°C and
continuously gassed with carbogen (95% O, + 5% CO»). Muscle strips from the LES and
fundus were stretched to 5 g and 1.5 g, respectively, and equilibrated for 1 hour in Kreb’s
solution to allow tissues to reach a stable tone before starting the stimulation. Neurally
mediated nitrergic relaxation was elicited by electrical field stimulation (EFS; 20 V, 0.5-64
Hz, 0.5-ms pulse duration, 5 seconds). Tissue from the fundus was precontracted with
carbachol (107> M) prior to EFS. The effect of EFS-induced relaxation in the fundus was
also investigated in the presence of L-nitro-L-arginine methyl ester (L-NAME, 100 uM). In
addition, nitrergic relaxation of smooth muscle was induced in both the LES and fundus by
the addition of sodium nitroprusside (SNP, 1 pM).

Relaxation responses of smooth muscle strips were expressed as a percent change from the
basal tone in the LES or from the active tension achieved by carbachol precontraction in the
fundus. Comparison of contractile or relaxation responses between rats with megaesophagus
and normal rats was analyzed by an unpaired t-test followed by Holm-Sidak post hoc
analysis. The effect of L-NAME on fundus relaxation between the groups of rats was
analyzed by a paired t-test. Data are reported as mean = standard error of the mean (SEM). P
< .05 was considered significant.
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Rats With Megaesophagus Can Be Maintained Long Term on a Total Liquid Diet

Of the 18 rats diagnosed with megaesophagus in group |, 7 showed clinical signs, including
respiratory distress, porphyrin staining, excessive salivation, a hunched posture, and
dehydration or did not gain weight after transitioning to the liquid diet. These animals were
euthanized. The remaining 11 rats were maintained on the total liquid diet and did not
present with clinical signs. These rats showed a mean + SEM weight gain 0of 38.3+9.7 g
over the first month. Of the 11 rats, 6 were successfully maintained in the colony for more
than a year and were clinically normal throughout. Radiography at 1 year showed the
persistence of achalasia in all remaining group | animals.

Group Il animals were placed on various modified diets to determine if the diets were
appropriate in maintaining the rats and reducing clinical signs. Genotyping results at the end
of the study revealed a total of 10 transgene-positive rats (4 males, 6 females) and 10
transgene-negative rats (6 males, 4 females) that were placed on the modified diets. Fifteen
wild-type rats were produced and maintained on the regular diet. The weights between
transgene-positive and transgene-negative animals on the same diet regime showed little
difference; however, as a whole, rats maintained on the half liquid and half pellet diet
showed higher weights than those on a liquid diet alone, with the former being more
comparable to the wild-type animals (Table 1). None of the group Il animals demonstrated
any clinical signs of megaesophagus.

Radiography and Fluoroscopy Demonstrate the Classic Features of Megaesophagus

Using contrast radiography, all group | animals showed an enlarged esophagus with little
clearance of contrast into the stomach at time 0 (Fig. 1). At 30 and 60 minutes, clearance
was minimal, with most of the contrast agent still present within the esophagus after 60
minutes (Fig. 2). In comparison, the age-matched transgenic negative and wild-type animals
all showed significant clearance into the stomach at time 0 (Fig. 3) and complete clearance
from the esophagus by 30 minutes, with all contrast agent residing in the stomach at 60
minutes (Fig. 4).

Of the rats belonging to group I1, 7 had an enlarged esophagus when viewed using contrast
radiography at 4 weeks of age. At 8 weeks, an additional 2 rats presented similarly. All 9
rats were transgene positive. The remaining animals showed normal esophageal sizes,
although 1 was transgene positive. In total, 9 of 10 transgene-carrying animals (90%)
presented radiographically with megaesophagus while no (0%) rats absent for the transgene
showed any esophageal abnormalities.

Fluoroscopy revealed uncoordinated peristalsis and lack of motility in the esophageal walls
of rats with megaesophagus. The LES demonstrated no relaxation, leading to the pooling of
contrast within the esophagus (Fig. 5). In comparison, the rats with normal esophagi
demonstrated smooth peristaltic movement from the pharynx to the stomach (Fig. 6).
Clearance was within seconds after swallowing.
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No Primary or Concurrent Disease Identified in Rats With Megaesophagus

No significant deviations from the normal ranges in both the complete blood counts and
serum biochemistry panels were noted in any affected rats. Rats were also negative for
acetylcholine receptor antibodies (Fig. 7).

Megaesophagus is Associated with a Range of Histopathological Alterations in Affected

Esophagi

All major organs were grossly and histologically evaluated in the first 10 cases diagnosed;
no significant findings were noted except those in the esophagus. During the initial course of
the study, it was determined that the esophagus was the primary organ that showed variable
histological changes, and with the addition of more experimental animals, the esophagi of all
animals were reevaluated in a blinded manner by a board-certified comparative pathologist
(S.M.).

All transgene-negative animals had esophagi of normal diameters (0.2-0.3 cm; Fig. 8),
while the esophagi of transgene-positive animals were grossly enlarged, particularly in the
thoracic portion. Many had diameters ranging from 0.4 to 1.6 cm (Fig. 9).

The presence of any histologic changes was recorded separately for the epithelium,
submucosa, muscularis proper, and adventitia, as well as nerve fibers whenever present in
the plane of section. Histologically, all transgene-negative animals had essentially normal
esophagi (Figs. 10, 11) except for rare instances of scattered mast cells (not shown). The
esophagi of transgenic positive animals exhibited a broad range of morphological alterations
that varied in type and severity. The most frequent finding was the presence of epithelial
hyperkeratosis of varying severity (Fig. 12). There was a consistent increase in intraluminal
debris (Fig. 12) frequently seen with intraluminal bacteria adherent to superficial keratin
strands in the esophagus of affected rats (Fig. 13). Occasionally, epithelial ballooning
degeneration was also noted, and in 1 instance, a subcorneal intraepithelial microabscess
was also observed (Fig. 13). Epithelial and subepithelial inflammation was common, albeit
minimal. Occasional mild epithelial hyperplasia was also noted (Fig. 14).

Nerve fibers (presumably branches of vagus), when present in the plane of section, were
also assessed for any pathological alterations. Due to the variability in the plane of section
between different animals, the thickness of the nerve fibers could not be accurately assessed,
although at least in 1 case, there was minimal nerve hypertrophy and hypercellularity of the
nerve fascicles in a region of muscle necrosis and/or inflammation (Figs. 14, 15).
Inflammatory cells, chiefly mast cells and macrophages, were seen immediately adjacent to
and occasionally within the nerve fibers (Figs. 14, 15). In a couple of cases, mast cells were
also seen in association with the myenteric plexus (not shown).

Skeletal muscle thickness was also carefully evaluated in at least 10 independent 10x
objective fields from all segments of the esophagus, and in almost half of the
megaesophagus cases, there was mild atrophy from either myofiber necrosis/loss or
reduction in the number/thickness of fibers. In some, either focal muscle degeneration/
necrosis (Fig. 14) or occasional segmental muscle necrosis, clearing, and fibrosis (Fig. 16)
was present. Inflammation within the muscularis was variable, ranging from sparse to
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minimal, and was frequently noted in the areas of muscle degeneration/necrosis. Mast cells
and macrophages were the cells commonly seen in the areas of muscle degeneration/
Necrosis.

In addition, many affected rats and 1 control also showed minimal to mild multifocal
myofiber pallor and/or clearing, as well as distinct sarcoplasmic vacuolation in the
muscularis proper (Fig. 17). These sarcoplasmic changes were considered a true
pathological alteration, especially when noticed in sections with no sectioning artifacts or
when not present along the edges of the sections. The adventitia of affected cases in a few
instances showed minimal to mild inflammation with a frequent occurrence of mast cells.
Many of the muscle abnormalities noted were attributed to secondary change rather than
considered a primary cause.

Dilated Esophagi have Reduced Myenteric Ganglion Cell Numbers with Ultrastructural
Abnormalities

On nNOS immunohistochemistry, esophageal sections from normal rats had more nNOS-
positive myenteric ganglia that were also larger in size (Fig. 18). The rats with
megaesophagus had significantly lower numbers of nNOS-positive myenteric ganglia (P <.
01; Figs. 19, 20). No significant difference in numbers of nNOS staining myenteric ganglia
in the stomach was noted between the affected and normal rats (Fig. 20).

Ultrastructurally, prominent mitochondrial changes were observed in the esophageal
musculature of the rats with mega-esophagus. Compared with normal rats (Fig. 21), the
esophageal skeletal muscle fibers of the affected rats frequently showed a prominent
variation in the size and shape of the mitochondria that spanned most of the breadth of the |
and A bands with associated fiber architectural disarray (Fig. 22). Rarely, vacuoles in the
mitochondria were also present (Fig. 23).

Loss of Inhibition and Impaired Relaxation in the LES Muscle of Rats With
Megaesophagus

By induction with EFS, the rats with megaesophagus had a lower percentage of in vitro
relaxation of muscle strips from the LES compared with the normal rats at all frequencies,
which was significant at frequencies of 0.5, 1, and 2 Hz (Fig. 24). The addition of SNP
caused relaxation in the LES of rats with megaesophagus to a similar degree as the control
animals (not shown). EFS-induced relaxation of the muscle strips from the fundus in
affected rats was significantly lower than normal rats at frequencies greater than 2Hz (Fig.
25). In normal rats, L-NAME treatment significantly reduced relaxation in response to EFS
in the fundus at frequencies higher than 2 Hz (Fig. 26). In contrast, rats with megaesophagus
showed lower relaxation percentages to begin with and no significant changes following L-
NAME treatment (Fig. 27).

Discussion

Achalasia or megaesophagus in rats has been published infrequently. In 1958, Schulte’®
commented that changes in the esophagus are rare in laboratory rodents. The first full
publication by von Deerberg and Pittermann2? described megaesophagus in the inbred rat

Vet Pathol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pang et al.

Page 9

strain BDE/HAN. Approximately 20% of this colony was affected, and the authors
concluded that megaesophagus in these rats was most likely genetic in origin.
Megaesophagus was subsequently characterized in a 4-month-old male Wistar rat
descendant Hla:(WI)BR2. The animal exhibited clinical signs similar to what we observed in
our first few presenting cases (weight loss, dehydration, hunching, and saliva mixed with
porphyrin staining the face, chin, and paws). The rat was found dead in its cage 1 month
after being placed on a pelleted diet. Necropsy and histopathological findings mimicked
those seen in other cases of megaesophagus.38 No obvious causes could be identified in this
case, and the etiology was considered idiopathic.38

A stock colony of Srl:BHE rats aged 6 to 26 months also presented with esophageal
impaction. About 21% of deaths (~1.3% of the total number of animals) in the colony were
attributed to megaesophagus, and those affected included both sexes. Some rats also had
recurrent episodes consistent with megaesophagus.®’ Finally, Long-Evans rats on an aging
study were observed with signs of achalasia.3 Thirty-nine percent of the colony obtained
from a commercial source presented similarly between the ages of 3 and 32 months.
Esophageal inflammation was not a key feature identified, but reduction in the myenteric
ganglion cell numbers was demonstrated.3

Historically, the North American opossum (Didelphis virginiana) has been an excellent
model for human esophageal physiology as it is similar to that of humans in terms of the
proportion of smooth and skeletal muscle and intrinsic motor function.”? It is also large
enough to evaluate manometrically and radiographically. Many other animals such as the
dog have also been employed in a similar manner. While idiopathic cases have been noted in
many species, no naturally occurring lines of achalasia have been identified.

However, in mice, several genetically modified lines have proven valuable. Megaesophagus
in the ICRC/HiCri mouse is known to be an autosomal recessive trait, histologically
characterized by decreased myenteric ganglia and muscular abnormality in the abdominal
esophagus,5° suggesting involvement of the skeletal muscle. Similar to our findings,
megaesophagus affected both sexes. More recently, the Lsc/p115~/~ mouse showed that the
lack of Lsc leads to an achalasia-like phenotype. These mice first present around 4 months
of age and progress to more severe achalasia as they age.%° Other lines such as the
Sprouty2~/~ mouse demonstrate esophageal dilation but also feature other intestinal motility
disorders.”” Rassfla™'~ mice reveal that inflammation of the myenteric plexus can lead to
achalasia.® The advantage of this strain is that the Rassfla gene is a known tumor
suppressor gene, and hence this may be the suggestive link between achalasia and cancer.

Given the lack of evidence that megaesophagus in this colony of rats was secondary to other
conditions, our transgenic model is more consistent with the evidence that certain types of
achalasia can be attributed to genetic influences,89 as shown by the association that achalasia
has to other genetic diseases.34 For example, primary idiopathic achalasia is often seen in
children with Allgrove, Alport, and Down syndromes.22:34

Isolated (nonsyndromic) achalasia may be the most common form of achalasia, but familial
achalasia is also reported fairly frequently.34 However, no study has been comprehensive or
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large enough to study the genetic effect on achalasia. As the rats presented in this study both
carry the same transgene and are related, this may provide an opportunity to analyze the
genetic basis of this disease. To date, we have been unable to determine if the association
between transgenic status and the presentation of megaesophagus is due to the insertion of
the transgene or whether this was a result of a random mutation in a founder that was
subsequently fixed in the population.

One of the biggest challenges for patients with achalasia is maintaining adequate nutrition;22
all the therapies and management options focus on this critical issue. Similarly with animals,
providing nutritional support is an important part of any treatment plan. Animals with
megaesophagus are unable to survive on the regular commercial rodent diet, but with the
alternative diet regimen used in this study, group | rats were successfully maintained long
term without clinical signs. Despite the slower weight gain on the total liquid diet, the
common significant clinical signs due to esophageal impaction and aspiration pneumonia
were completely eliminated in group Il rats by placing them on modified diets immediately
after weaning. Thus, even though the animals still demonstrated megaesophagus, the
condition was subclinical.

Esophageal manometry is considered the gold standard for diagnosing achalasia.
Symptomatic scoring has also been described,29:8° although this is not an option in animal
studies. Overall, most agree that a barium esophagogram coupled with fluoroscopy is the
best approach for an accurate diagnosis of achalasia.2 Characteristics noted in humans
include the loss of primary peristalsis in the distal two-thirds of the esophagus and poor
esophageal emptying with retained food. Absent or abnormal peristaltic waves have been
observed in both humans and dogs,%° findings consistent with our analysis of esophageal
motility in the affected rats under fluoroscopy. A smooth tapering of the lower esophagus
leading to a closed LES, resembling a bird’s beak,>® is considered a classic presentation and
is a feature consistently noted with rats in this current study. A timed barium esophagogram
can also assist in assessing improvements in esophageal emptying after therapy.13.58.80

Our study did not use esophageal manometry, but the method has been used to measure LES
pressure in rats.53 Nonetheless, by performing esophagograms and fluoroscopy,
megaesophagus was diagnosed antemortem in the transgenic rats, with comparable findings
and features to that in humans. To our knowledge, this is the first time fluoroscopy has been
used on unanesthetized rats, which not only confirms the abnormal matility of the esophagus
in affected rats without the complications of anesthesia but will also serve as a useful tool in
analyzing treatments and progression of the disease in the future. The evidence of
megaesophagus from a young age also provides a unique opportunity for studying the
features of congenital achalasia and, combined with the ease of monitoring, opens the door
to longitudinal studies.

It is currently accepted that the degree of neuronal loss in the myenteric plexus is dependent
on the extent of the disease; human patients at an earlier stage of the disease tend to have a
more functional esophagus and similar numbers of ganglion cells with minimal
inflammation compared with healthy individuals.19:3%87 On the converse, a reduction or
lack of ganglion cell numbers has been noted in congenital achalasia,?23 and our study
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further supports this. The presence of mast cells is an additional feature that has been
described, although their function remains unknown.8:87

Many of the changes in humans occur in the smooth muscle, where hypertrophy and muscle
degeneration are both common findings.3¢ However, myodegeneration and cytoplasmic
vacuolation in the esophagus have also been noted in rats with esophageal impaction.5
Hence, even though rats have different esophageal musculature than humans, this study
shows that muscle degeneration, inflammation, and in particular mast cell infiltration are
still common features of achalasia regardless of species.

With achalasia, the primary issue is the inability of the LES to completely relax. This
involves the complex interplay of nerves, smooth muscle, interstitial cells of Cajal, and
hormones. Peristalsis is also dependent on the complex interaction between inhibitory and
excitatory neurotransmitters to propel food boluses toward the stomach. Inhibitory
neurotransmitters cause relaxation of muscles distally, and excitatory neurotransmitters
cause contraction of muscles proximal to the bolus.

Postganglionic cholinergic LES innervation in patients with achalasia is either normal or
only minimally impaired, in contrast to the marked impairment of the inhibitory nerves
governing LES relaxation.#3 While there are a variety of mediators involved, the main
inhibitory neurotransmitter is nitric oxide.1#1 nNOS is constitutively present and is
responsible for producing nitric oxide (NO), and it is the deficiency of NO that leads to an
increased resting tone of the LES.47

Studies investigating the knockout mouse strain nANOS™~ on a 129/Sv background
confirmed a higher resting LES pressure and suppressed LES relaxation to varying degrees
with swallowing and vagal stimulation.”® While this is a good model for LES hypertension,
this knockout mouse lacks significant esophageal dilatation. In contrast, the transgenic rat
model has significant enlargement of the esophagus and thus may be able to better elucidate
questions about pathophysiology. The only human association study between achalasia and
NOS gene polymorphisms was inconclusive,>® and further study on a larger sample size is
warranted.

When subjected to EFS, there is contraction of the circular muscle strips of the LES in
patients with achalasia instead of relaxation as noted in healthy humans.”8:86 Comparably,
transgenic rats with achalasia had a decrease in relaxation with EFS. Sodium nitroprusside, a
NO donor given to elicit LES relaxation, was able to exert similar effects on both normal
and affected rats. This is consistent with other experimental models of achalasia that
demonstrate that the LES muscle is still functional, but the impairment of relaxation is due
to neuronal loss rather than a smooth muscle function deficit,32:56

Gastric disturbances have also been noted in patients with achalasia, 1819 and as such, the
fundus of the stomach was included in this part of the study to examine if the rats with
megaesophagus showed any signs of extraesophageal involvement. Even though the
numbers of NNOS ganglion units were comparable in the stomach of affected and control
rats, there was a functional reduction in the rats with megaesophagus in response to EFS and
L-NAME, a NO inhibitor known to reduce relaxation of the LES in healthy humans8® and
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rats.*® No clinical significance for gastric involvement has been recognized, but our study
suggests that nNOS may not be as important for relaxation in the stomach as it is in the
esophagus.

The loss of myenteric ganglion cells,0 degeneration of the vagus nerve,1! and infiltration of
mast cells®” are easily visible with electron microscopy. However, changes in muscle are
often nonspecific. In humans, prominent alterations include the detachment of myofilaments
from the surface membranes of the cells and cellular atrophy with or without associated
increases in cytoplasmic ribosomes.10 There may also be cellular hypertrophyl9 and nuclear
and cytoplasmic inclusions.3! Fibrosis among and inside muscle bundles has also been
noted.2” A study examining denervation effects on rat skeletal muscle indicated that a loss
of striation in the Z lines occurred first, prior to the filamental disorder and detachment,2
which is consistent with what was noted in this study.

Mitochondria also tend to disappear as the muscle atrophies.52 All the findings indicate that
the muscle abnormalities, smooth or skeletal, result from denervation. Similar results were
documented in dogs, including complete loss of the normal shape of mitochondria.”® These
organelles were swollen and condensed with thick electron-dense material, as was seen in
the rats with megaesophagus. Due to the limitations on the esophageal sections taken in this
study, the vagus nerve could not be closely studied. However, the changes in mitochondria
and the muscle as a whole align closely with the literature, once again highlighting the
advantage for comparative use of this model.

In conclusion, this transgenic rat line has the advantage of a high penetrance rate (~90%)
with significant esophageal dilation and a closed LES, both confirmed functionally and thus
a convincing model for achalasia.3” The transgenic rat with achalasia presents with similar
clinical signs to that observed in humans, and it is amenable to manipulation, evaluation, and
management. It is comparable to congenital achalasia in humans, which makes it valuable
for studying the genetic basis of the disease. It is also suitable for studying the progression
of achalasia as the animal ages, with no need for additional manipulation or lag time to
clinical presentation. Sustaining this colony long term is also convenient, allowing
validation of current and identification of new long-term management strategies.
Furthermore, it may be beneficial for studying carcinogenesis in a manner similar to the
ICRC/HiCri mouse.33 It is more cost-effective to maintain a colony of rats long term
compared with the larger animal models currently employed to study achalasia.

While determining why the transgenic rats developed achalasia without any other clinical
findings is beyond the scope of our current study, we postulate that either the insertion of the
trans-gene caused a disruption in neuronal pathways specific to the esophagus and parts of
the stomach, or a random mutation in one of the parental animals and subsequent fixation of
this gene in the population led to the widespread presentation of megaesophagus in this
colony. Further studies are required to establish the particular location of insertion or
mutation and the genes involved and should prove pivotal in understanding the etiology of
this disease and ultimately provide more treatment and management options for patients
with achalasia.
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Figure 1.
Lateral view of whole-body contrast radiography at 0 minutes in a rat with megaesophagus

—pooling of contrast agent in esophagus.
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Figure 2.
Lateral view of whole-body contrast radiography at 60 minutes in a rat with megaesophagus

—no clearance of contrast agent into the stomach.
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Figure 3.
Lateral view of whole-body contrast radiography at 0 minutes in a normal rat—contrast

agent starts to clear from the esophagus immediately after administration.
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Figure 4.
Lateral view of whole-body contrast radiography at 60 minutes in a normal rat—complete

clearance of contrast agent into the stomach.
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Figure 5.
Real-time fluoroscopy image of a rat with megaesophagus swallowing contrast agent—

abnormal contractions of the esophagus (arrow) and no relaxation of the lower esophageal
sphincter lead to the retention of contrast agent in the esophagus.
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Figure 6.
Real-time fluoroscopy image of a normal rat swallowing contrast agent—coordinated

contractions of the esophagus (arrow) lead to clearance of contrast agent into the stomach.
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Figure 7.
Antibody titers to muscle acetylcholine receptors (AChR). Representative samples from 2

transgene-positive rats with megaesophagus (ME+) and a normal transgene-negative rat
from the same colony showing negative titers (<0.2 nM). A Long Evans rat with confirmed
megaesophagus and a high AChR antibody titer (unpublished data) was used as a positive
(+) control.
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Figure 8.
Esophagus; rat. Entire length of esophagus from a transgene-negative animal showing a

normal esophageal diameter of 0.2 cm.
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Figure 9.
Esophagus; rat. A transgene-positive animal with megaesophagus showing an esophageal

diameter of 1.6 cm. The entire esophagus is filled with compacted food and saliva.
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Figure 10.
Esophagus; rat. Normal thoracic esophagus showing the stratified squamous epithelium,

musculature, and adventitia. Hematoxylin and eosin (HE).
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Figure 11.
Esophagus; rat. Normal thoracic esophagus showing an associated vagus nerve branch (star)

and vasculature. HE.
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Figure 12.
Esophagus; rat. Thoracic esophagus of a rat with megaesophagus showing increased

intraluminal debris with epithelial hyperkeratosis (arrows). HE.
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Figure 13.
Esophagus; rat. Thoracic esophagus from a rat with megaesophagus showing adherent

bacteria (black arrow) and focal subcorneal intraepithelial micro-abscess (star); note also
focal subepithelial inflammatory cells present (granulocytes, white arrow). HE.
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Figure 14.
Esophagus; rat. Thoracic esophagus from a rat with megaesophagus showing mild epithelial

hyperplasia (black star) above a focal area of muscle degeneration/necrosis (white arrow)
and associated inflammation (black arrows, mast cells); also note the mild hypertrophy of a
nerve branch (white star) within the affected segment. HE.
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Figure 15.
Esophagus; rat. An abdominal esophagus-associated nerve (white arrows) in the same

animal as Fig. 14 showing hypercellularity of the nerve fascicles with the presence of mast
cells (black arrows) within and surrounding the nerve fibers, together with prominent
vascular channels with mild fibrosis. HE.
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Figure 16.
Esophagus; rat. Thoracic esophageal musculature from a rat with megaesophagus showing

segmental muscle necrosis and atrophy (arrows) with associated minimal inflammation,
fibrosis and hemorrhage. Hematoxylin and eosin (HE).
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Figure 17.
Esophagus; rat. Thoracic esophagus musculature from a rat with megaesophagus showing

multifocal myofiber sarcoplasmic pallor and mild vacuolation (arrows). HE.
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Figure 18.
Normal rats had a greater number and larger neuronal nitric oxide synthase (nNOS)—positive

ganglion cells (arrows). Immunohistochemistry-DAB, hematoxylin counterstain.
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Figure 19.
Rats with megaesophagus had fewer and smaller NNOS-positive ganglion cells (arrow).

Immunohistochemistry-DAB, hematoxylin counterstain.
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Figure 20.
Number of myenteric ganglion units in the thoracic esophagus and stomach. Rats with

megaesophagus (ME+) have significantly less neuronal nitric oxide synthase (nNOS)-
staining myenteric ganglion units in the esophagus than normal rats (ME-) but equivalent
numbers in the stomach; n =5 in each group (**P < .01). hpf, high-power field.
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Figure 21.
Transmission electron microscopy of the thoracic esophagus from a normal rat showing

normal esophageal architecture.
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Figure 22.
Transmission electron microscopy of the thoracic esophagus from a rat with megaesophagus

showing muscle fiber disarray.
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Figure 23.
Transmission electron microscopy of the thoracic esophagus from a rat with megaesophagus

showing prominent mitochondria of varying sizes and shapes with rare mitochondrial
vacuoles visible (arrow).
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Figure 24.

Muscle relaxation responses of the lower esophageal sphincter (LES)—rats with
megaesophagus show less relaxation with electrical field stimulation (EFS) induction than
normal rats (*P < .05).
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Figure 25.
Muscle relaxation responses of the fundus—rats with megaesophagus show less relaxation

with EFS induction than normal rats (*P < .05).
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Figure 26.
Muscle relaxation responses of the fundus—in normal rats, the relaxation response induced

by EFS was significantly reduced in the presence of L-nitro-L-arginine methyl ester (L-
NAME) (*P < .05).
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Figure 27.
Muscle relaxation responses of the fundus—in rats with megaesophagus, there are lower

baseline relaxation percentages with EFS induction and no significant changes after L-
NAME treatment.
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