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Degenerative mitral valve disease (DMVD) is the most commonly acquired cardiac disease in dogs. This study evaluated the relationship 
between genetic variations in the serotonin transporter (SERT) gene of Maltese dogs and DMVD. Genomic DNA was extracted from blood 
samples collected from 20 client-owned DMVD Maltese dogs and 10 healthy control dogs, and each exon of the SERT gene was amplified 
via polymerase chain reaction. The resulting genetic sequences were aligned and analyzed for variations by comparing with reference 
sequences; the predicted secondary structures of these variations were modeled and cross-verified by applying computational methods. 
Genetic variations, including five nonsynonymous genetic variations, were detected in five exons. Protein structure and function of the five 
nonsynonymous genetic variations were predicted. Three of the five polymorphisms were predicted to be probable causes of damage to protein 
function and confirmed by protein structure model verification. This study identified six polymorphisms of the SERT gene in Maltese dogs 
with DMVD, suggesting an association between the SERT gene and canine DMVD. This is the first study of SERT mutation in Maltese dogs 
with DMVD and is considered a pilot study into clinical genetic examination for early DMVD diagnosis.
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Introduction

Degenerative mitral valve disease (DMVD) is defined as the 
progressive degeneration of the mitral valve [4]. Mitral valve 
leaflets, which are naturally thin, translucent, and soft, become 
thickened and elongated with disease progression, leading to 
mitral regurgitation [7]. DMVD is the most commonly acquired 
cardiac disease in dogs [7]. The disease is usually found in small 
breeds; large breeds are apparently less prone to DMVD [8]. 
The disease is age-dependent, with increasing prevalence in 
dogs that are 7 years of age and older [4]. The etiology of canine 
DMVD remains unclear [3]. Recent evidence from highly 
susceptible breeds, including Cavalier King Charles spaniels 
and dachshunds, shows a strong inheritance pattern for DMVD 
with polygenic inheritance [23,27] The breed specificity of 
DMVD incidence could be considered as evidence of a genetic 
basis for this disease in dogs because modern domestic dogs 
could easily sustain a detrimental genetic mutation [26].

Serotonin has a crucial role in various cardiovascular 
disorders. The carcinoid syndrome, which is developed by the 
secretion of serotonin and other vasoactive substances from a 

tumor, results in endocardial damage [21]. Furthermore, 
components of the cardiovascular system, such as vascular 
endothelium, smooth muscles, and heart tissue, easily bind to 
and transport serotonin. This increases serotonin signaling or 
decreases serotonin clearance, which may induce valvular 
lesions [11,25]. In a previous study, rats that received serotonin 
injections over a long period developed valvular lesions [14]. 
Cardiac fibrosis and valvulopathy occur in mice without 
serotonin transporter (SERT) protein expression through an 
increase in serotonin production, localized serotonin re-uptake 
by SERT, and a decrease in serotonin metabolism [20]. 
Furthermore, carcinoid tumors that produce serotonin and the 
administration of serotonergic drugs have been shown to be 
associated with valvulopathy in humans [28]. In addition, 
expression of the SERT gene (SLC6A4) was significantly 
higher among dogs with clinical DMVD [10]. SERT expression 
facilitates the intercellular processing of serotonin after 
receptor interactions [2,21] and is responsible for serotonin 
uptake and consequent inactivation of amine. A previous study 
showed that interference with serotonin transmembrane 
processing via knocking out SERT gene resulted in 



130    Chang-Min Lee et al.

Journal of Veterinary Science

valvulopathy in mice, establishing a link between SERT and the 
development of cardiac fibrosis and valvulopathy in vivo [6,21]. 
Absence of transmembrane processing may result in increased 
and persistent serotonin receptor interactions and increased 
valvular mitogenic activity and extracellular matrix production 
in SERT-knockout mice [14,21].

Several studies have reported the molecular mechanisms 
underlying DMVD pathophysiology [24]. In human and 
veterinary medicine, serotonin and serotonin-related pathways 
have been associated with cardiac disease [16,20]; serotonin- 
induced valvular lesions resemble many gross and histologic 
DMVD descriptions, and serotonin has recently been suggested 
to have a role in the progression of DMVD in dogs [11,32]. 
Histopathologic changes in the valves of DMVD dogs include 
damage to the endothelial valvular cell lining [9]. Furthermore, 
a phenotype transformation occurs in fibroblast-like valvular 
interstitial cells, which are responsible for normal valve 
structure via maintenance of the extracellular valve matrix, that 
change into a more active myofibroblast phenotype [6]. 
Serotonin has been suggested to both directly and indirectly 
stimulate such a phenotype transformation [2]. According to a 
previous study, the activated myofibroblasts can induce 
signaling pathways, resulting in the degenerative structure of 
the valve [6].

In this study, we searched for genetic variations in the SERT 
gene in Maltese dogs with DMVD. In addition, we investigated 
the possibility of changes in protein functions to reveal potential 
pathogenicity. Taken together, the relationship between canine 
DMVD and genetic variation was evaluated.

Materials and Methods

Animals
This study was approved by the University of Konkuk 

Institutional Animal Care and Use Committee (IACUC No. 
KU15115). Informed owner consent was obtained. All dogs were 
selected from those referred to the Veterinary Medical Teaching 
Hospital of Konkuk University. All 30 dogs in this study 
underwent echocardiographic examination with measurement 
of the cardiac function criteria. The right parasternal 4-chamber 
view was used for evaluation of mitral valve degeneration and 
detection of mitral regurgitation via color Doppler sonography. 
Based on the examination results, 20 dogs were diagnosed with 
DMVD and enrolled in this study. Additionally, 10 Maltese (all 
＜ 10 years of age) without mitral valve degeneration were 
included as control dogs. Maltese dogs were excluded if they 
had a congenital heart disease, other acquired cardiovascular 
disorders, or systemic organ-related diseases.

The 20 dogs diagnosed with DMVD were classified into 
groups based on heart disease stages B, C, and D of the 
American College of Veterinary Internal Medicine (ACVIM) 
classification [3]. The stage B group included Maltese dogs 

with DMVD that had never developed clinical signs caused by 
heart failure and they have only typical murmur; the stage C 
group included those with past or current clinical signs of heart 
failure, including exercise intolerance, coughing, labored 
respiration and dyspnea; and the stage D group included those 
with end-stage disease and clinical signs of heart failure that 
were refractory to standard treatment including furosemide, 
angiotensin-converting enzyme inhibitor, and pimobendan. 
Maltese dogs in stage A were excluded because that group 
includes dogs at high risk of developing heart disease but 
lacking an identifiable structural disorder such as a heart 
murmur.

Maltese dogs with DMVD, but suspected to have a systemic 
disease, including neurological, adrenal, thyroidal, renal, or 
hepatic disease and neoplasia, were excluded. Dogs suspected 
of having DMVD but did not fulfill all aspects of the inclusion 
criteria were excluded. Ten healthy Maltese dogs without 
pathologic findings evident in the same diagnostic examinations 
were included as the control group.

Blood sample collection and processing
Blood was collected from the jugular vein into 1.5 mL 

ethylenediaminetetraacetic acid tubes. Genomic DNA was 
extracted from whole-blood leukocytes by using a DNA Blood 
Mini Kit (Qiagen, Germany) and stored at −20oC. The DNA 
quality and purity were evaluated by using a NanoDrop 2000 
spectrometer (Thermo Scientific, USA). All genomic DNA 
samples were confirmed by using gel-based polymerase chain 
reaction (PCR) with GAPDH primers (5′-GGT CAC CAG 
GGC TGC TTT-3′ and 5′-ATT TGA TGT TGG CGG GAT-3′). 
PCR for SERT was performed with primers used previously 
[32]. Table 1 shows the details of the primer sequences. PCR 
reagents were prepared as following conditions: 50 μL PCR 
volume with 10 μL of buffer containing 300 mM Tris-HCl (pH 
9.3); 300 mM salts containing K+ and NH4+, 20 mM Mg2+, 5 
mM dNTP, 20 pmol of both primers, and 1 μL of genomic DNA. 
The thermocycler profile was as follows: 5 min at 95oC, 
followed by 40 cycles of 30 sec at 95oC, 30 sec at 60oC, and 30 
sec at 72oC and a final extension step of 3 min at 72oC.

Sequencing and genotyping
Single nucleotide polymorphism (SNP) genotyping in the 

DMVD dogs, performed by DNA sequencing of PCR products 
that were generated with same primer pairs, was performed in a 
commercial laboratory (Cosmogene Tech Laboratories, Korea). 
The next step included a BLAST search for SLC6A4 (SERT 
gene) sequences in dog-specific databases at the National 
Center for Biotechnology Information (NCBI) website by using 
mRNA sequences with accession numbers NM_001110771.1 
(Canis lupus familiaris solute carrier family 6 [neurotransmitter 
transporter, serotonin], member 4 [SLC6A4]) and whole-genome 
shotgun DNA sequences with NC_006591.3 (Canis lupus 
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Table 1. The primer pairs used in this study for polymerase chain reaction of each exon in the SERT gene

Primer Sequence (5′–3′) Product (bp) Annealing (oC)

Exon (1) -F TGC GTA ACT CTG TTC TCC 317 60
Exon (1) -R AGA CAT GAT CAC TGC TCT GG
Exon (2) -F GTG AGG TCA TTC AAC ACA GG 463 60
Exon (2) -R CTG ATT CCA GAA GAA GGT CC
Exon (3) -F TTA CCA CAT TGC CAC CTG 421 60
Exon (3) -R TTC CTC GGA AGC CAA GTC
Exon (4) -F AGG AGT TCC TAA GGC TGG TC 491 60
Exon (4) -R TCT GTG GCT GTC CAG GAT AC
Exon (5) -F CCT GCC TCC TAT AGT TAC 409 60
Exon (5) -R GAC AGA CAG GTG CAC ATC
Exon (6) -F TTG CAC TTG GTA TGT GGC TG 316 60
Exon (6) -R TCA ATC TCT GAA TGG CCT GG
Exon (7) -F CAG TTC ACA ACA GGA CCA TC 451 60
Exon (7) -R AGC AAC TCA GTG AGA GCA AG
Exon (8) -F TCA TTG TTG GTG TGG CTG AG 408 60
Exon (8) -R TCA AGA GCA CCA CAG TGA GG
Exon (9) -F CTA CTC ATG ACC AGC AAC 353 60
Exon (9) -R CCA GAT ACT CTG TCA AGC
Exon (10) -F AGT GCT CCA TAG GAC AGG 519 60
Exon (10) -R TTG TGG TAG AGC GTG AAG
Exon (11) -F CGT CTC AAC TTC AGA GCA G 507 60
Exon (11) -R GAT GTG ACA CAT GCA GCA G
Exon (12) -F TCA GAA CTG TCT GCC AGG 556 60
Exon (12) -R CCA CTG CAT CTA AGG CTC
Exon (13-1) -F GTC ACA TTG TCC AAC TGA GC 388 60
Exon (13-1) -R TCC TGA CTC CAC AGC AGC AC
Exon (13-2) -F AGT CAT GCC TCA CCT TCA CC 439 60
Exon (13-2) -R GGC AGA GCA TGT TGT AGT AG

SERT, serotonin transporter; bp, base pairs; F, forward strand; R: reverse strand.

familiaris breed boxer chromosome 9, CanFam3.1, whole- 
genome shotgun sequence) as queries. These sequences were 
aligned for searching variations between cases and standard 
sequences. CLC sequence viewer (ver. 7; Qiagen) was used for 
the alignment of multiple sequences.

Structural modeling and polymorphism prediction
DNA sequences were imported and aligned by using CLC 

sequence viewer (ver. 7). Exonic regions were evaluated to 
identify the SNPs. Protein structure modeling and structure 
predictions of the polymorphisms were evaluated by using 
ModWeb (ver. r189; University of California at San Francisco, 
USA) and RaptorX [18]. Finally, the functional effects of the 
polymorphisms were predicted by using Polymorphism 
Phenotyping ver. 2 (PolyPhen-2) [1].

PolyPhen-2 calculates the possibility that a given mutation is 
damaging and shows estimates of false-positive (the chance that 
the mutation is classified as damaging when it is not) and 

true-positive (the chance that the mutation is classified as 
damaging when it is indeed damaging) rates. A mutation may 
also be qualitatively appraised as benign, possibly damaging, or 
probably damaging [1]. A previous study of canine genetic 
disease used PolyPhen-2 to predict non-conservative amino 
acid exchange effects on protein function [13].

ModWeb is a server providing for automated comparative 
protein structure modeling. It accepts sequences in the FASTA 
format and calculates models based on the best available 
template structures. Sequence-structure matches are established 
by using multiple variations of sequence-sequence, profile- 
sequence, sequence-profile, and profile-profile alignment 
methods. Significant alignments (E-values ＞ 1) covering at 
least 30 amino acid residues are selected for modeling. The 
models are built for each sequence–structure match by using 
comparative modeling with satisfaction of spatial restraints as 
implemented in Modeller [29]. The resulting models are 
evaluated using several model assessments [33].
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Table 3. Six identified genetic variations in the SERT gene and functional predictions with predisposition in ACVIM groups

Genetic variation
Frequency in ACVIM groups Functional 

prediction*
Gender 

distribution
Score

(HumVar)
Sensitivity Specificity

B, n (%) C, n (%) D, n (%)

c.652A ＞ T (p.Ile218Phe) – 1 (10.0) – Benign 1SF 0.17 0.89 0.72
c.814insG (p.Lys272Arg) 1 (14.3) 1 (10.0) 1 (33.3) Probably damaging 1CM, 2SF 0.92 0.68 0.91
c.965G ＞ A (p.Glu322Lys) – 1 (10.0) – Benign 1SF 0.09 0.96 0.49
c.1193delT (p.Val397Gly) 1 (14.3) 4 (40.0) 1 (33.3) Probably damaging 3CM, 1IF, 

1IM, 1SF
0.99 0.36 0.97

c.1324G ＞ A (p.Gly442Arg) – 1 (10.0) – Probably damaging 1CM 0.99 0.09 0.99
c.1422C ＞ T (synonymous) 1 (14.3) 1 (10.0) – – 1CM, 1SF – – –

Adapting the nomenclature recommended by previous studies: A of the ATG start codon is designated number 1 in the SERT cDNA sequence. All genetic 
variations were compared with the reference canine SERT National Center for Biotechnology Information mRNA sequence (NM_001110771.1). SERT, 
serotonin transporter; ACVIM, American College of Veterinary Internal Medicine; HumVar, score of distinguishing mutations with drastic effects from all 
the remaining human variation; Ile, isoleucine; Phe, phenylalanine; Lys, Lysine; Arg, arginine; Glu, glutamine; Val, valine; Gly, glycine; SF, spayed 
female; CM, castrated male; IF, intact female; IM, intact male. *Functional effects of polymorphisms were predicted with PolyPhen-2 [1].

Table 2. Characteristics of the DMVD-affected groups (ACVIM stage B, C, and D) and control dogs

Variables
DMVD

Control
ACVIM B ACVIM C ACVIM D

Number 7 10 3 10
Age (yr) 11.1 ± 1.5 10.3 ± 1.4 10.7 ± 2.5 11.9 ± 2.8
Body weight (kg) 3.2 ± 0.8 3.4 ± 0.7 3.7 ± 1.0 5.6 ± 1.1
Male (neutered) 57.1 (57.1) 40.0 (40.0) 33.3 (0.0) 60.0 (40.0)
Female (neutered) 42.9 (28.6) 60.0 (50.0) 66.6 (33.3) 40.0 (30.0)

Data are presented as number only, mean ± SD, or %. ACVIM, American College of Veterinary Internal Medicine; DMVD, degenerative mitral valve 
disease.

RaptorX, a protein structure prediction server, predicts 
three-dimensional (3D) structures of protein sequences. For a 
given FASTA sequence, RaptorX predicts the secondary and 
tertiary structures as well as the accessibility and disordered 
domains. RaptorX also calculates p values for relative global 
quality, global distance test (GDT), and unnormalized GDT 
(uGDT) for absolute global quality in the model. The 3D 
structures can be visualized through a prediction server [5].

Results

Group characteristics 
The mean age of DMVD group was 10.7 ± 0.6 years (each 

ACVIM stage: stage B, 11.1 ± 1.5 years; stage C, 10.3 ± 1.4 
years; and stage D, 10.7 ± 2.5 years), while that of the control 
group was 11.9 ± 2.88 years. Male dogs comprised 53.1% of the 
DMVD group and 60.0% of the control group. According to the 
ACVIM staging system, seven dogs were stage B, ten were 
stage C, and three were stage D (Table 2).

Sequencing and genotyping
DNA sequence analysis of 13 SERT gene exons from the 20 

DMVD-affected Maltese dogs and 10 control dogs was 
performed. DNA extraction was confirmed by observing 
positive PCR amplification of GAPDH, a housekeeping gene. 
All 13 exons of the canine SERT gene from all dogs were 
amplified by using each primer pair. Sequences from the groups 
were aligned with the reference canine SERT sequence by using 
the CLC sequence viewer. All sequences were confirmed by 
undertaking chromatogram analysis. The sequences of the 
control group revealed that the SERT gene sequences of the 
control group were identical with that of the reference canine 
SLC6A4 sequence (NM_001110771.1) from the NCBI 
database. When SERT sequences from the DMVD group 
compared with the reference sequence, genetic variations were 
detected in five exons (3, 4, 5, 7, and 9), one of which was 
synonymous and five nonsynonymous (Table 3).
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Fig. 1. Predicted three-dimensional structures of serotonin 
transporter (SERT) proteins by using RaptorX [18]. Normal SERT 
structure (A) and Val397GLy variation structure (B) were 
visualized. The green and white portions indicate Val397 and 
the modified Gly397 positions, respectively. Val, valine; Gly, 
glycine.

Table 4. Structural prediction of protein modeling of polymorphisms

Type of mutation
mRNA position (exon)

RaptorX results

Modeled residue Predicted as disorder (%) Alpha helix Beta sheet Loop uGDT (%) p value

Control 559 82 (13.2) 57 5 36 458 (72.7) 1.64e–16

c.652A ＞ T (p.Ile218Phe) 599 82 (13.2) 57 5 36 455 (72.1) 1.66e–16

c.814insG (p.Lys272Arg) 559 81 (12.8) 57 6 36 444 (70.0) 1.35e–16

c.965G ＞ A (p.Glu322Lys) 599 81 (12.8) 57 6 36 457 (72.5) 1.64e–16

c.1193delT (p.Val397Gly) 544 79 (12.0) 45 11 42 379 (61.4) 5.87e–15

c.1324G ＞ A (p.Gly442Arg) 559 82 (13.2) 57 5 36 458 (72.7) 1.64e–16

Protein structural modeling and protein structure prediction of polymorphisms were evaluated via the web server RaptorX [18]. Alpha helix, beta sheet, and 
loop structures were predicted for each secondary structure. uGDT, unnormalized global distance test; Ile, isoleucine; Phe, phenylalanine; Lys, Lysine; 
Arg, arginine; Glu, glutamine; Val, valine; Gly, glycine.

Polymorphism prediction and structural modeling
Five nonsynonymous SNPs were identified in 10 of the Maltese 

dogs with DMVD. Of the five, two and three were predicted to 
be “benign” and “probably damaging,” respectively, to protein 
structure and function, based on the results of analysis using 
software to predict damaging missense mutations (Table 3). 
The samples from seven Maltese dogs contained SNPs 
considered “probably damaging.” The mean age of the seven 
dogs with SNPs predicted as probably damaging was 11.5 ± 1.2 
years, while that of the 13 DMVD dogs with no mutation or a 
mutation predicted as benign was 10.1 ± 1.6 years; a statistically 
significant difference (p = 0.04).

Analysis using the ModWeb server confirmed the protein 
prediction model results were reliable with the following 
threshold scores: ModPipe quality score ＞ 1.1, GA341 model 
score ＞ 0.7, E-value ＜ 0.0001, and z-discrete optimized protein 
energy ＜ 0. All prediction model results were within the 
reliable ranges in ModWeb.

The 3D structure of the native model was generated by using 
RaptorX (Fig. 1). The SERT gene contains 630 amino acid 
residues. Of these, 599 amino acid residues (88%) were 
modeled, and 81 to 83 amino acid residues (12%–13%) of the 
whole SERT gene were predicted to be disordered. Analysis of 
the predicted secondary structures revealed 45% to 62% alpha 
helices, 4% to 11% beta sheets, and 32% to 42% loop structures. 
In particular, the ratio of the most stable alpha helix structure 
was decreased in the thymine deletion mutation. The results 
imply that mutation affects the whole structural composition of 
the SERT gene. The overall uGDT value range was 379 to 458 
(61%–72%). The uGDT measures absolute model quality, and 
an uGDT ＞ 50 is a reliable indicator of protein modeling. The 
p value reflects the likelihood of a predicted model being worse 
than the best of a set of randomly generated models for this 
protein sequence; therefore, p values indicate the relative 
quality of a model. The smaller this value, the higher the quality 
of the model. For alpha proteins, p values less than 10−3 
indicate good quality. Similarly, p values less than 10−4 in 
mainly beta proteins indicate good quality. In this study, the 
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RaptorX-predicted p values were 1.35e−16 to 5.87e−15. Five 
mutant models were generated using RaptorX (Table 4).

Discussion

Recent studies on the genetic aspects of DMVD have used 
various approaches [7,8]. The results of previous studies 
suggest that elevated serotonin signaling or decreased SERT 
function can activate signaling pathways in canine mitral valve 
disease. Another study reported decreased manifestation of the 
serotonin uptake transporter in dogs with DMVD when 
compared to unaffected dogs [12]. Previous studies revealed 
that the expression and activity of the SERT protein in humans 
are influenced by genetic variations in the SERT gene 
(SLC6A4) and that these genetic variations may influence 
susceptibility to adverse phenotypes associated with serotonin 
signaling [17,31]. In particular, a 44 bp insertion or deletion in 
the SERT promoter region regulates transcriptional efficiency, 
with the short variant demonstrating 40% to 70% reduction in 
SERT expression and a 30% to 40% decrease in SERT protein 
levels [19]. Platelets containing rich SERT proteins have 
demonstrated differential rates of serotonin uptake, depending 
on the presence of SERT gene variations in dogs [15]. On the 
basis of these studies, we searched for variations in the SERT 
gene in Maltese dogs with DMVD. To our knowledge, this is the 
first study genotyping the SERT gene in a specific canine 
species via clinical sampling.

In this study, sequencing of the SERT gene in 20 dogs with 
DMVD confirmed the presence of variations in the gene. We 
identified six SNPs in five exons in the DMVD group. The 
results suggest a linkage between SERT polymorphism and 
DMVD. Additional analysis with prediction programs revealed 
that three of the six SNPs were “probably damaging” to the 
predicted protein function. In particular, 1193delT (thymine 
deletion at position 1193) was identified in seven Maltese dogs 
with DMVD, and a potential association of that SNT with the 
disease was suspected but was not statistically verified.

Previous study showed that decreased SERT expression 
occurs in valve tissue during late-stage canine DMVD [30]. 
Downregulation of SERT could have an important exacerbating 
role in the pathogenesis of late-stage disease, but the specific 
mechanism underlying SERT downregulation in DMVD is 
unknown. Decreased SERT expression is suspected to affect 
serotonin clearance. However, we could not directly confirm 
serotonin receptor protein expression; therefore, several 
prediction methods were used to validate the SERT gene 
variations.

Secondary and tertiary structure models of the SERT variants 
were identified in this study. Those models could serve as 
starting points for further analysis in a number of diverse 
applications. For example, the predicted 3D models could be 
used to predict substance-binding sites and epitopes. Additional 

applications include determining the binding of small ligand 
molecules to domain-binding sites [34]. Such molecular- 
docking studies could be performed by using software and, 
often, can have a critical guiding role in rational drug design 
[30]. A related principle, macromolecular docking, refers to the 
computational modeling of the quaternary structure formed by 
two or more protein domains [22]. Our study provides basic 
information for further protein-protein interaction studies.

In conclusion, this study identified six polymorphisms of the 
SERT gene in Maltese dogs with DMVD. Three of the six 
polymorphisms were predicted to be probable causes of 
damage to protein function. Confirmation of these predictive 
models, including the secondary and tertiary structures, was 
assessed by using various protein modeling standards. In 
addition, this study identified a 1193delT polymorphism in the 
SERT gene in Maltese dogs with DMVD, and that polymorphism 
was revealed as evidence of an association between the SERT 
gene and canine DMVD. Therefore, genetic analysis of the 
SERT gene in Maltese dogs is suggested for acute diagnosis of 
DMVD.

Acknowledgments

This paper was supported by Konkuk University in 2016.

Conflict of Interest

The authors declare no conflicts of interest.

References

1. Adzhubei IA, Schmidt S, Peshkin L, Ramensky VE, 
Gerasimova A, Bork P, Kondrashov AS, Sunyaev SR. A 
method and server for predicting damaging missense 
mutations. Nat Methods 2010, 7, 248-249. 

2. Arndt JW, Reynolds CA, Singletary GE, Connolly JM, Levy 
RJ, Oyama MA. Serum serotonin concentrations in dogs 
with degenerative mitral valve disease. J Vet Intern Med 
2009, 23, 1208-1213. 

3. Atkins C, Bonagura J, Ettinger S, Fox P, Gordon S, 
Haggstrom J, Hamlin R, Keene B, Luis-Fuentes V, Stepien 
R. Guidelines for the diagnosis and treatment of canine 
chronic valvular heart disease. J Vet Intern Med 2009, 23, 
1142-1150. 

4. Aupperle H, Disatian S. Pathology, protein expression and 
signaling in myxomatous mitral valve degeneration: 
comparison of dogs and humans. J Vet Cardiol 2012, 14, 
59-71. 

5. Bhardwaj R, Mukhopadhyay CS, Deka D, Verma R, Dubey 
PP, Arora JS. Biocomputational analysis of evolutionary 
relationship between toll-like receptor and nucleotide-binding 
oligomerization domain-like receptors genes. Vet World 2016, 
9, 1218-1228. 

6. Black A, French AT, Dukes-McEwan J, Corcoran BM. 
Ultrastructural morphologic evaluation of the phenotype of 



Polymorphism in dogs with degenerative mitral valve disease    135

www.vetsci.org

valvular interstitial cells in dogs with myxomatous 
degeneration of the mitral valve. Am J Vet Res 2005, 66, 
1408-1414.

7. Borgarelli M, Buchanan JW. Historical review, 
epidemiology and natural history of degenerative mitral 
valve disease. J Vet Cardiol 2012, 14, 93-101. 

8. Borgarelli M, Zini E, D'Agnolo G, Tarducci A, Santilli RA, 
Chiavegato D, Tursi M, Prunotto M, Häggström J. 
Comparison of primary mitral valve disease in German 
Shepherd dogs and in small breeds. J Vet Cardiol 2004, 6, 
27-34. 

9. Corcoran BM, Black A, Anderson H, McEwan JD, French 
A, Smith P, Devine C. Identification of surface morphologic 
changes in the mitral valve leaflets and chordae tendineae of 
dogs with myxomatous degeneration. Am J Vet Res 2004, 
65, 198-206.

10. Cremer SE, Moesgaard SG, Rasmussen CE, Zois NE, Falk 
T, Reimann MJ, Cirera S, Aupperle H, Oyama MA, Olsen 
LH. Alpha-smooth muscle actin and serotonin receptors 2A 
and 2B in dogs with myxomatous mitral valve disease. Res 
Vet Sci 2015, 100, 197-206. 

11. Darmon M, Al Awabdh S, Emerit MB, Masson J. Insights 
into serotonin receptor trafficking: cell membrane targeting 
and internalization. Prog Mol Biol Transl Sci 2015, 132, 
97-126. 

12. Disatian S, Orton EC. Autocrine serotonin and transforming 
growth factor beta 1 signaling mediates spontaneous 
myxomatous mitral valve disease. J Heart Valve Dis 2009, 
18, 44-51.

13. Drögemüller M, Jagannathan V, Becker D, Drögemüller C, 
Schelling C, Plassais J, Kaerle C, Dufaure de Citres C, 
Thomas A, Müller EJ, Welle MM, Roosje P, Leeb T. A 
mutation in the FAM83G gene in dogs with hereditary 
footpad hyperkeratosis (HFH). PLoS Genet 2014, 10, 
e1004370. 

14. Elangbam CS, Job LE, Zadrozny LM, Barton JC, Yoon LW, 
Gates LD, Slocum N. 5-hydroxytryptamine (5HT)-induced 
valvulopathy: compositional valvular alterations are 
associated with 5HT2B receptor and 5HT transporter 
transcript changes in Sprague-Dawley rats. Exp Toxicol 
Pathol 2008, 60, 253-262. 

15. Greenberg BD, Tolliver TJ, Huang SJ, Li Q, Bengel D, 
Murphy DL. Genetic variation in the serotonin transporter 
promoter region affects serotonin uptake in human blood 
platelets. Am J Med Genet 1999, 88, 83-87.

16. Gustafsson BI, Tømmerås K, Nordrum I, Loennechen JP, 
Brunsvik A, Solligård E, Fossmark R, Bakke I, Syversen U, 
Waldum H. Long-term serotonin administration induces 
heart valve disease in rats. Circulation 2005, 111, 1517-1522.

17. Heils A, Teufel A, Petri S, Stöber G, Riederer P, Bengel D, 
Lesch KP. Allelic variation of human serotonin transporter 
gene expression. J Neurochem 1996, 66, 2621-2624.

18. Källberg M, Wang H, Wang S, Peng J, Wang Z, Lu H, Xu J. 
Template-based protein structure modeling using the 
RaptorX web server. Nat Protoc 2012, 7, 1511-1522.

19. Lesch KP, Bengel D, Heils A, Sabol SZ, Greenberg BD, Petri 
S, Benjamin J, Müller CR, Hamer DH, Murphy DL. 
Association of anxiety-related traits with a polymorphism in 
the serotonin transporter gene regulatory region. Science 

1996, 274, 1527-1531.
20. Levy FO, Qvigstad E, Krobert KA, Skomedal T, Osnes JB. 

Effects of serotonin in failing cardiac ventricle: signalling 
mechanisms and potential therapeutic implications. 
Neuropharmacology 2008, 55, 1066-1071. 

21. Mekontso-Dessap A, Brouri F, Pascal O, Lechat P, Hanoun 
N, Lanfumey L, Seif I, Benhaiem-Sigaux N, Kirsch M, 
Hamon M, Adnot S, Eddahibi S. Deficiency of the 
5-hydroxytryptamine transporter gene leads to cardiac 
fibrosis and valvulopathy in mice. Circulation 2006, 113, 
81-89. 

22. Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, 
Goodsell DS, Olson AJ. AutoDock4 and AutoDockTools4: 
automated docking with selective receptor flexibility. J 
Comput Chem 2009, 30, 2785-2791. 

23. Olsen LH, Fredholm M, Pedersen HD. Epidemiology and 
inheritance of mitral valve prolapse in Dachshunds. J Vet 
Intern Med 1999, 13, 448-456.

24. Orton EC, Lacerda CM, MacLea HB. Signaling pathways in 
mitral valve degeneration. J Vet Cardiol 2012, 14, 7-17. 

25. Oyama MA, Chittur SV. Genomic expression patterns of 
mitral valve tissues from dogs with degenerative mitral 
valve disease. Am J Vet Res 2006, 67, 1307-1318.

26. Parker HG, Kilroy-Glynn P. Myxomatous mitral valve 
disease in dogs: does size matter? J Vet Cardiol 2012, 14, 
19-29. 

27. Pedersen HD, Lorentzen KA, Kristensen BO. 
Echocardiographic mitral valve prolapse in cavalier King 
Charles spaniels: epidemiology and prognostic significance 
for regurgitation. Vet Rec 1999, 144, 315-320.

28. Rothman RB, Baumann MH. Therapeutic and adverse 
actions of serotonin transporter substrates. Pharmacol Ther 
2002, 95, 73-88.

29. Sali A, Blundell TL. Comparative protein modelling by 
satisfaction of spatial restraints. J Mol Biol 1993, 234, 
779-815.

30. Scruggs SM, Disatian S, Orton EC. Serotonin 
transmembrane transporter is down-regulated in late-stage 
canine degenerative mitral valve disease. J Vet Cardiol 2010, 
12, 163-169. 

31. Sutcliffe JS, Delahanty RJ, Prasad HC, McCauley JL, Han 
Q, Jiang L, Li C, Folstein SE, Blakely RD. Allelic 
heterogeneity at the serotonin transporter locus (SLC6A4) 
confers susceptibility to autism and rigid-compulsive 
behaviors. Am J Hum Genet 2005, 77, 265-279. 

32. van den Berg L, Kwant L, Hestand MS, van Oost BA, 
Leegwater PA. Structure and variation of three canine genes 
involved in serotonin binding and transport: the serotonin 
receptor 1A gene (htr1A), serotonin receptor 2A gene (htr2A), 
and serotonin transporter gene (slc6A4). J Hered 2005, 96, 
786-796. 

33. Waraphan T, Aekkapot C, Panpanga S, Pranom P. Effect of 
single mutagenesis on the binding pocket of canine estrogen 
receptor alpha: structure and binding affinity. Adv Mod 
Oncol Res 2016, 2, 116-121.

34. Zhao H, Yang Y, Zhou Y. Highly accurate and high- 
resolution function prediction of RNA binding proteins by 
fold recognition and binding affinity prediction. RNA Biol 
2011, 8, 988-996. 


